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1Biomechanical testing and the

development of silk-based textiles

for regenerative medicine and

surgery

A. Woods1, C. Holland2
1University of Oxford, Oxford, UK; 2The University of Sheffield, Sheffield, UK

1.1 Introduction

This chapter is written for the medical researcher, with an aim toward shifting our cur-

rent paradigm of tissue engineering. Currently, tissue engineering efforts are geared

toward assessing a material’s cell compatibility and toxicity, which is understandably

so given the requirements for medical approval. Hardly a day goes by without the

appearance of some new form of scaffolding material that shows biocompatibility,

but this biochemical focus often detracts attention from the mechanical properties of

the material, a key factor in its ultimate application. This has led to our current situation

in which important feedback for implantable devices’ material performance often

occurs far down a long and expensive production line and is often nonquantitative

(i.e., it just doesn’t work inside a person; patients have pain or don’t even notice the

device has failed). Hence, there is a clear need to introduce means to ascertain

the mechanical performance of a new biomaterial and its suitability for application prior

to animal and patient-level trials.

This chapter introduces the current status of tissue engineering and our new

approach and its application to silk-based textiles under the paradigm of compliance

matching and material property led engineering technologies (CoMMPLETe). The

approach that we propose brings tools developed within biological and physical sci-

ences to bear on medical problems. Introducing basic science approaches to defined

medical and surgical problems and integrating them with clinical experience, we aim

to redefine the way in which clinicians think about musculoskeletal pathologies.

This approach better informs both prognosis and diagnosis, improving predictive

capabilities for clinicians, which is essential when developing management plans with

individual patients and for better understanding best practice. The ultimate goal of the

approach extends beyond diagnosis and prognosis to allow engineering of novel, or

improved, management options. Hence, for the first time and through the application

of CoMMPLETe, we will be able to develop quantitative criteria to use in deriving this

information and then to provide an evidence base for assessing its benefits.
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1.2 Current landscape

Why is there a need for tissue engineering? Simply put, normal bodies fail. The eco-

nomic burden of musculoskeletal disease is significant, with present costs (% of GDP)

of 4% and 7.4% in the UK and US, respectively. Moreover, it is expected that this

burden will escalate over the next 10–20 years due to demography and lifestyle

(Chaudhury et al., 2012). Although some excellent interventions, such as joint

replacement, are available, they are not suitable for younger patients, nor do they cur-

rently match the ethos of regenerative medicine (i.e., temporary relief and complete

healing with the body’s own materials). This is a particular problem as diseases such

as osteoarthritis are being targeted by physicians and surgeons at earlier stages.

Furthermore, results for some operations, such as surgical repair of tendon and carti-

lage, have been largely unsuccessful. In many cases, although anatomical reconstruc-

tion is adequate, subsequent healing does not occur, a result often attributed to either

biochemical or biomechanical incompatibility.

In keeping with the themes of this book, we have chosen to focus our discussion on

textile-based implantable devices for regenerative medicine, specifically tendon;

however, our general approach and the techniques used are readily transferrable to

the entire gamut of musculoskeletal tissue.

A range of polymeric materials are currently used in textile-based devices, ranging

from naturally sourced to the completely synthetic (Table 1.1). Most of the more com-

monly used nontoxic materials have been shown to be both mechanically stable and

elastic, as well as having the desired stability in regard to degradation (Hersel et al.,

2003). However, when a material comes into contact with biological systems, initial

events are dominated by protein adsorption and cell adhesion. The major problem of

most deployedmaterials is that they show inadequate interaction betweenmaterial and

cells, which can lead to in vivo host immune responses, inflammation, infections, asep-

tic loosening, and implant encapsulation, as well as thrombus formation and mobilisa-

tion (Hersel et al., 2003; Thull, 2001). Therefore, by reducing the time required for

adequate binding between an implant and surrounding tissue, the clinician may be able

to reduce the length of recovery in the hospital, reduce the level of disability before

function is restored, decrease morbidity, increase function, and potentially increase

the number of patients who could receive the treatment (Healy et al., 1999; Niu

et al., 2005). Recent approaches to developing improved biomaterials for tissue engi-

neering applications have focused on the use of biomimetic materials that are able to

interact with surrounding tissues by biomolecular recognition (Langer and Tirrell,

2004). This approach could help to reduce nonspecific protein adsorption, so called

‘nonfouling properties’, as well as enhance adsorption of specific proteins (Hersel

et al., 2003). Furthermore, materials are being modified through the addition of immo-

bilised cell recognition motives on their surface to obtain controlled interaction

between cells and the material surfaces (LeBaron and Athanasiou, 2000).

Yet, even if the biochemical compatibility of an implantable device is optimised,

the issue of biomechanical compatibility remains. Hence, there is a clear need to better

understand the basic science behind the material properties of both natural and

implanted material in order to develop successful regenerative solutions.

2 Biomedical Textiles for Orthopaedic and Surgical Applications



Biomedical engineering aims to understand the complex interactions of the body’s

form and function, and it relies ever more on insights into the structure–property rela-

tionships of the huge variety of materials that make up our bodies. Yet, surprisingly

little is known about these materials beyond anatomical description. For example, how

Table 1.1 Overview of the range of polymeric materials currently
used in textile-based devices for regenerative medicine

Type Subtype Reference

Biological Human

(autograft)

Tendon (e.g., Biceps

tendon)

Cho et al. (2009), Rhee et al.

(2008)

Human

(allograft)

Dermis (e.g., GraftJacket

(Wright medical))

Barber and Aziz-Jacobo

(2009), Burkhead et al.

(2007), Bond et al. (2007),

Snyder and Bond (2007)

Fascia lata (e.g., AlloPatch

(Musculoskeletal

Transplant Foundation))

Agrawal (2012), Barber and

Aziz-Jacobo (2009)

Animal

(xenograft)

Bovine dermis (e.g.,

TissueMend (Stryker))

Derwin et al. (2006)

Porcine dermis (e.g.,

Zimmer Collagen Repair

(Zimmer) – crosslinked)

Badhe et al. (2008), Yao

et al. (2005)

Porcine small intestine

submucosa (e.g., CuffPatch

(Arthrotek) – multilayered,

Restore (DePuy) – multi-

layered)

Iannotti et al. (2006),

Metcalf et al. (2002),

Sclamberg et al. (2004),

Zheng et al. (2005)

Equine pericardium (e.g.,

OrthADAPT (Synovis/

Pegasus))

DePaolo and Burton (2009)

Biopolymers Collagen Dunn et al. (1995), Mafi

et al. (2012)

Silks Altman et al. (2002),

Hennecke et al. (2013),

Horan et al. (2009)

Synthetic Polyethylene (Mersilene Mesh) Audenaert et al. (2006)

Polyglycolic acid (PLGA) Cooper et al. (2007),

Lu et al. (2005), Moffat

et al. (2009)

Poly-L-lactide (e.g., X-Repair

(Synthasome))

Derwin et al. (2009)

McCarron et al. (2010)

Poly-N-acetyl-D-glucosamine (i.e., chitin) Sato et al. (2000)

Polycarbonate poly(urethane urea) (e.g.,

Biomerix RCR Patch (Biomerix),

SportMesh (Biomet))

Barber and Aziz-Jacobo

(2009), Cole et al. (2007),

Encalada-Diaz et al. (2011)

Dacron Nada et al. (2010)

Biomechanical testing and the development of silk-based textiles 3



do the mechanical properties of a ‘diseased’ tendon deviate from those of a healthy

one? How, if at all, do the mechanical properties change with age? Indeed, why do

these differences exist; are they due to material-inherent modifications (such as

fatigue, fibrillation, denaturation, plasticising) or are they essentially extraneous

(i.e., introduced by interactions with neighbouring tissues or by ingress of foreign

cells)? Thus, there is a need to understand the mechanical properties of tendon repair

patches and how well these compare to natural tendons; if the patches are too weak,

they may fail prematurely, and if they are too strong, they may prevent tissue ingrowth

due to stress shielding (Burkhart et al., 1997, 2014; Lewis, 2009), or failure could be

the combination of both, as a result of tension mismatch (Baring et al., 2011; Davidson

and Rivenburgh, 2000).

It is our firm belief that a more complete understanding of the material properties of

human tissues, as well as the materials used to repair them, will form the basis for

many important aspects of healthcare. And it is our belief that at present this complete

understanding is missing. Yet, mechanobiology tells us that cells are inherently

sensitive to physical stress fields, and tissue engineers point to the importance of

environmental conditions such as mechanical forces in aspects of cell proliferation

and differentiation. Clearly, the iterative process of diagnosis, interpretation, and

treatment often lacks fundamental information to allow informed diagnosis leading

to evidence-based interpretation followed by the appropriate treatment.

1.3 A new paradigm: Compliance Matching and
Material Property Led Engineering Technologies

Clearly there exist disconnects between the basic science and the clinical success of

implantable devices that our current approach to tissue engineering is unable to

address effectively. To resolve this we propose a new paradigm in regenerative tissue

engineering: CoMMPLETe, a framework designed to ensure early design-led feed-

back and to bridge the gaps in knowledge transfer from lab to factory to clinic

(Figure 1.1).

Broadly speaking, CoMMPLETe is split into three parallel routes that seek to

(1) property map the tissue and its pathology, (2) assess current solutions, and

(3) develop novel materials and devices matched specifically to the repair.

1.3.1 Phase 1: Understanding natural tissue

In order to obtain a comprehensive understanding of a specific tissue engineering chal-

lenge, we must first fully characterise the system in question, using consistent and

comparable techniques. Combined with expert modelling capabilities, this wealth

of data informs quantitatively the structure–property relationships of human tissues,

both healthy and diseased, and thus will allow the clinician to effectively link

diagnosis and treatment. To truly understand the effects of ‘disease’ on a tissue, how-

ever, we must first understand what constitutes ‘normal’. It has been well reported that

4 Biomedical Textiles for Orthopaedic and Surgical Applications



Development of  surgical specialties

CoMMPLETe: compliance matching and material property led engineering technologies

Phase 1:
Understanding natural tissue

Phase 2:
Comparison with existing solutions

Phase 3:
Novel compliance-matched solutions

Improved diagnosis

Improved materials and devices will open the way for new developments in surgical techniques
as well as opening surgical management options to a wider range of  patient demographics with a greater chance of  success.

Improved understanding of  an individual
patient’s disease. Development of  novel
investigations to guide diagnosis both pre
and intra-operatively.

Improved prognostics
Greater resolution of  the disease state and
factors affecting it facilitates retrospective
and prospective studies to improve the
evidence base guiding prognosis.

Improving current management
Providing information about which currently available
surgical materials are the closest to being compliance
matched to the individual demographics of  the patient

will improve management in the short-term.

Development of  surgical skills
With more powerful quantitative evidence available

for materials choices, high power prospective
studies will be possible to allow the surgeon to

assess their own performance against a measurable
standard.

Compliance matching
Allowing the tissue to ‘grow’ rather than just ‘heal’.

Improving patient post-operative outcomes
with materials chosen and truly matched to the

individual’s unique demographic.

Figure 1.1 Diagrammatic schema of the CoMMPLETe approach for improved evidence-based surgical interventions and implantable device

development.
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factors such as age, smoking, and alcohol may have an impact on the structural prop-

erties of human tissues. As we have already discussed, understanding the true mechan-

ical properties of the individual patient’s tissues is essential for guiding repair options.

As such, the first aspect of this approach involves generating large numbers

of quantitative data to identify what, if any, effect these demographic factors may

have on the underlying mechanical properties of tissues. This in itself will provide

clinicians with a greater understanding of what risk factors may be underlying in

an individual patient’s condition, aiding diagnosis.

In addition, the same methodology allows a much more powerful investigation of

the mechanical properties within a ‘disease’ state, such as a tendon tear. Identification

of quantitatively distinct subclassifications within a disease state would create a more

complete and clear quantitative classification of the spectrum of disease. In combina-

tion with the improved understanding of ‘normal influences’, this may identify new

risk factors for specific types of injury that might affect disease course in mechanical

terms. It would further increase the power of prospective and retrospective studies on

prognosis and patient outcomes, controlling for more accurate risk factors. This infor-

mation could then be used to guide prognostic capabilities, as well as to provide a clear

evidence base for making management decisions on a patient-by-patient basis.

Furthermore, it is our vision that, in some cases, this quantifiable spectra of tissue

states and disease will allow specific tools to be developed that could be used to trans-

late the databases of information acquired ex vivo and apply it directly in vivo in the

operating theatre. For example, combining mechanical testing data with the results

of Fourier transform Infrared (FTIR) analysis will allow identification of specific

spectra for certain tissue types, leading to the development of fibre-optic spectroscopy

probes to be used in situ to infer a tissue’s mechanical properties and guide manage-

ment choices.

1.3.2 Phase 2: Comparison with current solutions

Using the same analytical tools developed for phase 1, it is also possible to test current

management devices and methods. This enables rapid and direct comparison with the

complete mechanical profile of ‘normal’ and ‘disease’ tissue states. This is a unique

and important step that will allow clinicians to make informed decisions on the appli-

cability of currently available medical devices and materials to specific patients.

Using CoMMPLETe, they will be able to choose options more closely compliance

matched to the underlying tissue properties with the ability to more accurately control

for individual patient demographics, using a quantitative and evidence-based

approach that is currently not available.

Furthermore, this quantitative data will allow the formation of a standardised data-

base of properties that can be used to design retrospective and prospective studies,

using patient data and surgical reporting, which will allow more powerful meta-

analysis to provide a strong evidence base for management decisions. In addition, this

approach will also help the training of junior surgeons, through development of an

evidence-based set of guiding protocols for the assessment and treatment of particular

musculoskeletal conditions, rather than having to learn simply through observation.

6 Biomedical Textiles for Orthopaedic and Surgical Applications



This then provides the added benefit of allowing surgeons to quantitatively assess the

efficacy of their own surgical technique against a more high-powered assessment of

potential postoperative outcomes.

1.3.3 Phase 3: Novel compliance-matched solutions

Whilst phase 2 is focussed on the present, phase 3 is geared toward the future. Building

upon information gathered from the previous two phases, we envisage that it will be

possible to specifically design materials and devices for different tissues and disease

states with a level of compliance matching such that the body believes that ‘there is no

damage’. True compliance matching of a device to the tissue increases the chance of

tissue ‘growth’ rather than ‘healing’. This will improve personal outcomes for patients

and allow novel therapies to be developed that treat the individual and the particulars

of his or her condition as oppose to providing a blanket intervention for all expressions

of a disease state.

In summary CoMMPLETe is a new framework that uses the same analytical tools

to test the tissues (phase 1) and the current devices (phase 2) and to improve them

(phase 3) in order to achieve true compliance matching and subsequent regenerative

tissue growth. In the following sections we discuss the tools proposed to undertake

this work, as well as some of the initial studies that have used CoMMPLETe to

characterise rotator cuff pathology and the advantages of silk in device development.

1.3.4 Importance of sample quantity and quality

Key to the successful implementation of the CoMMPLETe approach is the use of tech-

niques that generate reliable and reproducible quantitative measurements of the material

properties of a tissue. As outlined in phase 1, this begins with ‘normal’ tissue to serve as

a guide in both assessment of pathology and as design criteria in device development

(phase 3). Although the definition of a ‘normal’ tissue in the forthcoming age of perso-

nalised medicine is somewhat of an oxymoron, the techniques discussed in this section

have the potential to investigate tissue on an individual or population scale.

The introduction of basic science approaches to medicine demand that large

amounts of data are acquired so as to provide high-powered statistical analysis of

results and to truly clarify where differences may be the result of clinical differences.

However, as with most basic science clinical studies, access to samples is often dif-

ficult and, although it is easier to obtain diseased and damaged tissue, gold standards

are ideally based on the response of healthy, living tissue tested under physiological

conditions. Cadaverous tissue, freezing, fixation, dehydration, and testing at room

temperature, although convenient, are not truly representative of in vivo tissue and,

as such, must be approached with caution despite often being perceived to be ‘gold

standards’. Even if sufficient sample numbers are accessible, a secondary consider-

ation is that the nature of the tissue (i.e., a small tendon) or the procedure that seeks

to repair it may limit the physical size of the sample. This undoubtedly leads to

difficulties in the types of material tests that can be performed.

Overall, there are three general analytical approaches by which information

regarding a tissue’s biomechanical properties can be obtained: directly via mechanical
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testing and indirectly through thermal and optical techniques. Table 1.2 provides an

overview of these three approaches arranged in decreasing physical sample size and

increasing technical specialisation. This provides the medical researcher with flexibil-

ity in the selection of a technique that suits the sample and hypothesis. Once selected,

the technique can further inform treatment if tests are conducted using standard sam-

ple preparation procedures and set methodologies, allowing for correlation across

studies and potentially across techniques, as we shall discuss later.

1.3.5 Mechanical testing

The most directly informative biomechanical tests are those that reveal a material’s

response to mechanical loading by subjecting a sample to specific combinations of

force and deformation (standardised in terms of stress and strain, respectively). These

tests can define the performance envelope of a tissue or device as they are able to apply

loads akin to those encountered within the body, during manufacture and surgical

implantation, and finally to cause complete failure of the material.

The commonplace test for tendons and muscle is a static tensile test wherein a sam-

ple is gripped between two fixed points and subjected to a uniaxial extension

(although not discussed further, the reverse test, uniaxial compression/indentation

is more suited to cartilage and bone, Adams, 2006, Donnelly, 2011). However, the

difficulties of clamping fully hydrated ‘squishy’ samples uniformly and consistently

between the grips often leads to stress concentrations at the sample–clamp interface,

causing them to fail prematurely and obscure or invalidate measurements (Erhard

et al., 2002). This is compounded when dealing with small (<5 mm long) samples

and exemplified by the supposed ‘gold standard’ of tendon tensile testing displaying

surprisingly wide variation depending upon the method of gripping (Vincent, 1992).

A recent solution to the difficulties of static tensile testing for tissues is dynamic

shear analysis (DSA). Instead of pulling sample apart, this technique (based on

rheometry) partially compresses and shears it in an oscillatory fashion between two

parallel plates (Chaudhury et al., 2011c). Under DSA a sample’s mechanical behav-

iour can be nondestructively quantified under physiological conditions. Furthermore,

DSA may be applied to all biomaterials, including cartilage and bone (Holland et al.,

2014; Vincent, 1990). The output of a DSA test is a sample’s ‘stiffness’, or, more

specifically, its bulk storage modulus (G¢) (Subbotin et al., 1996), which provides

an indicator of mechanical integrity.

Determining sample modulus is also possible using quantitative ultrasound probes,

which operate like DSA to directly deform a sample at a range of fixed frequencies while

measuring the dampening response (Appleyard et al., 2003; Huang and Zheng, 2013;

Rivaz and Rohling, 2005). Additionally, ultrasound elastography/sonoelastography is

a recent andmore indirectmethod that can be used to deduce tissuemechanical properties

by investigating tissue deformation in response to loading (Drakonaki et al., 2012;

Pedersen et al., 2012). Ultrasound probes have the distinct benefit over other mechanical

testing techniques of being able to test in vivo, although the sample size is not clearly

defined, and therefore, exact modulus values cannot be easily calculated (Appleyard

et al., 2003; Drakonaki et al., 2012).

8 Biomedical Textiles for Orthopaedic and Surgical Applications



Table 1.2 Initial material characterisation techniques proposed within the CoMMPLETe approach

Type of test Method

Biopsy

required?

Typical

sample

size

Test under

physiological

conditions?

Speed of test

(includes

prep time) Quantitative

Specialist

operator? Examples

Mechanical Tension/

compression

Y >5 mm Y 30 min Y 3 Adams (2006),

Donnelly (2011)

DSA Y >3 mm Y 5–10 min Y 2 Chaudhury et al.

(2011c), Holland

et al. (2014)

Ultrasonic N Point test

or image

Y Minutes Partially 2 Appleyard et al.

(2003), Drakonaki

et al. (2012)

DMA Y Several

mm

Y/N 30 min + Y 4 Guan et al. (2013),

von Fraunhofer

and Sichina (1992)

Thermal TGA Y �0.5 mm N Minutes Y 2 Heys et al. (2008),

Lim and Shamos

(1974)

DSC Y �0.5 mm N Minutes Y 2 Chaudhury et al.

(2011a), Willett

et al. (2008)

Optical Morphological

(e.g., light,

X-ray, MRI)

Y >0.5 mm N Hours Y/operator

bias

4 Mertz (2009),

Suetens (2009)

Spectroscopic

(e.g., FTIR,

Raman)

N Point test

or image

Y Seconds Y 5 Harada and

Takamatsu

(2013), Krafft

et al. (2009)

Abbreviations: DSA, dynamic shear analysis; DMA, dynamic mechanical analysis; TGA, thermogravimetric analysis; DSC, differential scanning calorimetry; MRI, magnetic resonance
imaging; FTIR, Fourier transform infrared. Grading for specialist operator: 1¼ inexperienced user, 5¼highly experienced technician.
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The final dynamic test is dynamic mechanical (thermal) analysis DMTA. This

technique, also called mechanical spectroscopy, is hugely informative as it is able

to provide information regarding the sample modulus under a range of different com-

binations of stress and strain, including tension, compression, and shear (Jones et al.,

2012). However, this approach, like DSA, requires biopsy samples and, if performed

under tension, is subject to the same clamping issues as a tensile test. The key differ-

ence between DMTA and DSA lies in the application of a temperature ramp (typically

from�150 °C to +300 °C) during sample oscillation to highlight changes in modulus,

manifested as material-specific glass transitions, melts and ultimately decomposition.

Recording changes in modulus as a function of temperature can then be used as a mul-

tifaceted material ‘fingerprint’ from which to compare and deduce sample composi-

tion to be correlated to known biomechanical properties or even used to predict

biomechanical properties ab initio (Guan et al., 2013; Jones et al., 2012; Vollrath

and Porter, 2006; von Fraunhofer and Sichina, 1992).

1.3.6 Thermal testing

Biomechanical properties can also be investigated indirectly using thermal analysis. All

techniques, by the nature of exposing a tissue to a wide range of temperatures, require

biopsy samples. In addition to DMTA, there are two techniques that warrant attention

under the CoMMPLETe approach: thermogravimetric analysis (TGA) and differential

scanning calorimetry (DSC). The main advantage of both TGA and DSC is that they

require practically no sample preparation and can be performed on small, irregular-sized

samples on which consistent mechanical tensile testing cannot be performed (e.g.,

<0.5 mg). TGA is conceptually the simplest of the thermal techniques, measuring sam-

ple mass as a function of temperature and providing information regarding sample

hydration and thermal degradation (Heys et al., 2008; Lim and Shamos, 1974). DSC

measures a sample’s endo- or exothermic heat flow compared to a blank reference dur-

ing heating or cooling, allowing quantification of subtle conformational and chemical

changes in structure, stability, and integrity as a function of temperature (Miles et al.,

1994, 1995). Once collected, thermal data can then be correlated to mechanical prop-

erties (Giannini et al., 2008; Willett et al., 2008).

1.3.7 Optical testing

The technique most familiar to the medical researcher will be optical studies of tissue.

Although this chapter does not explain each technique in detail, for the purposes of dis-

cussion, we split the optical characterisation of tissue samples into two broad sections,

morphological and spectroscopic. Morphological analysis requires the interpretation

and quantification of two-dimensional or three-dimensional images (e.g., light, confo-

cal, electron or atomic microscopy and X-ray, MRI and ultrasound; for more informa-

tion see Suetens, 2009 and Mertz, 2009 and references therein). Although the majority

of these techniques require both skilled sample preparation and operators for interpre-

tation, they are generally less restrictive on sample size due to being used either in vivo,
or, if biopsies are taken, morphological resolution ranges are submillimetre.
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Spectroscopic analysis utilises a point source to probe the bulk of the tissue (e.g., IR or

RAMAN) to produce a chemical fingerprint (Krafft et al., 2009), and, more recently, the

advent of combinatorial techniques such as IR or RAMAN microscopy are becoming

widespread in the field (Harada and Takamatsu, 2013). However, regardless of the tech-

nique used, optical techniques are indirect measurements of biomechanical properties

and thus require reference to a known library from which pathological information can

be deduced and cross-referenced (Kainberger et al., 1997; Klauser et al., 2013).

1.4 CoMMPLETe case study: Rotator cuff tendons

Furthering our previous discussions and as an example of an application of the CoMM-

PLETe approach to rotator cuff tendons, we now outline how it can be applied to tear

pathology (phase 1), assessing current mechanical augmentation solutions (phase 2),

and the development of novel materials and treatments for this disease (phase 3).

Why is this important? Alleviating the individual and financial burden of this disease

is of increasing concern as, in the US alone, it effects up to 30% of adults and costs

the economy $3 billion annually as a result of impaired work (Mather et al., 2013).

Althoughmany studies have shown a significant benefit from the repair of the torn rota-

tor cuff (Galatz et al., 2004; Gazielly et al., 1994; Mellado et al., 2005), these repairs

often fail (Gazielly et al., 1994; Mellado et al., 2005) despite a high level of satisfaction

following the operation regardless of repair status (a factor most likely due to the pain-

relieving benefits, Mellado et al., 2005, Gazielly et al., 1994).

Why do such repairs fail? Studies in the past have looked at the mechanical causes

of failure (Davidson and Rivenburgh, 2000; Gerber et al., 1994; Riley et al., 1994),

such as the strength of different suturing techniques and the way in which sutures

may cut through the tendon when under load (Baring et al., 2011). Increasing age

has been associated with higher failure rates postoperatively (Reeves, 1968) (although

this is debatable; see Fukuda et al., 1994). Yet, independent of patient age, poor tendon

quality has been associated with a threefold increase in the risk of repair failure

(Burkhart et al., 2014). Given that tendon quality may affect success and assuming

that optimal surgical techniques are being employed, it is possible that surgical repairs

may require augmentation either biologically (Kovacevic and Rodeo, 2008) or

mechanically, for example with the use of patches (Chaudhury et al., 2012). However,

the clinical uptake of rotator cuff repair patches is also burdened by high failure rates

and concerns about effectiveness, safety, and cost (Metcalf et al., 2002). Hence, a pos-

sible explanation for the high failure rates of repairs using patches is that the material

properties of rotator cuff repair patches may not be ideally compliance matched to

those of human rotator cuff tendons.

1.4.1 CoMMPLETe phase 1: Understanding rotator
cuff properties

Upon attempting to undertake the challenge of developing repair patches for rotator

cuff augmentation, Chaudhury et al. (2011c) soon realised that the biomechanics of

rotator cuff pathology was not fully understood. This was primarily due to the small
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physical size of rotator cuff tendon samples causing difficulty in reliable and repro-

ducible mechanical testing (Chaudhury et al., 2011c). Hence, they addressed these

issues through a comprehensive assay of rotator cuff samples obtained intra-

operatively from nearly 100 patients, the largest study to date, and applied DSA as

a means to circumvent the issues surrounding clamping under tension. Their results

demonstrated for the first time that the severity of a tear was correlated to a quanti-
tative difference in the mechanical properties of the tissue (Figure 1.2a).

Subsequently, the group went onto further investigate the causes of reduced

mechanical properties in torn rotator cuff tendon through a combination of thermal

and optical studies (Chaudhury et al., 2011a,b). Through the application of DSC, they

found that torn tendons had reduced thermal properties, specifically regarding the

onset and peak denaturation temperature (Figure 1.2b). This suggested there was a

greater proportion of denatured material in torn tendons, a finding confirmed through

morphological analysis via polarised and fluorescence microscopy that indicated

increased disruption of collagen structure and integrity (Figure 1.2c). Finally, a

detailed spectroscopic study using FTIR revealed a host of chemical and structural

features that map with rotator cuff tendon pathology. Together, these findings were
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Figure 1.2 Key findings from recent studies investigating the biomechanical basis of human

rotator cuff tendon pathology. Note how trends are seen across both direct (mechanical) and

indirect (thermal and optical) measurements, thus providing a foundation for the CoMMPLETe

approach. (a) Mechanical properties: graph comparing the mean storage moduli of normal

and differently sized rotator cuff tendon tears, as obtained through DSA. Torn tendons have a

lower modulus, indicating that they are less stiff. Bars represent standard error (SE). (b) Thermal

properties: graph showing the Tonset of different tendons (Tonset is defined as the temperature

at which the sample begins to undergo thermal denaturation). Small and massive tears were found

to have a significantly lower Tonset compared to normal tendons (p<0.05, unpaired t-test).

**p<0.01. ***p<0.001. Bars represent SE. (c) Optical properties: graph showing the relative

collagen-DTAF fluorescence intensities of normal, small, and massive tendon tears, measured as

grey scales. Massive tears had a significantly lower fluorescence intensity compared to small

tears, and both tear groups were lower than normal tendons. **p<0.01. ***p<0.001. Bars

represent SE.

(b) and (c) Figure and caption reproduced with permission and copyright © 2011 of the

Orthopaedic Research Society, taken from Chaudhury et al. (2011b) (Figures 3 and 6).
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explained within the context of the literature as changes in the physiochemical envi-

ronment of the tendon affecting a structural weakening of the tissue (Riley et al., 1994;

Sano et al., 1997) or as a result of weaker fibrous scar tissue formation at the tear (Chen

et al., 2008).

Such an approach aligned well with phase 1 of the proposed CoMMPLETe approach

and provides a solid example of a bridge between biomechanical function and

spectroscopic indicators, thus validating the use of classical histological techniques.

Furthermore, the knowledge that torn tendons have weaker mechanical properties goes

some way toward explaining the high postoperative failure rates observed.

1.4.2 CoMMPLETe phase 2: Comparison with existing patches

Building upon this newly formed understanding of the biomechanical properties of

normal and torn rotator cuff tendons, Chaudhury et al. went on to characterise current

mechanical augmentation solutions for rotator cuff repair (Chaudhury et al., 2012). By

subjecting a range of commercially available repair patches to mechanical testing

(Restore, GraftJacket, Zimmer Collagen Repair, and SportsMesh), they were able

to determine which offered the most suitable compliance matching to the natural tis-

sue. The results demonstrated that all repair grafts displayed significant variations in

mechanical properties between grafts and normal tissue. Using DSA as an exemplar

technique (Figure 1.3), the authors observed that all repair patches had reduced

mechanical properties upon comparison to normal rotator cuff tendon. Furthermore,

when interpreted within the context of their previous study, the properties of

the patches were below that of those of torn tendons as well. This highlights two im-

portant points that must be considered when undertaking such comparisons under

CoMMPLETe. First, the sample preparation and testing environment should remain

the same. In this case samples from all DSA studies were subjected to a formalin treat-

ment prior to testing and tested under exactly the same conditions. However, although
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formalin fixation was assumed to induce consistent changes to native tendon samples,

such changes may not be replicated in the commercial patches and so caution must

be exercised during analysis and interpretation. Second, although the compliance dif-

ferences between patches was clearly evident, the basis for this variation may be a

result of the intrinsic nature of the patches’ material properties or extrinsic due to

the engineering (i.e., weaving/architecture) of the fibres involved in the device.

1.5 Future trends and applications

1.5.1 CoMMPLETe phase 3: Developing silk-based solutions

Although studies on rotator cuff tendon have yet to arise that exemplify phase 3 of the

CoMMPLETe approach, the lessons learnt so far serve as an excellent platform from

which to move forward. Through a better understanding of the natural material and

how it fails, it is possible to turn human constraints of rotator cuff tendon biomechanics

into tomorrow’s device design criteria.

One such material currently being explored with great interest for biomedical

applications is silk. Since ancient times, silk has been used as a suture material and

is still in widespread use today. Silk is a natural, nontoxic biopolymer produced typ-

ically by spiders and silkworms (Craig, 1997). Biochemically, its constituent protein,

fibroin, demonstrates good biocompatibility, permitting various cells to adhere and

proliferate (Altman et al., 2003; Hakimi et al., 2010). Biomechanically, silk is widely

regarded as a useful biomaterial as it has good mechanical strength when wet, is resis-

tant to cleavage by enzymes but still biodegradable within the body and highly

permeable to both oxygen and drugs (Minoura et al., 1995). Silk is also able to perform

under a wide humidity and temperature range (Hakimi et al., 2007). In fact, the bio-

mechanical performance envelope of silk is the greatest of all biopolymers and is also

highly tunable (Vollrath et al., 2013), thus lending silk to compliance modification in

order to match like-with-like under phase 3 of CoMMPLETe.

The potential of silk-based biomaterials is extended further through the process of

reconstitution/regeneration (Rockwood et al., 2011). This is a means by which spun

fibres are solubilised by subjecting them to chaotropic agents (Holland et al., 2007),

leaving the resulting protein feedstock to be reprocessed to form a variety of new mate-

rials with a vast array of properties (Omenetto and Kaplan, 2010). At the most basic

level, this solution can be used to coat other materials, such as poly-(carbonate)-

urethane membranes (Chiarini et al., 2003) and has been shown to facilitate improved

adherence and, consequently, greater proliferation of fibroblasts in comparison to non-

coated membranes (Chiarini et al., 2003). Although this reconstitution process entails

some collateral damage to the silk proteins, akin to reprocessing naturally sourced col-

lagen, given that the mechanical properties of silk are inherently superior to those of

other natural biomaterials, the resulting devices often outstrip those devices fabricated

from material derived from the original tissue type being repaired. As a result, more

advanced structures such as films have been explored for wound dressings, support

media for implantable electrodes, and controlled drug release carriers, alongside foams
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and electrospun mats being tested for tissue engineering scaffolds for skin, bones, ten-

dons, ligaments, and so on (see Altman et al., 2003; Hakimi et al., 2007; Omenetto and

Kaplan, 2010, and references therein).

Although the usage of high-tech silk-based medical textiles for regenerative med-

icine is still just beginning (Fare et al., 2013), one area that is attracting increasing

attention is the development of biocomposite devices that incorporate both fibres

and reprocessed silk feedstocks in order to achieve superior mechanical properties

and produce a specific architecture/morphology (i.e., porosity or surface roughness).

Examples of this range from nonwoven silk-based devices optimised for neural regen-

eration (Huang et al., 2012) to vascular implants (Oxford Biomaterials Ltd.) and knee

meniscal repair devices (Orthox Ltd.).

1.6 Conclusions

In summary, the proposed CoMMPLETe approach will aid researchers and clinicians

in key aspects of musculoskeletal disease diagnostics and treatment. The quality of the

information collected from biopsy and tissue samples will directly aid researchers

from a large variety of disciplines. For example, bioengineering, which involves

efforts to design interventions and model disease processes would greatly benefit from

this improved quantitative understanding of the underlying materials both within the

prosthesis and the implant site, and pharmacology could capitalise on a better under-

standing of the chemical environments of ‘normal’ and ‘diseased’ tissues in order to

improve its understanding of drug efficacies and expand research into a wide range of

pharmaceutical delivery mechanism possibilities.

Within the clinical environment, clinicians will gain a more detailed and complete

understanding of the factors underlying the make-up of each individual patient’s

condition. This will lead to a better understanding of the likely progression of a

patient’s disease, and it will allow evidence-based approaches to personalise the

choice of management options. In turn, it will let the clinician better inform patients

and reduce the number of inappropriate treatment options undertaken. It will also help

clinicians to guide the development of their own practice, through the ability to pro-

duce more accurate, quantifiable data that demonstrates what outcome rates ‘should’

be possible, thus contributing to the advancement of novel treatment options.

Improved training of junior surgeons, through development of an evidence-based

set of guiding protocols for the assessment and treatment of particular musculoskeletal

conditions, will also be possible.

The approach will also have a positive benefit for public health bodies. Generating a

knowledge base for musculoskeletal tissues and diseases in combination with

quantitative evidence (data)-based approach to their management would provide sim-

ple, comparable data and help drive improvements in treatment outcomes across health-

care providers. If adopted, it would also reduce the number of inappropriate or

unnecessary treatments being performed. Both outcomes will result in improved care,

as well as increased cost-efficiency. The ability to directly compare the efficacy of new

versus current treatments against clear quantifiable data further allows advancements to
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be far less opaque, and it would allow funding to be more easily obtained because ben-

efits are more easily demonstrated, when compared to the current state of the art.

It is anticipated that the proposed approach also allows for measureable benefits in

a reasonably short time frame. As soon as the biomechanical properties of a tissue,

musculoskeletal disease, or intervention are quantified, it can immediately improve

the global understanding of a condition by informing clinicians about the disease pro-

cess, its constituent properties, and associated risk factors, as well as guiding manage-

ment options more effectively than presently available. Moreover, the improved

insights and data should quickly lead to more informed development of novel treat-

ments, with the development of new medical devices and materials.

Most important, however, are the benefits that the CoMMPLETe approach will

bring to patients. Improving the basic science behind complex structural injuries will

make it easier to better inform patients about the details underlying their own indi-

vidual conditions, thus providing them with a more accurate understanding of the

progression/prognosis for their disease. This should strengthen their relationships with

their clinicians through better involvement with the personal management of their dis-

ease. Furthermore, novel therapies developed through the programme will allow treat-

ments that can be tailored to a greater number of demographic factors affecting an

individual. This will improve outcomes, given that only limited intervention options

are presently available, and it will support the drive to deliver patient-centred care as

best practice.

1.7 Sources of further information and advice

Further information can be found within the references for this article. For those inter-

ested in learning more about the wide range of thermomechanical and optical charac-

terisation techniques discussed here, the Wikipedia pages for each technique are a

truly excellent place to start before delving into textbooks and primary literature

for peer-reviewed references. For those wishing to grasp more of the basic science

behind silks, the first piece of literature would be a recent review by Vollrath et al.

(2013), followed by Craig’s comprehensive review of the evolution of arthropod silks

(Craig, 1997). A good overview of the biology of the spider and the silkworm can be

found in Foelix (1996) and Fedic et al. (2002). For applications of silkworm silk as a

biomedical material, the review by Vepari and Kaplan (2007) is of note, as is Hakimi

et al. (2007), which deals with both spider and silkworm silk.

Websites

1. Some research groups working within the field of biomedical silk applications
l Dr. Chris Holland, Department of Materials Science and Engineering, University of

Sheffield, Sheffield, UK. www.naturalmaterialsgroup.com
l Prof. David Kaplan, Department of Biomedical Engineering, Tufts University. Medford,

MA. USA. http://ase.tufts.edu/biomedical/faculty-staff/kaplan.asp
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l Prof. Fritz Vollrath, Department of Zoology, University of Oxford, Oxford UK. www.

oxfordsilkgroup.com
l Prof. Zhengzhong Shao, Department of Macromolecular Science, Fudan University,

Shanghai, China. http://www.polymer.fudan.edu.cn/research/shaozz/English%20ver

sion/index.html
l Dr. Thomas Scheibel, Technische Universität Munich, Munich, Germany. http://www.

fiberlab.de/

2. Companies producing silk-based biomaterials for regenerative medicine
l AMSilk GmbH www.amsilk.com
l Nexia Biotechnologies, Ltd. http://www.nexiabiotech.com
l Oxford Biomaterials, Ltd. www.oxfordbiomaterials.com
l Orthox, Ltd. www.orthox.co.uk
l Spiber Technologies http://www.spiber.se/
l Spiber, Inc. http://www.spiber.jp/
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2Embroidery technology

for hard-tissue scaffolds

A.C. Breier
Leibniz-Institut f€ur Polymerforschung Dresden e. V., Dresden, Germany

2.1 Introduction

2.1.1 Incidence and medical relevance of critical size defects

Bone defects caused by trauma, inflammation, or tumour resection are still challenging

in orthopaedic practice. Critical size defects often occur with open fractures due to

extensive debridement of blast out, as well as contaminated and avital bone fragments

(Hessmann et al., 1998; Mutschler and Haas, 1999). Moreover, a possible long-term

consequence of open fractures is posttraumatic osteitis, resulting in a nonunion of

the bone (Struijs et al., 2007). Current treatment of osteitis involves the rigorous

debridement of infected and trophic-defected hard and soft tissue. This usually means

a tumour-like resection into the intact part of the bone, leaving expanded segmental

defects comprising the dia- and metaphyseal portions (Schnettler et al., 1997). Another

major cause of critical size defects is the surgical therapy of primary and secondary bone

tumours, as well as the therapy of soft-tissue sarcoma with bone infiltration. To avoid

local relapse, an en-bloc compartment resection is required, often generating expanded

bone defects (Tsuchiya et al., 2002; Winkelmann, 1999).

Ideal methods for assisting the structural and functional regeneration of these crit-

ical size defects in the clinic are lacking. Long-term recovery, repeated operations,

and relapse frequently cause restrictions for the patient involving pain and limited

movements. Psychic and social consequences, such as redundancy, addiction, and sui-

cide, can follow (Klussmann, 1990).

2.1.2 Applied therapies and their limitations

If the distance between the residual bone fragments gets too large, spontaneous

healing of the bone is not possible, and a critical size defect is formed. Medical inter-

vention is needed to reconstruct the mechanical and tissue-specific functions. Filling

of the voidage is required to prevent the ingrowth of connective tissue (Calori

et al., 2011).

The method of distraction osteogenesis (or callus distraction) was introduced

in 1969 by Ilizarov and Ledyaev. In this method, the two bone ends of the defect

are clamped by an external adjustable fixation with only a small gap between them.

While new bone formation occurs in the gap, developing a callus, osteogenesis is
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induced by gradually moving the two bone segments apart. Large defect distances can

be healed by this method (Suger et al., 1995), and it is used in standard clinical practice

for the bridging of segmental defects, particularly after debridement of infective tissue

and the resection of primary bone tumours (Cattaneo et al., 1992; Green et al., 1992;

Tsuchiya et al., 2002). The new bone induced by callus distraction is adequately vas-

cularised and approximates real bone. No established bone graft material can provide

this level of performance. As a drawback, a long treatment (40–50 days/cm of the

length of the defect), combined with painful distraction operations and risk of infec-

tion due to the extended use of external fixations, limits the use of this method (Garcia-

Cimbrelo et al., 1992; Lai, 2002). As an alternative, bone grafting is used to fill the

defect and to restore the functions of the bone.

For minor volume defects, autografts, such as shavings taken from the iliac crest of

the patient, are seen as the gold standard (Calori et al., 2011; Roesgen, 1989). Bone

regeneration is induced by osteoblastic activity of the transplanted cells, as well as

osteoinductive growth factors deposited in the bone matrix. The limited supply of

transplantable bone tissue, the need of several operations, and a painful healing pro-

cess restrict the use of this method. Furthermore, failure rates up to 50% have been

reported (Calori et al., 2011).

Allogenic transplants use bone tissue from a donor of the same species. Allografts

have considerably less bioactivity than autografts because the immune response initiated

by the transplanted antigens inhibits osteogenesis. Methods for the sterilisation of the

transplants have advanced in the last years, but the risk of infection via the transfer of

viral and bacterial diseases still exists (Calori et al., 2011; Rubin and Tolkhoff-Rubin,

1988; Salzman et al., 1993). The advantage of using allogenic transplants is

the availability of the material. The bone can be used directly or processed into a

powder, granules, cancellous or cortical chips, strips, or blocks (Calori et al., 2011).Allo-

grafts are also used to produce deminaralised bonematrix by acid extraction, containing

amixture of collagen I, noncollagenous proteins, and growth factors (Calori et al., 2011).

Scaffolding material without cellular components can be obtained from xenografts

(tissue donor from a different species) or synthetic bone materials. Xenografts have

successfully been used to fill segmental defects in oral and maxillofacial surgery.

There is an abundant supply of animal bone material, but due to the high antige-

nicity of the graft and the risk of infection, these materials are denaturised to remove

cellular components while maintaining the mineralised structure (Arca et al., 2011;

Calori et al., 2011).

Synthetically produced inorganic bonematerials include tricalcium phosphates and

hydroxylapatite (HAP) ceramics derived from natural sources, such as corals, and

obtained through sintering (Calori et al., 2011). Generally, these materials show high

brittleness, preventing their use for mechanical stabilisation of the defect

(Wipperman, 1997). Thermally processed HAP ceramics exhibit a slow resorption

process, resulting in osteoimplant bonding with critical biomechanical properties.

In contrast, the faster resorbing tricalcium phosphate can promote inflammatory

reactions (Rueger, 1998). Calciumphosphate cements, a combination of mono- and

tricalcium phosphate and calciumcarbonate, show a high compression strength and

biological acceptance (Constantz et al., 1995; Wipperman, 1997), but inflammatory

reactions in the surrounding soft tissue can occur (Welkerling et al., 2003).
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Poly (methyl methacrylate) (PMMA) is used as a polymeric, nonresorbable bone

cement, predominantly for the fixation of hip prosthesis, but also for filling segmental

defects. Deficient integration into the bone, lack of long-term stability, and debris are

some of the limitations. Masquelet et al. (2000) described a two-step method using

PMMA cement as an interim template in diaphyseal defects. In the first surgical step,

the debridement procedure, the defect is stabilised and filled with a PMMA cement

spacer. Soft-tissue reconstruction takes place in a period of 6 weeks, supporting the

formation of a periost-like membrane on the surface of the PMMA spacer. The second

operation involves the removal of the PMMA cement while preserving the pseudosy-

novial membrane and filling up the defect with a resorbable bone graft. The preserved

membrane has been shown to prevent bone graft resorption and to support bone

healing.

2.1.3 Regeneration of critical size defects by tissue engineering

Bone tissue engineering is an expedient option for substituting lost bone segments.

The artificial matrix is arranged as a three-dimensional porous structure. Autologous

cells are seeded in vitro onto the matrix or the matrix is used to recruit cells from the

surrounding tissue in vivo, inducing the composition of extracellular matrix. The cells

get embedded in their own tissue-like matrix, and thematerial of the artificial structure

degrades, leaving a naturally produced bone tissue in place (Rentsch et al., 2012).

Toenable the formationof tissue-specific interactionsof the cells, a three-dimensional

artificial template (scaffold) has to be provided. A suitable material for these scaffolds

ensures sufficient biocompatibility and a low inflammatory potential. For maximising

the effect of the scaffold on cell proliferation andmatrix accumulation,mechanical prop-

erties should mimic the biomechanics of bone (Webb et al., 2003, 2006). The structural

integrity of the material will decrease during the remodelling process, as the material is

degraded. It is therefore important that the degradation period is adjusted to osteoneogen-

esis. Mechanical properties of the artificial structure should diminish as the supporting

function is transferred to the remodelled tissue (Hutmacher, 2000).

The porosity of the scaffold is an important parameter when optimising cell growth

and transport of nutrients and metabolic waste. Ideally, the scaffolds have a high

porosity containing a high ratio of interconnected pores. Depending on the method

of production and the material used, different porosities and pore sizes have been used

for bone grafts. Porosities in the range of 60–95% (Oh et al., 2007) are generally suit-

able, but also lower porosities of 50% have been used (Vivanco et al., 2012). For cell

interactions and nutrient supply, an interconnected pore system is essential. Pore size

is also a significant parameter. If the pores are too small, cell growth will be inhibited,

whereas pores with a diameter that is too large do not provide the required footing for

the cells, disturbing cell adhesion. Mean pore sizes in the range of 200–350 mm have

been used to allow effective osteoconductive bone regeneration (Vivanco et al., 2012).

Many approaches with different combinations of scaffold materials, associated

components, and cell types have been pursued (Betz et al., 2010; Blokhuis and

Lindner, 2008; Kruyt et al., 2008). So far, none of the tested strategies is used routinely

in clinical settings.
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2.1.4 Scaffolds for bone tissue engineering

The first scaffolds used in bone tissue engineering induced pores by chemical or phys-

ical processes, such as particulate leaching, gas foaming, and phase separation

(Gelinsky et al., 2008; Mikos and Temenoff, 2000). Particulate leaching uses

water-soluble porogens such as salt or sugar. A solid body of a polymer/porogen com-

posite is formed by solvent casting or melt moulding. Subsequently, the porogen is

removed by leaching the composite in water. Pore size and shape are determined

by the size and shape of the porogen grains, whereas the content of interconnective

pores is a function of the porogen ratio (Caraballo et al., 1996).

Gas foaming has been used to avoid organic solvents in the manufacturing process.

A gas, such as CO2, is dissolved in the polymer by inducing high pressure and tem-

perature in a solid polymer body, and then the pressure is relieved rapidly. The small

pore size is a considerable limitation to this method when creating scaffold materials

for tissue engineering (Mikos and Temenoff, 2000).

Sublimation effects can be used to form porous structures by adding porogens such

as ammonium bicarbonate or freezing water-bearing preparations and vacuum drying

the compound (Gelinsky et al., 2008; Mikos and Temenoff, 2000). Techniques based

on the principles of phase separation or emulsification have also been proposed for the

manufacturingofporousscaffolds.Poresaregeneratedbyusing the solubilityof thepoly-

mer in organic solvents. The polymer is dissolved in an organic solvent and casted to

films, tubes, or blocks. It is exposed toa nonsolvent liquid, resulting in anunstable ternary

system of polymer, solvent, and nonsolvent. The polymer starts precipitating from the

solution, forming a porous, solidified structure (Weigel et al., 2006). Small pore sizes

(<100 mm)and the inevitableuseoforganic solvents are disadvantages of thesemethods.

Pore size, pore size distribution, and the proportion of interconnected pores formed

with all these methods can be controlled by changing parameters such as temperature,

mixing ratio, and the applied components and additives. However, the topological dis-

tribution and shape of the pores remain random. These manufacturing procedures tend

to generate scaffold bodies with core regions that are difficult to penetrate for medium

or cell suspensions. Nutrient supply and cell seeding to the inner parts of the scaffold

have also been reported to be insufficient (Lode et al., 2008).

To generate complex scaffolds with predefined shapes, computer-aided design

(CAD) is used to model scaffolds for rapid prototyping or solid freeform fabrication.

Fused deposition modelling and the similar precision extruding deposition generate

three-dimensional (3D) porous structures by depositing lines of melted polymer on

a motor-driven x-y-z-table (Weigel et al., 2006). Nonfused liquid materials, such as

polymer solution (Mikos et al., 1993), or bioactive ceramic materials, such as trical-

cium phosphate (Vivanco et al., 2012), can also be deposited in a similar manner.

Using CAD, one can produce scaffolds with pore sizes of 200–500 mm with a

100% ratio of interconnected pores. Nozzle size determines the strut diameter and

so the thickness of the pore walls. Diameters in the range of 200–500 mm can be per-

formed, resulting in a high material fraction and thus low porosities between 50% and

75% (Vivanco et al., 2012; Weigel et al., 2006).

Other methods for fabricating structures through CAD include 3D-printing, selec-

tive laser sintering, and stereolithographic working principles. These methods are
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based on the use of a precursor material that is cured chemically, thermally, or radia-

tionally, followed by the removal of the untapped material. In 3D printing, a layer of

polymer or ceramic powder is spread over a building platform. A binder solution is

deposited precisely by an ink-jet print head, joining single powder particles. This

process is repeated on further powder layers spread over the workpart. Living cells

have also been deposited using this process (Mironov et al., 2009). The pore size

and porosity of scaffolds manufactured with these techniques are mainly related to

the resolution of the device used (Weigel et al., 2006).

Different types of materials have been used to build bone scaffolds. Synthetic poly-

mers (e.g., polylactide [PLA], polyglycolide [PGA], polycaprolactone [PCL]) and

their copolymers, as well as biopolymers (e.g., collagen, chitosan, or fibrin), are

favoured due to their degradability. For ceramics and cements, calcium phosphate

compositions such as tricalcium phosphate or HAP, as well as bioactive materials such

as bioglass®, have been used (Vivanco et al., 2012; Verrier et al., 2004). The use of

hybrid or composite materials with polymeric and ceramic fractions, including miner-

alised collagen, have also been reported (Gelinsky et al., 2008). Recently, one study

tested a metallic composition of degradable magnesium foam (Lalk et al., 2013). Gas

formation of the degrading alkaline earth metal in vivo was found to be problematic

due to the formation of blowholes in the surrounding tissue.

The choice of material is complex because the materials lose their prime structural

properties with the high porosities required by the scaffold. For polymeric scaffolds,

the Young’s moduli are in a range of 20–170 MPa (Hutmacher et al., 2001; Lin et al.,

2003), while the plain polymers show values between 1200 and 3500 MPa

(Wintermantel and Ha, 2009, p. 262 ff.). The Young’s moduli for ceramics are

between 80 and 420 GPa (Wintermantel and Ha, 2009, p. 277 ff.), but for the porous

structures, the compression moduli are reduced to 1–20 GPa (Vivanco et al., 2012).

The composite and hybrid materials have compression loads between those of poly-

meric and ceramic scaffolds. As a comparison, the Young’s modulus of compact bone

is quoted at between 12 and 23 GPa, depending on the direction of loading and the

bone structure (Wintermantel and Ha, 2009, p. 171).

Compared to all these methods, embroidery technology will represent a further

method for generating porous structures, comprising the advantages of the CAD tech-

niques, such as defined fibre deposition, structure design, and the generation of an

interconnective pore system, as shown in the following section.

2.2 Manufacturing of porous textile structures using
embroidery technology

2.2.1 Principal aspects of embroidery technology

Embroidery technology is based on the same principle as a sewing machine. A sewing

machine uses two threads, an upper one and a lower one, running along the top and

bottom of the processed fabric (base material) in order to generate lock stitches

(Figure 2.1). The stitches are made by winding the upper thread around the lower

thread. Coiled on a bobbin, the upper thread is directed through a system of yarn
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tension devices to an embroidery needle. Stitches are generated by pushing the needle

with the upper thread through the base material (Figure 2.2a) and then lacing the upper

thread around the lower thread (Figure 2.2b) via a rotary hook. After the needle

retracts and returns to the starting position (Figure 2.2c), the framing system, clamping

the base material, moves to a defined xy-position (Figure 2.2d).

Industrial embroidery machines have a horizontal block of needles (needle header)

arranged in a row, enabling the processing of different yarn colours or materials in one

procedure. Additionally, some types are equipped with a tape header that allows the

deposition of materials not suitable for processing with the needle header, including

tapes, rovings, gimps, or lacings.With a tape header, the upper thread is used for fixing

the thread material on the fabric by overcasting it in a zigzag arrangement. The prin-

ciple of this procedure is shown in Figure 2.3.

The movement of the framing system is controlled by a CNC unit. Special design

software, named punch software and actually developed for decorative textile

applications, allows manual editing of the embroidery patterns in order to create

user-defined patterns with different materials and arrangements. For customary

(a)

(c)

(b)

(d)

Figure 2.2 Stitches are made in four steps: (a) embroidery needle is pierced into the base

material, (b) upper thread is looped around the lower thread by a rotary hook, (c) embroidery

needle is retracted to the starting position, and (d) the base material, clamped into a framing

system, is moved to a defined xy-position.

Bobbin driver
with rotary hook

Under thread

Base material

Upper thread

Embroidery
needle

Figure 2.1 An embroidery machine relies on an overlock stitch, as does a sewing machine.
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embroidery, the machines offer different types of stitches, such as running stitch,

satin stitch, or chain stitch to border or to fill pattern areas. A new and more engi-

neering-based approach for the design of stitch patterns was developed by

Spickenheuer et al. (2014) that follows a more straight forward procedure. In a first

step the fibre path is created by any common 2D-CAD software and subsequently the

setting of stitches is optimised by a novel CAM module, named EDOpath

(Spickenheuer et al., 2014).

A modern procedure for producing needle lace fabrics in the textile industry

involves using a water-soluble base material. Usually, the process employs a poly-

vinyl alcohol (PVA) fleece or foil, which can be washed out after the embroidery

process at a temperature of 50 °C. As a result, a delicately perforated fabric consisting
of interlaced threads is generated.

2.2.2 Thread materials for scaffold fabrication using
embroidery technology

Suitable thread materials for producing scaffolds through embroidery cannot be

determined based on the thread’s mechanical properties. Instead, it has to be tested

empirically. High tensile strength is beneficial for a failure-free operation, but due to

the thread going through a system of yarn brakes and bobbins, even bending and

torsion strengths are relevant. Surface quality is also important for a frictionless pas-

sage of the thread through the yarn tension devices. Generally, all kinds of mono-

filament und multifilament yarns with diameters of about 50–250 mm can be

processed using embroidery technology. Twisted multifilament yarns are favoured

over side-by-side yarns because single filaments of the latter tend to rove out of

the fibre bunch and entangle into the yarn tension devices of the upper and lower

thread. This causes snarling of the thread guide and thus frequent thread breakages.

Monofilament yarns should exhibit a plain surface, sleeked by a size. Due to the fine-

ness of single filaments in a multifilament yarn, the resulting embroidered structures

will show smoother and more tissue-like haptics than structures manufactured from a

monofilament yarn.

Base material

Upper thread
arranged in zig-zag

Puncture

With roving, gimp, etc.
Bobbin

Under thread

Figure 2.3 Principle of

thread deposition with

a tape header.
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2.2.2.1 Surgical thread materials

Commercialised surgical suture materials are available as continuous fibre threads,

and, given that the materials are already accredited and tested in clinical practice, they

are ideal candidates for scaffold production. The suture materials have standardised

characteristics, including mechanical properties, filament diameter, and yarn count,

allowing the manufacturer to maintain quality and processibility. Permanent, nonde-

gradable thread and degradable thread with degradation times from a few weeks to

some months are available.

Figure 2.4 shows examples of commercialised sutures that have been applied for the

embroidery process. Figure 2.4a shows a polypropylene (PP) monofilament suture in the

United States pharmacopoeia (USP) thread size 4-0, featuring a mean thread diameter of

150–199 mm.Monofilamentsuturesalsoincludedegradablepoly(lactide-co-caprolactone)
(PLA-CL) and polydioxanon (PDS) threads, as shown in the thread sizes USP 6-0

(95–149 mm) in Figure 2.4e and 7-0 (70–94 mm) in Figure 2.4f. In addition, multifilament

yarn such as polyglycolic acid threads can be processed in USP 2-0 (300–349 mm;

Figure 2.4b), 5-0 (100–149 mm; Figure 2.4c), and 7-0 (50–69 mm; Figure 2.4d).

2.2.2.2 Noncommercial fibres

In the field of biomedical textiles, many synthetic and natural biopolymers are manu-

factured into thread-like structures using a variety of spinning techniques. Some of these

techniques, such as melt spinning, allow the gathering of a continuous fibre thread on a

bobbin. Thread properties can be modified by temperature regulation and stretch form-

ing, and contoured spinning nozzles allow the fabrication of profiled and hollow fibres

(Hin€uber et al., 2010). To test novel yarn materials’ suitability as a biomaterial, it is

important to process the yarn into a shape that is easy to handle. Embroidery technology

offers a simple solution for processing the yarns into substrates for cell toxicity and bio-

compatibility testing. Appropriate applications for the newly developed yarns are found

based on their mechanical and biological properties.

Figure 2.4 Examples of commercialised surgical thread materials: (a) polypropylene

monofilament USP 4-0; (b) polyglycolic acid as a plaited multifilament USP 2-0; (c) USP 5-0

and (d) USP 7-0 and poly(lactide-co-caprolactone acid) monofilament suture material in

(e) USP 6-0 and (f) USP 7-0.
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2.2.3 Embroidered scaffolds

Embroidery technology is an attractive method for the fabrication of scaffolds. A mul-

titude of adjustable textile parameters, including stitch length, stitch assembly, stitch

density, and thread size, enable a direct influence on scaffold features such as porosity,

available surface area, and mechanical properties (Table 2.1)

Medical or biocompatible thread materials with diameters of 50–250 mm can be

processed directly via a multineedle header. A water-soluble nonwoven fabric

(e.g., PVA) is used as a base material. It is washed out after the embroidery process,

so that a plane sheet consisting solely of the processed fibre is generated. To achieve a

3D formation, the plane structures can be stacked or furled. Interwoven 3D structures

can be obtained by embroidering one ply on another. The mechanical properties of the

scaffold can be influenced by changing the stitch mode and assembly (Figure 2.5).

An advantage of scaffolds made by embroidery technology is the high content

of interconnecting pores controlled by the manufacturing process. In a manner similar

to the one used in fused deposition moulding, the pores are defined by swathing the

material (e.g., thread) around the interstices. The interconnecting pore system can be

maintained when stacking the plane structures, as long as the plies are not squeezed.

Pore size and pore size distribution can be controlled by stitch length and stacking

arrangement (Figure 2.6).

Table 2.1 Textile parameters and controllable scaffold features

Textile parameters
Stitch length

Yarn orientation angle

Stitch mode (e.g., running, zigzag, random)

Thread material

Thread size

Controllable scaffold features
Porosity

Pore size

Pore size distribution

Fibre volume content/density

Available surface area

Mechanical properties (e.g., tensile strength, extensibility)

(1) Bidirectional-
extensible structure
by zig-zag assembly

(2) Unidirectional-
extensible structure
by overlaying the zig-
zag assembly with a
running stitch

(3) Nonextensible
structure without shear
stability, running stitch
in orthogonal assembly

(4) Nonextensible
structure with enhanced
shear stability, running
stitch in triaxial assembly

Figure 2.5 Stitch mode and assembly determine the extensibility of the structure.
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The influence of the stitch length, stitch density, and stacking height can be

demonstrated by m-CT analysis. Figure 2.6a–c shows the embroidery design of scaf-

folds, assembled in a triaxial alignment with different stitch lengths. Figure 2.6d–f

shows interpretations of m-CT measurements* of stacks piled from plane structures,

embroidered with a surgical P(LA-CL) monofilament suture material (USP 6-0).

The structure shown in Figure 2.6d is formed by stacking 20 plies (Figure 2.6e and f),

each with 10 plies. The total height of the scaffolds is 10 mm. Shorter stitch lengths and

higher ply portions lead to increased stacking density, creating a structure with

decreased pore size and a lower proportion of interconnecting pores. If the stitch length

is too long, as shown in Figure 2.6f, the pores become too big, and the scaffold lacks

integrity and footing for the cells. The optimum ratio between stitch length and stacking

density should be determined with the intended application in mind. For application in

bone regeneration, the scaffold variation (Figure 2.6e) featuring a mean stitch density of

2.1 stitches/mm2 and a ply portion of 1 slice/mm, thus shows the required pore sizes and

porosity.

The porosity of the structures can be calculated by determining the material frac-

tion and total volume of the scaffold obtained from the binary data sheet derived from

the m-CT analysis. Pore size and pore size distribution can be ascertained by a sphere

model. The voids of the structure are filled with virtual spheres with diameters equiv-

alent to the voids. The length and distribution of the diameters give information about

the pore size and pore size distribution. Figure 2.7 shows images of scaffold stacks

rendered from m-CT data. Different stitch densities were applied. Figure 2.7a and c

shows a stack piled from scaffolds embroidered from a USP 6-0 P(LA-CL) with

Figure 2.6 Stitch assembly (a–c) and m-CT analysis* of the three-dimensional structure (d–f)

of scaffold stacks. (a, d) Stitch length, 0.9 mm; stacking height, 20 plies; porosity¼35%.

(b, e) Stitch length, 1.3 mm; stacking height, 10 plies; porosity¼80%. (c, f) Stitch length,

2.0 mm; stacking height, 10 plies; porosity¼90%. (*) m-CT measurement by Mathias Schulze,

TU Dresden, Institute of Photogrammetry and Remote Sensing.
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1.9 stitches/mm2. Seven plies are necessary to attain the same height as the scaffold

stack (2, 4) of four plies embroidered with a higher stitch density of 5.9 stitches/

mm2. Figure 2.7a and b shows an optical visualisation of the thread structure, and

Figure 2.7c and d describes the virtual sphere model.

Figure 2.8 shows the pore size distributions of the two scaffold stacks, calculated

from the sphere model. Smaller pore sizes and a denser distribution can be observed

for the stack piled from scaffolds with a higher stitch density. The porosity is 76%,

compared to 85% for the lower stitch density. Both scaffold stacks show porosities

and pore sizes suitable for the tissue engineering of bone.

For load-bearing applications, the mechanical properties of the scaffold stacks

are a decisive factor. The flat bone of the skull has been shown to have a compression

strength of 73.8 MPa and an E-modulus of pressure of 2.4 GPa to forces vertically

affecting the layered structure of the bone (McElhaney et al., 1970). Figure 2.9 dem-

onstrates the mechanical behaviour of the two scaffold stacks illustrated in

Figure 2.7 m-CT analysis* of scaffold stacks (a, b) as a rendering of the thread structure

and (c, d) filled up with spheres representing the pore sizes. Panels (a, c) represent a scaffold

stack of seven plies embroidered with 1.9 stitches/mm2 porosity 85%; (b, d) show a stack of four

plies embroidered with 5.8 stitches/mm2, porosity 76%. (*) m-CT analysis performed by

Dr. Ricardo Bernhardt, TU-Dresden, Max-Bergmann-Centre for biomaterials.
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Figure 2.7 under compression load. A deformation of up to 10% can be performed

without any resistance of the material, and a period of low stiffness follows, featur-

ing a slow ascent of the compressive strength. The onset of the material resistance

occurs in the range of 70% remaining porosity calculated from the ratio of the vol-

ume fraction of the processed thread to the remaining volume of the scaffold after

compression. Another flection point can be observed at a remaining porosity of

about 40%. Here both structures pass into a linear ascent, showing a stiffness of
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Figure 2.8 Pore size distribution of scaffold stacks embroidered with 1.9 stitches/mm2

(light gray) and 5.8 stitches/mm2 (dark gray).
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Figure 2.9 Mechanical behaviour of scaffold stacks under compression load: a stack of four

plies and a stitch density of 5.8 stitches/mm2 (Tri5.8) and a stack of seven plies and a stitch

density of 1.9 stitches/mm2 (Tri1.9).
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0.3–0.5 MPa. The transition of these sections turns out to be more distinct for the

scaffold stack with higher stitch density (Tri5.8).

The featured embroidered structures have insufficient mechanical properties for

load-bearing applications in the regeneration of bone tissue. The concept of using

embroidered scaffolds for tissue engineering of load bearing bone has to be developed

and adapted due to the lack of stability of the scaffolds.

2.3 Application of embroidered scaffolds for
hard-tissue engineering

2.3.1 Tissue engineering strategies for hard-tissue
implants based on embroidered scaffolds

To generate tissue and site-specific implants, different strategies can be pursued to

meet the requirements of the implant. The location and occurrence of the defect define

these requirements. Themain benefit of the embroidered scaffolds is their plane quasi-

2D appearance. Good permeation is probable through the plane of the textile structure,

which is important for any treatment, such as surface modification or cell seeding. For

in vitro procedures of tissue engineering, it is feasible to apply plane structures as

round slices (Figure 2.10a) or wide tapes (Figure 2.10b).

Structural characteristics can be manipulated by the embroidery pattern. As already

discussed, pore size can be adjusted by stitch alignment and density. Figure 2.11

shows examples of a dense alignment using a multifilament yarn (Figure 2.11a)

and an open-pored structure created from a monofilament PLA-CL thread

(Figure 2.11c). Structural conditions can be imitated by the embroidery pattern.

Arranging the stitches in a radial manner (Figure 2.11b) results in a loose structure

mimicking the natural structure of cortical and cancellous bone.

Bone is a supporting structure, and therefore, mechanical load is a critical factor for

the conceptual design of a bone implant. As already shown, textile scaffolds are not

suitable for this function. In case an implant is needed in a load-bearing region, such as

Figure 2.10 Three-dimensional scaffolds by (a) stacking round slices or (b) furling wide tapes

of embroidered structures.
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the long bones of the femur or tibia, this function can be absorbed by an intramedullary

rod. The scaffolds then function as a template for guiding cells into the correct

alignment. A model for the tissue engineering of long bones can be formulated as

demonstrated in Figure 2.12.

First, the bone defect is stabilised with an intramedullary rod and immobilised for

3 months following the two-step method described by Masquelet and Viateau

(Masquelet et al., 2000; Viateau et al., 2007). Autologous mesenchymal stem cells

(MSCs), extracted from the iliac crest of the patient, are cultured in vitro. The embroi-

dered scaffolds are coated with components of the extracellular matrix, and the

modified scaffolds can be seeded with stem cells differentiated to osteoblasts or endo-

thelial cells. Osteogenesis and vascularisation can be induced in vitro. Slices with dif-
ferent functions can then be piled as a stack and applied as an implant of vascularised

bone tissue.

Figure 2.11 Embroidery patterns for round slices: (a) in a dense orthogonal alignment,

(b) in a loose radial alignment mimicking the natural structure of cortical and cancellous bone,

and (c) in an open-pored structure. Panels (a) and (b) are processed with a PHB multifilament

yarn, and (c) is processed with a monofilament surgical thread made of PLA-CL.

32
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(1) Bone defect stabilised with an intramedullary rod; (2) extraction of  stem
cells; (3) culture of  stem cells; (4) scaffold; (5) coating with components of
the extracellular matrix; (6) cell seeding, e.g., osteoblasts, endothelial cells,
proliferation, and differentiation; (7) tissue engineering of  vascularised bone;
(8) implantable bone tissue
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Figure 2.12 A concept for long bone tissue engineering.
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2.3.2 Coatings for improved osteoconductivity
and osteoinductivity

The surface properties of the scaffold material play a decisive role in the formation of

new bone tissue. Hydrophilicity and surface energy qualitatively determine the pro-

tein deposition in the first minutes after implantation (Mayer et al., 2008). Depending

on the deposited proteins, specific cell types get recruited and adhere on the surface.

When cells are coupled to the surface, proliferation and differentiation start, followed

by protein synthesis and the production of the extracellular matrix. To control the

protein deposition process, the surface can be modified. Different successfully estab-

lished modification procedures are available, including plasma treatment (Curran

et al., 2005; Keselowsky et al., 2004) and wet chemical modification (Rentsch

et al., 2009; Wollenweber et al., 2006).

Components of the extracellular matrix can be added to the scaffold to create a suit-

able environment for the cells. Collagen I, a main component of bone tissue, can be

used to coat the thread material by fibrillogenesis (Douglas et al., 2007). Hydrophi-

lisation with NaOH has been found to successfully induce an increase in collagen

deposition on the thread material (Rentsch et al., 2009). Adding chondroitin sulphate

to the collagen solution can also lead to an immobilisation of the glycosaminoglycan

in the collagen fibrils during fibrillogenesis (Douglas et al., 2007). The positive effect

of the immobilised glycosaminoglycan is demonstrated by the cell reaction. An

enhanced formation of focal adhesion (Douglas et al., 2007) and an increase of

calcium deposition is observed forMCSs seeded on chondroitin sulphate bearing coat-

ings (Rentsch et al., 2009).

2.3.3 Cell selection and seeding procedures

Bone tissue is interspersed with osteocytes embedded in the extracellular matrix. The

cells have long cytoplasmic/dendritic processes that are connected to neighbouring cells

via gap junctions. Nutrients and oxygen are provided by the bone’s vasculature. Bone is

constantly being rebuilt to optimise stability, depending on the loads experienced by the

bone. Osteoclasts are activated to decompose bone tissue and osteoblasts form bone tis-

sue.Osteoblasts are required for in vitro tissue engineering of bone-like tissue.The source
and method of isolation, as well as the amplification of suitable cells, are significant.

A patient’s own osteoblasts can be isolated from the periost. This requires additional

surgery (Begley et al., 1993; Behrens et al., 2000) and often results in a low yield of

suitable cells that do not expand well (Heath, 2000). As an alternative, autologous bone

marrow can be transplanted to stimulate osteoneogenesis. (Connoly et al., 1989). Estab-

lished practice involves the use of adult MSCs derived from bone marrow aspirated by

iliac crest puncture. The multipotent cells are isolated with a density gradient and

expanded in vitro (Petite et al., 2000; Quarto et al., 2001). Novel studies have suggested
that adipose tissue could be used as a source of MSCs to minimise patient morbidity

during cell harvesting (Pendleton et al., 2013).

The differentiation of MSCs to the osteogenic lineage can be induced in vitro
by supplementing the culture medium with dexamethasone or ß-glycerophosphate.
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The osteoblastic phenotype is identified using bone specific markers, such as alkaline

phosphatase (ALP) and osteocalcin (Joyner et al., 1997), or by the synthesis and

mineralisation of collagen I (Luria et al., 1987).

After a required cell count has been achieved, the cells are seeded onto the scaffold.

To achieve a homogeneous cell distribution on the scaffold, the whole 3D structure

must be permeable to the seeding solution. Nutrient supply in the scaffold core both

in vitro and in vivo must also be sufficient to maintain viability.

Mechanical stimulation influences cell behaviour (Hess et al., 2010), so it is vital to

choose the right culture system. Vunjak-Novakovic et al. showed that the culture con-

ditions of the bioreactor critically influence the composition and histomorpholgy of

engineered cartilage (Vunjak-Novakovic et al., 1999). They found that static culturing

conditions, which generated only diffusive nutrient transport, led to small constructs

with glycosaminoglycane accumulation only on the periphery of the scaffold.

However, keeping a turbulent medium flow induced the production of fibrous cap-

sules on the surface of the constructs. A laminar medium flow, generated by rotating

vessels, achieved the best results, approximating bovine cartilage. This method was

transferred to the culture of human mesenchymal stem cells and their osteogenic dif-

ferentiation by Wollenweber et al. (2006) and was used for seeding textile embroi-

dered scaffolds for bone tissue engineering by Rentsch et al. (2009).

2.3.4 Tissue engineering of hard tissue

Embroidery technology has been used to create textile scaffolds for hard-tissue

implants, and their applicability has been examined in several animal studies. Rentsch

et al. applied textile structures embroidered from surgical P(LA-CL) thread with a

degradation rate of 180–210 days. The pore size was tailored to be 150–300 mm with

a stitch density of 2.1 stitches/mm2 and a ply portion of 1 slice/mm in order to promote

bone tissue growth according to the sample shown in Figure 2.6e. The surface of the

thread was hydrophilised by wet chemical modification and coated with collagen I by

fibrillogenesis to enhance cell adhesion. Chondroitinsulphate, immobilised in the col-

lagen matrix, facilitated osteogenic differentiation, as indicated by enhanced calcium

deposition and mineralisation of the newly modelled bone tissue. Seeding the artificial

matrix with MSCs then generated an implant with a high osteogenic potential in vitro
(Rentsch et al., 2009).

In vivo results for the described scaffolds (implanted subcutaneously in nude rats)

showed that the osteogenic potential could be maintained in the environment of the

scaffolds coating. The expression of bone markers, such as osteopontin, osteonectin,

collagen I, bone sialprotein, and osteocalcin, was verified by histological staining.

Excellent vascularisation maintained the viability of the seeded human stem cells

for over 6 weeks. However, ectopic bone formation could not be detected, neither with

X-rays nor with computer tomography (Rentsch et al., 2009).

Orthotopic implantation of these scaffolds into a critical size defect induced into a

nude rat femur showed good bone formation and sufficient vascularisation. These

studies demonstrated the osteoinductivity of the implant model. Obviously, the porous

structure provides an appropriate network for facilitating tissue ingrowth. Seeding the
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scaffolds with human MSCs prior to implantation induced a higher matrix accumu-

lation and vascularisation but an enhancement of bone formation was not observed

(Rentsch et al., 2010).

These results were confirmed using a large animal defect study in sheep (Rentsch

et al., 2014). A 3-cm defect in the mid-diaphyseal shaft was filled with a scaffold stack

of 30 plies, coated with collagen/CS. Cells were not seeded, based on the results

obtained from previous studies that showed no enhancement for bone formation. Sur-

gery was performed according to the two-step method described by Masquelet and

Viateau (Masquelet et al., 2000; Viateau et al., 2007), and the sheep that received

the operation were studied for either 3 or 12 months. Quantification of new bone for-

mation yielded a mean value of 63% for the 3-month group and 172% for the

12-month group, as compared to growth in the contralateral tibiae of the testing sheep.

Biomechanical testing showed up to 63% load-to-failure compared to the nonmodi-

fied tibia. Histology revealed that the scaffold was completely intermingeled with vas-

cularised connective tissue. Bony islets were observed around the PCL fibres at the

inner part of the scaffold after 3 months, and intermediate states of bone formation

were seen within the scaffold after 12 months (Rentsch et al., 2014).

2.4 Conclusion

Embroidered scaffolds have a versatile design. The material used and the scaffold

characteristics, such as geometry, porosity, and pore size, can bemanipulated to create

a tailored scaffold to be used as an implant. At first sight, embroidery technology does

not seem to be suitable for hard-tissue engineering due to the low mechanical perfor-

mance of embroidery-engineered hard tissues. However, by implementing an appro-

priate model for transferring the mechanical load (e.g., to an intramedullary rod), the

textile structures show advantages compared to other scaffolds.

Surgical P(LA-CL), chosen as an accredited thread material, was embroidered in a

triaxial alignment. Piling the slices as a stack, researchers obtained appropriate poros-

ity and pore sizes in the required range. Wet chemical modification and coating with

collagen I and chondroitin sulphate were also sufficient to generate a scaffold with a

suitable network of interconnecting pores. The tissue engineering model of the long

bone (as suggested in Section 2.3.1) produces a highly osteoconductive and osteoin-

ductive scaffold, superseding the in vitro seeding of cells.

2.5 Future trends

The human body is a composite of many kinds of hard and soft tissues, and as such, it

requires appropriate replacement after tissue loss. Embroidery technology offers a

wide range of approaches for tissue replacement. Embroidery scaffolds are smooth

and flexible structures and would therefore be a promising application for soft-tissue

engineering of skin or connective tissue. New approaches for directed fibre alignment

and using the method of tailored fibre placement (TFP) (Spickenheuer et al., 2008)
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allow the design of structures with adjusted mechanical properties in the direction

of the force, supporting load-bearing soft tissues such as tendons and ligaments.

The combination of different structures in one scaffold is also possible using embroi-

dery technology. Different structure zones, such as bone, cartilage, or ligament, can be

realised in bi- or triphasic scaffolds. Given that the embroidery process is controlled

by a CAD/CAM system, it might be possible to design scaffolds tailored to the defect

geometry of the patient by using a rapid prototyping procedure.
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3Nonwoven scaffolds for bone

regeneration

E.R. Durham, G. Tronci, X. Yang, D.J. Wood, S.J. Russell
University of Leeds, Leeds, UK

3.1 The structure of bone and the mechanisms
for self-repair

Bone is one of the most commonly transplanted tissues, with 2.2 million bone grafts

performed annually worldwide (Tronci et al., 2013a). Surgeons face a diverse spec-

trum of clinical challenges in bone reconstruction, and this diversity reflects the vari-

ety of anatomic sites, defect sizes, mechanical stresses, and available soft tissue cover.

Autologous bone grafting remains the gold standard for the reconstruction of skeletal

defects (McMahon et al., 2013), although drawbacks, including limited supply, bone

graft loss/resorption, and donor site morbidity, impose a pressing demand for

advanced biomaterial solutions. For these reasons, the World Health Organization

(WHO) has confirmed the current decade as the ‘Bone and Joint Decade’.

To develop successful bone scaffolds, clinicians must adopt a multidisciplinary

approach in order to understand and stimulate the natural bone regeneration process.

In addition to an understanding of cell biology and genetics, this approach requires

knowledge of bone structure and its hierarchical organisation, from the macro (centi-

metre) to the nano (extracellular matrix, ECM) scales (Figure 3.1). At the macroscopic

structural level, bone consists of a dense shell of cortical bone that supports and pro-

tects. The interior porous cancellous bone optimises weight transfer and minimises

friction at the articulating joints (McMahon et al., 2013). Cortical bone is composed

of repeating osteon units, whereas the cancellous bone is made of an interconnecting

framework of trabeculae with bone marrow-filled free spaces. These trabeculae and

osteon units are composed of collagen fibres. In the osteons, 20–30 concentric layers

of fibres, called lamellae, are arranged at�45° surrounding the central canal, and they
contain blood vessels and nerves.

Moving from the macroscopic to the molecular level, bone is a composite material,

consisting of cells embedded in the ECM. The ECM plays a key role in the localisation

and presentation of biomolecular signals, which are vital for neo-tissue morphogen-

esis. Proteoglycans, glycosaminoglycans, and mineralised collagen are integrated in a

supramolecular hydrogel. Collagen fibrils are arranged with a 67-nm periodicity and

40 nm gaps where hydroxyapatite crystals are situated. The mineral phase is thought

to dominate the stiffness of bone, which increases more than linearly with mineral

content. The toughness of the material is thought to mainly arise from its hierarchical

organisation, whereby the lowest hierarchical level contributes to the outstanding
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bone fracture resistance (Dunlop and Fratzl, 2010). This unique hierarchical organi-

sation enables bone to exhibit mechanical properties far superior to those of its single

components. Thus, the repair and reconstruction of bone defects require innovative

strategies that can closely mimic the complex tissue hierarchical organisation.

For bone regeneration, bone healing processes must also be given careful consid-

eration. Bone has the capacity to repair itself, and this self-repair can be harnessed to

repair small bone defects, heal nonunions, and lengthen short bones. Fracture healing

is a complex regenerative process initiated in response to injury, in which bone can

heal by primary or secondary mechanisms (Alman et al., 2011). In primary healing,

new bone is laid down without any intermediate. This type of healing is rare in a com-

plete bone fracture, except when the fracture is rigidly fixed through certain types

of surgery. In the more common secondary mechanism of healing, immature and dis-

organised bone (i.e., callus) forms between the fragments. During the fracture repair

process, cells progress through stages of differentiation reminiscent of those that cells

progress through during normal foetal bone development. In the normal development

of long bone, undifferentiated mesenchymal cells initially form a template for the

bone, which then differentiates into chondrocytes. After this phase, blood vessels enter

the cartilaginous template, and osteoblasts, which differentiate from perivascular and

other cells surrounding the bone, form bone. The reparative process is impaired in

large, critical-sized bone defects (i.e., gaps beyond 2.5 times the bone radius)

(Schroeder and Mosheiff, 2011), and osteoblastic differentiation is inhibited, with

undifferentiated mesenchymal tissue remaining at the fracture site. Such defects

can be caused by blunt or penetrating trauma, surgical treatment of tumours or necro-

sis caused by radiation, or various chemical substances. These defects represent a con-

siderable surgical challenge, are associated with high socioeconomic costs, and highly

influence patients’ quality of life, both private and professional (Woodruff et al.,

2012). Despite huge progress being made toward the design of bone implants, the inte-

gration of all tissue properties and functions in a single biomaterial system remains a

major research challenge. Researchers still need to develop reliable tools enabling
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Figure 3.1 Hierarchical organisation of bone over different length scales. Bone tissue structure,

function, and shape are regulated by the extracellular matrix (ECM), a supramolecular hydrogel

network, in which cells are immersed. The ECM is mainly composed of collagen fibrils

mineralised with hydroxylapatite crystals. Fibrils result from the assembly of collagen triple

helices, which are based on left-handed polyproline chains at the molecular level.
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them to systematically and temporally control the material structure and organisation,

properties and functions, so that next-generation scaffolds can successfully ensure full

clinical relevance. Fibrous assemblies in the form of nonwoven scaffolds have been

repeatedly investigated over the last 20 years in relation to tissue regeneration. As the

requirements of clinicians become more and more tissue specific, and synthetic

biofunctional biomaterials are developed, nonwoven scaffold engineers must be able

to respond with the capability to produce truly biomimetic architectures.

3.2 Fibre manufacture from biomaterials

Biomaterials for bone regeneration should be biocompatible, biodegradable substances

that support cell attachment, spread, proliferate (osteoconductive), and control cell dif-

ferentiation into osteogenic lineages (Dawson et al., 2011; El-Gendy et al., 2013; Yang

et al., 2003b). For a biomaterial to be suitable for manufacture into a nonwoven scaffold,

it must be suitable for conversion into fibres, and the method of extrusion should not

adversely affect biocompatibility or the properties of the material. A variety of natural

and synthetic biomaterials can be converted into fibres, with different extrusionmethods

being applied depending on the composition of the biomaterial. These include, wet and

dry solution spinning, melt spinning, and gel spinning. Materials extracted from a nat-

ural source, such as collagen, are attractive biomaterials, but the retention of the native

structure after solubilisation and the precipitation of the regenerated product after spin-

ning remain challenging. Synthetic biomaterials, notably those exhibiting thermoplastic

behaviour, are often more straightforward to extrude due to their excellent mechanical

properties, but such materials can lack suitable surface chemistry for cell attachment,

and they might produce undesirable degradation products in vivo. One issue can be

the inflammatory response of the surrounding tissues while the polymer hydrolytically

degrades (Agrawal and Ray, 2001; Cai et al., 2007). Hybrid materials containing both

synthetic and natural materials, such as regenerated collagen or blends of two or more

polymers, provide one means for balancing the required mechanical and chemical prop-

erties. Additionally, the incorporation of materials such as hydroxyapatite tricalcium

phosphate (Day et al., 2005; Mastrogiacomo et al., 2006) during spinning also enables

the properties of the bulk product to be substantially modified according to specific

clinical requirements. Both the biomaterial composition and the method of fibre extru-

sion affect the bulk properties of the resulting nonwoven scaffold architecture. One scaf-

fold parameter that has received considerable attention is the production of fibres of

submicron diameter. Nanofibrous scaffolds have long been championed by the tissue

engineering community with early work on electrospun polylactide nanofibre-based

tissue engineering scaffolds indicating that human mesenchymal stem cells tended to

proliferate more on nanofibre scaffolds than on microdiameter fibrous scaffolds

(Shanmugasundaram et al., 2004). Since then, many reports have shown that nanofi-

brous scaffolds support cell growth for tissue regeneration (Chung et al., 2011;

Huang et al., 2011; Kumbar et al., 2008). However, conflicting evidence also suggests

that nanofibres are only preferential to microfibres when using synthetic biomaterials
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(Rnjak-Kovacina and Weiss, 2011). One of the challenges in designing three-

dimensional scaffolds containing submicron fibres that pack closely together is facili-

tating adequate cell penetration into the full thickness of the fibrous assembly. The

selection of an appropriate biomaterial fromwhich to manufacture a nonwoven scaffold

is, of course, a major consideration, and in bone regeneration, the evaluation of mate-

rials has included regenerated collagen, gelatine (Venugopal et al., 2008), poly(lactic

acid) (Kim et al., 2006), poly(lactic-co-glycolic acid) (Liao et al., 2008), silk fibroin

(Kim et al., 2005), chitosan (Shin et al., 2005), and polycaprolactone (Porter et al.,

2009). For brevity, further discussion in this chapter is restricted to collagen and

polycaprolactone nonwoven production.

3.2.1 Collagen

Collagen has been widely applied for the design of tissue-like matrices for repair (Hong

et al., 2010) because of its natural occurrence in bone tissue. The collagen molecule is

based on three left-handed polyproline chains, each of which contains the repeating unit

Gly-X-Y, with X and Y being predominantly proline (Pro) and hydroxyproline (Hyp),

respectively. The three chains are staggered from one another by one amino acid residue

and are twisted together to form a right-handed triple helix (300 nm in length, 1.5 nm in

diameter). In vivo, triple helices can aggregate to form collagen fibrils, fibres, and fas-

cicles, which are stabilised via intermolecular enzymatic crosslinking (Buehler, 2008;

Grant et al., 2009). However, collagen properties are challenging to control in physio-

logical conditions due to the fact that collagen’s unique hierarchical organisation and

chemical composition in vivo can only be partially reproduced in vitro. As a result,

regenerated collagen materials display noncontrollable swelling and weak mechanical

properties in physiological conditions. The limited solubility in organic solvents, high

swelling in aqueous solution, and noncontrollable batch-to-batch variation in chemical

properties represent significant challenges to the use of collagen for the design of

defined, water-stable nonwovens. To improve its stability, collagen has been widely

crosslinked with N-(3-dimethylaminopropyl)-N¢-ethylcarbodiimide hydrochloride

(EDC) (Olde Damink et al., 1996), glutaraldehyde (GTA) (Olde Damink et al.,

1995b), and hexamethylene diisocyanate (HDI) (Olde Damink et al., 1995a). In the first

case, zero-length covalent net-points are formed so that no harmful and potentially cyto-

toxic molecules are introduced (Haugh et al., 2011). Due to the minimal net-point

length, however, crosslinking of adjacent collagen molecules is unlikely because the

terminal amino functions are too far apart to be bridged, resulting in nonvaried mechan-

ical properties. In contrast to EDC, GTA and HDI involve the covalent incorporation of

oligomeric segments between distant collagen molecules. The reaction of collagen with

aldehydes or isocyanates in aqueous solution has been reported to result in a cascade of

noncontrollable side reactions and the formation of highly reactive and potentially toxic

functional groups coupled to the polymer backbone (Zhang et al., 2011). To avoid such

undesirable side reactions, collagen has been crosslinked with diimidoesters, such as

dimethyl suberimidate, 3,3¢-dithiobispropionimidate, and acyl azide, resulting in stable
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materials in physiological conditions, although the extensibility of the material was

reduced (Charulatha and Rajaram, 2003). Dehydrothermal treatment or riboflavin-

mediated photocrosslinking has also been applied as physical, benign crosslinking

methods, although partial loss of native collagen structure and nonhomogeneous cross-

linking was observed in these cases (Weadock et al., 1995). Rather than direct covalent

crosslinking, alternative approaches have recently focused on the formation of inject-

able ECM-mimicking gels via synthetic collagen blends (Hartwell et al., 2011), as well

as the design of cell-populated matrices via derivatisation with cinnamate (Dong et al.,

2005) or acrylate (Brinkman et al., 2003) moieties. In these methods, although the

resulting mechanical properties may be enhanced, synthetic components, such as poly-

mers or comonomers, are required to promote the formation of water-stable matrices,

and the alteration of the protein backbone and biofunctionality may result.

Reliable synthetic methods must therefore be applied in order to improve thermo-

mechanical behaviour, without affecting biofunctionality (de Moraes et al., 2012),

specifically biocompatibility and bioactivity. To address these challenges, collagen

fibres can be chemically functionalised (Tronci et al., 2013c), so that a covalent net-

work is established at the molecular level (Tronci et al., 2013b); in this way, temporal

stability of both fibres and mesh architecture may be ensured in physiological

conditions.

Collagen fibrillogenesis can be induced in vitro by exposing monomeric collagen

solutions to physiological conditions, resulting in viscoelastic gels at the macroscopic

level (Lai et al., 2011). The design of collagen mimetic peptides has also been

proposed as an alternative strategy for recapitulating the multiscale organisation of

natural collagen (O’Leary et al., 2011). However, despite the formation of hierarchical

triple helix assemblies, the resultant thermal and mechanical stability is still not

adequate for biomaterial applications, so that chemical functionalisation of side- or

end-groups is crucial.

The functionalisation of collagen requires careful consideration, because the hier-

archical organisation of collagen imposes constraints in terms of protein solubility, the

occurrence of functional groups available for chemical functionalisation, and material

biofunctionality. As improved synthetic methods are developed, functionalised

collagen with preserved protein conformation and full biocompatibility will become

available, enabling the manufacture of better performing biomimetic, nonwoven

architectures.

There have been two distinct approaches to collagen fibre formation. The tissue

engineering community has mainly focused on electrospinning, whereas industries

producing artificial hair and textile fibres have exploited conventional wet-spinning

approaches.

Electrospinning of collagen involves the extrusion of a positively charged polymer

solution with the resulting fibres being collected as a nonwoven web on a grounded or

negatively charged collector. The majority of studies involving the production of col-

lagen fibres without a second carrier polymer involve the use of 1,1,1,3,3,3-hexafluoro-

2-propanol (HFIP) as the solvent. The popularity of HFIP is based on the dual role it

plays in collagen solubilisation – two trifluoromethyl groups serve to break hydrophobic
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interactions, and the mildly acidic secondary alcohol hydroxyl assists in breaking the

hydrogen bonds (Dong et al., 2009). However, cytotoxicity and the destructive effect

on the structure of functionalised collagen have inspired a search for more benign sol-

vents. Both collagen and gelatine have been successfully electrospun in a mixture of

phosphate buffer saline/ethanol to produce fibres with average diameters ranging from

0.21 to 0.54 mm, depending upon the salt concentration (Zha et al., 2012). Note that

vacuum drying is still normally required to remove the solvent after spinning.

The traditional wet spinning of collagen fibres has two major advantages. First,

fibres can be produced with larger diameters, if required, and the fibre orientation

and architecture of the nonwoven scaffold can be manipulated independent of the

spinning process. Second, the stretching and drying of the extruded filaments are eas-

ier to control. In its simplest form, wet spinning involves dissolving the polymer in an

appropriate solvent and then extruding the polymer solution via a spinneret into a

coagulation bath containing a nonsolvent. Collagen has been solubilised in acidic

environments and wet-spun into coagulation baths containing different ethanol/

acetone mixtures, resulting in fibres with diameters ranging from 89 to 140 mm and

tenacities of between 8.5 and 8.3 cN/tex (Meyer et al., 2010). Such fibre dimensions

are larger than those typically targeted in the manufacture of tissue engineering scaf-

folds, but smaller diameters may be obtained through the appropriate control of

manufacturing conditions. Owing to the excellent control of fibre dimensions and

the high delivery speeds that are possible during production, wet spinning is an attrac-

tive route for the production of functionalised collagen fibres. Melt or thermo-

plastic spinning of collagen to produce fibres has also been reported, but the high

temperatures required cause denaturing and are likely to disrupt functionalisation,

so resulting materials are unlikely to be appropriate for tissue engineering applications

(Meyer et al., 2010).

The structural and mechanical properties of chemically functionalised collagen

fibres are of paramount importance in terms of the biocompatibility and mechanical

performance for bone tissue engineering. Two major challenges in the production of

collagen using synthetic methods are the ability to control material stability in phys-

iological conditions and the preservation of the native protein conformation. Preser-

vation of the triple helix structure is crucial for ensuring enzymatic implant

degradability. Here, intact triple helices are required to promote effective degradation

of fibrillar collagen (Gaudet and Shreiber, 2012). If the tertiary structure is signifi-

cantly altered, then collagenase degradation rates could also be affected, in turn

influencing material biodegradability, as well as the extent to which cells remodel

the scaffold. Attenuated total reflectance and Fourier transform infrared spectroscopy

(ATR-FTIR) is a useful analytical technique for elucidating the protein molecular

conformation in collagen scaffolds manufactured using a synthetic route. Collagen

displays distinct amide bands via FTIR, which characterise its triple helix structure.

These are (i) amide A and B bands at 3300 and 3087 cm�1, respectively, which are

mainly associated with the stretching vibrations of N–H groups; (ii) amide I and II

bands, at 1650 and 1550 cm�1, resulting from the stretching vibrations of peptide

C]O groups as well as from N–H bending and C–N stretching vibrations,
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respectively; (iii) an amide III band centered at 1240 cm�1, assigned to the C–N

stretching and N–H bending vibrations from amide linkages, as well as wagging vibra-

tions of CH2 groups in the glycine backbone and proline side chains. Each of the pre-

viously mentioned amide bands should be exhibited in the FTIR spectra of

functionalised collagen, whereby no detectable band shift will be displayed compared

to the spectrum of native type I collagen (Figure 3.1). Other than qualitative findings

on unchanged band positions, the FTIR absorption ratio of amide III to the 1450 cm�1

band (AIII/A1450) is usually determined in order to quantify the degree of triple helix

preservation. In such a case, an amide ratio close to unity is associated with the pre-

served integrity of the triple helices (He et al., 2011) following functionalisation of

native collagen (Tronci et al., 2013b).

Other valuable analytical techniques for elucidating protein backbone conforma-

tion are circular dichroism (CD) and sodium dodecyl sulphate-polyacrylamide gel

electrophoresis. CD is based on the fact that single collagen polyproline chains are

stabilised into a triple helix structure via hydrogen bonds oriented perpendicularly

to the triple helix axis, resulting in an optically active protein (Djabourov, 1988). This

molecular feature is exploited by CD spectroscopy to investigate any alteration in

protein conformation following either chemical functionalisation or fibre formation.

Resulting collagen-based materials are dissolved in dilute acidic conditions and

excited with plane-polarised light. Plane-polarised light can be viewed as being made

up of two circularly polarised components of equal magnitude, one rotating counter-

clockwise (left-handed, L) and the other clockwise (right-handed, R). CD refers to the

differential absorption of these two components. If, after passage through the sample

being examined, the L and R components are not absorbed or are absorbed to equal

extents, the recombination of L and R would regenerate radiation polarised in the

original plane. However, if L and R are absorbed to different extents, the resulting

radiation would be said to possess elliptical polarisation, resulting in a CD signal

(Kelly et al., 2005). One of the most significant advances that has been made in rela-

tion to scaffold performance and which will aid future work on the development

of functionalised collagen scaffolds is the ability to monitor scaffolds in vivo
(Cunha-Reis et al., 2013).

3.2.2 Poly(«-caprolactone)

Poly(e-caprolactone) (PCL) is a biocompatible and bioresorbable semicrystalline ali-

phatic polyester that has been extensively reported in connection with medical appli-

cations including bone repair and regeneration. PCL has a degradation time between 2

and 4 years; however, the degradation time can be greatly altered by blending it with

another polymer such as collagen. Owing to its biodegradability and exceptional

mechanical properties, PCL fibre has been studied extensively in relation to bone

engineering (Porter et al., 2009). Its popularity also results from its relatively low cost,

ease of processing, and compatibility with both melt spinning, wet spinning, and

electrospinning. The major disadvantage of PCL as a biomaterial is its lack of
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biofunctionality, although this can be compensated for, to some extent, by blending it

with other biofunctional materials.

The solvent electrospinning of PCL is well documented, with a large number of

studies reporting PCL fibre spinning using the chloroform:methanol solvent system.

By adjusting the ratio of chloroform to methanol, applied voltage, and tip to collector

distance, electrospun webs with an average fibre diameter ranging from 2.3 to 10.8 mm
can be obtained (Pham et al., 2006). Submicron PCL fibres can also be successfully

spun using a solvent mixture of chloroform: N,N-dimethylformamide (Pham et al.,

2006), and there is potential to produce webs in which both PCL nanofibres andmicro-

fibres are present, using the same equipment, although producing fibre diameters that

are considerably larger than 10 mm remains a limiting factor. Melt electrospinning

uses a similar set-up, but, because the polymer is extruded in a molten state, a heating

element is required. In this process, the upper limit of the average fibre diameter that

can be produced increases between 6 and 30 mm (Detta et al., 2010). The high tem-

peratures that are required during melt extrusion processes means that collagen and

other biofunctional materials cannot be easily incorporated in the manufacture of

fibres without the risk of degradation, however. Although melt spinning using oper-

ating temperatures of 85–90 °C is not appropriate for the production of PCL/collagen

blends, biofunctional materials can be incorporated post-spinning in the form of coat-

ings on the fibre surfaces. Traditional melt spinning (as opposed to melt electrospin-

ning) enables the production of large quantities of fibre (Charuchinda et al., 2003) and

the ability to produce either continuous filament or staple fibre. This provides greater

versatility in the available nonwoven production routes and therefore the types of

scaffold architecture and physical properties that can be manufactured.

Wet-spun PCL fibres can be extruded from polymer solution containing acetone

and then spun directly into a methanol coagulation bath. As-spun PCL fibres have

been reported with a diameter of 150 mm, reduced to 67 mm by cold drawing using

an extension of 500% (Williamson et al., 2006). A major benefit of wet spinning,

as opposed to the melt-spinning route, is the potential to producemixed polymer fibres

that incorporate the mechanical properties of PCL with the biofunctionality of a

material such as collagen. However, appropriate cosolvents are required to facilitate

this. The majority of studies have reported the use of HFIP as a solvent system for

electrospinning blends of collagen and PCL. This is less than ideal because of the cyto-

toxic nature of any residual HFIP present in the as-spun fibres. Some alternative

approaches have been developed, including those reported by Chakrapani et al.

(2012) who used acetic acid as a solvent system for PCL and collagen mixtures.

To improve the osteoconductivity and mechanical properties of scaffolds for bone

engineering and to create a pH buffer against the acidic degradation of synthetic poly-

mer matrices, researchers have investigated the incorporation of HA particles (Puppi

et al., 2011). Ji et al. (2012) reported that nano-HA platelets significantly improved the

mechanical properties, including the strength, strain, and toughness of electrospun

collagen fibres. Puppi et al. (2011) wet-spun PCL fibres containing HA using acetone

as a solvent and ethanol as a nonsolvent, and they produced fibres with diameters in

the range of 100–250 mm.
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3.3 Design and assembly of scaffold architectures

In scaffold-guided tissue regeneration, three-dimensional scaffolds serve as temporary

tissue substitutes that promote tissue regeneration at the defect site (Langer and Vacanti,

1993). Scaffold design has to take into account the macroscopic properties of the mate-

rial (e.g., degradability, porosity, and mechanical properties), processability, and the

interaction with cells. Suitable porosity and pore interconnectivity are necessary to

promote cell migration and differentiation, including within the interior of the scaffold;

diffusion of oxygen and nutrient to cells (Botchwey et al., 2003); and removal of waste

products from the scaffold. The same structure must also have mechanical properties

that enable sharing of the physiological load, if functional neo-tissue is to develop.

In a clinical setting, a nonwoven scaffold can be used alone or in combination with

other materials, growth factors, and/or cells. If the scaffold is to be used alone, it must

be designed to act as a supporting structure that recruits stem/stromal cells from sur-

rounding tissues (Shi et al., 2013; Zhang et al., 2008). In other instances, the scaffold

can be designed and used as a carrier vehicle for bioactive growth factors in order to

enhance osteoinduction, chondroinduction, and angiogenesis that are crucial for bone

and osteochondral-tissue engineering (Green et al., 2004; Yang et al., 2004). Nonwo-

ven scaffolds can also be used in combination with stem/stromal cells that can be

directly delivered into the bone defect area to provide both osteogenesis and support

elements for bone tissue engineering (Udehiya et al., 2013; Yang et al., 2001). Scaf-

folds may be bioactive and contain autogenic and/or allogenic stem/stromal cells that

can be directly delivered into the bone defect area to provide osteogenesis, osteoin-

ductive, and osteoconductive elements for bone tissue engineering (Yang et al.,

2003a,b, 2004). It is therefore important that the required function of the nonwoven

scaffold and the selection of materials are carefully considered during the design and

development process.

Generally, nonwoven fabrics are highly porous, low-density fibrous assemblies of

typically less than 0.40 g/cm3. The internal pore structure is highly interconnected,

and there is a relatively wide pore size distribution that can be manipulated during

nonwoven fabric manufacturing. The majority of fibres in nonwoven structures are

arranged in a planar, x–y orientation, with only a limited number of processes, notably

air-laid, vertically lapped, carded webs, with needling and hydroentangling capable of

producing a degree of fibre orientation through-thickness. The fibre orientation dis-

tribution, which can be manipulated during production of the nonwoven scaffold,

strongly influences the isotropy of fabric properties including directional mechanical

properties and fluid transport.

Different nonwoven architectures can be produced in the form of a scaffold

depending upon the selection of manufacturing route. Nonwoven manufacture typi-

cally involves at least two sequential steps: web formation and bonding. Both dry-laid

(e.g., carded, carded and lapped, air-laid) and wet-laid web formation processes utilise

staple fibres that are cut to a predetermined length prior to nonwoven fabric manufac-

ture. In contrast, spun-melt (e.g., spun-bond, melt-blown) and other direct filament

deposition techniques, such as electrospun and force-spun web formation techniques,
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rely on the direct collection of continuous filaments in the form of a web. Depending

on the polymer composition of the fibres in the web, one or more bonding techniques

may be applied: mechanical (needling, hydroentangling, stitch-bonding), thermal

bonding, or chemical bonding. Mechanical bonding relies on increasing fibre entan-

glement and frictional resistance within the web to increase resistance to slippage, and

therefore, fibre length, fibre diameter, breaking elongation, flexural rigidity, fibre

mobility, and fibre–fibre friction are influential parameters.

In dry-laid web formation, the carding of fibres to produce a web involves their

progressive disentanglement as they are carried on rollers clothed in wire teeth, which

involves fibre–metal and fibre–fibre friction. The low melting point of some bioma-

terials such as PCL (e.g., 60 °C) can therefore give rise to unwanted fusing of fibres

during the carding as a result of frictional heating. Another challenge is the potential

for excessive fibre breakage in biomaterial fibres that have low breaking extensions of

less than 5%. Short-cut (<15 mm length) biomaterial fibres can also be air-laid to

form webs, minimising the potential for fibre breakage during web formation, but

mechanical bonding normally results in relatively weak scaffolds. An advantage of

wet-laid processes is the high weight uniformity that can be achieved in the web; how-

ever, the process requires suspension of short cut fibres in a liquid medium, which can

be unsuitable for biomaterials that have poor aqueous stability.

Thermal bonding of synthetic thermoplastic biomaterials such as PCL is also

feasible. Practically, fibres with a concentric core-sheath bicomponent structure are

preferred in order to minimise thermal shrinkage during heating and to maximise fab-

ric strength while preserving the required internal fabric structure. Owing to biocom-

patibility issues, chemical bonding, in which an adhesive is applied to the web to

prevent fibre slippage, is not normally considered appropriate for tissue scaffold

manufacture, unless the binder is, in itself, a biomaterial suitable for invasive use.

The production of nonwoven scaffolds with reproducible architectural features is

challenging and remains an important issue with respect to quality control. In mechan-

ically bonded tissue scaffolds, methods of controlling certain features of the internal

architecture, such as pore structure, have been attempted by utilising templates

(Durham et al., 2012). An example of a highly porous nonwoven architecture made

by thermally bonding a carded web of bicomponent poly(lactic acid) (PLA) fibres

around a removable spacer template to tune the internal pore structure is shown in

Figure 3.2. Such modifications to existing nonwoven processes highlight the potential

for manipulating scaffold structures in a reproducible manner during their production.

In relation to biomimetic scaffolds, a major advantage of nonwovens is their highly

interconnected pore structure and the scope that is available to control pore size dis-

tribution during manufacturing. The production of scaffolds with appropriate pore

sizes is fundamental for their functionality. The minimum pore size for bone engineer-

ing is approximately 100 mm, due to cell size, migration requirements, and nutrient

transport (Hutmacher et al., 2007). Mean pore sizes in electrospun webs are normally

substantially lower than 100 mm, which means initial cell penetration into a thick,

three-dimensional scaffold can be impeded. Increasing the fibre diameter is one

approach to making larger pores, but this is not always practicable, depending on

the biomaterial and spinning conditions. Other methods for increasing pore size
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involve combining electrospun polymers with sacrificial material, such as a porogen,

that can be subsequently removed (Nam et al., 2007; Phipps et al., 2011). Force-

spinning, which relies on using centrifugal forces instead of electrical charge to stretch

the polymer jet (McEachin and Lozano, 2012), is an interesting candidate for scaffold

production because the submicron diameter fibres that are deposited on the collector

are less densely packed than they are in electrospinning.

Given that physiological tissue, including bone, is heterogeneous in structure, the

ability to manufacture templated features in electrospun webs that biomimic the native

structure is of interest to tissue engineers. Templating techniques have included use of

an electronic circuit chip as a collector, which enabled the production of features on

the order of several hundred microns (Wu et al., 2010). The majority of other

approaches have used patterns in the range of millimetres. Producing well-defined

features at the micron level may be hampered by electrical charge jumping across

small nonconductive areas, however. Vaquette and Cooper-White (2011) investigated

‘round’ collectors with a 1-mm diameter disc in the centre of the hole, a ‘star’ collec-

tor, and a ‘ladder’ collector that produced a variety of different scaffold architectures.

In the manufacture of PCL scaffolds, a solvent system of chloroform/dimethylforma-

mide or cholorform/methanol has been a route of choice, due to the conductivity of the

solution, although the templating of other synthetic polymers such as poly(D,L-lactide-

co-glycolide) has also been reported (Zhou et al., 2010).

A disadvantage of many templating techniques is that the structures remain rela-

tively two-dimensional and do not truly biomimic the three-dimensional nature of

physiological tissue such as bone. Various methods to produce multilayered structures

have been explored, including stacking templated electrospun webs and fusing them

using a hot pressing process (Dou et al., 2011). Collagen glue has also been used as an

adhesive between stacked layers of scaffold (McCullen et al., 2010). Although such

scaffolds are three-dimensional in terms of macroscopic thickness, the fibres remain

orientated in the x–y directions and the pore structure reflects this. When multiple

layers of web are stacked directly on top of each other, a reduction in the overall pore

size can result, which is undesirable.
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Figure 3.2 Cross section of a

nonwoven scaffold produced

by carding and through-air

thermal bonding (100%

core-sheath PLA staple fibre).

The cavities correspond to

regions where solid metallic

spacer elements inserted prior

to thermal bonding have been

removed.
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Three-dimensional collectors can be used to collect electrospun fibres in architec-

tures similar to that of a cotton ball. Blakeney et al. (2011) reported the application of a

spherical foam dish with stainless steel probes radiating from its centre. This collector

was used to deposit PCL fibres and produced a low-density, three-dimensional struc-

ture. Fibre diameters of �500 nm and pore sizes between 2 and 5 mm were obtained.

Despite the original design of this collector, the pore size remained far below the

suggested minimum pore size required for bone engineering of 100 mm.

Direct-write electrospinning is also emerging as a means for introducing biomi-

metic features. The original direct-write technology allowed structures to be built

directly, without the use of masks enabling the rapid prototyping of complex architec-

tures (Chrisey, 2000). Combining the technology with electrospinning facilitates the

production of complex fibrous architectures by additive manufacture. Both solution

andmelt electrospinning have been demonstrated to be compatible with direct writing.

To enable direct writing, the electrospinning process is modified so that the fibres can

be collected while the fibre deposition path is still straight. At the point of fibre contact

with the collector, the majority of the solvent should either have been removed or the

melt solidified, so that the fibres retain their incoming morphology. To enable the

direct writing in this way, a fast moving lateral collector platform is required. Polymer

melts can be drawn over a larger distance while remaining on a straight trajectory, as

compared to their solution-spun counterparts. This allows the tip-to-collector distance

to be greater, resulting in a longer time period for the molten polymer to solidify. In

order to be able to write with a continuous line, the translational speed of the collector

must match the jet speed at impact (up to 1 m/min in some instances). Consideration

must also be given to the turning speed/dwell time during the writing of complex pat-

terns and incorporated into the original programmed design. These patterned webs can

be repeatedly manufactured on top of each other to produce 3D structures with up to

1 cm thickness (Brown et al., 2012). To date, PCL has been frequently used because of

its wide range of processing temperatures, allowing the production of fibres with a

range of diameters between 19 and 28 mm (Brown et al., 2012). The resulting archi-

tectures are often geometric in design and made of multiple layers of large diameter

fibres.

Solution-based electrospun direct writing requires a similar set-up, but because of

the time required for the solvent to be flashed off, a larger tip-to-collector distance is

required. The set-up used by Lee et al. (2012) comprised a dielectric thin plate that was

capable of lateral movement independent of the sharp-pin ground electrode. Nanofi-

bres were collected as dense depositions in a defined area (the pin electrode), and writ-

ing was accomplished by movement of the collector surface. To add stability and

three-dimensionality, multiple layers of nanofibres must be written on top of each

other. Various patterns, such as lines, points, lattices, and grids, can be produced.

Polymer selection is limited to those that can be spun successfully in volatile solvents

such as chloroform, ensuring that the majority of the solvent is evaporated prior to the

fibre depositing upon the collector. Although greater control of fibre deposition is

achieved, the architectures are still relatively 2D in construction.

Electrospinning into a liquid coagulating bath is a combination of electrospinning

and conventional wet spinning. Wet electrospinning has received considerable
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attention due to its potential for decreasing fibre packing density and increasing the

pore size in scaffolds. By using a solvent with a relatively low surface tension, fibres

do not float on the surface and can disperse in the solvent, allowing architectures with

a more pronounced three-dimensional structure to be formed (Yokoyama et al., 2009).

Further increases in pore size can be obtained by incorporating porogens such as

sodium chloride into the spinning bath (Gang et al., 2012). Synthetic polymers such

as poly(glycolic acid) have been spun in solutions of 1,1,1,3,3,3-hexafluoro-2-

propanol and collected in a bath of tertiary-butyl alcohol. The resulting architectures

contained fibres with diameters ranging from 200 to 1400 nm. PCL has been spun into

ethanol, which prevented the electrospun fibres from packing densely on top of each

other (Yang et al., 2012). To prevent the architecture from collapsing when the solvent

is removed, freeze-drying is required after spinning.

The versatility of electrospinning as a technique for bone scaffold production is

considerable, particularly when it is combined with techniques that enable better con-

trol of the fibrous architecture. Unfortunately, although a great variety of structural

features can be introduced, the results cannot be described as truly biomimetic. Alter-

native nonwoven technologies are likely to be required to overcome some of the inher-

ent limitations of electrospinning, and there is substantial scope given the range of

processes that are already commercially available. The challenge remains to engineer

improved electrospun 3D architectures with both pore sizes and mechanical properties

that are properly matched to clinical needs.

3.4 Considerations for surgical implantation
of nonwoven scaffolds

To meet the specific clinical requirement, the researcher must consider many factors

when designing and fabricating nonwoven scaffolds. The general requirements of bio-

materials and scaffold architectures have already been discussed; however, these may

need to be tailored, depending on the requirements of the specific bone defect. Com-

mon surgical situations that would be suitable for reconstruction using a nonwoven

scaffold are listed in Table 3.1. Depending on the defect type, nonwoven scaffolds

can be applied to the defect site in different ways. For a fracture model, the nonwoven

scaffold may be used as a membrane/bandage to cover the fracture and/or bone defect

area, whereas, for large defect sites, the nonwoven scaffold may be used as filler/

gauze, as shown in Figure 3.3. It is important to identify the intended use of nonwoven

scaffolds and to incorporate appropriate features during the scaffold development

phase. The final scaffold structure must be user-friendly and should be sterile and sup-

plied in a range of different sizes. It must also be ready to use and easy to handle by the

surgeon.

Consideration must also be given to the method of fixing the scaffold in the defect

site. Not all nonwoven scaffolds require additional fixation because they can be

pushed into place to fill the defect area. Push-fit nonwovens scaffolds must have suf-

ficient recovery post-implantation to be able to mould to the contours of the defect
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site, thereby remaining in situ. Biological glue or surgical adhesives may be helpful

for keeping the scaffold in place (Kukleta et al., 2012). In a flat bone defect such as the

calvaria defect, nonwoven scaffolds have the advantage of being able to be cut to the

shape of the defect (Figure 3.4a). A well-fitting scaffold may not need any fixation,

however, fixing may be needed if the bone defect is large. In such as case, a temporary

protective layer/tissue flap may be required to cover the defect area before new bone is

formed. Similarly, for nonunion fractures, the nonwoven scaffold may be kept in place

by the surrounding tissues or with biological glue or surgical adhesives. In the case of

spinal fusion, the nonwoven scaffold may be used as filler/gauze and/or strips to fill

the defect area (Figure 3.4b), kept in place by the surrounding tissues.

Table 3.1 Common surgical situations suitable for reconstruction
using a nonwoven scaffolds

Bone defect type

Examples of surgical

situations Reference

Fracture nonunion:

small bone defect

after surgical

procedure

Removal of benign

tumour: unicameral bone

cysts, periapical cyst, or

tumour resection.

Khira and Badawy (2013), Di

Stefano et al. (2012), and Gentile

et al. (2013)

Segmental bone

defect

Due to trauma or surgery Liu et al. (2013a), Gruber et al.

(2013), Horner et al. (2010), and

Udehiya et al. (2013)

Flat bone Calvaria defect Liu et al. (2013b), Pelegrine et al.

(2013), and Cooper et al. (2010)

Figure 3.3 Possible use of nonwoven scaffolds for fracture repair/bone tissue regeneration

(in combination with/without cells and/or growth factors). (a) Fracture model: the nonwoven

scaffoldmay be used asmembrane/bandage to cover the fracture and/or bone defect area; (b) bone

defect model: the nonwoven scaffold may be used as filler/gauze to fill the bone defect area.
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3.5 Future trends

For nonwoven scaffolds to meet clinical requirements for bone repair and regenera-

tion, they must be able to successfully biomimic aspects of the native tissue, and they

must be sufficiently robust for surgical use. Furthermore, they need to be environmen-

tally stable, reproducible in structure, and economically produced from appropriate

biomaterials. Meeting these requirements using existing manufacturing techniques,

such as electrospinning, is challenging, but the technology is rapidly evolving, and

other multistage nonwoven manufacturing methods have yet to be fully explored

as alternative production routes for bone scaffolds. Developments in biomaterial sci-

ence are still required in order to provide fibre-forming materials that are compatible

with large scale manufacture while satisfying all performance requirements. Bioma-

terials such as those based upon functionalised collagen have significant potential for

the engineering of nonwoven scaffolds that address both biological and mechanical

property requirements. The role of clinicians in guiding tissue scaffold design will

continue to be fundamental to the development of functional scaffolds that meet indi-

vidual patient needs. Better matching of scaffold properties to individual needs is

essential if clinical outcomes are to improve, and this can increase the demand for

the customisation of nonwoven scaffolds during manufacture and at the bedside.

These developments have the potential to make a major impact on current scaffold

manufacturing procedures, as well as the development of the regulatory framework.

Growth factors and/or cells
+

Figure 3.4 Possible application of nonwoven scaffolds in nonweight-bearing areas (in

combination with/without cells and/or growth factors). (a) Calvarial defect model: the

nonwoven scaffold may be used as membrane/gauze to fill the bone defect area; (b) spinal

fusion model: the nonwoven scaffold may be used as filler/gauze/strips to fill areas that are

required for spinal fusion.
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1BioMediTech, Tampere, Finland; 2Tampere University of Technology, Tampere, Finland;
3Scaffdex Oy, Tampere, Finland

4.1 Introduction

The need to repair musculoskeletal tissues is increasing worldwide due to the ageing

of the population and the increasing number of sports injuries. Bioabsorbable implants

are already used in regenerative medicine, but tissue engineering (TE) approaches

using porous bioabsorbable scaffolds, either with preseeded cells or without, are also

emerging. The term scaffold refers to a highly porous, bioabsorbable implant with

interconnected, suitably sized pores.

There are different approaches to applying TE, depending on whether cells are

seeded into the scaffolds in vitro (Langer and Vacanti, 1993) or they penetrate into

the scaffolds in vivo (Honkanen et al., 2003). A scaffold or a tissue-engineered implant

can be implanted in situ (Honkanen et al., 2003), or it can be implanted in another

anatomical location in order to grow and mature before being transferred to its final

site (Mesimäki et al., 2009).

Fibrous, nonwoven scaffolds have been studied since the early days of TE, but

textiles with more organized structures, weaves, knits, and braids were developed

more recently. These types of textiles can be suitable for bone, cartilage, ligament,

and tendon tissues because of their suitable mechanical properties. They can form

highly oriented scaffolds and support the oriented ingrowth of cells. Also, TEmethods

are efficient and cost-effective compared to many other methods applied in experi-

mental TE. Textiles provide the greatest benefits for healing tissue when these special

features are utilized. If textile scaffolds are used to support healing tissue, then long-

term support is most likely needed, and slowly degrading fibres are chosen for the

scaffolds.

4.2 Bioabsorbable materials, fibre spinning
and properties, and yarn preparation

Textile scaffolds are manufactured from fibres or yarns, and thus, the chosen bioab-

sorbable materials must be capable of being spun into fibres. Both synthetic and nat-

ural polymer groups contain raw materials that have thermal or solubility properties
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suitable for withstanding spinning parameters. Among the synthetic polymers, the

poly-a-hydroxy acids (e.g., polylactides (PLAs) such as homopolymers or copoly-

mers, and polyglycolide (PGA)) have been most widely used, and polyhydroxyalk-

anoates (PHAs) have also been spun into fibres. Of the polymers of natural origin,

silk, hyaluronic acid derivatives, and chitosan have been electrospun into nanofibrous

structures, and to promote the regeneration of functional tissue, two or more materials

can be combined (Nair and Laurencin, 2007; Moutos and Guilak, 2008). For example,

some bioactive glasses (BaGs), which are resorbable in the body, have been melt-spun

into fibres. BaGs need to have specific chemistry to create melting and viscosity pro-

files suitable for spinning, however (Brink, 1997). So, they have not been frequently

used alone, but rather together with polymer fibres or matrices coated to withstand the

stresses of textile manufacturing. We refer to different materials in more detail later in

this chapter.

Researchers have used three different spinning methods to manufacture micro- or

macroscale fibres from different polymers. If the polymer is a thermoplast and has

a large enough temperature window for extrusion, melt spinning can be used. The

polymer is melted and extruded into either mono- or multifilaments (Kellomäki

and T€ormälä, 2003). From a regulatory perspective, this method produces easier

end-products because it does not require potentially harmful solvents. Fibres can

be produced from the polymer solution either by dry spinning or by wet spinning

(Han, 2007). In the first method, fibres are drawn from the polymer solution and sol-

vent is evaporated in the drawing process, and in the latter one, fibres are drawn from

the solution into a coagulation bath, followed by an optional bath for washing away the

chemical residues. All of these methods have been used to spin bioabsorbable polymer

fibres.

Typically, as-spun fibres do not have high enough strength for processing textiles,

but they require orientation through a stretching phase. This phase is completed at a

temperature above the glass transition temperature (and below the melting tempera-

ture area if the raw material is semicrystalline) so that polymer chains can be aligned

and drawn in the desired direction, thus creating stronger fibres. The strength, Young’s

modulus, and strain of the filaments can be increased remarkably by this technique,

benefiting the processability of the fibres into yarns and textiles (Kellomäki and

T€ormälä, 2003). In order to be formed into yarns, the filaments are twisted, and the

looser the twist, the softer and airier the yarn. It is also possible to make multicom-

ponent yarns from different types of filaments. From a processing point of view, yarns

are easier to handle than separate filaments because, in yarns, the filaments remain

closer to each other, and the influence of static electricity is reduced. Also, the

mechanical properties of fibres can be improved by twisting several fibres into yarns

(Freeman et al., 2007). Common finishing methods for further changing the properties

of the fibres and yarns include air-jet texturing and twisting stabilized by heat (Hearle

et al., 2001). Both of these methods make fibres fluffier, increasing the surface area of

the textile, but these methods have not been widely used for TE scaffolds.

Manufacturers can easily use yarn properties to alter the mechanical and physical

properties of the fibres, as well as the thickness and stiffness of the fabrics and textile

scaffolds. Porosity, water permeability, and degradation rates can be controlled by
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yarn diameter and shape, number of filaments in the bundle, and twisting. Mono- and

multifilament yarns from continuous or stable fibres are used for this purpose. Multi-

filament yarns with a loose twist can have a high void content compared to dense

monofilament yarn. Polymer composition, purity, and crystallinity, as well as physical

properties, such as geometrical shape and size, also affect the mechanical properties of

scaffolds and strongly influence the scaffold’s degradation rate and its other biological

properties. Fibre and yarn diameters further determine the thickness, stiffness, and

porosity of the product, and all of these properties can be affected by the parameters

of the fibre manufacturing method, including extrusion speed, twist, and fibre cross-

section profiles. Processing biodegradable fibres is challenging due to the fact that

biodegradable yarns are sensitive, and the usage of avivage substrates is limited

(Ekevall et al., 2004; Freeman et al., 2007; Heniford, 2011).

4.3 Processing technologies for fabrics

The manufacturing of fabrics enables the rapid production of porous three-dimensional

(3D) structures in a reproduciblemanner, so that the predetermined porous structures can

be generated in large quantities. Three traditional textile manufacturing methods –

weaving, knitting, and braiding – are also used to fabricate different implantable textiles

from yarns. Inherently, most of the methods for manufacturing fabrics involve contin-

uous processes. The manufacturing of discrete, separate units is challenging, especially

when the units must be produced in a commercially acceptable way (i.e., using semiau-

tomatic or automatic machines).

4.3.1 Weaving

Weaving is a method for producing fabrics through the continuous interlacing of per-

pendicular yarn sets: weft and warp yarns. The structure of the woven fabric can be

varied by altering the interlacing pattern of yarns, the number of yarn sets, and yarn

layers, or by filler yarns. At least one additional yarn set is required in 3D weaving.

Traditionally, weaving is based on lifting several fibres at constant intervals

(warps) and threading a perpendicular interlacing yarn (weft) in to form a filling inser-

tion. Yarns are lifted in repeating sequences, leading to a repeating weave pattern

along the length of the fabric. More complex structures are able to manufacture fabrics

using Jacquard weaving, which separately controls the movement of each warp yarn

so that a variety of weaving patterns can be manufactured within the same fabric. 2D

and 3D multilayer fabrics can be woven using similar weaving machines, but 3D

weaving requires an additional warp set (Heniford and Koslosky, 2010).

Weaving methods enable the production of 2D structures and 3D multilayer struc-

tures with varying densities. In this process, the thickness of the fabric is related to

yarn diameters and number of yarn layers. Also, tubular structures and branched tubes

can be fabricated when the weft yarn is continuously wrapped around the structure.

Seamless near-net shape structures can be fabricated when altering the interlacing

depth of the yarn. Currently, woven fabrics as thin as 40–50 mm can be fabricated,
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but the thickness can reach up to several centimetres (Heniford, 2011; Heniford and

Koslosky, 2010). Seamless near-net shape structures can be fabricated by altering the

interlacing depth of yarns to separate structural sections that can be shaped and remo-

delled after the weaving process (Miravete, 1999; Long, 2005).

4.3.2 Knitting

Knitting is a method for producing fabrics from interlocking yarn loops that can be in

series in theweft or warp directions. Needles form interlooping stitches by catching the

yarn on the needles and drawing the yarn loop through previous loops. Inweft knitting,
yarn loops are formed in the transverse direction by creating adjacent loops one after

the other. The transverse stitching pattern is formed when knots are in a series of weft

yarn. The whole fabric can be prepared from one strand of yarn, and the formed struc-

ture is flexible and distortable due to the yarn loops, with the thread enabling move-

ment in the structure. The weft knit unravels easily, however, which makes it

unsuitable for applications in which the end-user wants to cut it from a preform

(e.g., a surgeon wanting to reshape the fabric with scissors in an operation theatre).

Warp knitting forms longitudinal stitching patterns in which adjacent yarn loops

are interlocked with each other, and in this method, a row of loops can be formed

at once. Each needle requires its own thread, and the system must be equipped with

as many yarns as there are columns within the width of the fabric. Warp knitting

enables the fabrication of more stable and less formable structures (Wang et al.,

2011). The structure of the warp knits can better withstand holes and scissoring, mak-

ing it more suitable for surgical use.

Depending on the design, the position, and the number of needles and needle beds,

the structure of the knitted fabric can vary. Flat and tubular structures, as well as lay-

ered or two-faced structures with altering densities, can be manufactured. The inter-

locking of adjacent loops also enables the formation of webs and holes in the structure.

Both warp and weft knitting utilize continuous yarns.

4.3.3 Braiding

Braiding is a method for fabricating flat and tubular structures by twisting adjacent, con-

tinuous vertical yarns around each other. The strands of yarn are ordered diagonally in

the structure, and the simplest braid, plait, is a flat structure that is fabricated from three

yarns. A variety of braided structures can be made by changing the number of the yarns

and the floating lengths in twisting. In addition, tubular braids can be produced over the

mandrels to fix the internal diameter and to create near-net shape braids (Heniford,

2011). Stuffed, tubular braids can be made by braiding over yarns or bundled yarns.

4.3.4 Other methods

Other fibre and textile methods applied in regenerative medicine and TE are nonwo-

ven technologies, electrospinning, and rotational spinning. Of these, nonwoven struc-

tures were introduced for experimental TE in the 1990s, and they have been used most

frequently, possibly due to their long commercial availability under the trade name
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Ethisorb™ (http://www.depuy.com/healthcare-professionals/products/). Ethisorb™

is a composite of a fleece of undyed Polyglactin 910 (Vicryl) and undyed poly-P-

dioxanon (PDS), with both Vicryl and PDS also being used as suture materials.

Absorption is complete approximately 90 days after implantation (i.e., it degrades rel-

atively rapidly). In this chapter we do not concentrate on nonwovens, however.

Typically, nonwovens are produced using staple fibres, and the structure formed is

more random than one made with the previously described methods. A web can be

made by wet-laid, air-laid, spun-laid, carding, or melt blowing methods. Most of

the webs have relatively loose structures, and therefore, they need to be strengthened.

This is typically done by bonding the web and is possible using thermal, chemical, or

mechanical means or by needle punching.

The demand to mimic nature on the nanoscale has led to efforts to create an optimal

scaffold to culture and house the cells through electrospinning. Several excellent

reviews offer further information on this technique (e.g., Huang et al., 2003; Pham

et al., 2006; Liu et al., 2013), but work done with nanoscale applications are not

referred in more detail here.

Rotational spinning, either by melting the polymer (Huttunen and Kellomäki,

2011) or through the use of solution (Badrossamay et al., 2010), has emerged in recent

years to produce submicron or nanoscale webs, thereby providing an alternative to

electrospinning. Though interesting methods, rotational spinning techniques have

not yet been used for scaffold and cell culture studies to any significant degree,

and therefore, we do not discuss them in more detail to this chapter.

4.4 Fabric structures and their characteristics

Textile types each have unique properties that depend on the binding of the yarns in the

structure. Different fabrics are used to achieve different physical and mechanical prop-

erties, such as thickness, strength, and flexibility. Textile properties are highly dependent

on the yarn geometry and the shifting capacity of the yarn in the structure, as well as the

number and area of the yarns’ interlacing points in the structure. In general, knitted fab-

rics are themost flexible, andwoven structures are themost stable, with the braided ones

in between (Hutmacher, 2000; Long, 2005; Miravete, 1999). Overall flexibility can be

useful in application such as skin substitutes, and braids have been utilized in tendon

replacements because of their suitable uniaxial behaviour. For bone, stronger scaffolds

are needed, however. Examples of textile types made from different PLA (P(L/D)LA

96/4) fibres and the scaffold types made from those textiles are given in Figure 4.1.

An optimal scaffold has a high surface area-to-volume ratio, a high degree of poros-

ity, and pores that are highly interconnected, all of which are demands that textiles can

meet. In general, textiles are lightweight, but they can bemade dense when requested. A

compaction feature is typical for many textile structures in order to make them mould-

able and to ease implantation. Textile structures can be roughly divided into hollow and

dense structures. Layered constructs enable the induction of different properties, such as

density, roughness, and degradation rate, in each side of the structure by varying mate-

rials and fabric design (Freed et al., 2009). The advantage of textile structures is their
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delamination-free character, and for that reason, they withstand shear stresses. Textiles

can also be used as preforms and processed further for specific applications.

Desired textile properties vary depending on the intended body site. Musculoskeletal

scaffolds should flex and transform shape together with the surrounding muscles and

tendons, and at the same time, they must promote new tissue growth. Friction forces

between yarns hold the structure together, enabling an even distribution and balance

of external mechanical stresses. Another advantage of textile structures is that yarns

are in ordered places, which enables the clinician to control the scaffold’s degree of

porosity, pore sizes, and shape. The definite structure also allows improved control

of the structural degradation of scaffolds. In addition, ordered textile structures provide

for interconnected pores and the control of the porosity that are important for fluid trans-

portation into and through the 3D structure. Fluid transfer is essential for the operation of

the nutrition system, gas-exchange, and the elimination of by-products. By altering dif-

ferent densities, layer thicknesses, and surface topologies, fabricated structures with

suitable characteristics and control of tissue ingrowth into the structure can be tailored.

Generally, high porosity and high surface area are shown to promote tissue growth

inside the structure. The desired surface topology and pore sizes vary depending on

seeded cells. Also, cell attachment and subsequent growth in the textile scaffold can

be affected by the initial properties of the yarn and different textile structures

(Hutmacher, 2000; Ekevall et al., 2004; Heniford and Koslosky, 2010).

4.4.1 Characteristics of woven structures

Woven structures usually have highly ordered yarn geometry, and they are dimension-

ally stable and dense structures. Woven structures have the highest strength values, and

they have the highest variation potential among textile structures. Currently, flat, tubular

and near-net shape structures can be manufactured with varying widths from 1 mm to

Fibres

Knits

Finger joint
prosthesis

Stents Hybrids
composites

TMJ joint
implants

Braids Wovens Nonwovens

Figure 4.1 Upper row: Reel of

(P(L/D)LA 96/4) multifilament

after melt spinning and

orientation (left) and an SEM

image of the same

multifilaments (right). Middle

row: Textile structures made of

(P(L/D)LA 96/4). Lower row:

Scaffolds made of the textiles.

The 3D hybrid/composite

plates are made of PLA

+BaG yarns.
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several metres and thicknesses from 40 to 50 mm to several centimetres. Tubes with

diameters as small as 0.5 mm have been reported. The high volume fraction of the yarns

resulting from the high packing density is a major advantage of woven fabrics; the high

packaging density of the yarns results in the highest compression strength compared to

other textile structures. Woven structures also support high tensile loads and have low

elongations (Epstein et al., 1992; Lee, 1993; Heniford, 2011).

The characteristics of woven fabrics are based on the length of float stitches and the

density of the interlacing points. The most-used weaving patterns are plain weave,

twill, panama, and satin, which can be created in 2D fabrics and on the surface of

3D structures. Plain weave is the densest, but twill has better resistance to abrasion,

and satin is the softest.

In weaves, fibres are commonly aligned in 2D and woven structures have poor resis-

tance in the through-the-plane direction. 3Dwoven fabrics can be developed to improve

tensile strength in the through-the-plane direction, as well as compression and shear

strengths. The damage resistance of the structure can be improved by improving thick-

ness and direction, but, at the same time, strength values in the plane direction weaken.

Strains in the plane direction cannot spread in the structure, and weight-carrying

capacity is decreased (Epstein et al., 1992; Lee, 1993; Miravete, 1999; Long, 2005;

Tamayol et al., 2012).

3D woven structures consisting of one binding warp yarn set and several weft yarn

sets can be divided into orthogonal, through-the-thickness angle interlock, and angle

interlock patterns, depending on the depths of the warp yarn meandering through the

structure. In addition, multiple-layer weaving enables the fabrication of hollow spacer

structures in which two separate woven surfaces are bound together with binding yarns.

The interspace structure can be formed from binding yarns or woven cell walls. The

density of the interlacing yarn points and the length of the binding yarns between

two surfaces affect the perpendicular compactness. Hollow and spacious structures have

lightweight and high energy-absorbing ability relative to their volume (Epstein et al.,

1992; Miravete, 1999).

3D weaves are durable and ideal for applications that require long-term wear,

because they are flexible enough to move with body’s natural motions, without dela-

minating. Different densities through the thickness can be introduced to the structure

to enhance controlled permeability and to create special reinforcement zones. Surface

topography can also be varied via the weaving pattern and altering the number of yarn

layers within the fabric (Epstein et al., 1992; Heniford and Koslosky, 2010; Heniford,

2011; Tamayol et al., 2012).

4.4.2 Characteristics of knitted structures

Knitted structures are composed of interlocking yarn loops with an anisotropic struc-

ture. The properties of knitted fabrics differ from those of woven structures because

the yarns are not orientated into any direction, and the yarn direction changes contin-

uously. Yarn loops can move across each other in the structure, and knitted fabrics are

elastic and easy to shape. Lines of tying knots of weft-and-warp-knitted fabrics are

perpendicular to each other. Warp-knitted yarns meander more from the knitting
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direction than weft-knitted yarns do, resulting lower yarn mobility and thus increased

stability in warp-knitted structures.

High yielding prior to tearing is a characteristic of knitted structures because the

yarns in the structure can slide due to strain forces. Knitted structures also have high

bursting strength, and they usually have lower yarn densities than woven structures.

This leads to the higher porosity as well as to lower thickness and compression

strength. Generally, knits are highly conformable, and they are able to form smooth

and even contact over nonuniform anatomical structures. In addition, knitted struc-

tures function as cavity-filling bulk because they can be compressed and inserted eas-

ily into small cavities (Heniford, 2011).

Both flat and tubular structures are possible using knitted fabrics. The fabrication of

holes in a knitted structure is also possible, which increases the permeability of the

knitted fabric. High surface area and open pore structure yield high ingrowth potential,

and the properties of knitted spacer structures are determined by the characteristics of

surface knits and yarn properties in the interspace. Surface knits increase the elasticity

and permeability of the structure (Epstein et al., 1992; Miravete, 1999; Horrocks and

Anand, 2000; Hutmacher, 2000; Heniford, 2011).

4.4.3 Characteristics of braided structures

Braided structures are composed of three or more yarns intertwining over each other.

In braids, the yarns have an axial orientation, and they form a diagonally overlapping

pattern. In general, braided structures have the highest axial strength compared to

other textile structures, and they are suitable for applications requiring high in-plane

mechanical strength. Braids can transfer large loads and provide extension due to their

structure. The characteristics of braided structures can vary by altering how the con-

stituent yarns interrelate with each other and whether the braids are tubular or flat.

Porosity and mechanical properties can be adjusted spatially by varying factors such

as the number of yarns, the yarn angle relative to the vertical direction, and the number

of interlacing points per width. By using unidirectional core yarns, the longitudinal

strength of a braid is increased, and the strain is modified considerably. The porosity

degree of braided structures usually falls between those of knitted and woven

structures (Wulfhorst et al., 2006; Freeman et al., 2007; Heniford, 2011; Tamayol

et al., 2012).

4.4.4 Characterization and modelling of fabrics for tissue
engineering purposes

Fabric characteristics can be studied by mechanical testing, but this is a slow and an

expensive method. Graphical modelling and mathematical modelling employing dif-

ferent mathematical formulas can be used to evaluate the characteristics of different

structures and to predict their behaviour, however. Straight fibres and yarns have the

best ability to carry loads, and for that reason, modelling is used to evaluate the

degrees of curvature in the yarns. When yarn diameters, cross sections, and their
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geometry in the structure are known, the designer can determine density, volume frac-

tions of yarns, and their contact surfaces (Lee, 1993; Long, 2005).

In TE there is a demand for small-scale scaffolds that have accurate structures, high

porosity, and high pore interconnectivity. Microcomputed tomography (m-CT) now
offers a good tool for this characterization. Imaging, followed by the reconstruction

of the 3D image and analysis of the scaffold structure, is providing information that

was not previously easy to obtain. For example, Figure 4.2 shows a joint scaffold:

Figure 4.2a shows the original photograph of a joint scaffold (which is discussed later

in this chapter), and Figure 4.2b shows its reconstructed image from which the poros-

ity can be characterized.

Due to the demand for TE scaffolds, as well as the high costs of the in vitro and

in vivo stages of the research and development work, designing and modelling tools

could highly benefit the field. There are numerous computer software packages avail-

able for designing and modelling textiles, depending on the type of the manufacturing

process used. Computer-aided design (CAD) is also used by the textile industry to

improve work and documentation. CAD programs aid the engineering of textile

assemblies in order to define structures, predict mechanical properties, and carry

out common calculations. The programs input weave and knit patterns along with

the yarn properties. On the other hand, computer-aided manufacturing (CAM) is ded-

icated to the manufacturing of advanced textile structures based on the use of conven-

tional weaving technology. It has been used to manufacture 2D and 3D textile

(a)

(b)

Figure 4.2 (a) A photographic illustration of P(L/D)LA 96/4 joint scaffolds. (b) A micro-CT

image of an internal part of a joint scaffold.
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structures with both solid and hollow architectures. Thus the CAD/CAM software for

textiles is designed to streamline design and manufacturing, as well as the business

side of the industry, because cost-saving is a key target of the industry.

The structural modelling of fabrics by considering their uniaxial and biaxial defor-

mation began in the 1970s (Kawabata et al., 1973a,b) when finite deformation theories

were calculated using plain-weave fabrics. Improved and more accurate models have

since been proposed for plain-weave fabrics (Xiao et al., 2011). Modern techniques,

such as 3D simulations, are commonly used to verify the results.

Industry will benefit from these simulations because the characteristics of the

large-scale fabric systems can be studied, giving rise to real-time simulations of cho-

sen fabric systems in order to understand the structure–property relationship. The fac-

tors influencing the structural properties of the scaffold can be divided into yarn

composition or structure-related factors (e.g., filament number, fibre type, fibre

strength, twist) and fabric-related factors (e.g., yarn density, fill direction, weave,

crimp). Hence, the large number of factors, combined with the physical properties

(e.g., nonlinear viscoelasticity, frictional effects) and fabric performance require-

ments (e.g., bulk, surface, transfer), creates a complex modelling task (Dastoor

et al., 1994). Although there has been a lot of research in this field, no widely accepted

model currently explains and expresses all aspects of a fabric’s mechanical properties.

Therefore, the simulation has been split into different modelling tasks at the macro-

scopic, mesoscopic, and microscopic scales (Vidal-Sasse and Boisse, 2012). For peri-

odic materials in the mesoscopic scale, the modelling focuses on the smallest

elementary pattern that can be distinguished. Therefore, the scale is close to the

dimension of the yarn, from one to several millimetres, whereas the macroscopic scale

is larger, representing the whole fabric. The microscopic scale, on the other hand, is

centred on individual fibres, thus taking into account all the surrounding fibres in a

yarn. On the molecular level, the fibre has certain properties due to its elemental struc-

ture, from atomic level to the level of polymeric organization, that actually forms the

fibrils and finally the fibre. This low-level modelling is usually disregarded because

the fibre has certain property values (e.g., elasticity, modulus) that are known and can

thus be taken into account in the higher-level modelling. An approach that starts with

the micro-scale fibres and then expands into the yarns and then the rows represents the

basics of fabric modelling. The popular models usually represent the macroscopic

scale of the fabric, because it is thought to provide reasonably correct and reliable

results for most applications used with periodic fabrics. This ease of modelling comes

from finite element modelling based on the smallest unit cell appropriate. The things

frequently modelled are the different mechanical features of the fabric and permeabil-

ity or filtration properties.

Several types of CAD software can be used to design models that suit the scaffold

design in regard to TE purposes. One software package that estimates the suitability of

a TE fabric construct is ProCad WarpKnit3D (Di et al., 2012; He et al., 2012). The

CAD software already available in the market can be used to design the fabric in a

way that accounts for the tissue engineered construct restrictions. The predominant

restrictions are the fabric’s mechanical properties, pore size, and pore size distribution.

The modelling of fabrics has not widely been used in TE, however. But, as our
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knowledge of the interactions and attractive or distractive forces between cells and

yarns/3D fabric constructions increases, the modelling of the living environment

can be adapted to fabric manufacturing, with all its complexity. Therefore, the

CAD and CAM are still waiting to be applied to the field of TE.

4.5 Bone tissue engineering using fabrics

Bone is a hard tissue that mainly consists of ceramic, calcium phosphate (CaP), and

collagen. It has to bear loads that may eventually be high, especially in long bones, and

it is well vascularized, with an internal neural network. To mimic bone and fulfil the

demands of a hard-tissue implant, a reinforced composite biomaterial including CaP

may be an optimal solution. Bone has three main cell types: osteocytes, osteoblasts,

and osteoclasts. Of these, osteoblasts are most commonly studied using scaffolds for

TE bone treatments, but the other two types of cells have their own important roles in

the development and remodelling of the bone toward mature tissue.

Textile reinforcements provide an appropriate alternative for bone TE due to their

high structural load capacity. Bone scaffolds with pore sizes of 300–500 mmhave been

shown to enhance diffusion rates and to promote cell growth (Hutmacher, 2000). As

tight and stiff structures, woven structures have also attracted interest given their

potential for the internal stabilization of long bone fractures, annular repair, and

the stabilization of the spine (Koslosky, 2010). Also, woven structures with reinforced

holes for screws and other fastening components may become more common when

bone plates must be attached to the bone (Heniford and Koslosky, 2010).With suitable

material selection, woven structures can thus enable the introduction of bone-like

strength-to-weight properties in TE implants (Koslosky, 2010).

Textile structures can also stimulate cell growth and differentiation by introducing

a morphology that directs the differentiation. Multilayer woven scaffolds with multi-

ple densities and materials have the potential to encourage stem cells to generate the

correct type and amount of repairable tissue. This is especially interesting when

repairing full-thickness cartilage injuries (osteochondral defects) that extend to bone

(Koslosky, 2010). Bone-to-bone interfaces integrate better and faster than bone-to-

cartilage interfaces (Freed et al., 2009).

Woven structures can be used on the surface of the rotator cuff to strengthen the torn

tissue as well. They are used to ease the fixation of bone and tendons, and they can be

placed on the connection site of the bone and tendon, with sutures fixed to the textile

material. For example, partially resorbable polyurethane urea and PLA are used to rein-

force a rotator cuff (Koh et al., 2002; Derwin et al., 2009, http://www.artimplant.com).

Although poly-a-hydroxy acids have been the most-used polymer group in bone

TE and in textiles, textile scaffolds built from poly(3-hydroxybutyrate) fibres com-

bined with bovine collagen I, chondroitin sulphate, and bone marrow-derived cells

have been studied. The scaffolds with the cells showed the highest mineralization

and good cell differentiation to osteoblasts in in vitro studies (Wollenweber et al.,

2006). Silk has also increased in popularity for bone TE (for a good review, see

Wang et al., 2006), but not all applied methods are using fibrous or textile scaffolds.
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Our group has been active in developing different structures, both plain textiles and

composites, specifically for musculoskeletal TE scaffolds. Starting aroundmid-1990s,

we have worked on melt-spinning PLAs, with P(L/D)LA 96/4 being the most-spun raw

material, preparing knits, weaves, braids, and nonwovens from single fibre types or

several combined (e.g., Kellomäki and T€ormälä, 2003, Paakinaho et al., 2009; Ellä

et al., 2011). The resultant textiles have been used in many types of composites.

P(L/D)LA 96/4 knits were some of the first to be used in 2D-membrane scaffolds;

they were combined with flexible, occlusive films in an experimental rabbit’s alveolar

defect to apply a guided bone regeneration approach that used a film to protect the

healing bone from connective tissue invasion. The results showed that bone healed

better with both these implant types, as compared to the control, a noncovered autol-

ogous bone-filled defect (Kellomäki et al., 2000; Puumanen et al., 2001). Using the

same principle, more plate-like, two-layered membranes were prepared using the

same knit and P(L/LD)LA 70/30 plates (Kellomäki et al., 2001).

The knits have also been applied to form round 3D-cylinder scaffolds, of which the

basic form is the joint scaffold (Ellä et al., 2011), and researchers have employed dif-

ferently modified composite scaffolds from the materials for lumbar fusion studies

(Palmgren et al., 2003), in addition to testing them in calvarial bone with growth fac-

tors (Gómez et al., 2006) and with adipose stem cells and electrical stimulation for

osteochondral defect repairs (Ahtiainen et al., 2012).

We have also approached composite manufacturing by preparing multifilaments of

P(L/D)LA 96/4, P(L/LD)LA 70/30, poly(L-lactide-co-glycolide) (PLGA) 80/20, and

melt-spun BaGs (Pirhonen and Ellä, 2008), by preparing multicomponent yarns from

different fibre combinations, and further making textiles and 3D composites out of the

textiles. The motive for the use of bioceramic and BaG components in the composite

has been twofold: to use it as reinforcement and to provide osteoconductivity to the

composite. Braids (e.g., Huttunen et al., 2006, 2008), weaves (e.g. Alm et al., 2010),

and knits (unpublished) have been constructed and studied in vitro and in vivo. As
mentioned, textiles can be further processed into 3D-plates (e.g., Bleach et al.,

2001; Nazhat et al., 2001), and in Figure 4.1, the compressed plates of PLA–BaG knits

are shown as an example.

The results from these experiments show the versatility of the textiles; very differ-

ent approaches have been used to obtain a variety of properties from the filaments,

yarns, textiles, and composites. Given that a variety of possibilities exists, the best

one for each application can be selected according to requests.

4.6 Cartilage tissue engineering using fabrics

Articular cartilage is avascular and aneural tissue. The nearly frictionless, load-

bearing tissue withstands repetitive loadings up to 10 times the individual’s body

weight. In normal conditions, little or no wear occurs in the cartilage tissue. The native

tissue has an anisotropic, nonlinear, inhomogenous, and viscoelastic nature. The car-

tilage tissue can also be described as fluid-saturated multiphasic material in which a

fibrous collagen network is saturated with water and dissolved ions. Additionally,
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negatively charged proteoglycans are attached to the structure. The articular cartilage

has distinct zonal structures and tissue composition dependent on depth. Collagen

fibres are aligned parallel to the tissue surface in the superficial zone of the adult artic-

ular cartilage, while, in a deeper zone, collagen fibres are aligned perpendicular to the

surface. Also, a distinct subpopulation of chondrocytes exists according to the depth

(Moutos and Guilak, 2008; Freed et al., 2009).

From a TE point of view, an effective long-term treatment for cartilage wear does

not exist, although promising studies have been reported. The nonlinear properties of

cartilage, such as strain-dependent moduli and permeability, can be achieved using the

properties of the extracellular matrix (ECM) or scaffold, and extended in vitro culti-

vations are not needed to achieve them. Anisotropic properties are provided by com-

posite structures with combinations of dissimilar materials. Layered structures and

fibre reinforcements have also been studied. Typically, the reinforcing structure is

nonwoven, knitted, or 3D-woven. Cell growth-supporting matrices of agarose, algi-

nate, collagen, and fibrin have been reported to enhance delivery, proliferation, and

differentiation of embedded cells, and they can be in the form of hydrogel, foam,

or sponge (Chen et al., 2003; Moutos and Guilak, 2008; Freed et al., 2009).

3D woven structures and knitted meshes have been studied for the TE of articular

cartilage as well. For example, through-the-thickness angle interlock structures have

been fabricated from PGA (Moutos and Guilak, 2008) and poly-e-caprolactone (PCL)
(Moutos and Guilak, 2008; Freed et al., 2009; Moutos and Guilak, 2010; Moutos et al.,

2010). 3D woven PGA fabric is immersed in chondrogenesis-supporting hydrogel,

fibrin, or agarose. The composite formed by the PGA woven fabric and the fibrin

gel has been shown to recreate the physical and structural properties of native cartilage

(Moutos and Guilak, 2008; Freed et al., 2009), and the tensile modulus of the structure

reportedly exceeds the modulus of articular tissue when compression and shear

strengths are similar to those experienced by native tissue. The anisotropic and visco-

elastic nature of the articular cartilage tissue are also reached by the composite

(Moutos and Guilak, 2008).

A similar 3D woven structure has been fabricated from PCL yarns with a diameter

of 150 mm. These yarns have higher twist numbers and larger diameters than PGA

yarns, resulting in a more tightly woven structure. The PCL scaffold also has a higher

compressive Young’s modulus, but it is not as strong or stiff as a PGA scaffold

(Moutos and Guilak, 2008). In the Moutos and Guilak study (2008), human adult

stem cells were cultivated in vitro in the 3D woven PCL scaffold immersed in

fibrin-gel. The woven structure had five warp layers and six weft layers that were

interlocked with a third set of yarns. Yarn diameters were 156 mm, and the thickness

of the structure was 1.4 mm. As a result, rectangular interconnected pores (pore:

330 mm�20 mm�100 mm) with a void fraction of 60% were formed. The scaffold

enabled the re-creation of the functional and mechanical properties of articular carti-

lage, and it enhanced the formation of collagen-rich ECM. The initial properties were

also sustained over a period of extended cultivation, during which seeded stem cells

regenerated new tissue (Moutos and Guilak, 2010).

Other studies have shown that a 3D woven scaffold can support the generation of

functional cartilaginous tissue when usingMatrigel and adult mesenchymal stem cells
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(Freed et al., 2009), ASCs (Moutos et al., 2010), or hMSCswith the induction of proin-

flammatory interleukin-1 (IL-1) (Ousema et al., 2012). Although the presence of IL

inhibits chondrogenesis and the maturation of MSCs, the mechanical properties of

native cartilage were reached (Ousema et al., 2012). The effect of the woven struc-

ture’s tightness and the cultivation conditions have also been studied with hMSCs,

and it was shown that the scaffold does not affect the amount of DNA, collagen, or

GAG. In this study, a tightly woven structure with bioreactor cultivation reached

an aggregate moduli similar to that of normal articular cartilage when lower values

were reached with static cultivation. A loosely woven scaffold and static cultivation

reached the lowest values (Valonen et al., 2010).

Knitted structures have also been studied for the TE of cartilage. Knitted, round

(6 mm in diameter, 1 mm thickness) P(L/D)LA 96/4 scaffolds were prepared and

implanted both alone and seeded with autologous chondrocytes into porcines. The

results showed that the knit’s structure was too coarse and hard for cartilage repair

in immature animals (Pulliainen et al., 2007). Similar scaffolds were seeded with

chondrocytes, and a comparison of static and bioreactor cultures showed that the latter

produced better quality tissue in vitro (Tiitu et al., 2008).

Composite structures in thicknesses of 200 mm to 8 mm have been manufactured

by combining PLGA knitted mesh and collagen hydrogel to provide scaffold materials

for partial-thickness and full-thickness cartilage repair. The thinnest structure was

achieved when knitted PLGA was immersed in collagen sponge. The thickness

was then increased by layering collagen sponge sheets on one or both sides of the knit-

ted structure (Chen et al., 2003; Dai et al., 2009).

Bovine chondrocytes were cultured in the composite web and transplanted into

nude mice. Results showed a spatially even distribution of cells, natural chondrocyte

morphology, and abundant cartilaginous ECM deposition. Thicker structures where

collagen sponge was placed on one or two sides of the knitted fabric have shown a

higher expression of type II collagen and production of GAGs. The mechanical

strength of the structures reached half of the Young’s modulus values for articular tis-

sue and over 60% of their stiffness (Dai et al., 2009).

Based to the previously published results, it seems likely that the optimal scaffold

for articular cartilage may be a composite or hybrid of more than one material, and the

scaffold should be soft, but durable in compressive conditions. For these reasons, fibre

reinforcement may be beneficial. It also seems likely that the in vitro cell culture

should be carried out in dynamic conditions. The optimal use of scaffolds for chondral

defects or as deeper osteochondral applications and which cells should be used remain

unknown.

4.7 Ligament and tendon tissue engineering using fabrics

Ligaments are highly ordered fibrillar structures composed of proteins, proteoglygans,

water, and cells. Dense tissue has poor healing potential due to its limited vascular-

ization. The most commonly injured ligament is the anterior cruciate ligament (ACL)

in the knee (Freeman et al., 2007; Lu et al., 2005). Strong materials with certain
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flexibility and deformability are required for tendon and ligament scaffolds. Polyes-

ters such as PLLA, PGA, and PLGA have been shown to have potential as materials

with suitable mechanical properties for TE in tendons and ligaments (Lu et al., 2005),

and they can be used also to repair the tendons through suturing (Viinikainen et al.,

2007). Less studied materials and approaches for ACL scaffolds and reconstruction

include parallel fibres of poly(DTE carbonate) (Bourke et al., 2004), arranged silk

strands (Altman et al., 2002), and bundled collagen fibres (Caruso and Dunn,

2005). In addition, polysaccharides, such as alginate and agarose, and proteins, such

as collagen derivatives, are used as cell growth stimuli matrices. For these, braids,

knits, and woven structures have been studied as reinforcement materials in compos-

ites (Lu et al., 2005; Karamuk et al., 2004; Liu et al., 2008; Ouyang et al., 2003; Wang

et al., 2011; Chen et al., 2008).

Braided structures have been the most commonly studied structures for ligament

applications, and they have been reported to have suitable mechanical properties com-

pared to native ligaments. Braids can transfer high loads and provide extension,

because of their structure (Laurencin and Freeman, 2005). Researchers have investi-

gated the desired mechanical properties, porosity, and pore diameters for braided lig-

ament scaffolds using PLAGA 10:90 braids. This study showed that the optimal pore

size for ligament tissue ingrowth is between 175 and 233 mm and that the stress–strain

behaviour of the braided structures is similar to the behaviour of native ligament

tissue. By altering a braiding geometry, it was also possible to affect the porosity,

surface area, and tensile strength of the scaffold (Cooper et al., 2005).

The mechanical properties of scaffolds can further be optimized by yarn twisting

and material selection (Freeman et al., 2007). For example, PGA, PLLA, and PLGA

82:18 braids have been compared. PGA braids showed the highest tensile strengths but

also the fastest degradation rates, which then led to scaffold failure in in vitro studies.
PLLA showed better long-term mechanical properties (Lu et al., 2005). The improve-

ment of mechanical properties has also been studied in relation to yarn twisting and

multilayer braiding (Freeman et al., 2007; Laurent et al., 2012). Twisting PLLA fibres

into bundles and bundles into yarns before braiding has been shown to result in a sig-

nificant increase in ultimate tensile strength and an increase in ultimate strain and toe

region of the braided scaffold. Twisting before braiding has also been shown to

improve similarities between the strain–stress behaviour of scaffolds and that of native

tissue (Freeman et al., 2007).

Cellular response can be influenced by modifying polymer surfaces or by immers-

ing textile reinforcements in hydrogel sponge, and many studies are focused on devel-

oping composite scaffolds. For example, a four-axis 3D PLLA braid in collagen

sponge was shown to have mechanical properties comparable to those of native tissue,

but the cell adhesion and proliferation of ACL cells were improved through the intro-

duction of collagen sponge in in vitro studies. The results were compared to those for a

plain PLLA braid (Ide et al., 2001).

Knitted and woven structures are studied less often for tendon and ligament TE

purposes. Nonetheless, knitted structures reportedly have higher connective porosity

than braided structures do, improving tissue ingrowth. A plain knitted silk structure in

collagen sponge was also shown to be a potential alternative for tendon and ligament
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reconstruction (Chen et al., 2008; Wang et al., 2011). In addition, weft-knitted PLGA

10:90 (Ouyang et al., 2003) might be used with cell sheets (Ouyang et al., 2005), and a

braided silk core coated with a knitted silk structure has produced promising results in

large animal studies (Fan et al., 2009).

Woven ribbons and tethers could have potential for tendon and ligament TE, but

they are studied much less often than braided structures. Woven structures have high

strength and stiffness in one direction and controllable variability in compliance and

compression in other directions (Heniford and Koslosky, 2010). Although woven

structures could have suitable mechanical properties, cellular ingrowth may be lack-

ing (Karamuk et al., 2004).

4.8 Tissue-engineered joints

Previously, joints have been treated using biostable total joint prosthesis or implants.

A new method for reconstructing the small joints in the hands and feet was invented in

the 1990s. This method followed the principle of guided tissue regeneration (GTR) or

in situ TE in which a porous scaffold is implanted between the bones and the cells are

grown inside the scaffold, with the tissue maturating in situ.
In 1994, in Finland, research inspired by the Vainio method (Vainio, 1989) led to

the development of melt-spinning poly-L,D-lactide 96/4 into 4-filament yarns, fol-

lowed by the design and manufacturing of scaffolds from these fibres, and then

in vitro (Ellä et al., 2011), preclinical (Länsman et al., 2006; Waris et al., 2008a,b),

and clinical experiments (e.g. Honkanen et al., 2003; Honkanen et al., 2009) to con-

firm the functionality of the scaffolds (see Figure 4.2 for the image). The scaffolds

have been shown to induce fibroblast ingrowth that later maturates to dense connec-

tive tissue. This acts as a natural cushion between the bone ends and thus helps the

mobility of the joint. It does not, however, repair the cartilage tissue at the ends of

the bones. These scaffolds were originally intended for rheumatoid arthritis patients,

but they were clinically studied for osteoarthritis patients, too, and they have received

a CE-mark for both indications and for the treatment of small joints in the hands and

feet (http://www.scaffdex.com).

Around the same time in Sweden, another scaffold type utilizing the same principle

was originated for the thumb carpometacarpal (CMC) joint, using polyurethane urea

copolymer, which is a very slowly, or only partially, degradable polymer. This method

has also been commercialized under the trade name Artelon, and list of publications

about the studies behind this product can be found at http://www.artimplant.com.

Unfortunately, in 2013, the company Artimplant declared bankruptcy, and the future

of this implant type is currently uncertain.

Experiments treating damage to the temporomandibular joint have also explored

the use of a composite disc of P(L/DL)LA 70/30 foil and P(L/D)LA 96/4 nonwoven

structures seeded with adipose stem cells. This combination was considered to have

potential based on in vitro studies, and the discs were implanted in rabbits after dis-

cectomy. The results from the preclinical stage were promising, but the design of the

scaffold needs to be modified (Mäenpää et al., 2010; Ahtiainen et al., 2013).
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4.9 Fabrics commercially available for temporary
tissue repair

Some biodegradable textile structures are commercially available for temporary soft

tissue and organ reinforcement. The most common applications address hernia, fascia,

or periosteal repair, but they are also intended to support wounds, organs, ligaments,

and tendons (Table 4.1). The applied biodegradable polymers include PLA copoly-

mers, polyglactin 910, esterified hyaluronan, PHAs, and polyurethane urea.

The applied textile processing methods include weft and warp knitting, weaving,

and braiding. One nonwoven is included in this table because of its unique three-layer

structure, as is one composite with fleece and foil. Some of the commercial products

reportedly target porous 3D structures, and their promoters claim that they support the

ingrowth of cells and tissues and the preservation of sufficient cell nutrition, thus uti-

lizing a more-GTR approach. However, the published scientific evidence for these

claims is minor, and none of these structures is promoted for combination treatment

with the specific cells and for TE purposes.

From a regulatory perspective, the commercialization of plain scaffolds instead of

scaffolds with cells is much simpler, however, because combinational products con-

sisting of scaffolds and living cells are treated as an AdvanceMedicinal Therapy Prod-

uct in the EU (http://ec.europa.eu/health/human-use/advanced-therapies/). Therefore,

it is understandable that companies try to commercialize a medical device. such as a

plain scaffold, if possible.

4.10 Future trends

In the future TE research will likely involve the development of composite scaffolds

and more complex scaffold structures. Also, novel biomaterials and material combi-

nations, either as composites or hybrid structures, will be favoured because, using

single-component options, it has been challenging to find optimal solutions. Compos-

ite scaffolds with textile reinforcement and cell growth stimuli hydrogel sponge are

widely studied, and the field’s next challenge is to construct textile materials so that

they can better serve as biologic substrates. Current material candidates for these sub-

strates include collagen fibres. Stronger and thinner biomaterials and smaller construc-

tions are under investigation as well. The challenges for the future are the miniaturized

sizes of the structures and the scaffolds. This extremely small size scale, together with

the thin fibres, poses a serious obstacle in terms of developing the machinery needed

for production, and this may lead to a completely new process for designing and build-

ing the equipment for manufacturing textiles and scaffolds for TE purposes.

From the biological perspective, the selection of purpose-specific cells and other

components, such as growth factors, is a key task for the future, and the need for off-

the-shelf products will drive functional and safety studies of autologous cells. Adding

growth factors then increases the complexity of the product, leading to uncertainty

regarding their necessity and safety in clinical use.
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Table 4.1 Commercial biodegradable textile structures for musculoskeletal indications

Product Company Structure Material Indication Reference

Vicryl® Ethicon (J&J) Warp knit

and weaved

Polyglactin 910 Temporary support of wounds

and organs

http://www.ethicon.com/

emea/fi

Ethisorb™

DuraPatch

DePuy Composite

of fleece

and foil

Vicryl (polyglactin 910)

+PDS (poly-P-

dioxanon) fleece and

PDS foil

Bridging defects of dura mater http://www.depuy.com/

healthcare-professionals/

products/

Hyalonect Anika

Therapeutics

Weft knit Esterified hyaluronan

(HYAFF11)

Periosteum substitute for

orthopaedic traumas and

reconstruction, no load bearing

http://www.

anikatherapeutics.com

TephaFLEX® Tepha Medical

Devices

Warp knit Polyhydroxyalkanoates

(PHA, P4HB)

Reinforcement of soft tissue http://www.tepha.com

BioFiber®

Surgical Mesh

Tepha Medical

Devices

Warp knit Polyhydroxyalkanoates

(PHA, P4HB)

Rotator cuff and other tendon

injuries

http://www.tornier.com

Kensey-Nash Epi-Guide 3 layer

nonwoven

70:30 poly (L-lactide-co,
DL-lactide) copolymer

Periodontal restorative

surgeries and assists in the

regeneration of bone and

periodontal support tissues

http://www.kenseynash.com

Artelon tissue

reinforcement

(Sportmesh)

Artimplant Woven Polyurethane urea

(partially resorbable)

Reinforcement of rotator cuff,

Achilles tendon, and spring

ligaments

http://www.artimplant.com

Artelon Spacer Artimplant Woven Polyurethane urea

(partially resorbable)

STT and CMCI joints in hand http://www.artimplant.com

RegJoint™ Scaffdex Weft knit Poly-96L/4D-lactide

copolymer

Small joints in hand (MCP, PIP,

DIP, CMCI) and foot (MTPs)

http://www.scaffdex.com

STR GRAFT

(expected to be

on market by

2014)

Soft Tissue

Regeneration,

Inc.

Braided Poly-L-lactide

homopolymer

Soft tissue augmentation and

rotator cuff repair

http://www.news-medical.

net/news/20130103/FDA-

clears-Soft-Tissue-

Regeneratione28099s-STR-

GRAFT.aspx
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Some currently available commercial products claim to involve porous 3D-

structures that support the ingrowth of cells and tissues, as well as the preservation

of sufficient cell nutrition. But the published scientific evidence behind these claims

is minor, and none of these structures is promoted for treatment in combination

with specific cells or for TE purposes. The research into biodegradable textile struc-

tures is now expanding to focus on applications for repairing tendons and ligaments,

however.

Themodelling of fabrics and scaffolds has not been widely used in TE, and the field

has not yet embraced the optimization of the production methods using available soft-

ware, such as the Taguchi method. As our knowledge of the interactions and attractive

and distractive forces between cells, yarns, and 3D fabric constructions increases, the

modelling of living environments can be adapted to the fabric manufacturing process,

with all its complexity. The complexity of a real TE product and all its components

leads to stringent regulatory demands regarding the safety and functionality of this

type of product. As a result, the commercialization of new TE products appears to

have been delayed, and this remains a big challenge for the industry.
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Kellomäki, M., Paasimaa, S., T€ormälä, P., 2001. Pliable polylactide plates for guided bone

regeneration: manufacturing and in vitro. Proc. Inst. Mech. Eng. H 214 (6), 615–629.
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5Nanofibers for ligament

and tendon tissue regeneration

Victor Leung, Heejae Yang, Frank Ko
University of British Columbia, Vancouver, BC, Canada

5.1 Introduction

Tendons and ligaments are bundles of soft tissues that connect muscle to bone and

bone to bone, respectively. As a result, they play a major role in our musculoskeletal

mobility by transmitting forces and providing joint stability. These soft tissues can be

damaged by extrinsic influences, such as trauma, atrophy, and overuse, and intrinsic

factors, such as diseases and muscle imbalance. Accordingly, considerable effort has

been directed toward studying injuries to these soft tissues. Unfortunately, the unique

mechanical properties of ligaments and tendons create significant challenges for

restoring mobility in patients suffering from tissue damage. Despite the intricate heal-

ing processes that human bodies have developed, the native healing of ligaments and

tendons has not been satisfactory, mainly due to the mismatch between the mechanical

properties of the native tendon or ligament and the scar tissue. In some cases, harsh

tissue surroundings further complicate the difficult healing process, as in the case of

anterior cruciate ligament (ACL) injuries in which the presence of synovial fluid pre-

vents blood clotting and therefore normal healing response (Vunjak-Novakovic et al.,

2004). Given this insufficient healing, the demand for medical intervention is great,

and those seeking it range from workers and professional athletes hoping to return to

their activities in a timely manner to others requiring effective healing to reduce pain.

For example, in the United States, approximately 200,000 cases of ACL injuries are

reported annually (Hewett et al., 2007), and 232,000 cases of Achilles tendon sports

injuries were reported in the year 2002 alone (Abousleiman et al., 2008). Also, accord-

ing to research by Abousleiman et al. (2005), the U.S. Bureau of Labor Statistics docu-

mented approximately 45,000 injuries from tendinosis in the year 1999. Given this

strong demand, strategies for improving and expediting tendon and ligament healing

will not only help many patients, but they will also reduce the cost associated with

treatment, long-term care, and loss of productivity.

Early efforts to mitigate inadequate healing most often involved primary repair

surgeries in which damaged tissues were reaffixed, but the outcome was poor because

the weaker scar tissue limited patient motion while posing risks for further damage

(Rodrigues et al., 2012). Artificial prostheses have also been tested as either replace-

ments or supports for reconstruction. Although early results for many artificial pros-

theses showed promise, follow-up studies showed overwhelmingly poor long-term

results, especially for ligament prostheses, due to various complications related to
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the synthetic materials used (Dauner and Planck, 1996; Grøntvedt et al., 1996;

Rodrigues et al., 2012; Silver et al., 1991; Wening et al., 1996). In addition, synthetic

prostheses could not mimic the unique collagenous structure in native tendon and lig-

ament tissues, leading to mismatch in structural behavior under loading. As a result,

grafting remained the gold standard for tendon and ligament repair, with autograft pre-

ferred over allograft due to risks of rejection and disease transmission. Autografting

requires the extraction of healthy tendons or ligaments, which themselves have limited

healing capability. So, donor-site morbidity is of more critical concern when auto-

grafting tendon or ligament as opposed to other tissues such as skin. To address such

a complicated series of needs related to tendon and ligament healing, many

researchers have focused their attention on the tissue engineering approach, aiming

to fully restore the structural and biological functions of the soft tissues (Cooper

et al., 2005; Deng et al., 2009; Rodrigues et al., 2012; Vunjak-Novakovic et al., 2004).

As a niche area in tissue engineering, scaffolds composed of electrospun nanofibers

have recently gained much momentum in research. Nanofibers are those with diameters

below 100 nm and an aspect ratio above 1:1000 (Ko, 2004), but the term is often used

loosely to describe fibers with diameters under approximately 1000 nm. Nanofibers

have attracted interest due to the comparatively large surface area they provide for cell

activities, as well as their structural similarities to the native tissue’s extracellular matrix

(ECM) (Leung et al., 2011). In addition, through studies on nanofibrous scaffolds over

the past decade,many have found that these scaffolds are not only feasible for supporting

cell attachment and tissue regeneration, but they are also desirable platforms for releas-

ing therapeutic elements such as drugs and growth factors. These outcomes eventually

led to studies on healing-process moderation and cell differentiation control using nano-

fibrous scaffolds, with early results showing their superiority over other forms of scaf-

fold, including gel and microfibers (Leung et al., 2011). The electrospinning technique

used for fabricating nanofibers was also found to be highly versatile, supporting the use

of a wide variety of biocompatible materials while offering a high degree of customiza-

tion of mechanical properties, thus enabling scaffolds to be tailored for specific tissues.

This chapter introduces readers to nanofibers as a new frontier in tendon and ligament

regeneration, and it discusses the current state of the technology and future directions for

research. The following sections begin with an introduction to current approaches to

restoring patient mobility and the associated challenges, which have led to studies on

nanofibers as a potential solution. We then introduce methods for fabricating nanofibers

and controlling their properties, before discussing the application of nanofibers in tendon

and ligament regeneration. Through this summary on current nanofiber technology, we

hope to identify unmet needs, while encouraging further investigations that can bring

nanofiber technology closer to market readiness for ligament and tendon applications.

5.2 Current treatment and challenges

The need for improved intervention methods such as nanofiber-based products stems

from the insufficient self-healing of ligament and tendon tissues and the inability of

current technology to adequately address market needs. It is therefore necessary to

first understand the native healing process, current techniques for intervention, and

92 Biomedical Textiles for Orthopaedic and Surgical Applications



the challenges presented by these approaches, in order to gain a clearer perspective on

the potential effect of nanofiber technology applications.

5.2.1 Native healing processes in tendon and ligament tissues

The native healing processes in tendon and ligament tissues are analogous to those

present in other soft tissues (Martin, 1997; Rodrigues et al., 2012; Woo et al.,

1999), although the precise type of fibroblastic cells involved are different. Both begin

with the inflammation stage, which involves blood clotting at the breach and secretion

of inflammatory factors for recruiting cells to phagocytize bacteria and debris, while

releasing growth factors. The inflammatory phase lasts up to 5 days, and the prolif-

eration stage begins when fibroblasts arrive at the site, often overlapping with the later

stage of inflammation (Rodrigues et al., 2012; Woo et al., 1999). In the proliferation

stage, which lasts up to several weeks after the breach, fibroblasts synthesize collagen

and ECM components to form the granulation tissue, replacing the clot to provide

strength for the tendon and ligament tissues. Vascularization of the granulation tissue

also takes place at this stage. The subsequent remodeling stage, which can last many

months to more than 1 year, is marked by decreased cellular activities and the equal-

ization of ECM generation and degradation (Rodrigues et al., 2012; Woo et al., 1999).

The granulation tissue becomes more fibrous and oriented, before being converted

into a stronger scar tissue that remains at the site.

The healing of the tendon or ligament depends greatly on the successful formation of

a blood clot and the subsequentmigration of cells that induce inflammation and collagen

secretion. Blood clot formation is difficult for tissues in harsher environments, such as

the ACL, which is surrounded by synovial fluid (Vunjak-Novakovic et al., 2004), and

therefore, ACL healing propensity is considered low. Several diseases, such as tendon-

itis, can also prevent healing mechanisms from activating (Liu et al., 2008), requiring

external aids such as surgical intervention for restoring function.

For tendons and ligaments that do heal, the major challenge for native healing

largely stems from scar tissue formation. Although granulation and scar tissues are

necessary for revascularization and the connection of damaged tissues, their mechan-

ical behaviors are different from those of the original tissue, in terms of strength, flex-

ibility, and viscoelasticity (Rodrigues et al., 2012). This the lack of strength can cause

patients to risk reinjuring, and the difference in flexibility and viscoelasticity can

greatly limit their joint and muscle functions, thereby affecting mobility. Moreover,

in some tendon injuries, the scar tissue may cause adhesion between the tendon proper

and its protective sheath, disabling any sliding inside the sheath and therefore any

motion associated with that tendon (Woo et al., 1999). In other injuries, adhesion

may also be formed with surrounding tissues, which also affects motion.

5.2.2 Current treatments for damaged tendon
and ligament tissues

Clinicians did not give much attention to medical interventions for treating injured

tendon and ligament tissues until the turn of the twentieth century. The first treatments

of an injured ACL were reported by Mayo Robson in 1895 and Battle in 1898, and
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these treatments involved surgical affixation using materials such as silk and catgut

(Robson, 1903; Wening et al., 1996). Such primary repair surgeries showed early

promise. For example, Mayo Robson’s initial patient, who suffered from a fall,

claimed to have perfect knee function after 6 years (Robson, 1903). However, more

recent studies showed deteriorating long-term results with high incidences of unstable

joints. Odensten et al. (1984) reported 23 out of 35 primary repair surgery patients

required early follow-up after 2 years, and Grøntvedt et al. (1996) reported that nearly
half of the 50 patients in their study experienced unstable joints 2–5 years post-

surgery. The main reason for the failure of the primary repair of soft tissues such

as ligament and tendon, as mentioned previously, is the inability of the scar tissue

to mechanically behave like the tissue it replaces. This is especially true for tissues

with complicated structures, such as the flexor tendon in the area between the distal

crease in the palm and the middle crease of the finger, known as zone 2 flexor tendon,

which has a high tendency to adhere to the protective sheath after reparative proce-

dures. In fact, the difficulty in restoring mobility in patients with zone 2 flexor tendon

injuries has led Bunnell to describe the zone as “no man’s land” (Newmeyer and

Manske, 2004).

Shortly following the work by Mayo Robson on primary repair, Hey Groves per-

formed the first ACL reconstruction via grafting in 1917, transplanting an iliotibial

band for that purpose (Groves, 1919). Despite early criticisms of their effectiveness,

research on ligament grafts continued, leading to the pioneering works of Campbell in

the 1930s (Campbell, 1936), and then Jones (1963) and Br€uckner (1966) in the 1960s,
followed by MacIntosh in early 1970s (Galway et al., 1972). Many of their efforts

focused on grafts consisting of patellar tendon with attached bone, which remains

one of the common graft choices for ACL repair (Fu et al., 1999, 2000). In addition

to having sufficient tensile properties, the patellar tendon-bone grafts can facilitate

proper graft fixation at the bone ends. Hamstring tendons, such as the quadruple semi-

tendinosus, are also commonly used as grafts due to their adequate tensile properties,

small incision sites, and thicker tendinous portions (Fu et al., 1999, 2000). Unlike

grafts with bony attachments, hamstring tendon grafts involve fixation that relies

on tendon healing inside osseous tunnels, which may become a concern in some sur-

geries involving harsh healing conditions (Fu et al., 1999, 2000). In the clinical study

by Grøntvedt et al. (1996), none of the 48 patients with patellar tendon-bone autografts
required reoperation, and the mobility as well as joint functions for these patients were

superior to those treated with primary repair surgeries. The superior mechanical prop-

erties of tendon grafts and the clinically established methods for fixation enabled auto-

grafts to remain the preferred method for injured ligament treatment. However, as

with any autografts, the removal of healthy tissues creates concern regarding scarring

at the donor site, especially when the tissue source is tendon that has lower self-healing

ability. Moreover, autografts at the damage site may undergo necrosis in the early

stages postoperation until vascular structures are re-established.

Seeing the need to address donor site morbidity, many have examined synthetic

ligament and tendon prostheses. One of the first documented uses of synthetic liga-

ment prosthesis is the work by Lange (1903) using braided silk, although the proce-

dure was not successful, possibly due to the difficulty of fixation, as implied by his
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later modifications to the fixation techniques. In addition to silk, several synthetic

materials emerged as potential ligament prosthesis, such as Polyflex, Dacron, and

Gore-Tex, which were investigated from the 1970s to the 1980s. Polyflex, which is

composed of polyethylene, was the first prosthesis tested for American Food and Drug

Administration (FDA) approval for this application, and it failed quickly in the late

1970s due to high alternating stresses causing fatigue failure (Wening et al., 1996).

The high alternating stresses also prompted future synthetic prosthesis design to adopt

a fiber-based approach. Dacron and Gore-Tex were also tested for ligament replace-

ment or autograft augmentation in the 1980s, but they were ultimately unsuccessful.

Gore-Tex prostheses suffered from fatigue failure as a result of low tissue ingrowth,

and Dacron failed to improve joint stability due to stress shielding, which led to

disorganized tissue ingrowth (Silver et al., 1991; Wening et al., 1996). Polypropylene

was tested as a ligament-augmentation device for autografts, but it was plagued by the

same stress-shielding issue as Dacron prostheses, leading to a high tendency for com-

plications. In addition, carbon fiber-based composites were tested for ligament

replacement, with high initial tissue ingrowth, but foreign-body responses and shed-

ding of carbon particulates ultimate led to the discontinuation of studies on carbon-

based prostheses (Wening et al., 1996). Tendon prostheses, on the other hand, enjoyed

a slightly higher level of success, with one famous example being the Hunter tendon

prostheses as part of a two-stage flexor tendon reconstruction process for potentially

restoring hand function and addressing the issue of the “no man’s land” (Hunter, 1965;

Hunter and Salisbury, 1971). The technique involved Dacron rods coated by silicone,

the so-called Hunter rods, which were implanted into the hand in the first stage of the

process, with fixation achieved at the distal phalanx while the proximal end remained

free. Following implantation, mesothelium pseudosheaths were formed around the

Hunter rods. In the second stage, after approximately 3 months, the Hunter rods were

replaced with tendon grafts, which would gradually restore hand function in patients.

Patients using earlier Hunter prostheses were not able to regain active use of their digit

until after the completion of the second stage surgery, which prompted investigation

into the second generation of tendon prostheses in order to enable active use by sup-

porting fixation via bone ingrowth into sintered titanium plugs at both ends of the rod

(Hunter et al., 1988). Figure 5.1 shows the two generations of tendon prostheses, with

the top ones being active designs that support fixation at both ends and the bottom ones

Figure 5.1 Passive and active

tendon prostheses currently on the

market.
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being passive designs. The Hunter method, despite being costly and requiring lengthy

healing period, remained a standard procedure for hand injuries. Although Hunter’s

original intention was to use the silicone rods as a permanent replacement, the difficulty

in achieving reliable fixation at both ends of the rod left this goal unachieved, despite the

transition from passive to active designs enabling caregivers to extend the period

between the two stages of the reconstruction process, a period that could be indefinite

for elderly patients (Hunter et al., 1988). Thus, despite the amount of research directed

toward synthetic tendon and ligament prostheses, there have been limited successes in

this area, with no current clinically satisfactory prostheses for ACL replacement.

5.2.3 The tissue engineering approach

Thus far, autografting remained the standard method for ligament and tendon recon-

struction, with primary repair and synthetic prostheses unlikely to exhibit sufficient

potential for replacing autografts. With donor site morbidity remaining a significant

challenge, especially for patients with multiple injuries, many began investigating tis-

sue engineering as a potential solution, however, leading to the technique becoming

recognized by the U.S. National Science Foundation as an emerging area of national

importance (Skalak et al., 1988). Instead of relying on native healing or replacement

with autologous tissue or synthetic prostheses, tissue engineering attempts to cultivate

the formation of functional ligament or tendon tissues with appropriate structure and

properties, using a combination of materials, cells, and cell-signaling elements. In tis-

sue engineering scaffolds, materials provide a three-dimensional platform allowing

the attachment, proliferation, and differentiation of tendon and ligament fibroblastic

cells. In many cases the scaffolds are also designed to gradually degrade as new tissues

develop in the scaffold, eliminating the need for surgical removal. The scaffold

materials can be in various forms, and researchers have demonstrated cell survival

and proliferation in scaffolds composed of gel (Drury and Mooney, 2003; Hartwell

et al., 2011), fibers (Ko, 1997; Ko et al., 1998), pellets (Burg et al., 2000), sponges

(Li and Zhang, 2005; Yannas and Burke, 1980), and more. The optimal form depends

on the specific application. For example, gel scaffolds are injectable into specific sites,

but they lack integrity when subjected to loads, whereas pellets may remain intact

under compression. Fibers, on the other hand, have higher tensile strength, reaching

the order of 10 MPa for skin scaffolds such as BioFix and Resolut LT (Rho et al.,

2006), and they can be formed into hierarchical structures such as sutures and tubes.

A wide variety of materials, both natural and synthetic, have also been examined as

tissue engineering matrices. Many natural materials, especially those from biological

sources, have been found to display desirable biological functions, such as antimicro-

bial potential and cell affinity enhancement, and therefore, they have been considered

for tendon and ligament scaffolds. Examples include the earlier work on collagen gel

(Haddad-Weber et al., 2010) and fibers (Kemp et al., 1995), silk fibers (Ayutsede

et al., 2005; Sukigara et al., 2003, 2004), and collagen–glycosaminoglycan (GAG)

(Louie et al., 1998). Although these scaffolds supported fibroblast attachment and

spreading, as well as new tendon or ligament generation, their loss of tensile integrity

over time and insufficient stress-bearing remained challenges. Synthetic materials, on

the other hand, can enable customization of physical properties such as degradation
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rate, tensile strength, and stiffness. However, their relative lack of cell affinity and

signaling ability must also be addressed.

In addition to the scaffold matrix, bioactive elements are often included to enhance

functional properties, through the incorporation of antibiotics, anti-inflammatory drugs,

and biominerals such as hydroxyapatite. To further control tissue regeneration, signal-

ing elements such as growth factors are often used to induce desirable cell response.

5.3 Nanofiber scaffolds as a new frontier in tissue
engineering

Earlier work on synthetic ligament prostheses indicated that fibrous constructs may be

more suitable to withstanding the high alternative stresses experienced in vivo. Fibers
have also been used widely as tissue scaffolds, including wound dressings such as

BioFix, Resolut LT, and Kaltostat, as well as experimental ligament scaffolds com-

posed of silk and synthetic polymers. Being highly connective, fibers can be fabricated

into hierarchical textile structures, including woven and nonwoven fabric, and various

braided structures, allowing fibers to be tailored for specific topical and implant appli-

cations (Ko, 1997). For example, Cooper et al. (2005) presented a braided ACL scaf-

fold using poly(lactic-glycolic acid) (PLGA) containing ends with high angle fiber

orientation for bony attachment, with an intra-articular zone at the center with low

angle fiber orientation. Building on the developments related to fiber-based ligament

and tendon scaffolds, many researchers began examining nanofibers as a means for

further improving tissue growth. Nanofibers have a higher surface area-to-volume

ratio compared to micro- or macro fibers, and they also mimic more closely the native

ECM, which is composed of nanofibrous collagen. Further studies on nanofibers for

tissue regeneration also indicated that they are suitable for drug and growth factor

delivery, because their comparatively high surface area allows for more efficient drug

loading and release (Leung and Ko, 2011). The development of drug-loaded nanofi-

bers can therefore lead to scaffolds that can control biological activities such as fibro-

blastic cell attachment, proliferation, and differentiation, in order to facilitate timelier

ligament or tendon restoration with biomechanically appropriate properties.

One of the earliest results on fibroblast cell interaction with nanofibers was pre-

sented by Ko et al. (1998), who demonstrated the positive effect of increased surface

area on cell attachment and growth via a comparison with microfiber scaffolds. The

difference in cell behavior on nanofibrous and microfibrous scaffolds was further

clarified in the later work by Gandhi et al. (2007) on Bombyx mori silk. The work

by Li et al. (2005b) also showed superior ECM generation from mesenchymal stem

cells (MSCs) and chondrocytes seeded on nanofibrous scaffolds.

5.3.1 Nanofiber fabrication

There are several methods for fabricating nanofibers, such as fiber drawing with

micropipette tips, template synthesis using nanoporous membrane molds, phase sep-

aration using a solvent incompatible with the fiber matrix, molecular self-assembly,
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and electrospinning (Ramakrishna et al., 2005). Although eachmethod has its respective

advantages and drawbacks, electrospinning has been the preferred approach due to its

simplicity, flexibility, and ability to be scaled up. Electrospinning textile fibers was pat-

ented by Formhals in 1934 (Formhals, 1934), but the fabrication of submicron fibers

was not well known until the publication of several pioneering reports by the Reneker

group in the 1990s (Ko et al., 1998; Li and Xia, 2004). Since then, studies of nanofiber

products have exponentially increased, as investigators attempt to create applications

with large surface areas, and these studies have revitalized a range of multidisciplinary

research into filtration, energy, catalysis, medical devices, and more.

The principles of electrospinning were based on earlier work by Rayleigh in 1882,

who was trying to overcome liquid surface tension by using an electrostatic charge

(Katti et al., 2004). Yet, the first application of this finding involved spraying solution

droplets rather than fiber formation, as outlined in the 1902 patent by Cooley and

Morton (Hutmacher and Dalton, 2011). In fiber electrospinning, a high voltage in

the range of 5–30 kV is applied to a syringe containing a polymer solution, and, as

the electrostatic repulsion between the polymer molecules overcomes solution surface

tension, the solution exiting the containment syringe changes from droplet shaped to

cone shaped, eventually forming a fiber jet. As the fiber jet travels toward a grounded

collector, electrostatic repulsion and solvent evaporation reduce the diameter of the jet,

and the corresponding decrease in bending stability causes the jet to undergo significant

bending, resembling a whipping motion, which further reduces the fiber jet diameter

until it reaches the collector. The diameter and surface properties of the resultant nano-

fibers depend heavily on solution parameters such as viscosity, surface tension, and sol-

vent choice, as well as electrospinning parameters such as voltage, solution feed rate,

and spinning distance (Ramakrishna et al., 2005). The theoretical relationships between

solution and electrospinning parameters and the nanofiber morphology have also been

modeled and extensively discussed in the work by Fridrikh et al. (2003), Wan et al.

(2010), and D’Amore et al. (2010). Experimentally, the effects of these parameters

on fiber morphology were shown through the work by Katti et al. (2004), who studied

PLGA electrospun nanofibers and their use in skin regeneration and drug delivery.

The nanofiber structure can also be controlled via solution and exit nozzle modifi-

cations. A schematic diagram of the electrospinning process and examples of nozzle and

collector modification are shown in Figure 5.2. The simplest electrospinning setup, with

a single-phase polymer electrospinning solution, can create uniform, homogeneous

nanofibers. To obtain a nanofiber membrane containing multiple polymer phases,

one can install multiple nozzles each containing a different polymer. Alternatively,

two electrospinning nozzles can be modified into a coaxial setup in which a polymer

solution is spun through the outer nozzle and a different solution is spun through the

inner one, creating a nanofiber with a core-shell structure. Interestingly, in a coaxial

setup, the core solution does not have to be spinnable, because the shear force experi-

enced by the shell solution can extract the core solution out of the nozzle (Jiang et al.,

2006). Core-shell nanofibers are commonly examined for drug release applications,

especially for growth factor delivery that requires a protective shell. The same core-shell

nanofibrous structure can also be achieved by electrospinning an emulsion rather than a

homogeneous solution. In this case, the amount of the core phase must be sufficient to
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form a stable, continuous core (Wei et al., 2011; Yarin, 2011). Alternatively, the amount

of core phase or stabilizer can be changed to produce a composite nanofiber with a ran-

dom distribution of the emulsified phase (Xu et al., 2005).

In addition to nozzle and solution modifications, the fiber collector can be custom-

ized to fabricate nanofibers with different geometries. The ground collector can be of

different shapes as long as it remains grounded, and current studies on electrospinning

have demonstrated nanofiber collection on plates, drums, wire frames (Reneker and

Chun, 1996), detachable tubes (Kuraishi et al., 2009), and more. Although randomly

oriented fiber membranes collected on plate collectors provide a large surface area for

various applications, wire frames and drums spinning at high rotation rates have been

shown to produce highly oriented nanofibers (Li et al., 2007), which are suitable for

cardiac and neural tissue regeneration because they can support cells that have pre-

ferred alignment, and these nanofibers can actually be used in any application that

requires strong directional properties. Fibers collected on the edges of conductive

plates can be removed as a thread, which can be useful on its own or as a precursor

to textile products such as sutures and woven fabric. Detachable tube collectors can

serve as a mold for controlling fiber geometry, leading to tubular constructs that can be

useful for cardiovascular applications, as suggested in the work by Stitzel et al. (2006)

on tubular scaffold as an arterial substitute.

5.3.2 Materials

The flexibility of the electrospinning technique in controlling the size, morphology,

orientation, and structure of the nanofibers is complimented by the wide variety of

materials that can be electrospun. Since the pioneering work of Reneker and Chun

Fibre jet High speed disc

Drum

Flat plate

Uniaxial spinning
uniform fibers

Co-axial / emulsion spinning
core-shell fibers

Emulsion spinning
phase separated fibers

High voltage
power supply

Grounded targets

Syringe with
polymer solution

Figure 5.2 Diagram of electrospinning setup, with examples of solution, nozzle, and collector

modifications.
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(1996), hundreds of different polymers have been electrospun for different applica-

tions. For polymers electrospun for tissue regeneration, however, the basic require-

ments are that the polymer must be biocompatible, and it cannot cause irritation or

allergic responses in patients. When considering materials for ligament and tendon

scaffolds, the tensile behavior of the materials must also be considered, because prop-

erty mismatch is a major reason that primary repair surgeries fail to address patient

needs. Polymers electrospun for tissue applications can be natural, synthetic, or com-

binations of both, with their advantages discussed previously in Section 5.2.3.

Nanofibers of natural polymers, either in the form of proteins or polysaccharides,

have been electrospun in previous studies, and their effectiveness as tissue scaffolds

has been demonstrated. Collagen was one of the first electrospun natural polymers to

be examined for tissue regeneration due to its resemblance to native ECM and the

presence of functional groups for cell interaction, such as the arginine-glycine-

aspartic sequences that enhance cell attachment. The positive effect of collagen

nanofibers on cell growth has been documented in various studies, such as the one

by Li et al. (2005a) that highlighted the superiority of MSC growth on electrospun

protein scaffolds over tissue culture plate controls. In addition to collagen, ECM pro-

teins such as elastin and fibrin have been electrospun into nanofibers in the past. Silk

was also actively studied due to its abundance and extensive use in tissue repair

throughout history. In addition to having demonstrated positive cell adhesion and dif-

ferentiation results, follow-up studies have also showed that the mechanical properties

of silk nanofibers can be controlled via postelectrospinning treatments (Gandhi et al.,

2009b). Polysaccharides, on the other hand, have been electrospun either individually

or cospun with ECM proteins for structural and functional purposes. For example,

alginate (Bhattarai and Zhang, 2007; Bhattarai et al., 2006), chitosan (Bhattarai

et al., 2005), and GAG components such as hyaluronic acid (Ji et al., 2006; Li

et al., 2006) have been electrospun as robust fibrous scaffolds, with possibilities

for customizing mechanical properties through ionic or covalent crosslinking. Chito-

san and hyaluronic acid have also been cospun with collagen as reinforcements. Inter-

estingly, the work by Hsu et al. (2010) suggests that, when hyaluronic acid was

combined with collagen, the production of matrix metalloproteinase inhibitors was

reduced relative to the proteinase, which may facilitate tissue generation with reduced

scarring, an important factor in determining the mechanical properties of regenerated

ligament tissue or whether tendon-sheath adhesion would occur. Other GAG polysac-

charides, such as chondroitin sulfate, have been added to electrospinning solutions for

further enhancing cell proliferation (Zhong et al., 2007).

Although the biological properties of natural polymers continue to fuel interest in

electrospinning them for tissue scaffolds, much effort has also been directed toward

the use of synthetic polymer nanofibers due to their often superior and customizable

mechanical properties. The ability to tailor the tensile behavior of nanofiber scaffolds

is especially important for tendon and ligament applications due to their function in

transmitting loads, as well as recent evidence suggesting improved organization of

regenerated tendon tissues under tensile strain. Desirable tendon and ligament scaf-

folds constructed from synthetics are also biodegradable, with degradation rates sim-

ilar to tissue formation rates. Common biodegradable polymers for electrospinning
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include polyvinyl alcohol (PVA), polyurethane (PU), polycaprolactone (PCL), poly-

DL-lactic and poly-L-lactic acid (PLLA or PDLLA), polyglycolic acid (PGA), and a

copolymer of the two previous substances (PLGA). Given that these synthetic poly-

mers are applied in vivo as tendon or ligament scaffolds, their behavior in degradation

environments must also be considered. Studies have shown that the elastic modulus

and tensile strength of synthetic polymer nanofibers can be reduced up to 90% in aque-

ous environment (Beachley and Wen, 2009), Li et al. (2010) also showed that, under

a tensile load, PLGA nanofibrous scaffolds experience a faster degradation than load-

free scaffolds do, as indicated by a quick drop in their tensile modulus.

5.4 Tailored nanofiber scaffolds for tendon
and ligament regeneration

The challenges faced by previous generations of reconstruction approaches were

largely related to their inability to impart specific mechanical or biological properties.

Therefore, the flexibility of fabrication techniques and material choices becomes

highly important when designing tendon and ligament scaffolds. In addition, advance-

ments in electrospinning and post-spinning processing techniques in the last decade

can also be utilized to create highly customized nanofiber scaffolds.

5.4.1 Mechanical properties

Primary repair surgeries were not able to restore mobility because the resulting scar

tissues had significantly different tensile behavior than the surrounding native tissues

did, whereas many synthetic prostheses caused stress-shielding that led to disorga-

nized tissue growth. Earlier tissue scaffolds were also unable to adequately address

these challenges because they could not maintain structural integrity before new tissue

formation. As a result, nanofiber integrity became one of the major focuses of liga-

ment scaffold research.

Tensile behavior, such as ultimate strength, elastic modulus, and maximum elon-

gation, as well as the degradation behavior of these properties, largely depends on the

material choice of the nanofiber matrix. Synthetic polymers, such as PCL and PLGA,

are often used to fabricate nanofibers that are stronger, more extensible, and less stiff

compared to those fabricated from natural polymers, especially proteins such as col-

lagen. The tensile stress–strain relationships for several common biocompatible poly-

mers for medical nanofibers have been discussed in Leung et al. (2011). In ligament

and tendon scaffolds, however, the need for bearing loads prior to new tissue gener-

ation poses an added challenge; the nanofibers must not only remain sufficiently

strong over a fixed time, but they must also mechanically behave like the tissue that

they temporarily replace. Tendons and ligaments have nonlinear elastic tensile behav-

ior (Louie et al., 1998; Silver et al., 1991), as shown in Figure 5.3. Under low defor-

mations, deformation is contributed by the uncrimping of collagen fibrils, resulting in

a toe region of the stress–strain curve with relatively low slopes. As the deformation
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increases, collagen fibrils begin to elastically and plastically deform, forming two

other regimes in the stress–strain behavior up until the failure of the tissue. It is impor-

tant to mimic the toe region as well as the elastic region in scaffold design, because it is

unlikely that a patient will stretch his or her muscles or bones to the point of plastic

deformation. There are several methods for mimicking the initial, low modulus

response and the subsequent toe-elastic deformation transition, such as adjusting solu-

tion conductivity to fabricate nanofibers with coiled morphology, and coelectrospin-

ning a nanofiber construct containing multiple polymers with different elastic moduli.

Recently, Surrao et al. (2012) produced crimped PLA nanofibers with wavelengths of

approximately 50 mm by soaking an electrospun membrane in a phosphate-buffered

saline solution heated to above the PLA glass transition temperature. Although Surrao

et al. were able to mimic the toe region of the stress–strain curve, the behavior was not

sustainable upon repeated loading, indicating the need for improving consistency. In

another example, Ladd et al. (2011) fabricated a scaffold containing a PLLA/collagen

blend on one end and a PCL/collagen blend on the other to mimic the muscle-tendon

junction. Because PLLA and PCL have different tensile strengths and stiffnesses, the

composite design by Ladd et al. effectively displayed a gradient of tensile behavior

from the stiffer PLLA end to the more compliant PCL end, with an intermediate region

at the center containing both PLLA and PCL.

Despite showing potential in obtaining tailored nonlinear tensile behavior, these

studies highlighted a major challenge in nanofiber scaffold design. The scaffold pro-

posed by Surrao et al. (2012) was only able to achieve ultimate tensile loads in the

range of 1–1.5 N, which corresponded to a strength of approximately 1 MPa, whereas

the one demonstrated by Ladd et al. (2011) failed at under 1 MPa, with the failure
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Figure 5.3 Nonlinear tensile behavior of native tendon/ligament.
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starting at the PCL end, which had lower tensile strength. In comparison, earlier stud-

ies indicated that human ACL has a tensile strength in the range of 13–38 MPa (Silver

et al., 1991). The elastic modulus of the human ACL is in the range of 65–111 MPa

(Silver et al., 1991), with the wide range likely resulting from nonlinear stress–strain

behavior. Assuming that the toe region extends to 8% strain, it can be approximated

that, at the upper end of the toe region, the ACL can withstand a tensile stress of around

5 MPa. It is therefore clear that nanofiber integrity must be improved for effective

clinical use. Researchers have extensively explored the possible techniques for

enhancing the tensile strength of nanofibers, and their discoveries have led to different

strengthening methods, including fiber alignment, annealing, crystallization bath, and

particle reinforcement. The simplest method for enhancing tensile strength is to align

nanofibers in the direction of loading. Alternatively, nanofibers can be aligned differ-

ently in a controlledmanner to produce gradient tensile behavior, such as diagonally to

the direction of loading, leading to an initial low-modulus stage in which fibers realign

themselves to the direction of loading, followed by elastic deformation. Heat treat-

ment approaches such as annealing under loads have also been reported to increase

the tensile strength and stiffness of nanofibers, by enhancing polymer crystallinity

or encouraging physical crosslinking (Gandhi et al., 2009b; Tan and Lim, 2006).

For protein-based nanofibers, polymer crystallization can also be induced through

soaking in a solvent bath, as described by the work of Gandhi et al. (2009b) on silk

nanofibers. By soaking silk nanofibers in methanol, Gandhi et al. showed that the crys-

tallinity of the silk increased, leading to a threefold enhancement of tensile strength,

from 6.2 to 18.5 MPa, while the same methanol treatment performed under 10%

prestretching led to a further increase in tensile strength to 22.2 MPa. Moreover,

by reinforcing nanofibers with nanoparticle fillers, tensile strength can be increased

to an even greater degree, as shown by Gandhi et al. (2009b), who produced an addi-

tional twofold increase in tensile strength to 44.5 MPa by adding 1 wt% single-walled

carbon nanotubes. Furthermore, recent studies have shown that, although pristine

carbon nanotubes may pose health hazards, those functionalized with proteins or car-

boxyl groups have shown no adverse effects thus far (Bianco et al., 2005), indicating

the potential for their use in medical products.

5.4.2 Degradation properties

Although much attention has been rightfully focusing onmimicking the nonlinear ten-

sile behavior of tendon and ligament tissues, it is equally important to ensure that the

load-bearing function of the scaffold does not deteriorate before new tissue is formed.

From a material standpoint, it is difficult to design a scaffold that can maintain con-

stant tensile behavior in an aqueous environment for a precise length of time, before

undergoing degradation to avoid surgical removal. The physiological load that has to

be carried by a tendon or ligament scaffold poses an additional design challenge. In

order to support tendon and ligament growth and temporarily replacing their func-

tions, the nanofiber scaffold should degrade in a predictable and controllable manner,

such that there is sufficient time for fibroblasts to populate the scaffold and produce
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new, vascularized tissues, while not interfering with the remodeling stage that begins

later in the healing process.

The degradation properties of nanofibers are mostly determined by the material

choice, with natural polymers without any modifications known to degrade rapidly,

while synthetic polymers have degradation rates that depend on their hydrophobicity.

Although nanofibers composed of polymers with more alcohol end groups, such as

PVA, can dissolve immediately in water, other hydrophilic polymers, such as

PGA, can remain intact for longer. Hydrophobic polymers, such as PLA and PCL,

can remain intact for up to several months in the body, but marginally swellable poly-

mers, such as polycaprolactone ethyl ethylene phosphate (PCLEEP), can remain in the

body for years (Chew et al., 2005). One of the common methods for controlling nano-

fiber degradation time is to use a copolymer such as PLGA. By combining lactic acid

(LA) and glycolic acid (GA) at different ratios, researchers have caused nanofibers to

maintain their mechanical properties for varying lengths of time. For example, in

the work by Surrao et al. (2012), the PLGA nanofibers, containing 85 wt% LA and

15 wt% GA, were able to maintain their tensile strength and modulus for 3 months.

Much like tensile behavior, further fine tuning of degradation properties is possible

through postelectrospinning modifications, which are especially useful for protein-

based polymers that have desired biological responses but can dissolve immediately

in aqueous environments. Natural polymers are often modified via crosslinking treat-

ments, which stabilize the polymer molecules against the aqueous environment by

forming hydrogen, ionic, or covalent bonds between one another. Figure 5.4 shows

the effect of ionic and covalent crosslinking on alginate and nanofiber degradation.
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Figure 5.4 Nanofiber degradation profiles for alginate and PVA nanofibers, showing the effect

of physical crosslinking via heat treatment at 140 °C, and chemical treatment in ionic and

covalent crosslinking baths.
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In several nanofiber studies involving collagen or collagen composites, crosslinking

with glutaraldehyde was shown to promote nanofiber stability in PBS solutions, as

well as in vivo during animal studies. Moreover, once carefully washed to remove

excess glutaraldehyde, fibroblast cells seem to remain viable on glutaraldehyde cross-

linked scaffolds (Lee et al., 2007). Ionic crosslinking has also been shown to enhance

the integrity of sodium alginate nanofibers in water, via exchanging the monovalent

sodium ions at the carboxyl ends of the guluronate group with divalent calcium ions

(Bhattarai et al., 2006). However, once a scaffold is placed in the PBS solution, reverse

ion-exchange with sodium causes quicker alginate nanofiber degradation, allowing

alginate-based scaffolds to maintain intact only for several days. For synthetic nano-

fibers, glutaraldehyde can also be used to form covalent bonds, leading to permanent

crosslinking. Yet, in many studies, nanofibers from synthetic polymers were modified

by physical crosslinks via heat- or solvent-induced polymer chain entanglement, such

as the methanol treatment for silk nanofibers outlined in the work by Gandhi et al.

(2009b). In another example, PVA nanofibers can also be heated to 80–150 °C for

improved integrity in water and PBS solutions, as shown in our work summarized

in Figure 5.4.

Although crosslinking can and is often performed to enhance nanofiber longevity

in an aqueous environment, the technique can also change nanofiber mechanical prop-

erties. In many cases, crosslinked nanofibers have a higher stiffness and lower exten-

sity than they did before crosslinking, due to tighter interlocking between polymer

molecules and the formation of fiber welds at their junctions. However, in several

studies on collagen nanofibers, crosslinking with glutaraldehyde was shown to

increase the maximum elongation of the nanofibers, which is likely due to the coiled

structure of the collagen (Zhong et al., 2006). In this case, covalent bonds were formed

between the coils from different strands of collagen fibrils without destroying the

overall structure, such that under tension, collagen coils could still unwind them-

selves, while the covalent bonds formed between the fibrils ensured that the bundle

of collagen remained intact, therefore preventing disintegration. The effect of cross-

linking on coiled collagen fibrils has significant implications for ligament scaffold

design. In addition to prolonging collagen nanofiber longevity in vivo, it may also

be able to address the lack of stability in artificially crimped or coiled nanofibers such

as those highlighted by Surrao et al. (2012), leading to structures that can mimic the

nonlinear deformation behavior while remaining consistent after repeated loading.

5.4.3 Biological response

A robust scaffold with appropriate degradation properties forms the basis for support-

ing ligament or tendon growth, but it is also necessary to mediate the ECM regener-

ation process for restoring full tissue functions, because excessive scarring or

insufficient tissue ingrowth has repeatedly caused earlier reconstruction approaches

to fail. Many studies have investigated the incorporation of drugs and signaling mol-

ecules such as growth factors to facilitate cell activities and subsequent collagen depo-

sition in different forms of scaffolds, and the recent attention on nanofibers has

prompted researchers to combine their knowledge on drug and growth factor delivery
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with this new material. Antibiotics are one of the most common types of drugs studied

in connection with nanofiber-based soft tissue scaffolds, with common examples

being Cefazolin (Katti et al., 2004), Rifampin (Zong et al., 2002), and fusidic acid

(Said et al., 2011) in PLA- or PLGA-based nanofibers. Although targeting the inflam-

mation stages early in the regeneration process, antibiotic-loaded scaffolds tend to be

quick releasing. In addition to preventing prolonged inflammation and infection,

antibiotic-loaded scaffolds might also prevent abdominal adhesion (B€olgen et al.,

2007). In their scaffold design, B€olgen et al. (2007) showed that a layer of electrospun
PCL could act as a physical barrier against postsurgical tissue adhesion, and when the

layer is loaded with the antibiotic Biteral, the scaffold further reduced adhesion in an

animal model, likely by reducing the bacteria that could change the balance between

fiber deposition and resorption. Although designs such as the Biteral-loaded scaffold

are currently limited to preventing abdominal adhesion, they nonetheless have impli-

cations for future tendon repair, because scar-induced adhesion with the protecting

sheath is one of the reasons that primary tendon repair failed. In addition to antibiotics,

growth factors are also useful for facilitating ligament or tendon reconstruction, as

identified in previous studies involving different forms of tissue scaffolds. The effects

of several growth factors, including transforming growth factor b1 (TGF-b1), platelet-
derived growth factor (PDGF), epithelial growth factor (EGF), and fibroblast growth

factor (FGF-2), on ACL fibroblast activities have been extensively documented in the

work by Murray et al. (2003) on collagen-GAG-lyophilized scaffolds. By seeding

ACL cells from human explants on the growth factor-loaded scaffolds, Murray

et al. showed that TGF-b1 was able to increase cell proliferation on the scaffold,

as well as the collagen production rate and smooth muscle actin expression, while

PDGF and FGF-2 showed increased proliferation and collagen synthesis rates, and

EGF showed no significant effect. The positive results of TGF-b1 incorporation

for encouraging tissue growth were also confirmed in subsequent work on nanofiber

scaffolds, which indicated significant increases in cell proliferation and ECM depo-

sition rates (Hromadka et al., 2008). In electrospinning, growth factors and proteins

can be incorporated into nanofiber matrix through direct blending, covalent binding,

emulsion, and coaxial electrospinning (Ji et al., 2011). Moreover, growth factors can

also be encapsulated in nanoparticles to ensure a sustainable effect. For example, Liu

and Ma (2010) showed that loading FGF into dextran nanoparticles before their incor-

poration into a PLA electrospinning solution improved cell proliferation and tendon

healing as compared to the healing produced by blending FGF directly into a PLA

matrix. Despite the positive initial results, Hromadka et al. (2008) also pointed out

in their review that TGF-b1 may lead to hypertrophic scarring unless eliminated early,

as might be accomplished by using TGF-b inhibitors such as fibromodulin. In addition

to inhibiting the overproduction of collagen, a PLGA microsphere system containing

an antifibrogenic factor, stratifin, might also reduce hypertrophic scarring on skin

(Rahmani-Neishaboor et al., 2012). Stratifin acts to increase the expression of matrix

metalloproteinase (MMP) in fibroblast cells, which breaks down ECM and thereby

eliminates excess collagen. Such scar prevention mechanisms will also be significant

for mitigating a major concern in ligament/tendon reconstruction, the mechanical

property differences between scar and native tissue.
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Given the intricate nature of the tissue regeneration process, precise control of ther-

apeutic release rates is important, because specific therapeutic effects may be bene-

ficial for one stage but detrimental in the next. Among the examples mentioned earlier

in this section, antibiotics may be useful at the inflammation stage, but they may inter-

fere with fibroblast growth in the proliferation stage, whereas growth factors may help

proliferation and ECM deposition but may cause scarring due to excessive collagen

production. As a result, in the last decade, strategies have been formulated to control

release rate of therapeutics from nanofibers in order to optimize tissue regeneration.

The choice of a nanofiber matrix plays a significant role in determining the release

mechanisms, depending on their degradation behavior and affinity with the therapeu-

tics. For example, hydrophilic compounds such as proteins and growth factors tend to

concentrate on the nanofibers’ surfaces when electrospun with hydrophobic matrices,

leading to the desorption-driven release of the compound once the nanofibers are

exposed to aqueous environments (Gandhi et al., 2009a). Further modifications to

the release rate in a desorption-driven release system can be accomplished by chang-

ing the surface area available on the fiber membrane, as quantified by Srikar et al.

(2008), who derived a semiempirical equation, shown in Equation (5.1), relating frac-

tional releaseMt/Md0 (in whichMt is the mass of drugs released at time t andMd0 is the

initial mass of drugs) to a porosity factor a, and characteristic time tr that depends on
porosity size and the effective diffusion coefficient (Gandhi et al., 2009a). Desorption-

driven release systems are usually quick and therefore may be useful in targeting the

early stages of the tissue reconstruction process. In other cases, the therapeutic com-

pounds are more compatible with the matrix in solution and are distributed within the

nanofibers upon electrospinning, leading to release dominated by Fickian diffusion,

with the rate dependent on fiber morphology. If the matrix degradation is much slower

than the drug release, diffusion-driven release is most commonly described by the

Higuchi model, as shown in Equation (5.2), in whichM1 is the mass released at infi-

nite time and KH is a constant determined empirically (Siepmann and Peppas, 2011).

However, when the matrix is biodegradable, as in PLGA and PVA scaffolds, polymer

degradation often plays a significant role in the drug release in addition to release due

to diffusion. Such mixed release mechanisms are often described by the Korsmeyer–

Peppas model, shown in Equation (5.3), in which Km is another empirical constant and

n is the diffusion exponent, with a values of approximately 0.45 indicating Fickian

diffusion-driven release from cylindrical geometries, values between 0.45 and 0.89

indicating combined contributions to release by diffusion and polymer erosion, and

a value of 0.89 indicating zero-order release (Siepmann and Peppas, 2001). To adjust

the extent of diffusion- and erosion-controlled release, the matrix choice can be

adjusted, as can be accomplished by using a different GA-to-LA ratio for a PLGA

matrix. In addition, with less mobile compounds involving larger particles, release

can be driven solely by polymer degradation, which can be described by the

Hixson–Crowell model, as shown in Equation (5.4), with M0 representing initial

amount of drug and KHC being an empirical constant (Shoaib et al., 2006). Further

modification to drug release behavior can also be carried out through a multilayer

approach, by combining drug-loaded layers with barrier and sacrificial layers. In

one example, Okuda et al. (2010) demonstrated the incorporation of two different dyes
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into a four-layered nanofiber structure, in which one dye released immediately after

incubation, whereas the other dye experienced a delayed release due to the barrier

layer (Okuda et al., 2010).
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One of the challenges in tendon and ligament construction is ensuring the formation of

organized tissue in the scaffold, which earlier synthetic prostheses failed to do.

Although drug and growth factor delivery can help enhance cell response on the scaf-

fold, the tissue that cells deposit must ultimately be similar to native tissues, which are

fiber bundles mainly composed of aligned collagen fibrils. Given that the nanofiber

scaffold serves as a platform for cell adhesion and subsequent collagen deposition,

its organization has significant effects on tissue alignment. Li et al. (2007) reported

that, when using aligned PCL nanofibers as a scaffold, the cell deposition of meniscal

fibroblasts and human mesenchymal stem cells (hMSCs) corresponded to the fiber

orientation, with the actin filaments in the hMSC organized along the aligned fibers.

In addition, Li et al. also reported superior directional properties for the scaffold,

which may open opportunities in mimicking the mechanical properties of organized

structures such as tendons and ligaments. In another study, Lee et al. (2005) reported

an aligned polyurethane nanofiber scaffold and showed that ligament fibroblasts form

a spindle shape orienting along the fibers. Compared to randomly aligned nanofibers,

the ligament fibroblasts produced significantly more collagen. Moreover, when the

scaffold was subjected to uniaxial tensile strain along the fiber direction, collagen

production by the ligament fibroblast further increased. With the directional sensitiv-

ity of ligament fibroblasts demonstrated by Lee et al. on aligned nanofiber scaffolds,

it is possible that the new tissue can undergo more optimal organization in the

remodeling stage.

5.5 Nanofiber assembly into three-dimensional
tendon or ligament scaffolds

In the previous sections, we introduce nanofiber scaffolds and discuss strategies for

controlling their mechanical and biological properties, as well as their potential

impact on tendon/ligament regeneration. However, thus far, the discussion has been

108 Biomedical Textiles for Orthopaedic and Surgical Applications



limited to nanofibers electrospun into a membrane, which can only serve as proof-of-

concept models for various functional and therapeutic modifications. To develop

nanofiber scaffolds that can be applied in ligament and tendon reconstruction, it is

necessary to also examine strategies for forming nanofibers into appropriate three-

dimensional (3D) constructs, because planar fiber membranes cannot be applied

directly as temporary tissue replacements. In addition, given that tendon and liga-

ments have at least one end attached to bones, scaffold fixation must be carefully

designed, and this has remained a major challenge in implant design since the early

days of synthetic prostheses.

Being highly connective, nanofibers can be formed into various hierarchical struc-

tures, using common textile techniques such as those summarized in the work by

Ko (1997). For example, knitted microfiber scaffolds have been commonly used

for ligament scaffolds due to their high porosity for cell infiltration and tissue

ingrowth. Ge et al. (2005) demonstrated PLA- and PLGA-based knitted scaffolds that

remained structurally intact in in vitro degradation environments, with a relatively

small reduction in tensile strength from 60 to 40 MPa after 20 weeks, while the max-

imum elongation remained the same. Despite these attractive structural properties, the

lower fiber density in the constructs meant that earlier knitted scaffolds required soak-

ing in gel before application to allow cell infiltration, which was not desirable for sit-

uations such as ACL injury, because the gel-fiber composite may separate easily in the

joint. To address the gel-fiber disadvantage, Sahoo et al. (2006) fabricated a nanofi-

ber–microfiber composite in which a PLGA microfiber knitted backbone was sup-

ported by PLGA electrospun nanofibers on all surfaces and between loops. In this

design the nanofibers served the function of the gel, supporting cell infiltration, while

providing a much larger surface area for cells. In a comparison with the knitted

microfiber-gel system, Sahoo et al. showed that both bone marrow stromal cell pro-

liferation and ECM expression were higher in the nanofiber–microfiber composite

scaffold, highlighting a potential application of nanofibers into existing implants. Build-

ing on their earlier work, Sahoo et al. (2010) later presented a similar scaffold in which

the PLGA nanofibers were loaded with FGF, which showed tenogenic effects and fur-

ther simulation of MSC differentiation under mechanical loading. In addition, it is also

possible to construct the backbone of knitted scaffolds using nanofibers, by collecting

them as a yarn using a disc collector setup or by attenuating and orienting nanofibers

collected on a drum (Ko et al., 2003).

The establishment of a 3D construct provides a basis for an effective tendon and

ligament scaffold, but strategies for their fixation must also be considered because

insufficient fixation will cause improper load transfer that can, in turn, lead to recon-

struction failure or further injuries. Taking an approach that differed from the knitted

scaffold method mentioned previously, Cooper et al. (2005) adopted a braided scaf-

fold design, also using PLGAmicrofiber as the matrix. Braided scaffolds were usually

considered porous and could therefore reduce cell infiltration compared to knitted

scaffolds, but the scaffold presented by Cooper et al. addressed this concern by design-

ing a loosely braided intra-articular zone between two densely braided ends known as

bony attachment zones. The intra-articular zone, while maintaining a braided struc-

ture, has a porosity of approximately 59% with average pore diameters of 212 mm
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(Cooper et al., 2005), which is more porous than the knitted scaffold presented by Ge

et al. (2005), which displayed 44% porosity and average pore diameters in the range of

180 mm. In addition to fiber densities, fiber orientations of the intra-articular zone and

bony attachment zones are different, with the bony attachment zones having higher

angles of orientation and a more-crisscrossed fiber structure to promote bone integra-

tion, while the intra-articular zone has more fibers oriented along the direction of load-

ing to enhance stress-bearing ability. With a loosely braided structure in the articular

zone, the braided scaffold could also mimic the nonlinear tensile behavior observed in

native tissues, with the toe region contributed by the straightening of the loose fiber

structure, much like the uncoiling of collagen fibrils in the native tissue. Although the

current braided scaffold design is limited to microfibers, it is possible to transfer this

technique to nanofibers as well, starting with the yarn collection technique mentioned

previously. In fact, researchers have recently begun investigating strategies for con-

sistently producing nanofiber yarns (Ali et al., 2012), and they are exploring simple

braided constructs using nanofiber yarns for sutures (Hu et al., 2010) and ligament

scaffold applications (Barber et al., 2011). Figure 5.5 shows an example of a braided

thread composed of six silk nanofiber yarns fabricated in our recent work. Using a

similar technique, Barber et al. (2011) presented a braided PLA nanofiber scaffold

for tendon and ligament reconstruction, which was able to support hMSC prolifera-

tion, and, when cultured with growth factors under tensile strain, hMSC differentiation

into tenogenic lineage was observed.

In addition to supporting fixation by fiber alignment, surface modification can be

used to enhance bone ingrowth. A possible solution is to take the sintered titanium

plugs at the ends of Hunter tendon prostheses as examples, incorporating similar

structures in the scaffold. This can be accomplished by co-electrospinning the

scaffold matrix with titanium dioxide, which has been demonstrated in recent work

Figure 5.5 Nanofiber thread fabricated by three-dimensional braiding.
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(Kim et al., 2010; Wang et al., 2012). Titanium dioxide can be purchased as a nano-

powder with particle sizes below 100 nm, or it can be synthesized into nanoparticles or

nanotubes using precursors such as titanium isopropoxide (Wang et al., 2012). Inter-

estingly, titanium nanotubes have also been identified as a carrier for antimicrobial

agents (Ma et al., 2012), opening additional opportunities for processing drug-loaded

nanofiber ligament and tendon scaffolds. Minerals such as hydroxyapatite and dical-

cium phosphate anhydrate (DCPA) have also been investigated in nanofiber scaffolds

to induce osteoblast activities and bone ingrowth, due to their similarity to the apatite in

human bone (Chae et al., 2013; Cui et al., 2010). Although improved bone regeneration

has been demonstrated in studies that involved incorporating hydroxyapatite particles

into nanofiber matrices, it has also been shown that hydroxyapatite and DCPA can be

mineralized in nanofiber matrices postelectrospinning. For example, nanofiber matri-

ces can be electrospun with sodium phosphate, with mineralization initialized upon

submersing the resultant nanofiber into a calcium solution at an appropriate pH

(Chae et al., 2013). The ability to mineralize bone-like crystals postelectrospinning

has significant implications for tendon and ligament scaffolds. Although the crystals

are more useful for bone fixation and less for soft tissue growth, it is possible to sub-

merse only one or both ends of a nanofiber scaffold into a calcium bath, leading to

hydroxyapatite mineralized in the specific areas required to create a fixation zone.

5.6 Conclusion

More effective and timelier recovery from tendon and ligament injuries could have a

profound impact on socioeconomic costs, as well as the wellbeing of different mem-

bers of our society, including seniors regaining the mobility required to take care of

themselves, athletes reengaging in their activities, and the general public returning

to the work force. Having unsuccessfully explored different methods for enabling this

recovery, such as primary repair and synthetic prostheses, autografting remained the

preferred technique for tissue reconstruction, even though donor site morbidity con-

tinued to plague patients and caregivers. Tissue engineering scaffolds were introduced

as potential alternatives to autografts, but shortcomings still existed, because scaffolds

with both sufficient bioactivity and structural properties proved difficult to fabricate.

Electrospun nanofibers were therefore proposed as a new form of scaffold with the

potential to address the current shortcomings, given their large surface area, resem-

blance to native ECM, and ability to be manufactured into 3D hierarchical structures.

Using the electrospinning technique, nanofibers can be fabricated into different

morphologies, orientations, and internal structures, using a wide range of biocompat-

ible polymers with different intrinsic mechanical and biological behavior. In addition,

nanofiber properties can be further tailored through their specific organization in a

construct or postelectrospinning treatments such as prestretching and crosslinking.

To induce tissue production with appropriate organization, drugs and growth factors

can be incorporated into nanofibers, and their release behavior can be optimized to

focus on specific responses. Moreover, recent discoveries have also shed light on
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potential methods for minimizing scarring in the tissue regeneration process, which

remains an unsolved challenge for prostheses and primary repair strategies, both in

terms of tissue adhesion and mechanical properties. Although electrospinning tech-

nology enables the creation of highly customized tissue scaffolds that can support ten-

don and ligament cell activities and tissue generation, advanced composite fabrication

techniques are necessary to build appropriate constructs that can fully utilize the

mechanical and biological functions built into the constituent nanofibers. At the con-

struct level, it is necessary to ensure that the structure can be fixated into bones and

that all constituents will remain within the structure when exposed to physiological

loads. This is different from the fiber level in which the design parameters are based

on biological response, degradation, and fiber mechanical properties.

In order to translate the strong potential of nanofibers into clinical use for tendon

and ligament reconstruction, several additional requirements must be fulfilled. First,

although there were limited demonstrations in animal models, most experiments con-

ducted were in vitro. The resultant mechanical and biological behavior observed may

therefore serve as a guideline for design, but they cannot be completely relied on. For

example, the degradation behavior of a PLGA-based scaffold may be different in vivo
from that observed in PBS solutions. Other important questions include whether

aligned nanofibers, which are important for organized ECM production and direc-

tional mechanical properties, will remain aligned in vivo and under alternating loads,

as well as how well 3D nanofiber constructs can maintain their geometry in locations

such as a knee joint. Addressing such questions requires more focus on translational

studies that may expedite readiness for clinical trials. In addition, there is a lack of

more comprehensive studies that combine multiple aspects of scaffold development.

For example, it would be desirable to demonstrate a 3D nanofiber braided scaffold that

can be fixated to bones and facilitate antibiotic and growth factor release, with an

appropriate degradation rate and ligament-like nonlinear tensile behavior. Although

each aspect has been individually demonstrated in separate studies, the viability of

these desirable properties combined in a single product remains an open question.

Addressing such an open question will bring the technology closer to clinical readi-

ness, but it will also call for increased collaboration between a wide range of special-

izations, including experts in pharmaceuticals, materials, mechanical devices, and

textiles. Through such collaborations, design goals and fabrication can be collectively

formulated while considering the intricate set of objectives for an effective, safe, and

market-ready soft-tissue scaffold.
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6Absorbable, drug-loaded,

extruded fiber for implantation

Kevin D. Nelson
TissueGen, Inc., Dallas, TX, USA

6.1 Introduction

Tissue engineering and regenerative medicine based on three-dimensional scaffolds

that have the ability to induce selected cell growth may be the next breakthrough

in medicine. It’s not just enough to arrest the progress of disease or to stop degradation

from injury; the goal is to actually restore function. It appears that this restoration may

be possible in some cases based on the data and concepts presented in this chapter.

Solution extrusion that can take place at room or body temperature can incorporate

growth factors and other biologically significant molecules with a high degree of

retained biological activity. These loaded fibers can be formed into scaffolds. The

scaffolds can then be implanted directly into the body, or they can be seeded with cells

outside the body first and later implanted. In both cases, by virtue of the biological

molecules that are released from these fibers, signals can be sent to the cells, directing

specific cell types to grow in one direction and another cell type to grow in a different

direction. This signaling and directing of cellular growth within the scaffolding can be

used to create functional, three-dimensional, physiologically significant structures

that can restore function that was lost due to injury or disease.

6.1.1 Definition of drugs

In this chapter, we use the terms “drug” and “active agent” to mean any molecule, or in

some cases collections of molecules, whose intent is to be physiologically active in

locally altering how the body functions. The effect may be to induce the body to

do something positive, such as direct specific cells to do a beneficial task, or it

may be to block the body from doing something potentially harmful, such as prevent-

ing adhesions or reducing scarring. The drug or therapeutic agent may be a small phar-

maceutical molecule, or it may be a much larger biologically derived molecule such as

a peptide, protein, carbohydrate, oligonucleotide, RNA, or DNA. Biologically derived

therapeutic agents are typically encapsulated within an emulsion or by excipient

molecules that protect the active agents during extrusion, sterilization, and storage.

6.1.2 Range of release rates

Biodegradable, drug-loaded fibers release their drug over periods of time ranging

from days to months. The rate at which the drugs are released depends on many fac-

tors, including the drug distribution profile within the cross section of the fiber, the
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chemical or physical attraction between the drug and the fiber, the size of the drug, the

type and degradation rate of the polymer, the porosity of the polymer, the presence and

properties of excipients used in the fiber, the hydrophobic/hydrophilic balance of the

drug and the polymer, and the geometry of the fiber, to name a few. These properties

are discussed later in this chapter.

6.1.3 Chapter overview

In this chapter, we briefly discuss the typical polymers that are used and the different

means whereby they can be extruded to create medically significant textiles. We also

discuss how drugs are incorporated and released, the mathematical models used to

simulate the release, and finally, some of the current and potential future uses for these

structures.

Absorbable, drug-loaded fibers have significant potential in many areas of medi-

cine. There are numerous clinical areas where absorbable fibers are currently used and

many others that appear to be likely candidates. Most of these applications could the-

oretically benefit from the addition of some type of local drug release. This chapter

introduces the reader to methods for fabricating fibers and controlling the release

kinetics, and it introduces areas where drug-loaded, biodegradable fibers may provide

the greatest advances over current treatment options.

6.2 Materials and fabrication techniques

There are many types of polymers that can be used to form fibers of sufficient quality

for medical device implantation (Nair and Laurencin, 2005). This chapter limits itself

to biodegradable polymers. This is not because permanent polymers do not play a crit-

ical role in medical textiles; indeed, by volume, they dominate the current market of

implantable textile devices. However, the world of biodegradable polymers deserves

more attention, and for future applications such as tissue engineering and regenerative

medicine, they will likely play a dominant role. Therefore, it is critically important to

introduce this family of polymer fibers. In this light then, whenever a generic term

such as “polymer” is used in this chapter, it refers to a biodegradable polymer. Most

of the time when considering biodegradability, it is appropriate to think about the gen-

eral family of alpha-hydroxyesters such as poly(lactides), poly(p-dioxanone), poly
(glycolic acid), their various copolymers, and blends.

6.2.1 Extrusion techniques

Thermally stable polymers that melt before they degrade are usually melt extruded.

Melt extrusion is the least expensive and simplest form of fiber extrusion. Polymers

that degrade prior to melting must be extruded by solution extrusion. There are many

different types of solution extrusion that are explained in much more detail later in this

chapter.
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6.2.1.1 Melt extrusion material requirements

The melt extrusion process consists of melting the polymer pellets through a combi-

nation of applied heat and friction. This molten polymer is then forced under high

pressure through a small orifice or, more typically, a “shower head” of orifices called

a spinneret. The molten polymer stream flowing out of the spinneret freezes into a

solid fiber at some distance from the spinneret, and it is then typically reheated

and drawn numerous times as the fiber traverses the extrusion line to the final product.

The material requirements for loading a drug into a fiber using melt extrusion are:

l The polymer must melt and withstand high shear stresses without unacceptable degradation

of the polymer’s molecular weight.
l The drug of interest must be able to withstand the melt temperature and high shear stresses

associated with melt extrusion without loss of biological activity.
l The drug must be soluble or at least wettable and dispersible within the polymer melt.

Any drug–polymer combination that meets the above criteria can be used to suc-

cessfully melt-extrude a drug-loaded fiber. The drawback of this technique is that

there are a limited number of pharmaceutical agents and no biologically derived

agents that can withstand the temperature and stress of the melt extrusion process with

retained biological function. Therefore, this process has a limited scope of application.

6.2.1.2 Solution extrusion material requirements

In solution spinning, the polymer is always dissolved in a solvent, which is then

pumped through a spinneret similar to a melt extrusion spinneret. In solution spinning,

the fiber then proceeds down the extrusion line where it is also stretched, but not gen-

erally heated to the temperatures required for a melt-extruded fiber. Therefore, solu-

tion spinning differs from melt spinning in several important ways: (1) the polymer

is dissolved (typically at room temperature) in a solvent as opposed to being melted;

(2) the stretching operations may be at much lower temperatures with wet extrusion

than with melt extrusion; and (3) wet extrusion has additional postprocessing require-

ments to remove residual solvent from the fiber before it is ready for use in medical

fields. The use of solvents at the beginning and the process of removing solvents at the

end make solution spinning a more complicated, generally less environmentally

friendly, and typically much more costly process. However, the benefit of this tech-

nique is that it can be done at or near room temperature, and it can therefore be used to

load even very sensitive biological molecules into the fibers for medical applications,

assuming that the drug can be appropriately protected from solvents, the extrusion

process, sterilization, and degradation during storage. This allows the incorporation

of thermally sensitive drugs, such as biologically derived proteins, including growth

factors, enzymes, and cytokines, as well as mitogenic or chemotactic factors.

Solution-spun fibers can also be loaded with carbohydrates, oligonucleotides, and

even live viruses (Beck et al., 2004; Nelson et al., 2004a,b).
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The material requirements for loading a drug into a fiber using solution spinning are:

l The polymer must be soluble in a solvent at some temperature (usually room temperature).
l The drug of interest must be able to withstand the conditions of the solvent/polymer physio-

chemical environment, such as pH, temperature, and solvent exposure, either by itself or as a

“protected” molecule. The protection can come in the form of excipients, emulsions, nano-

particle or microsphere incorporation, or some other method. The chapter further addresses

this requirement in later sections.
l The solvent must be removable in a way that precipitates the polymer molecules and drug

into a fiber. The way in which the solvent is removed determines the type of solution

spinning:
l If the solvent is removed by exposing the polymer/solvent/drug stream to a coagulating

fluid in which the solvent is miscible, but it is a nonsolvent for the polymer (and pref-

erably the drug), this is called “wet extrusion.”
l If the solvent is removed by evaporation as the polymer/solvent/drug falls through warm

air (or appropriate inert gas), it is called “dry spinning” or sometimes “dry-jet spinning.”
l In cases where the polymer concentration is sufficiently high, a combination of wet and

dry spinning may be used, during which the polymer falls initially through the air and

then into a coagulating bath. This process is known as “gel spinning.”
l If the solvent is removed by evaporation, but the fiber is formed by jetting the liquid poly-

mer through a fine needle, driven by a high electric potential between the tip of the needle

and a grounded baseplate, it is called “electrospinning.”
l There must be a way to remove residual solvent without damaging the drug or polymer fol-

lowing fiber processing, because even small amounts of organic solvents (classically used in

most solution spinning techniques) can cause problems upon implantation. The US Food and

Drug Administration has published tables and calculations for maximum allowable residual

solvent levels in medical devices; see “Guidance for Industry: Q3C Impurities: Residual

Solvents” for guidance on calculating residual solvent exposure.

Any drug–polymer combination that meets the above criteria can be solution-

extruded to create a drug-loaded fiber, assuming that the fiber can be dissolved at suf-

ficiently high concentration and it has a high enough molecular weight to be extruded.

6.2.1.3 Wet spinning

Wet spinning is the oldest and most complicated of the solution spinning techniques;

however, with the complexity comes additional power over the morphology of the

fiber and, hence, the drug elution rate, as shown below. The complication arises from

the many phases and rapidly changing conditions during the course of fiber

fabrication.

The first phase is the polymer solution, which is created by dissolving the polymer

in a solvent or solvent system. The choice of the solvent system impacts drug protec-

tion schemes, solution viscosity, and ultimately fiber properties and drug release rates.

There has been significant research into mixing good and poor solvents (with respect

to dissolving the polymer) to create an “optimal” solvent system (Albrecht et al., 2001;

Tan et al., 2000;Wang et al., 1996) for dissolving the polymer. Themost basic concept

with regard to dissolving the polymer is an understanding of how polymer and solvent
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molecules interact from a thermodynamic perspective in the liquid state. In a “good”

solvent, the polymer–solvent interaction is thermodynamically preferred to the

polymer–polymer interaction. Therefore, the polymer chains tend to straighten out

and limit their interactions with themselves or their neighbors so as to maximize sol-

vent exposure to the polymer chain. A “theta solvent” is one for which the polymer–

polymer interaction is thermodynamically equal to the polymer–solvent interaction.

In this case, the polymer chains tend to adopt a random-walk configuration, not caring

if they touch themselves or a neighbor or a solvent molecule. A “poor solvent” is one

for which the polymer–polymer interaction is thermodynamically favored over the

polymer–solvent interaction. In this case, the polymer chains tend to ball up on them-

selves or potentially aggregate with their neighbors, but by definition, a poor solvent

creates a rather dilute solution, limiting aggregation (Flory 1941; Fried 2003).

The ultimate fiber mechanical properties depend to a large extent on the solution

properties. For example, fibers created from polymer dissolved in a poor solvent tend

to be weak and brittle, as there is negligible chain alignment and little interchain entan-

glement. Fibers spun from theta solvents typically end up with many interchain entan-

glements and tend to make elastic, high-strength fibers. Fibers spun from good

solvents tend to have a high degree of polymer chain alignment, which tends to make

rather ductile fibers (Morris, 2011; Musaev et al., 1983).

The viscosity of the polymer solution changes with respect to the “goodness” of the

solvent system (of course, it primarily varies with polymer concentration and temper-

ature). For a given concentration and temperature, in a poor solvent, the viscosity

tends to be low, increases with a good solvent, and is highest with a theta solvent

for which there is maximum entanglement (Tan et al., 2000). As early as 1940, it

was known that the viscosity of solutions depended strongly on the shape of the poly-

mer (Mehl et al., 1940). The viscosity of the polymer solution controls the rate at

which the polymer solution can be extruded into the coagulating bath and the speed

at which it can be taken up into the first draw station of the extrusion line.

The interaction between the solvent system (including any added nonsolvent) and

the coagulating bath nonsolvent in the case of wet extrusion provides more power over

the morphology of the fiber than other spinning methods, which is what makes it the

preferred spinning method for drug-loaded fibers. Figure 6.1 illustrates the huge

impact that changes in solvent systems can have on the internal morphology of a fiber

made by wet-extrusion techniques. This figure shows the degree of porosity in the wall

of a hollow fiber as a function of changes in the solvent system, while keeping the

coagulating bath nonsolvent constant.

As is obvious, the chemistry taking place between the coagulating bath nonsolvent

and the various choices of solvent systems provides the ability to have pores, channels,

and/or spongy or nonporous structures. Clearly, both the mechanical strength of the

fiber and the rate of drug delivery vary significantly as a function of the porosity

and internal morphology of the fiber.

The choice of a coagulating bath nonsolvent system is also very important. The

requirements for the nonsolvent system in the coagulating bath are that: (1) the non-

solvent system, as the name implies, must be a sufficiently powerful nonsolvent for the

polymer that the polymer molecules precipitate in its presence; (2) the nonsolvent
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system of the coagulating bath must be highly miscible with the solvent system used to

dissolve the polymer; (3) the nonsolvent system of the coagulating bath must not dam-

age the drug; and (4) the component(s) of the coagulating bath nonsolvent systemmust

be removable from the fiber in such a way as to pass residual solvent analysis without

damaging either the drug or the fiber.

The rate at which the nonsolvent system precipitates the polymer molecules plays a

large role in fiber shape and density. There has been a significant amount of research

directed toward changing the coagulation bath environment to affect fiber properties

(Bahrami et al., 2003).

A simple ternary diagram may help the reader understand the chemistry taking

place that causes such different morphologies within the fiber. Figure 6.2 shows a

ternary diagram in which each apex of the equilateral triangle represents a different

component of this triphasic solution: polymer, solvent, and nonsolvent (ignoring the

drug for now). Each apex represents 100% concentration of the appropriate compo-

nent; for example, the apex-labeled polymer at that point in diagram represents 100%

polymer, no solvent, and no nonsolvent. Each exterior line of the triangle represents a

zero concentration value of the component of the apex opposite that line. Therefore,

the points in the diagram represent all possible concentrations (ranging from 0% to

100%) of these three components of the solution. As an illustration of how to use

and think about this diagram, if you start with the pure polymer labeled as point

“A” in the diagram, you are at the polymer apex. Then, a certain amount of solvent

is added to dissolve the polymer, moving your location to point “B.” This moves your

point down the line opposite the nonsolvent apex (because you have not added any yet,

the concentration of this component is zero, and hence, your position is determined

by the percent solvent and percent polymer). Assuming that you now add nonsolvent

to the solvent system or that nonsolvent diffuses in from the coagulating bath, the

100 NMP

a b c d

e f g h

75 NMP/25 DMF 48.8 NMP/51.2 DMF 24.4 NMP/75.6 DMF

20 NMP/80 DMF 15 NMP/85 DMF

30 µm

10 NMP/90 DMF 100 DMF

Figure 6.1 Morphological changes in hollow fiber due to changes in the polymer solvent while

leaving the coagulating bath unchanged.

This is a reprint of Figure 2A from Albrecht et al. (2001).
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trajectory of your composition now moves out into the triangle to point “C” on

the diagram, as now all three components are present. However, it is important to real-

ize that this is not typically homogeneous across the cross section of the fiber, because

solvent diffuses faster from the outside of the fiber than it does in the middle, and

nonsolvent entering from the coagulation bath first encounters the outermost part

of the fiber. Therefore, this ternary diagram is really only valid at any given radius

of the forming fiber and will vary substantially from the outside edge to the middle.

This has important ramifications on the extrusion process. For example, if the outside

edge changes much faster than the inner part of the fiber, a “skin” can be formed on the

surface of the fiber that has nearly no solvent and consists of precipitated polymer

surrounded by a poor solvent. This skin has quite low tensile strength and can lead

to fiber breaks in the bath. Another failure mode of skin formation is the flattening

of the fiber down the extrusion line as the middle of the forming fiber starts to lose

solvent. The significantly stiffer skin will flatten under these conditions, like a

squeezed tube of toothpaste, rather than uniformly shrink. Therefore, when choosing

a solvent or coagulating bath system, the kinetics of fiber formation play a key role in

the choice of solvent and nonsolvent systems. The coagulation needs to be relatively

slow to avoid the problems of skin formation, yet fast enough that the fiber can be

removed from the coagulation bath.

As the fiber moves through the extrusion process, the solvent and nonsolvents are

evaporating, and ultimately through some kind of postprocess, residual solvents are

largely removed and your ternary diagram point has almost arrived back at the begin-

ning point of pure polymer, point “D” in the diagram. If you traced the pathway that

was taken through this process it would obviously be a closed loop, beginning and

ending at pure polymer. The key to understanding morphological changes is in the

intersection of your closed loop with the binodal line shown in Figure 6.2. This line

represents phase separation within this ternary system. Outside of the binodal line, the

Dope

Solvent Nonsolvent

Two-
phase
region

Polymer

A

B
C

Figure 6.2 Ternary diagram

showing an example of a binodal

line separating the single-phase

region from the two-phase region.

This figure shows the pathway

starting with raw polymer at point

“A,” which is then made into the

polymer solution that is to be

extruded by adding solvent,

moving to point “B.” During

the extrusion process, nonsolvent

from the coagulation bath

enters the system, moving to

point “C.” Following extrusion,

residual solvents are removed in

a postprocess, taking us to

point “D.”
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system exists as a single phase; within the binodal line, the system becomes biphasic.

This relatively simple system can be biphasic in two ways: it can have a continuous

polymer-rich phase with a dispersed phase of polymer-poor regions, or it can be a con-

tinuous polymer-poor phase with a dispersed phase of polymer-rich regions. As the

fiber is being extruded and begins to harden, this polymer-rich/polymer-poor phase

separation from the ternary diagram becomes set in the fiber’s internal morphology.

Due to this, wet-extruded fibers often show macrovoids in their cross sections where a

polymer-poor phase has developed. It is clear that these voids impact not only the

release rate of drugs from these fibers, but also their mechanical strength. The fiber

cross sections of Figure 6.3 clearly illustrate this phenomenon. Unfortunately, there

are not yet good predictive models of how to choose an appropriate solvent system

and coagulating bath nonsolvents to get the desired amount of internal porosity.

Our efforts to use Hildebrand coefficients to predict polymer solvent interactions lead-

ing to porosity were unfruitful.

To summarize, choosing the right solvent system for dissolving the polymer:

(1) determines the means by which the drug must be protected; (2) determines the

internal morphology of the fiber and, therefore, governs to a great extent the release

rate from the fiber; (3) plays a significant role in determining the strength of the final

product; and (4) determines to some extent the rate of the extrusion process.

6.2.1.4 Dry/jet spinning

In dry/jet spinning, the polymer is dissolved in a solvent as in wet spinning. However,

rather than extruding into a liquid coagulating bath, the polymer solution falls into a

gas or vapor. Typically, the gas or vapor is heated to help remove the solvent. It is

common to use either an inert gas or the vapor of a nonsolvent to coagulate the fiber,

as may be used in wet extrusion.

Clearly, solvent choice is as important in dry/jet spinning as it is in wet extrusion.

However, in order for dry/jet spinning to work, the polymer solution must be highly

viscous and have very good elongational tenacity, because the spinning dope must

10 µm

Figure 6.3 Cross section

of a hollow fiber showing

macrovoids.

Reprinted from Figure 5 in Xu

et al. (2011).
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support the entire weight of the forming fiber from the time it leaves the spinneret. Not

all polymers are soluble at high enough concentrations, nor do they have sufficiently

high elongational tenacity to be dry/jet extruded. For those cases where dry/jet spin-

ning is possible, it reduces the complexity of the system compared to wet extrusion

because there is no or limited invading nonsolvent.

6.2.1.5 Gel spinning

In gel spinning, the polymer is also dissolved in a solvent, as in wet spinning. How-

ever, rather than being immersed directly into a coagulation bath, the spinneret is some

distance above the coagulation bath. As it free falls through the gap (usually called the

“air gap”) toward the coagulation bath, the polymer solution achieves a few potential

advantages. In the air gap, the fiber accelerates more rapidly than it would if the spin-

neret was immersed. This acceleration helps to align the polymer molecules to

strengthen the fiber. It can also help reduce skin formation because the removal of

solvent in the air drop may be slower than in the coagulation fluid (depending on

the volatility of the solvent and the choice of nonsolvent(s) in the coagulating bath).

These advantages come with an increased level of complexity by adding another var-

iable to an already complicated situation; however, for many polymer systems, an air

gap helps the quality of the fiber.

6.2.1.6 Electrospinning

Electrospinning is quite different from other forms of solution spinning in that the poly-

mer solution is brought to the tip of a needle that is maintained at a very high voltage

potential with respect to a ground plate located some distance from the needle tip. This

electrostatic potential is sufficient to drive the polymer solution from the tip of the nee-

dle to the ground plate. In electrospinning, there are no coagulating baths, no stretching,

and, frequently, no control over exactly where the fiber at any given instant will strike

the ground plate. Electrospinning typically creates a fiber mat rather than a bobbin of

yarn or monofilament fibers, as are produced by the other spinning methods described

previously. By keeping the grounding plate, which can be flat, cylindrical, or any other

shape, in motion, the fiber moves onto the plate. In the case of a cylindrical grounding

plate, a monofilament fiber can be created, and this fiber can experience stretch similar

to the stretch created by the other solution spinning techniques described; however, this

application is not the most common one for electrospinning. For an excellent review

article on drug loading and release from electrospun fibers, see Natu et al. (2011).

Electrospinning has several advantages. There are fewer variables, and the drug

can be loaded into electrospun fibers. Fiber diameter is typically much smaller than

it is in other forms of extrusion. Electrospun fibers are typically measured in nanome-

ters, whereas other extruded fibers are typically measured in microns. Generally

speaking, the other extrusion processes create fibers with a very narrow size distribu-

tion, whereas electrospun fibers classically have a wide tolerance of fiber size within

the fibrous mat. As the electrospun fibers collect on the mat, the pore size between

fibers decreases and can become a well-controlled quality of the formed mat.

Absorbable, drug-loaded, extruded fiber for implantation 127



Electrospinning holds an important place in drug-loaded, tissue-engineering/

regenerative medicine. Its role is usually to provide flat sheets or preformed cylinders,

rather than fiber strands.

6.2.2 Types of fibers

6.2.2.1 Monofilament

The simplest format for extrusion is a single monofilament fiber. As discussed previ-

ously, the internal morphology of the fiber is a function of the extrusion process. The

distribution of drugs across the cross section of the fiber is also a function of the extru-

sion process. In all cases of drug-loaded fiber for which the drug is mixed with the

polymer prior to extrusion, the drug is assumed to be uniformly distributed throughout

the polymer solution (or melt). As the polymer solution or melt leaves the spinneret or

electrode tip, it is drawn (stretched) by gravity, a roller in the extrusion line, or an

electric field. This stretching of the liquid creates new surface area, which must be

created by “flowing” material from the inner part of the polymer stream to the surface.

The dissolved drug is part of that flow, and, hence, the higher the degree of stretching

the fiber during this early phase of the extrusion process, the more drug will flow

from the inside portion of the polymer stream to the surface. This creates a difference

in the concentration of the drug between the inside of the fiber and the surface. There-

fore, prolonged drug delivery should favor fibers that experience as little drawing as

possible during the liquid phase of their manufacturing process, whethermelt or solution

extruded. However, as the fiber begins to harden, there is less flow to the surface as the

fiber is drawn, so later draw stations have much less tendency to increase the surface

concentration of the drug. As will be discussed later, this “in-bath” draw (during which

the wet-extruded fiber is stretched significantly while still in the coagulation bath and

still largely a liquid) or a melt draw (in melt extrusion, the fiber is stretched before

the “freeze line” where the fiber begins to become solid) may be one of the primary

contributing causes of the so called “burst release” from drug-loaded fibers.

6.2.2.2 Core-sheath fiber format

All of the described methods of fiber extrusion can create various fiber formats, such as

monofilament, hollow, and core-sheath. These formats allow interesting capabilities for

drug loading and release. Crow and Nelson (2006) developed a method using a wet-

extrusion technique to create a bicomponent fiber in which the inner corewas a hydrogel

and the outer sheath was a synthetic polymer. This method has been used to deliver pro-

teins (nerve growth factor (NGF) (Nelson et al., 2002) and vascular endothelial growth

factor (VEGF)) and live viruses (Nelson et al., 2004a,b). The release kinetics profile of

drugs from these hydrogel-core fibers shows a very interesting, near zero-order release

rate. The biologically active agent exists in high concentration within the hydrogel core.

The synthetic polymer sheath acts as a barrier to diffusion. Figure 6.4 shows the release

profile of an adenovirus from the poly(L-lactic-co-glycolic acid) (PLGA) sheath over a
xanthan/galactomannan hydrogel core. Figure 6.5 shows the release of VEGF from a

similar fiber. This same format can also be used with small molecules; for example,

128 Biomedical Textiles for Orthopaedic and Surgical Applications



0

50

100

150

200

250

300

350

0

10

20

30

40

50

60

70

0 2 4 6 8 10 12 14

Cumulative

Mean 
C

um
ul

at
iv

e 
(v

ira
l p

ar
tic

le
s 

x 
1E

10
) M

ean (viral particles x 1E
10)

Time (weeks)

Figure 6.4 Release kinetics of a betagalactosidase adenovirus from a gel-core fiber. The figure

shows the mean release at each time point, as well as the cumulative release. There is rapid

nearly zero-order release for the first 3 weeks, which then rapidly decreases over the next

4 weeks.

Time (weeks)

y = −0.1308x2 + 2.1689x + 0.9952
R2  = 0.9985

VEGF cumulative release

ng
/m

l

0 1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

12

Figure 6.5 Release of VEGF from a gel-cored fiber.

Absorbable, drug-loaded, extruded fiber for implantation 129



we have loaded and delivered nicotine from a similar hydrogel-core, with a poly(L-lactic

acid) (PLLA) sheath, as shown in Figure 6.6.

Zilberman et al. (2009) reversed the core-sheath concept as originally done

by Crow, in that Zilberman used a polygluconate core for strength and a 75/25

poly(D,L-lactic-co-glycolic acid) (PDLGA) sheath as the drug-loaded portion. In their

work, Zilberman et al. (2009) chose to use an emulsion as their protection scheme,

which, following extrusion, they lyophilized to create a highly porous polymer network.

Core-sheath fibers have also been made by electrospinning. These fibers show

reduced burst release and prolonged delivery (Yang et al., 2008). The low burst release

from electrospinning fibers may be due to the much lower stretching that typically

occurs in electrospinning compared with other forms of solution spinning.

Similar to core-sheath extrusion, the drug may be coated on the fiber by dipping the

fiber in a polymer solution containing a drug (King and Jones, 2006). In other cases,

the drug may by physically or chemically attached to the fiber surface. As an example,

the drug may be contained within cyclodextrins that are attached by various chemis-

tries to the surface (Nierstrasz, 2007). Surface-coated or surface-attached drugs often

have low total drug capacity and quite rapid release rates.

6.3 Drug loading and release

6.3.1 Protection methods for solution spinning

There are several ways in which the drug can be protected from the potentially harsh

solvent system environment to which it is exposed during solution spinning. Nelson

et al. (2003) developed the concept that the drug must be phase separated from the

surrounding polymer matrix in order to protect the drug from the polymer. Perhaps

the simplest way to achieve phase separation is to consider a water-in-oil emulsion

where the hydrophilic drug (such as a protein) is dissolved in the dispersed aqueous

phase, and the polymer dissolved in its appropriate solvent system is the continuous
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Figure 6.6 Cumulative release of nicotine from a gel-core fiber.
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“oil” phase. The solvent system for the polymer is chosen such that it is essentially

immiscible with the aqueous phase of the emulsion. These emulsions then may be

directly extruded according to any of the solution spinning methods described previ-

ously (Crow et al., 2005; Rissanen et al., 2010; Xiaoqiang et al., 2010; Yang et al.,

2008). In all cited cases, the retention of biological activity is very high.

Excipients may also be used to protect the drug. The pharmaceutical industry has a

rich history of using excipients to protect drugs and proteins from degradation. It is

outside the scope of this chapter to give a comprehensive review of excipients, but

the reader is referred to several excellent review articles (Kamerzell et al., 2011;

Ohtake et al., 2011). As a brief summary, excipients are molecules that typically inter-

act with the drug or protein molecule in way that favorably protects the protein or drug

from aggregating, denaturing, and other destructive processes when exposed to harsh

conditions. Excipients can be small molecules such as sugars, or they can be large

molecules such as polymers or carbohydrates. As illustrated in the previously refer-

enced review articles, there is a great deal of literature available to help one find an

appropriate excipient for the protein or drug of interest. In the case of solution spin-

ning, it is desirable to find an excipient that is soluble in the solvent system used to

dissolve the polymer, yet sufficiently protective to preserve the biological activity of

the protein or drug of interest. In this case, the excipient-encased drug may then be

directly dissolved in the polymer solution in which the excipient molecule(s) pro-

vide(s) an effectual phase separation between the drug and the surrounding polymer

matrix, thereby protecting the drug or protein.

Another method for protecting the drug includes encapsulating the drug in nano-

particles. These drug-loaded particles are then loaded into the polymer solution prior

to extrusion as with other types of solution extrusion. For this method to adequately

protect the drug, the nanoparticle must be stable in both the polymer and coagulating

bath solvent systems. Normally, for drug-loaded nanoparticles, the entire nanoparticle

is released from the fiber while still encapsulating the drug. This is one of the primary

means of protection for drugs that are to be delivered inside the cell. For example, if

the drug is a DNA or RNA strand, it must be protected not just during extrusion and

sterilization, but also after it is endocytosed by the target cell. The lysosome micro-

environment inside the cell is marked by a significant drop in pH and the presence of

protease (Boyer and Tannock, 1992). The nanoparticle in this case must safely protect

the drug through all of these rigorous environments, finally releasing the drug safely

within the cytosol, or perhaps, it must specifically target transport and delivery to the

nucleus (Veiseh et al., 2010). Much research has been done in the area of gene therapy

to find the best nonviral way to escort genetic sequences into a cell (Khalil et al., 2006;

Levine et al., 2013), and intracellular or nuclear delivery is the most challenging area

of drug delivery.

One last means of protecting the drug to be mentioned here is microsphere loading.

The drug is first loaded into a microsphere using any of various techniques. Themicro-

sphere is added to the polymer solution and extruded, embedding the microsphere into

the fiber. This technique works well if the microsphere is insoluble in the polymer

solution and is capable of protecting the drug from both the solvent and coagulating

bath solvent/nonsolvent systems. However, there may be significant strength issues
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with the fiber because the microspheres may appear to the forming fiber as defect

areas, and thus, they may prevent the fiber from being drawn as normal. Because

the microsphere must be insoluble in the polymer solvent system, this technique is

classically employed when very different polymer types are used. For example, if

an aqueous-based extrusion of something, such as a chitosan fiber, needs to deliver

a drug that is not compatible with this solvent system, the involved microsphere

may utilize a totally different system in its own construction (Zilberman et al., 2009).

6.3.2 Mathematical modeling of release kinetics

Mathematical modeling is an important tool for understanding the release kinetics and

predicting how the fiber will perform in vivo. For a good review article on various

mathematical models that have been proposed see Dash et al. (2010) and

Siepmann and Peppas (2001). Each mathematical model has advantages and limita-

tions depending on the assumptions made. Specifically for drug release from a fiber,

the model proposed by Sagiv et al. (2003) is perhaps the most appropriate because it

assumes cylindrical geometry and some amount of “burst release.” This model allows

for release into a finite volume and the ability to enter the concentration of the drug

within the fiber as a function of the radius of the fiber.

The Sagiv model starts by fitting release kinetics data (typically gathered in vitro)
where the drug mass released at various time points is known. The Sagiv model allows

the drug release from a fiber to have an “initial burst,” which is defined by release rates

faster than would be predicted by pure Fickian diffusion under the assumption of uni-

form concentration within the fiber. It then assumes that, following the “burst release,”

the remainder of the release is nicely fit by Fickian diffusion from an infinitely long

cylinder. The model also assumes that the fiber diameter remains constant and that the

diffusion coefficient, D, remains constant over the duration of the release kinetics

experiment. This last assumption is significant, and it is discussed in greater detail

below. This model then requires an iterative process to determine D, the diffusion

coefficient, and tL, the “lost time” due to the initial burst release.

The concept of tL must be explained in order for one to use and understand this

model. If there was no such thing as initial burst release, at time zero, the mass released

would be zero and all data points would lie on a smooth line following Fickian dif-

fusion from a cylinder. In reality, however, real data usually shows an initial burst

followed by an abrupt change during which the burst release is completed and the

remainder of the data points follow that nice cylindrical Fickian diffusion curve. If

the curve fit for the group of data points that do follow Fickian diffusion is extrapo-

lated backwards in time to the point of zero mass released, the time at which the

extrapolated diffusion curve hits zero mass release would be a negative number.

To accommodate “negative time,” a constant amount of time, tL, is added artificially

to all data points in the model to bring the theoretical Fickian diffusion curve to an

“adjusted” zero time. The tL parameter then describes the time that was “lost” by

the burst release. The reason it is called “lost time” is illustrated by a simple example.

Suppose that the time-adjusted theoretical curve fit hits some percent release in

3.5 days, but, as a result of the burst release, the actual data hits that same percent
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release in 2 days. We can then say that there were 1.5 days of “lost” release time due to

the initial burst release.

The diffusion coefficient,D, is a lumped parameter that represents the resistance to

diffusion, and it is contributed to by a wide range of physiochemical properties of the

fiber and the drug, as well as the interaction between the two. For example, the internal

and external porosity of the fiber, the hydrophilic/hydrophobic nature of the fiber and

drug, any charged or polar groups that may be present within the pores of the fiber or

on the surface of the drug, and the degradation rate of the fiber all contribute to the

measured value of the diffusion coefficient. The diffusion coefficient also depends on

the size, shape, and solubility of the drug, and, if there are excipients present, the

excipient–polymer interactions as well as the excipient–drug interactions. The size,

shape, and solubility of the drug, in turn, depend on the stability of the drug at the

given temperature and within its local chemical environment, which is a function

of ionic strength, pH, and the presence of any small molecules that may impact the

drug, its excipients, or the polymer.

The Sagiv model conceptually divides the data points into two groups: the first

group of data points is the “initial burst,” and the second group of data is “diffusion

controlled.” As the iterative process to determine D and tL continues, individual data

points may move from one group to another until the best fit is determined. It is this

author’s opinion that the burst release properties, such as tL, will be very similar both

in vitro and in vivo, with the only major assumption being that the drug’s solubility is

similar in both the in vitro release media and the biological milieu into which it is

implanted. This opinion is based on my experience with in vitro release experiments.

I have seen that a large part of the burst release is done within 5–10 min, with the

majority being complete by an hour, and therefore, it should be largely independent

of host response to the fiber implant, although there presently seems to be little or no

data in the literature to support this supposition. The diffusion coefficient, D, on the

other hand, is more variable between the in vitro experiment and the in vivo reality.

It has been known for a long time that, postimplantation, protein adsorption from the

host begins almost immediately (Pitt and Cooper, 1986). Based on the above discus-

sion of the diffusion coefficient, it seems clear that protein adsorption (including on

the outside surface of the fiber and the coatings of the pores and internal structures of

the fiber), enzymatic attack, cell adhesion and matrix production, cell proliferation,

and cellular attempts to remodel the fiber all potentially change how the drug interacts

with this newly created protein–fiber interface and, thereby, alter the diffusion coef-

ficient. Many of the physiochemical characteristics previously offered to explain the

diffusion coefficient, such as pore size, hydrophilic/hydrophobic areas, and polar or

charged groups, can potentially start to change within minutes of the fiber being

exposed to the biological environment into which it is implanted, because proteins

adsorb to both the internal and external surfaces of the fiber. The degree to which

the diffusion coefficient changes is largely a function of pore size and how prone

fiber’s constituent polymer is to adsorb protein. In addition to these biologically medi-

ated changes in the diffusion coefficient, there are other physical contributors. For

example, as the polymer degrades, it typically becomes more porous, and some fibers

become more crystalline as they degrade (Crow et al., 2005). These physical features
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of the fiber also potentially change the diffusion coefficient. Interestingly, some of

these physical changes in the fiber may be seen in the in vitro release experiments.

If the release time extends into the time when the fiber begins to degrade, the data

starts to deviate from the pure Fickian diffusion curve (as you will recall, the model

was based on a time-invariant, constant diffusion coefficient). Therefore, deviations

from pure Fickian diffusion late in the Sagiv model fit are very likely indicators that

physical changes are beginning to happen within the fiber.

The following figures show unpublished data from TissueGen Inc. of a growth fac-

tor released from a fiber. Figure 6.7 shows the fractional release as a function of time

in days, indicating that, over approximately 30 days, about 30% of the total loaded

growth factor was released. Figure 6.8 shows the Sagiv model fit of that data, and

it plots the fractional release as a function of normalized time t¼TR2/D+ tL, where
T is the actual time measured in seconds, R is the radius of the fiber, D is the math-

ematically fit diffusion coefficient, and tL is the lost time constant. This model makes

it clear that the first data point is clearly off the Fickian diffusion curve, but the second

data point (in this case, the 3 h time point) is quite close, and by the third point (6 h),

the data seems to be following Fickian diffusion very well. It is interesting that the last

few data points begin to deviate from pure Fickian diffusion. For this dataset, the dif-

fusion coefficient was calculated to be D¼1.1�10�13, and tL¼0.04. The same data
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Figure 6.7 Cumulative release of NGF from a polydioxanone fiber, showing the fraction

released as a function of time in days.
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was fit using the Korsmeyer–Peppas model, as shown in Figure 6.9, which is given by

the simple relationship

Mt

M1
¼Ktn (6.1)

where n should be within the range of 0.45–0.89 for cylindrical devices (Siepmann and

Peppas, 2001); however, for this data set n¼0.2 and k¼0.0152. Although the

Korsmeyer–Peppas equation fits the data quite nicely, there is little physical interpre-

tation of the data, other than to provide rather wide ranges of values of expected values

for n. However, this dataset falls far from the expected range for release from a cyl-

inder. The Sagiv model, on the other hand, allows a very specific interpretation of the

results; for example, it shows an initial burst release lasting from 3 to 6 h followed by

approximately 30 days of very well characterized Fickian controlled release, with the

final few points beginning to deviate from the Fickian diffusion curve. The Sagiv

model is much more difficult to implement, but it does provide details such as the

actual diffusion coefficient and the degree to which the data follows pure Fickian
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Figure 6.8 Same NGF data set mathematically fit using the Sagiv model. Note the initial points

that are below the line constitute the “burst release,” which in this case represents 3–6 h.

The remainder of the data points follow the Fickian diffusion curve rather well until the final

days when they start to fall below the line. For this data, D¼1.1�10�13 and tL¼0.04.
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diffusion, as well as an exact measure of burst release. Each of these analyses allow

comparison between fibers, and they are excellent means of providing quality control.

6.4 Applications

There are several items to consider when contemplating drug delivery from a fiber:

l Size and strength requirements of the fiber.
l Type of drug to load.
l Desired release profile.
l Desired degradation rate of the fiber.
l Need to convert the fiber into a textile.

The release kinetics of drugs from biodegradable fibers is governed by several

important factors:

l Concentration of drug within the fiber.
l Drug distribution across the cross section of the fiber.
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Figure 6.9 The sameNGF data set using the Korsmeyer–Peppas model to fit the data showing a

very nice overall fit of the data. For this dataset n¼0.2 and k¼0.0152.
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l Drug size.
l Solubility of the drug in the surrounding media (usually aqueous).
l Hydrophobic or hydrophilic nature of the drug.
l Drug–polymer or excipient–polymer interactions that may retard the release of the drug from

the fiber.
l Porosity of the fiber.
l Crystallinity of the polymer.
l Degradation rate of the polymer system.

Controlling the release kinetics is never precise and is a matter of finding balance

amid many competing goals.

6.4.1 Drug depot

Biodegradable fibers make excellent drug depots in situations where mechanical

strength is required as well as when it is not. There are numerous reasons why it is

advantageous to use a drug-loaded fiber as the delivery vehicle, as opposed to other

formats in clinical use today, such as microspheres or nanoparticles.

(1) Fibers remain in place once implanted in the body. For clinical applications such as tumor

remediation, during which the drug needs to be delivered at a specific location within the

body, a drug-loaded fiber will remain in place much better than microspheres or nanopar-

ticles, which have been shown to migrate widely (Doane and Burda, 2013). In those cases

where wide distribution is desired, nanoparticles are exceptional; however, where local-

ization is desired, the nanoparticles must be made magnetic or modified in some other

way in order to sequester them to a specific physiological location within the body, such

as a tumor (Veiseh et al., 2010). If a fiber can be implanted in a specific location, say

within the tumor, it will stay there, and it will release the drug there, and no modifications

that may or may not raise additional issues with biocompatibility or other safety issues

are needed.

(2) The release rate of a drug from a cylinder is inherently slower than the release rate from a

sphere, assuming equal radius. Most of the time, the desire is for prolonged release.

Implantable drug delivery is often used to ensure that the drug is delivered at the right

location (and usually only at the right location), to flatten out the peak and valley con-

centration profile that is typical of oral doses of medicine, and to remove any possible

issues with patient compliance. Therefore, slow, sustained release is almost always pre-

ferred. Infinitely long cylinders (most practical fibers) provide the best means of meeting

these goals.

(3) In the rare case of adverse reaction to the drug, a fiber can be easily removed, whereas

it is impossible to remove thousands of microspheres or trillions of nanoparticles. There-

fore, drug delivery from a fiber is also inherently safer than drug delivery from other

formats.

These points all apply whether the fiber is supplying mechanical support or acting

as a drug depot.
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6.4.2 Medical devices

6.4.2.1 Suture

Sutures are the most commonly implanted biomaterial, accounting for the vast major-

ity of clinically used biodegradable fiber. Sutures come in many different sizes and

morphologies: braided, monofilament, natural, synthetic, and so on. Sutures are

designed to fit a specific need based on intended anatomical location. Sutures have

been in use for more than a millennia; however, the ability to load drugs into the suture

gives this ancient technology a new twist. Simple drugs such as antibiotics can be eas-

ily loaded into sutures, and they have been for several decades (Cattabriga et al.,

1996). The introduction of growth factors and other biologically derived drugs allow

the suture to actually participate in the wound-healing process.

Initially, the field of biomaterials sought “inert” materials that would simply be

bystanders with regard to the biological reactions taking place around them following

implantation into the body. Over the past couple of decades, that elusive goal of find-

ing an inert material has given way to seeking a material that will take an “active” part

in the wound-healing process. The activity can be to inhibit unwanted activity such as

platelet adhesion and/or to promote positive activity such as cell attachment and pro-

liferation. Until now, this has been done largely with surface coatings and by attaching

signaling molecules to the surfaces, such as the peptide sequence of L-arginine, gly-

cine, and L-aspartic acid (Arg-Gly-Asp or RGD), which has been shown to promote

cell adhesion (Dawson et al., 2011). With the advent of fibers that can release mito-

genic or chemotactic factors, however, this platform can now release soluble factors

into the biological environment to impact cells that are diffusion distances away, not

just those already in contact with the surface. Also, by releasing growth factors and

other types of signaling molecules, rather than simply creating a surface that enhances

cell attachment, we can now “talk” to the cells in the environment, giving them “mes-

sages” that alter their behavior in desirable ways. Sutures loaded with growth factors

that are slowly released may play a role in directing or leading the body’s biological

response in very specific ways. For example, sutures used in a dermal wound may

have the potential to upregulate elastin production over collagen production in the

fibroblasts that enter the wound space, giving way to less scar tissue and, thus, result-

ing in a more pliable, natural tissue. In another example, sutures that release neuro-

trophic factors may be able to entice axonal elongation when used to repair

severed peripheral nerves. As more signaling molecules are discovered, the range

of possibilities increases. For example, if it were known which factors upregulate

the formation of tight junctions, it might be possible to create anastomotic junctions

that are far superior to what is possible today.

6.4.3 Tissue engineering

A significant percentage of the human body’s tissues and organs are fibrous in nature.

Because of this, it is reasonable that, with appropriate weaving, knitting, braiding, or

some other form of fabrication, it may be possible to mimic the fibrous nature of the

body with synthetic fibers. This three-dimensional construct of synthetic fiber might
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then serve as a basis for scaffolding for the body to execute reconstruction or regen-

eration following injury or disease.

Organs and soft tissues can be roughly divided into two groups, hollow and solid.

Hollow organs are generally cylindrical, such as blood vessels, digestive tracts and

ducts, and urinary track tubes. In these cases, the general construction of the hollow

organs is similar. There is always some type of epithelial cell lining on the inner sur-

face of the tube, usually a smooth muscle layer, and an outer layer that consists of

capillaries to feed the tissue or organ, as well as macrophages and other cell types

to support the organ or tissue.

Solid tissues, such as muscle tissue, nerve tissue, tendons, ligaments, and meniscus,

have less within-group commonality. For example, muscle and nerve tissue are highly

cellular and well vascularized, but tendons, ligaments, and meniscus are nearly

acellular and have little or no active blood supply in adults.

It follows then that tissue engineering approaches may vary widely between hollow

and solid tissue and organs.

6.4.3.1 Scaffolding

The construction of a large building initially requires scaffolding; however, the need

for the scaffolding decreases as the building materials are put into place. Similarly, in

the body, as appropriate cells begin to populate the synthetic fiber-based scaffold, the

need for the scaffold diminishes, and it must be replaced by natural tissue. Therefore,

the synthetic fibers should be biodegradable. Back to the building analogy, the func-

tionality of the building depends on the right building materials being in the right

place: shingles on the roof and glass in the windows. Anatomically, the same idea

holds true; specific cells must be at specific three-dimensional locations within the

tissue or organ or things may not function properly. The point of scaffolding is to

direct the right cell type to the right anatomical location and to ensure that there is

sufficient access to nutrients for the cell to survive once in place. Drug-eluting fibers

that have the ability to release growth factors may be capable of forming scaffolding

that can direct cell growth and migration for regenerative medicine applications.

6.4.3.2 Ex vivo tissue growth

There are two basic approaches to scaffolding for tissue engineering and regenerative

medicine. The first, called ex vivo tissue growth, is to create the scaffolding, to seed it

with cells outside of the body (typically from the patient for whom the scaffolding is

intended), and then to allow the cells to populate the scaffolding. It is then possible

to implant the newly grown tissue into the host. This approach has several important

advantages. For example, it allows control over the type of cells to which the scaffolding

is exposed. The cells grow and divide in a controlled environment. However, there are

several disadvantages to this approach. For one, it is very difficult to provide oxygen and

nutrients to thick sections of tissue growing in an external, artificial environment. There-

fore, at this time, only thin tissues can be considered using this approach. Another dis-

advantage of growing the tissue in culture is that fewer types of cells are generally used
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than would be found in normal, healthy tissue within the body. For example, it is hard to

duplicate mast cells and macrophages that randomly populate actual tissue. Finally, in

the controlled environment, the full range of cytokines and growth factors normally

found in the body are not present in the tissue culture dish. Although this decreased pop-

ulation of signaling molecules makes the tissue culture a much less complicated system,

perhaps there are reasons why a more complicated system is needed.

6.4.3.3 In vivo tissue growth

The second approach is to directly implant the scaffold into the patient and allow

nature to populate the scaffold as it will. This approach has several disadvantages.

The scaffolding becomes flooded with blood, which is a very complicated tissue,

and deposits a layer of protein, bringing cells into the scaffold in a completely uncon-

trolled way. During any wound-healing process, there is a virtual “cytokine storm” for

the first few days as the body is trying to re-establish homeostasis. So, directly

implanted scaffolds start from a position of chaos and disorder in a very aggressive

biological environment. Unintended cell types fill the scaffold, and the initial host

response to wall off the new material is exactly contrary to the desired enticing of

functional cells of the organ or tissue into the right position within the scaffold. To

achieve homeostasis, the functional cells are typically shut down as the “first

responders” (e.g., neutrophils, macrophages, and finally fibroblasts) have a well-

orchestrated routine of creating scar tissue and knitting together tissue as best they

can. How can a scaffold in this kind of environment induce sufficient cell migration

to establish functional tissue? If there are chemotactic molecules and growth factors

being released from the fibers of the scaffold, these signaling molecules can reach the

appropriate receptors, and they can entice the parenchymal cells to begin to enter the

scaffold in the wound bed. In the peripheral nervous system, it has been shown that

even with no growth factors, the simply presence of a physical scaffold of fibers can

induce axonal regeneration across 10–18 mm gaps (Cai et al., 2004; Ngo et al., 2003).

Some success has also been achieved in the central nervous system (Tang et al., 2004).

6.4.3.4 Hollow-organ tissue engineering

Because of the thin-walled nature of hollow organs, they have the potential to be created

via ex vivo tissue growth. For example, in recent years, we have seen this process used to

construct the very successful tissue-engineered artificial bladder (Atala et al., 2006).

One challenge with constructing scaffolding for hollow organs is the ability to selec-

tively entice appropriate cell types into their thin and confluent layers. We have shown

in Figure 6.10 the ability of the cell culture to directionally entice axonal elongation

toward strands of fiber that are loaded with NGF. Cells generally follow concentration

gradients. The Nelson et al. (2003) patent describes the ability to load drugs with a

concentration gradient along the length of a fiber. It is also possible to construct

three-dimensional concentration gradients. These gradients may entice specific cells

to grow along or through specific pathways as they follow the appropriate concentration

gradient. It has yet to be shown that cells in vivo will exhibit this same behavior.
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Getting the right cell to the right place within the fiber scaffold is only the first half

of the problem; the cells must be able to create their own matrix on which to grow, and

they must interact appropriately with one another, including forming junctions. Ulti-

mately, the only test that counts is whether or not the cells begin to function normally

after their arrival at the “right spot” within the scaffold.

6.5 Chapter summary

Tissue engineering and regenerative medicine based on three-dimensional scaffolds

that have the ability to induce selected cell growth may be the next breakthrough

in medicine. It’s not just enough to arrest the progress of disease or to stop degradation

from injury; the goal is to actually restore function. It appears that this restoration may

be possible in some cases based on the data and concepts presented in this chapter.

Solution extrusion that can take place at room or body temperature can incorporate

growth factors and other biologically significant molecules with a high degree of

retained biological activity. These loaded fibers can be formed into scaffolds. The

scaffolds can then be implanted directly into the body, or they can be seeded with cells

outside the body first and later implanted. In both cases, by virtue of the biological

molecules that are released from these fibers, signals can be sent to the cells, directing

specific cell types to grow in one direction and other cell type to grow in a different

direction. This signaling and directing of cellular growth within the scaffolding can be

used to create functional, three-dimensional, physiologically significant structures

that can restore function that was lost due to injury or disease.

Figure 6.10 Dorsal root ganglion

cells expressing neurites that

are all traveling in the same

direction toward a fiber releasing

NGF (not visible in the picture).
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7Anterior cruciate ligament

prostheses using biotextiles☆

M. Laflamme, J. Lamontagne, R. Guidoin
Laval University, Québec, Québec, Canada

7.1 Introduction

The knee is an austere environment: in a normal individual, 2–4 million flexions/

extensions are accomplished per year. The types of stress encountered during these

cycles include tension, abrasion, bending, torsion and compression (Olson et al.,

1988). The intra-articular portion of the knee is relatively avascular, which makes

it difficult for cells and structures to survive. Probably the most complex of these

structures and the most commonly injured ligament is the anterior cruciate ligament

(ACL). It was initially referred to as a crucial ligament because of the cruciate or

crossed arrangement of the anterior and posterior ligaments within the joint

(Bolton and Bruchman, 1985). Over the years different trends in ACL surgery have

emerged: primary repair, augmentation devices, allografts, prosthetic devices, auto-

grafts and now tissue engineering, not to mention the transition from knee arthrotomy

to well-developed arthroscopic techniques. All these approaches are reviewed in this

chapter, with a strong emphasis on the different types of synthetic implants and why,

after early enthusiasm regarding preliminary results, the high failure rates made sur-

geons abandon them.

7.2 Anatomy and structure of the anterior
cruciate ligament

The ACL is much more complex than a simple band of dense connective tissue mea-

suring 32 mm by 7–12 mm between the femur and the tibia (Duthon et al., 2006). It

originally appears as a mesenchymal condensation in the blastoma at 6.5 weeks of

gestation, well before joint cavitation (Figure 7.1) (Ellison and Berg, 1985). By the

20th week, the two different bundles of the ligament can be distinguished

(Petersen and Zantop, 2006). Some authors think that the presence of cruciate

ligaments at this early stage of development plays a role in the resulting shape of

the femoral condyles and tibial plateau (Lohmander et al., 2004).

☆ Note: This chapter is a reproduction of Chapter 20 ‘Anterior cruciate ligament prostheses using biotex-

tiles’ by M. Laflamme, J. Lamontagne and R. Guidoin, originally published in Biotextiles as medical

implants, ed. Martin W. King, Bhupender S. Gupta and Robert Guidoin, Woodhead Publishing Limited,

2013, ISBN: 978-1-84569-439-5.
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The ACL is intra-articular and completely surrounded by synovium from the poste-

rior capsule, thus making it extrasynovial. Proximally, it is attached in the shape of a

semicircle, with the anterior border straight and the posterior border convex, to the pos-

terior aspect of the medial surface of the lateral femoral condyle. Distally, the ACL is

attached to a fossa anterior and laterally to the anterior tibial spine. It passes beneath the

transverse meniscal ligament and it often blends with fibres from the anterior and pos-

terior horns of the lateral meniscus (Figure 7.2). The fibres of the ACL are narrowest in

mid-substance and, as they go anteriorly, medially and distally, they twist themselves on

PCL

LCL

ACL

MCL

Figure 7.1 The anatomy of the ACL in relation to the knee joint architecture. Proximally,

it is attached to the posterior aspect of the medial surface of the lateral femoral condyle, passing

in front of the PCL and attaching distally on the tibial plateau.

Medial meniscus (anterior horn)

Lateral meniscus
(anterior horn)

Lateral tibial
plateau

ACL

Lateral meniscus
(posterior horn)

Medial tibial
plateau

Medial meniscus (posterior horn)
PCL

Figure 7.2 Insertion sites on the tibial plateau. Distally, the ACL is attached to a fossa anterior

and lateral to the anterior spine. It passes beneath the transverse meniscal ligament and it

often blends with fibres from the anterior and posterior horns of the lateral meniscus.
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each other about 5 mm from the proximal insertion (Schutte et al., 1987). This section is

where the ligament starts to fan out, and it explains why the distal attachment is much

broader than the proximal one. This lateral spiral of approximately 90° is explained by
the orientation of the bony attachments (Petersen and Zantop, 2006).

Girgis divided the ACL ligament into two main bundles: anteromedial (AM) and

posterolateral (PL) (Girgis et al., 1975). Others have defined more than two bundles,

but Girgis’s concept is the most popular. The bundles are named after their insertion

on the tibia. The AM bundle is more vertical and originates at the anterior and prox-

imal aspect of the femoral attachment, while the PL part originates at the posterodistal

aspect of the same attachment (Figure 7.3) (Amis and Dawkins, 1991). The latter is

composed of more fascicles (Duthon et al., 2006). These two bundles are not isomet-

ric; as the knee moves, there is always a bundle that is under tension. When the knee is

extended, the PL is tight and the AM is lax and, when the joint is flexed, tension is

reversed. The AM bundle is the primary restraint against anterior tibial translation,

and the PL bundle tends to stabilize the knee near full extension, particularly against

rotatory loads (Petersen and Zantop, 2006).

The microarchitecture of the ACL is also complex and allows the ligament to with-

stand different stresses and strains. It is composed of multiple fascicles surrounded by

the paratenon. Each fascicle is composed of 3–20 subfasciculi that are enclosed by the

epitenon. The subfasciculi themselves are made of subunits, again surrounded by con-

nective tissue called the endotenon. The subunits are made of collagen fibrils of two

types, small and large, that formwavy fibres arrayed in various directions, either spiral

or along the axis of the ligament. The larger inhomogeneous fibrils resist high-tensile

stresses and the small homogeneous ones maintain the three-dimensional organization

of the ligament (Strocchi et al., 1992).

Type I collagen comprises approximately 90% of the total collagen found within

the ligament (Dodds and Arnoczky, 1994). Type I collagen fibrils are oriented parallel

to the longitudinal axis of the ligament (Petersen and Tillmann, 1999) and are respon-

sible for its tensile strength (Amiel et al., 1989). Type III collagen (the remaining 10%

of the total collagen) is in the loose connective tissue dividing collagen bundles and is

implicated in the ligamentization process. Together, they account for 75% of the dry

AM bundle
PM bundle

Figure 7.3 The ACL divided

into anteromedial and

posterolateral bundles, named

after their insertion on the tibia.

The former is more vertical and

originates at the anterior and

proximal aspect of the femoral

attachment, while the

posterolateral part originates at

the posterodistal aspect of the

same attachment.
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weight of the ligament. Small amounts of type II collagen can be found in two distinct

areas of the ACL. First, there is a zone located 5–10 mm proximal to the tibial attach-

ment in the anterior part of the ligament (Petersen and Tillmann, 1999; Amiel et al.,

1989) that faces the anterior rim of the intercondylar fossa where the ligament

impinges during knee extension. In this area, dense fibrous tissue surrounds the lig-

ament and collagen bundles are larger and cross each other at sharp angles. This zone

of the ACL consists of fibrocartilage made of type II collagen, which is mineralized

and resembles bone (Amiel et al., 1989). This phenomenon is explained by Pauwel’s

theory of causal histogenesis (Petersen and Tillmann, 1999; Amiel et al., 1989), which

states that the tissue develops and adapts as a secondary response to intermittent com-

pressive and shearing forces as the ligament passes around the notch (Duthon et al.,

2006) and impinges on the anterior rim. There is also a transitional zone of fibrocar-

tilage made of collagen type II where the ligament attaches to bone. This allows a

gradual change in stiffness and prevents stress concentration in those areas. Type

IV and VI collagen are also present minimally (Woo et al., 1988).

Between fibrils, there are elongated fibroblasts and an extracellular matrix (ECM)

mainly made of water (60–80% of the wet weight), proteoglycans and glycosaminogly-

cans interacting with the collagen. Among the collagen fibrils also lies abundant elastic

tissuemade of elastin and oxylatan fibres, which help the knee towithstandmodestmul-

tidirectional stresses and absorb recurrent maximal stresses, respectively (Strocchi et al.,

1992). Duthon et al. divided the ligament into three microscopic zones: the proximal

part, which is less solid and more cellular; the middle part, consisting of spindle-shaped

fibroblasts and a high density of collagen fibres; and the distal zone, which is the most

solid and is made of chondroblasts and fibroblasts (Duthon et al., 2006).

The major blood supply of the ACL comes from the middle genicular artery, which

pierces the posterior capsule and gives off branches to the ligament in the intercon-

dylar notch (Figure 7.4). Other branches arise from the medial and lateral inferior

genicular arteries. Two main networks nourish the ligament: the periligamentous ves-

sels and the endoligamentous vessels (Dodds and Arnoczky, 1994). The former comes

Middle genicular artery
(anterior branch)

Inferior medial
genicular artery

Popliteal artery

ACL

Middle genicular artery
(posterior branch)

PCL

Inferior lateral
genicular artery

Figure 7.4 Vascularization of the cruciate ligaments is mainly from the middle genicular

artery and partially by the medial and lateral inferior genicular arteries. The middle genicular

artery pierces the posterior capsule and gives off branches in the intercondylar notch.
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from the synovial membrane, which completely envelopes the ligament, and from the

richly vascularized fat pad (inferior genicular artery). This is consistent with the con-

cept of leaving as much fat pad as possible during knee surgeries. These small vessels

then give rise to branches that penetrate the ligament transversely and anastomose

with the endoligamentous network, mainly oriented in a longitudinal direction

(Petersen and Tillmann, 1999). There are no intraligamentous vessels crossing the

bony attachment sites of the ligament to the femur and tibia. The distribution of blood

vessels within the ligament is not homogeneous, with the distal part being less vascu-

larized. The zone where the anterior part of the ligament is covered with fibrocartilage

secondary to compressive forces from the intercondylar notch is also considered avas-

cular. According to Petersen et al., this limited blood supply and the occurrence of

fibrocartilage are factors in the poor healing potential of the cruciate ligament

(Petersen and Tillmann, 1999).

The ACL is primarily innervated by posterior articular branches of the tibial nerve

(Amiel et al., 1989). Most of the fibres are coupled with vessels and thus have vaso-

motor functions while others run independently. They account for 1% of the volume of

the ligament. Sensory-ending fibres have been described in the ACL. The Ruffini, the

Vater–Pacini and the Golgi-like tension receptors are mechanoreceptors with a pro-

prioceptive function (Woo et al., 1988). These receptors are responsible for the ACL

reflex, where stimulation of the nerve fibres by a deformation of the ligament affects

the motor activity of the muscles around the knee (Duthon et al., 2006). When the

ACL is ruptured, with the loss of joint position sense comes the loss of feedback from

those receptors leading to weakness of the quadriceps femoris (Konishi et al., 2002).

Finally, the fourth type, the free-nerve endings, act primarily as nociceptors. Some

surgeons leave the stumps of the torn ACL, on the grounds that some mechanorecep-

tors and proprioceptive functions may remain.

7.3 Biomechanics of the ACL

The ACL resists anterior tibial translation and rotational loads. With a ruptured ACL,

the anterior translation of the tibia relative to the femur can be four times greater than

in normal knees (Beynnon et al., 2002). It also restrains internal rotation significantly

and plays a minor role in controlling the external rotation and varus-valgus angulation

(Duthon et al., 2006). Moreover, the ACL prevents mediolateral translation of the tibia

(Oni, 1998). In an ACL-deficient knee, this poor translation can lead to tears in the

medial meniscus and hypertrophy of the tibial spine and notch, and it increases contact

loading of the medial compartment of the knee (Bryant and Cooke, 1988).

When an ACL is ruptured, the axis of rotation shifts more medially and the tibial

rotation causes a coupled anterior tibial translation, magnifying the movements of the

tibial plateau (Mannel et al., 2004; Amis et al., 2005). The primary insult is damage to

the lateral compartment, mainly the posterior aspect, and injury to the medial compart-

ment occurs secondarily. The lateral compartment is most frequently injured mainly

because it can sublux more easily.
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In the absence of the ACL, muscles around the knee produce compensatory mech-

anisms, resulting in a net posterior force and flexor and external rotation moment on

the tibia in an attempt to maintain normal kinematics (Shiavi et al., 1991). In patients

with an ACL-deficient knee,Williams et al. also showed that voluntary muscle control

that was diminished in the preoperative evaluation, mostly the quadriceps and lateral

head of the gastrocnemius, improved significantly following surgery (Williams

et al., 2005).

7.4 Clinical problems associated with the ACL

ACL rupture is relatively common, with an incidence of approximately 0.3 per 1000

per annum in North America (Allum, 2001; Good et al., 1993). This results in substan-

tial costs to health care systems and has promoted widespread performance of ACL

reconstruction as a day case in North America (Allum, 2001). The main diagnostic

tools are history and clinical examination. Usually, patients present with a history

of a twisting or cutting force applied to the lower limb with the knee in variable

degrees of flexion, or there may be a history of a direct blow, particularly to the lateral

aspect of the leg. A field sport injury is more often a valgus mechanism, while a skin

injury implicates more rotational forces (Oni, 1998). A flexion internal-rotation injury

appears to be the mechanism that best explains the pattern of bone injuries observed in

acute ACL disruption. As the body comes to a sudden halt, anterior translation of the

internally rotated tibia of the flexed knee occurs, and as the femur translates posteri-

orly, it externally rotates and its lateral edge catches the rim of the tibia. A complete

rupture of the two bundles will lead to increased anterior tibial translation and internal

rotation, resulting in instability and giving way.

During clinical examination, three tests are routinely performed. The anterior

drawer test is performed with the patient supine, the hip flexed at 45° and the knee

flexed at 90° (Figure 7.5). The foot is then stabilized and the tibia is drawn forward

Figure 7.5 The anterior

drawer test. It is performed

with the patient supine, the

hip flexed at 45° and the

knee flexed at 90°. The foot
is stabilized and the tibia is

drawn forward on the femur.

In an ACL-deficient knee,

there is a posteroanterior

translation of the tibia in

relation to the femur. This

translation is even greater

when the knee is flexed to

30° (Lachman test).
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on the femur. The patient is still in the supine position for the Lachman test, but the

knee is flexed to 30°. One hand is placed over the proximal tibia, displacing it ante-

riorly, while the other hand stabilizes the femur. In an ACL-deficient knee, the ante-

roposterior translation at 30° (Lachman test) is much greater than at 90° (anterior

drawer test), as demonstrated by Good et al. in a cadaveric model, confirming the

advantages of the Lachman over the anterior drawer test (Good et al., 1993). The pivot

shift test consists of applying a combined internal rotation and valgus to the tibia in the

flexion/extension range and, if positive, demonstrates rotational instability. It is an

exaggeration of the normal movement of the lateral tibial plateau due to absence of

ACL restraint (Oni, 1998).

Zantop et al. studied the rupture pattern of ACL-injured knees and noted that 56%

of the patients had a complete rupture of the two bundles at the same location, the

proximal portion being the most frequent (Zantop et al., 2007). For 12%, the PL bun-

dle was still intact, but all the patients had ruptured their AM bundle. According to

these authors, when the PL bundle is intact, it should be carefully dissected and pre-

served to provide landmarks for tunnel placement and to enhance proprioceptive prop-

erties and vascularity of the graft in the postoperative period.

The frequency of associated injuries varies depending on the mechanism of injury:

medial meniscal tear (25–31%), lateral meniscal tear (2–41%), medial collateral lig-

ament injury (15–50%) and lateral collateral ligament injury (4–8%). Moore

observed more tears in the lateral meniscus in acute rupture, the medial meniscus

being more associated with chronic pathologies (Moore, 2002). Cartilage tears

may also be observed in 23% of acute rupture. The definition and diagnosis of partial

ACL tear is not clear. Biomechanically, opinions vary whether a partial tear repre-

sents failure in the absence of gross macroscopic disruption due to microscopic rup-

ture of collagen fibrils, or whether the process begins with microfailure and

progresses to involve major fibre bundles and finally the entire ligament (Duri

and Aichroth, 1995). Clinically, the patient with a partial tear may have pain that will

last several days/weeks compared with the complete rupture where the pain is at the

moment of the injury followed by symptoms of giving way. Thereafter, the patient

with a partial tear may experience locking or pseudolocking symptoms. The diagno-

sis is arthroscopic because the physical examination is often inconclusive and mag-

netic resonance imaging (MRI) is unreliable for partial ACL tear. The partial

disruption can occur anywhere along the ligament, the superoanterior attachment

being the most frequent, followed by the posterolateral band and intrasubstance tears.

Given that part of the function is lost, conservative treatment should focus on aggres-

sive rehabilitation to regain a functional and stable knee before more invasive mea-

sures are undertaken.

Indications for ACL reconstruction include symptomatic instability with activities

of daily living and/or athletic activities, functional impairment in patients unwilling to

alter their lifestyle and failure of nonoperative management (Pattee and Friedman,

1992). Relative contraindications include the presence of degenerative joint disease,

failure of the patient to comply with a pre- and postoperative rehabilitation pro-

gramme, a sedentary lifestyle and relatively mild instability.
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Multiple studies have evaluated risk factors for ACL injury, hoping to target indi-

viduals for appropriate preventive interventions. Shoe type and artificial playing sur-

faces certainly play a role (Gordon and Steiner, 2004). Female athletes clearly have

predisposing factors: their rate of ACL injury is two to four times higher than men’s in

soccer and basketball. Many factors have been identified to account for this. Anatom-

ically, females have a smaller ACL than men after correction for body weight and a

narrower intercondylar notch. There are also gender-specific neuromuscular differ-

ences (Petersen and Zantop, 2006), such as a reduced protective role of dynamic knee

stabilizers and a diminished ability to resist anterior shear with muscle cocontractions.

Even the different stages of the menstrual cycle may increase the risk. Finally, the use

of a brace to prevent an ACL injury is very controversial.

7.5 Diagnosis and treatment of ACL ruptures

Plain radiographs provide many indications suggestive of acute ACL rupture: avul-

sion fracture of the lateral tibial plateau, or Segond fracture, which is in fact an injury

to the lateral joint capsule; avulsion of the Gerdy’s tubercle; and a lateral notch lesion,

which is a compression fracture of the lateral femoral condyle of more than 2 mm seen

on lateral radiograph. A tibial rim lesion on the posterolateral lip of the lateral tibial

plateau can also be found alone or associated with the lateral notch lesion and is

termed a kissing contusion. Joint effusions can also be detected on simple radiographs

(Figure 7.6).

MRI has become the radiological modality of choice for the diagnosis of ACL

ruptures (Figure 7.7). It offers direct, noninvasive visualization of the ACL and other

soft-tissue structures. The reported sensitivity of MRI for acute ACL tears is around

90% (Munshi et al., 2000). Specificity is as high as 95–100% (Moore, 2002). Some

authors warn surgeons that MRI inevitably leads to some false positive cases ending

in overenthusiastic surgeries (Tsai et al., 2004). Thus, the decision to perform

Figure 7.6 Second fracture on plain radiograph.
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surgery should be based on clinical findings; imaging should support these findings

and help to plan surgery if necessary. MRI is not as accurate in differentiating com-

plete tears from partial tears, nor is it as sensitive in detecting chronic tears (Moore,

2002). Bone contusions are often observed with an ACL rupture on MRI, depending

on the severity of the trauma (Oni, 1998). They are most often found in the lateral

femoral condyle and in the posterior aspect of the tibial plateau. If failure of the

reconstructed ACL is suspected, the diagnosis of rerupture may be difficult with

MRI, and clinical findings may be more helpful. Invasive double-contrast arthrogra-

phy is now reserved for patients with contraindications to MRI and those in whom

the diagnosis remains unclear.

In the 1980s and 1990s, management of a ruptured ACL greatly improved, but in

the 2000s, much controversy over the proper treatment of this injury remains. The

primary goals of ACL reconstruction are to restore knee function, stability and

Figure 7.7 T1-weightedMRI of a normal ACL (right) and a ruptured ACL (left). It manifests as

the focal interruption of the ligament. At the bottom, the T2-weighted image shows

hyperintense edema and fluid replacing the ACL, as is typical of ruptures. The fourth MRI

image shows an ACL reconstruction, and the last one is a partial rupture of the ACL.
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normal kinematics, to enable return to preinjury level of activity and to prevent the

development of early degenerative joint disease (Zelle et al., 2005a). The success

rates of the surgery vary between 73% and 95% and return to preinjury activity level

varies between 37% and 75%; however, surgeons are unable to fully restore normal

kinematics via the actual reconstructive techniques (Ekdahl et al., 2008). Graft fail-

ure can be caused by another traumatic event or by nontraumatic factors such as

technical errors, fixation failure and failure of biological graft incorporation into

the bone tunnels.

At the present time, there is no evidence that reconstruction of the ACL reduces the

incidence or progression of degenerative changes, but stabilization should reduce

the incidence of meniscal pathology (Allum, 2001) and have a protective effect on

the cartilage structure of the knee. The prevalence of late osteoarthritis after ACL

surgery has been reported to range from 4% to 50% (Drogset et al., 2006). This car-

tilage degeneration after ACL chronic injury could be caused by a kinematic gait

change that shifts ambulatory loading applied to cartilage. This shift may cause

regions of cartilage to become newly loaded, to be subject to altered levels of com-

pression and tension or to become unloaded. Due to the low level of adaptation poten-

tial of cartilage, this could lead to cartilage degeneration and osteoarthritis (Chaudhari

et al., 2008). The most important factor for developing posttraumatic osteoarthritis

after an ACL injury is probably the status of the menisci (Meunier et al., 2007;

Patel et al., 2000). Thus, early stabilization of the knee following the injury can

reduce the risk of secondary meniscus tear and is advantageous for long-term

outcomes.

Initially, primary repair was tried, but in a study by Meunier et al., this was com-

parable with nonsurgical management in terms of subjective outcomes and osteoar-

thritis development (Meunier et al., 2007). Moreover, Drogset et al. showed a 10

times higher revision rate with this technique compared to bone–patellar tendon–bone

autograft after 16 years (Drogset et al., 2006). Therefore, this procedure is no longer

used. There has been interest in thermal shrinkage of capsuloligamentous tissues as

treatment for partial ACL tears and elongated ACL grafts, but results are contradictory

and this modality is not yet clearly validated among orthopaedic surgeons (Amis and

Dawkins, 1991). Thus, the gold standard surgery is reconstruction of the ACL.

7.6 Autograft for ACL reconstruction

In 1917, Groves reported the use of a proximally based strip of iliotibial band that was

passed through drill holes in the lateral femoral condyle and proximal tibia to substi-

tute for the torn ACL (Pattee and Friedman, 1992). Thereafter, multiple modifications

to his technique developed. Cho was the first to describe a distally based semitendi-

nous tendon transfer in 1975. The graft was passed through drill holes in the tibia and

femur and sutured to the iliotibial band. Again, many surgeons modified the proce-

dure. The patellar tendon has also been used in many different ways, starting in the

late 1930s with Campbell. Some used the medial border, and others employed the
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central portion, with or without leaving a pedicle distally. In 1972, Walsh even

reported the use of meniscal tissue in the reconstruction of the ACL.

There are three main steps in ACL reconstructive surgery, with each one being cru-

cial to the success of the procedure. These are graft selection, graft position and graft

fixation. First, the choice of graft is a very controversial issue among orthopaedic sur-

geons. Evidence in favour of one procedure over the other is lacking in the literature.

The surgeon’s preference is a significant factor; this might be influenced by commer-

cial companies, by their desire to vary their techniques, and by whether or not they

have residents assisting or performing the procedure. Strength is not a concern; both

the bone–patellar tendon–bone and hamstring autografts have greater ultimate strength

to failure and stiffness than the nativeACL (Forster and Forster, 2005). Theremight be a

trend toward loss of extension in the bone–patellar tendon–bone group, while hamstring

graft patients have been more likely to lose more than 5° of flexion (Kartus et al., 2001;
Goldblatt et al., 2005).

The popularity of the bone–patellar tendon–bone graft is related to the initial qual-

ity of fixation, high initial strength and stiffness, potential for bone-to-bone healing,

better stability over time, improved rate of return to sport, and overall increased activ-

ity level. Some reports draw attention to more pitfalls and serious complications using

the patellar tendon procedure (Forssblad et al., 2006). The principal drawback con-

cerns donor-site morbidity (Figure 7.8). There is a risk of patellar fracture, potential

increase in patellofemoral joint pain and kneeling pain, retained patellar tendon weak-

ness or rupture, patellar tendonitis and flexion contracture by shortening of the patellar

tendon. Anterior knee pain mainly depends on a too slow rehabilitation protocol and

lack of extension, as shown by Kartus (Kartus et al., 2001).

Recent improvements in fixation techniques and perhaps reduced donor-site morbid-

ity, particularly anterior knee pain, disturbed anterior knee sensibility and kneeling dis-

comfort, have encouraged surgeons to increase the use of the hamstring graft (Goldblatt

et al., 2005). Moreover, rapid recovery from surgery and greater ability to participate in

accelerated rehabilitation further support this procedure. Complications following

Figure 7.8 Debridement of the

ruptured ACL stump before

the reconstruction procedure.
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hamstring graft harvest include saphenous vein injury and haematomas and the possi-

bility of prematurely avulsed tendon during harvesting. Other disadvantages of this pro-

cedure include slower healing of the graft attachment site and potential hamstring

muscle weakness (Sajovic et al., 2006). However, Williams et al. did not find any dif-

ference in muscle control of semitendinous and gracilis muscle between neuromuscular

testing preoperatively and 6 months after ACL reconstruction using hamstring tendons

(Williams et al., 2005). They concluded that graft harvest does not alter the innervations

of the muscles. Under MRI, the semitendinous and gracilis tendons were in the process

of regeneration or had regenerated inmost subjects. One technical difficulty when using

this graft is that the strands must be equally tensioned. If not, a four-strand graft is equiv-

alent in strength to a two-strand graft, which is much weaker (Goldblatt et al., 2005).

Multiple studies have tried to answer the question as to the preferred autograft on

ACL reconstruction. In a cohort study with a 7-year follow-up, Roe et al. showed a

greater prevalence of osteoarthritis in the group with bone–patellar tendon–bone auto-

graft reconstruction compared to the hamstring group, but there was no difference in

laxity and subjective outcomes (Roe et al., 2005). In a prospective randomized com-

parison between the hamstring and patellar autografts, Sajovic et al. showed that both

had good subjective outcomes and objective stability but the patellar tendon group had

a higher prevalence of osteoarthritis at 5 years (Sajovic et al., 2006). In another ran-

domized clinical trial comparing the two grafts, Aglieti et al. concluded that both

grafts were equivalent (Aglietti et al., 2004). In a meta-analysis, Goldblatt et al.

showed that the incidence of instability is not significantly different between bone–

patellar tendon–bone and three- or four-strand hamstring autograft. However, there

was an increased incidence of patients experiencing intermediate-range laxity in

the group with a hamstring autograft, although it was not totally unstable

(Goldblatt et al., 2005). Forster’s systematic review also showed no difference in

Lachman testing or the chance of returning to the same level of sport and clinical knee

scores. Overall, when it comes to clinical outcomes, there is no consensus over graft

choice, and no choice is ideal for all patients. The decision should be based on each

patient’s functional demands and surgeon preferences and opinions. Forssblad et al.

noted a dramatic shift from patellar tendon to hamstring tendon in ACL reconstruc-

tions performed in Sweden in recent years (Forssblad et al., 2006). They evaluated the

cost of those surgeries and concluded that the cost of the hamstring procedure was

!329 more than the patellar tendon procedure. They did not, however, include costs

for potential revision procedures and rehabilitation.

Other autograft options include the quadriceps tendon and the contralateral patellar

tendon. DeAngelis had successful results with the use of a central quadriceps tendon

free graft after 5 years, with very low donor-site morbidity (DeAngelis et al., 2008).

Others described a double-bundle technique using a quadriceps tendon graft with a

patellar bone block in one single tibial tunnel (Sonnery-Cottet and Chambat,

2006). Shelbourne et al. use the contralateral patellar tendon as graft (Shelbourne

et al., 2007), justifying this with the fact that rehabilitation is contradictory when using

the ipsilateral patellar tendon. They state that the donor site needs to be stimulated

immediately after surgery to grow in size and in strength, which is best done with

aggressive quadriceps muscle strengthening, which in turn causes swelling and
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decreases range of motion. This is not encouraging for the ACL graft, where a full

range of motion is needed. In a previous study by the same author, the group with

contralateral autograft had a return to full competitive sport 1.4 months sooner than

patients with ipsilateral graft (Jari and Shelbourne, 2002). The authors think this pro-

cedure could be helpful for patients with a small patellar tendon, poor quadriceps

strength in the involved leg or trouble regaining full range of motion and reducing

swelling before the surgery.

The traditional single-bundle reconstruction is designed to replicate the anatomy of

the AMbundle (Figure 7.9). The debate regarding the reconstruction of the two different

bundles comes principally from the fact that the PL bundle is an important structure for

stabilizing the knee, especially in full extension, as explained previously. Yagi et al.

clearly demonstrated a biomechanical advantage of the two-bundle construct, especially

during rotatory loads (Yagi et al., 2002). Since Cho et al. found that diameter of collagen

fibrils in the double-bundle group was larger than in the single-bundle group, there has

been speculation that the former might have a greater tensile strength, but this has yet to

be confirmed (Cho et al., 2004). This technique would thus reproduce the anatomymore

closely, as stated by Petersen and Zantop (2006).

Jarvela in a prospective randomized trial comparing single- versus double-bundle

reconstructive surgery of the ACL, showed that rotational stability was significantly

better in the latter group at an average follow-up of 14 months (Jarvela, 2007). How-

ever, the anterior stability was similar and the knee scores were equal. To explain why

four patients in the single-bundle group experienced failure against none in the

double-bundle group, they stated that the better rotational stability in the double-

bundle group could protect against the occurrence of subsequent knee traumas. They

concluded that this might become the procedure of choice for patients in high-demand

pivoting sports.

Those against this quite recent procedure might argue that this is a demanding sur-

gery. Because there are more tunnels, more grafts and more fixations, more opportu-

nities exist for technical difficulties or failures than in the traditional single-bundle

Figure 7.9 Single-bundle

hamstring autograft ACL

reconstruction.
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technique (Jarvela, 2007). As an alternative to the double-bundle four-tunnels proce-

dure, Frank et al. described a technique with hamstring tendon, during which only one

tunnel is drilled in the lateral femoral condyle to minimize the theoretical risk of

devascularizing the condyle and two tibial tunnels (Figure 7.10) (Frank et al., 2007).

The graft position also includes drilling of tunnels and tensioning (Figure 7.11).

The placement of tunnels is one, if not the main, cause of failed ACL reconstructive

surgery. In the literature, it is suggested that more physiological loading of the graft is

achieved when graft placement is closer to the anatomical location. The femoral tun-

nel placement is critical because small variations have a large impact on laxity and

motion (Figure 7.11) (Ekdahl et al., 2008). The femoral tunnel is essential to main-

taining tension in the ligament. It is located at 1 o’clock or 11 o’clock in the frontal

plane, depending on whether it is a left or a right knee operation. A graft placed too

Figure 7.10 Positioning of the

guide for tibial tunnel

placement.

Figure 7.11 Drilling of the femoral tunnel after the completion of the notchplasty. After

drilling, note the position of the femoral tunnel in relation to the PCL and the

intercondylar fossa.
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centrally (12 o’clock) may be unable to resist rotatory loads due to the lack of a

moment of arm. The anteroposterior and proximodistal positioning of the tunnel

greatly affect fibre length, as shown by Grood et al. (Hefzy and Grood, 1986). Too

anterior tunnel placement elongates the graft and results in instability, and because

the graft stretches as the knee flexes, a flexion deficit may occur. The position of

the tibial tunnel is also critical (Figure 7.12). If too anterior, the graft will impinge

on the anterior rim of the intercondylar fossa. Impingement is defined as interference

with the frictionless motion of graft in and about the exit points of graft from the bony

tunnels, sidewall and roof of the intercondylar notch (Moore, 2002). It is caused by

abnormal tunnel placement and/or horizontal graft position. It is greatest at the termi-

nal 10–15° of extension and causes decreased range of motion, mainly lack of exten-

sion, pain and instability if the impingement has caused the graft to stretch or fail. To

prevent this, many surgeons prefer to place the tunnel in the posterior part of the tibial

insertion. Notchplasty to avoid impingement should be minimal because excessive

removal of the bone of the lateral wall, especially in the posterior aspect, lateralizes

the femoral insertion site and could increase the external rotation of the tibia

(Figure 7.13). Some of this rotatory moment is exerted when the graft is tightened

(Figures 7.14 and 7.15) (Zantop et al., 2007).

The ideal position for tensioning the graft is probably in 30° of flexion. In this

position, stability is re-established even at low tension levels, but there is a danger

of reducing the normal range of motion and putting the tibia in posterior subluxation

if tension is increased. Excessively high tension may also reduce the biomechanical

properties of the graft. Insufficient tensioning of the graft can lead to stress shielding

by the other structures of the knee, however, resulting in a graft with a small cross-

sectional area secondary to a lack of stimulation. The optimal tension to apply when

fixing the implant is still unknown (Grood et al., 1992).

The rehabilitation programme is an important part of ACL reconstructive surgery

and has mostly taken a standard form since Shelbourne’s publication (Shelbourne and

Nitz, 1990). The graft should be protected by closed chain exercises in the early post-

operative period without any period of immobilization or restricted weight bearing.

Figure 7.12 A guidewire is

inserted from the tibial tunnel into

the femoral tunnel to eventually

pull the graft into position. This is

the orientation of the future graft.
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The use of the continuous passive motion machine has now been almost completely

abandoned. Marumo et al. suggest a low-aggression rehabilitation programme to

allow the graft to undergo the process of ligamentization. Training in proprioception

has been shown to be a very important aspect of the rehabilitation process (Marumo

et al., 2005). The third aspect, graft fixation, is discussed in Section 7.8.

Figure 7.13 Notchplasty during ACL reconstruction. The first image is before the

notchplasty. The second shows that a part of the procedure has been performed, and finally,

the notchplasty is completed.

Figure 7.14 The graft is pulled

in the tunnels.
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7.7 Allograft for ACL reconstruction

The use of allograft for ACL reconstruction for both primary and revision surgeries

began in the 1980s and has gained popularity over the past 10–15 years (Kuhn and

Ross, 2007). The Achilles tendon, bone–patellar tendon–bone, anterior and posterior

tibialis, peroneus, fascialata and hamstrings are the main soft tissues used as allografts.

Flexor hallucis longus and toe extensors have also been used. The use of an allograft

initially reduces hospital costs via shorter operation, anaesthesia and recovery room

times, with improved immediate postoperative pain and function, even though the

graft itself can be costly (Prodromos et al., 2007).

The maximal tensile strength of an allograft is less than that of autograft but stron-

ger than the native ACL. Long-term stability may be less than that of an autograft

(Prodromos et al., 2007). There are some contradictory studies regarding whether

an allograft can be incorporated as fast as an autograft. According to Lee, revascular-

ization and recollagenation are slower than they are in autografts. His case report

showed a freeze-dried Achilles tendon incorporated into the bone through Sharpey’s

fibres attachment. By 1 year, all four usual zones were present and maximal stability

was reached by 18 months (Lee et al., 2004).

Multiple studies have tried to compare the clinical results of allograft and autograft.

Krych et al. conducted a meta-analysis comparing outcomes between bone–patellar

tendon–bone autografts and allografts (Krych et al., 2008). There was a clear advan-

tage on the autograft side regarding the rupture rate and hop test parameters. However,

when the sterilizing process was excluded, results were similar. Borchers et al. even

showed with univariate logistic regression models that allograft use is a risk factor for

ACL graft failure, and this risk is even higher with a higher level of activity (Borchers

et al., 2009). Another study did not show any difference in perioperative morbidity

between autogenous and allogenous bone–patellar tendon–bone grafts (Saddemi

et al., 1993). Moreover, Rihn et al. found similar subjective and objective clinical

Figure 7.15 After adequate

positioning of the leg and

tensioning of the graft, it is fixed

in place and here is the final

position of the graft at the end of

the surgery.
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outcomes between bone–patellar tendon–bone allografts and autografts (Rihn et al.,

2006). According to Prodromos et al., allografts had lower normal stability rates than

autografts, either with bone–patellar tendon–bone or with hamstring/soft-tissue grafts

(Prodromos et al., 2007). Graft failure was two to three times higher, even when the

deleterious effects of radiation were excluded. They list possible causes of increased

laxity in allografts: immunological response, lack of cryopreservation, increased

donor age, increased graft shelf time, subclinical infection, radiation sterilization

and ice crystal damage produced by the freezing process.

Reports of allograft infections include those involving the transmission ofClostrid-
ium species, group A streptococcus, hepatitis C virus and HIV. Gamma irradiation has

bactericidal and virucidal properties but alters biomechanical properties, mainly the

ultimate failure load and stiffness, of a soft-tissue allograft in a dose-dependent man-

ner (Rihn et al., 2006; Salehpour et al., 1995). Doses as low as 2.5 Mrad have been

shown to reduce these properties. Sun et al. had a failure rate of 34.4% at an average

31 months follow-up in ACL-reconstructed knees with 2.5 Mrad gamma-irradiated

bone–patellar tendon–bone allograft, compared with 6.1% for autograft and 8.8%

for nonirradiated allograft. They also showed that only 31.3% of the irradiated-

allograft group had a side-to-side difference of less than 3 mm according to the

KT-2000 compared with 87.8% and 85.3% in the autograft and nonirradiated allograft

group, respectively (Sun et al., 2009). Thus, radiation doses should be kept between

1.5 and 2.5 Mrad, but even if this dose is effective in reducing bacterial contamination,

it is not effective against viral agents (Ekdahl et al., 2008). In fact, more than 2.5 Mrad

is required to inactivate HIV (Rihn et al., 2006). The risk of HIV transmission from an

allograft has been estimated to be approximately 1 in 1.6 million (Mroz et al., 2008).

The other method of sterilization, ethylene oxide, had unacceptably high rates of

chronic synovitis and dissolution of the graft. More recently, a novel electron beam

sterilization procedure was studied and could become an alternative to gamma irra-

diation because of its minimal effect on mechanical properties (Fideler et al., 1995).

The potential advantages of a bone–patellar tendon–bone allograft are a lessened

chance of harvest-related patellofemoral symptoms, availability of larger grafts, and

superior cosmetic results (Indelicato and Talley, 1995). A bone–patellar tendon–bone

allograft is particularly useful in revision surgery when tunnels are widened. Another

indication is the need for multiligamentous reconstructions (Kuhn and Ross, 2007).

Potential drawbacks include potential immune reactions, disease transmission, and

altered mechanical properties caused by sterilization and delayed graft incorporation

(Krych et al., 2008), which implies a less aggressive rehabilitation protocol. In fact,

patients usually feel good clinically very early and must be very careful not to compro-

mise the ligamentization process. An allograft might not be a good option in skeletally

immature patients, patients with prior knee infection and immunocompromised patients.

7.8 Graft healing in ACL reconstructive surgery

The type of graft, possible graft motion and fixation methods have been shown to

directly affect the time-course and quality of graft-tunnel healing. Those known to have

a slower healing process are the soft-tissue autograft and allograft (Indelicato and
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Talley, 1995). The effects of tensioning, graft-tunnel diameter disparity, and graft length

within the bone tunnel are other aspects that remain unclear (Ekdahl et al., 2008).

As early as 4 days after implantation, an inflammatory response takes place at the

bone–tendon interface (Kousa et al., 2003). After 6 weeks, the graft is completely cov-

ered by a vascular synovial envelope, and at 20 weeks, the intrinsic vasculature of the

graft is completed. This suggests that the phenomenon of ligamentization, as

described by Amiel, occurs in the successfully reconstructed ACL within a year after

surgery (Amiel et al., 1986). Ligamentization is initiated by the necrosis of fibroblasts

secondary to ischemia in the ligament removed from the donor site. Cell necrosis

induces local inflammation, followed by repopulation by infiltrating fibroblasts,

which orient themselves along the collagen fibre ‘scaffold’ and secrete collagen

and other matrix proteins. With the inflammatory process and fibroblast repopulation,

new blood vessels appear within the ligament. These sequential processes ultimately

result in the gradual remodelling of the collagen fibres characteristic of an ACL (Stone

et al., 2007). This process can be simplified as the transition of the biochemical and

histological parameters of the graft from tendinous to ligamentous appearance, even

though the two tissues are biochemically distinct in the new intra-articular environ-

ment specific to the ACL. This corresponds to the work of Marumo et al. who exam-

ined tissue samples of patients following ACL autograft reconstruction and concluded

that the biochemical characteristics of the graft resembled those of the native ACL

(Marumo et al., 2005). Unfortunately, during the healing process, the graft gradually

weakens and its structural properties decrease; as yet, no study has shown that it even-

tually returns to its original strength (Ekdahl et al., 2008). Thus, a normal ligament

never forms after reconstruction.

According to several animal models, there is a slower incorporation graft rate into

the bone tunnel with soft-tissue grafts, as compared to bone plug grafts such as bone–

patellar tendon–bone (Figure 7.16). Complete incorporation of the bone plugs can be

seen as early as 6 weeks. The insertion site consists of four zones: tendon, fibrocar-

tilage, mineralized fibrocartilage and bone, whose pattern is similar that found at the

original direct insertion site of an ACL (Ekdahl et al., 2008). Bone plugs of bone–

patellar tendon–bone graft become anchored to bone walls by appositional bone

formation, and grafted bone becomes necrotic as new bone forms. By 16–20 weeks,

complete bony incorporation of the graft into the tunnels is present. With soft-tissue

grafts, fixation occurs predominantly with fibrous tissue, with collagen fibres inter-

spersed along the load axis (Zelle et al., 2005b). By 26 weeks, the continuity of the

collagen fibres between the graft and tunnel is almost completely mature, and there

Endobouton
system

Tendon
graft

Figure 7.16 Relationship of

the graft and its fixation device

within the femoral tunnel; the

relatively small area of the

bone–tendon interface is

worth noting.
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is significant remodelling of the trabecular bone surrounding the tendon. This process

is consistent with the morphology of Sharpey’s fibre development. There is concern as

to whether the tendon–bone interface is strong enough to support an aggressive early

postoperative rehabilitation programme. The length of the graft in the intra-osseous

tunnel did not affect graft properties in animal models, and a discrepancy of 2 mm

or less in the diameter of the tunnel to the graft does not appear to affect healing

(Yamazaki et al., 2006; Yamazaki et al., 2002).

Graft fixation is crucial and is the weakest link in the initial 6–12-week period, dur-

ing which healing of the graft to the bone occurs (West and Harner, 2005). Many types

of device exist and there is still controversy in the literature as to which is preferable

for biological incorporation. Fixation outside the tunnel, known as suspensory

methods, and aperture methods, which use an interference screw or cramp close to

the origin and insertion of the implant, have been described. When an interference

screw is used, a direct chondral insertion site appears, and when the graft is fixed with

a cramp, a fibrous insertion pattern is present. The former is thus stiffer, albeit vulner-

able, during the early phase of healing (Petersen and Laprell, 2000). There is concern

regarding tunnel expansion with suspensory fixation, but the radiological appearance

does not yet have an impact on clinical results. These tunnel expansions are most likely

caused by micromotion and synovial fluid extravasation in the tunnels (Jansson et al.,

1999). An early aggressive rehabilitation programme can certainly play a role in graft

motion within tunnels and may delay graft healing, which is in fact inversely propor-

tional to graft-tunnel motion (Rodeo et al., 1999).

Finally, for improved graft healing, gene therapy to achieve a continuous release of

growth factors, mesenchymal stem cells and periosteum as a biological scaffold is

currently under investigation. In fact, numerous studies have demonstrated the ability

of periosteum to induce new chondroid and bone formation (Zelle et al., 2005b). Some

studies have even shown good results with autologous hamstring tendon grafts

wrapped in periosteum with minimal bone tunnel widening and good knee stability

(Adachi et al., 2004; Javernick et al., 2006).

In brief, the most common causes for failure of ACL reconstructive surgery are

errors in diagnosis and surgical technique, such as graft impingement, improper tunnel

placement, improper graft tensioning, inadequate fixation of the graft and missed con-

comitant pathology at the time of surgery. A traumatic event can also occur and, in

such cases, revision ACL surgery is often indicated. The key to success is to clearly

identify the reason for failure, because outcomes are not as good as in primary recon-

struction, ranging between 50% and 80% (Gordon and Steiner, 2004).

7.9 The use of synthetic materials and prostheses
in ACL reconstructive surgery

For many clinicians and scientists, tissue engineering was to become the solution for the

problems encountered with ACL reconstruction. This multidisciplinary field incorpo-

rates knowledge from mechanical physics, biomaterials, biology and chemistry to try
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to replicate many types of different tissues. The main goal is simple: to create a specific

tissue for a specific function, with properties that reflect as closely as possible those of

the injured original. In the field of orthopaedic surgery and mainly in ACL reconstruc-

tion, the idea of trying to develop a synthetic ligament came naturally. Some surgeons

wanted an alternative to overcome the problems encountered with the options available

at this time. Although autografting has good outcomes, it is accompanied by complica-

tions related to donor sites, and allografts have problems with immunogenic response,

infection and the risk of disease transmission.

Synthetic materials were developed in the early 1970s. The first trial was with pros-

thesis, which means that these grafts were meant to function as permanent ones,

completely replacing the native ACL (Table 7.1). The second type of implant is

the augmentation device. It is designed to reinforce the autogenous tissue, not to

replace it. It gives initial strength to the graft during its more vulnerable period.

The last type of device is the scaffold. It serves as a frame so that cell in-growth

can develop and eventually replace completely the synthetic material that will pro-

gressively be reabsorbed. Each of the three designs is discussed in detail.

The pioneers of ACL prosthetic replacement devices are Corner in 1914, who used

a silver wire (Corner, 1914), and Alwyn-Smith, who experimented with silk sutures as

replacements (Alwyn-Smith, 1918). Since then, many different models of prosthesis

have been proposed and developed, beginning in the 1970s with the Polyflex®

(Richards Medical Co, Memphis, TN) and Proplast® (Vitek, Inc, Houston, TX).

The tremendous number of new designs demonstrates that there was no consensus

on many of the underlying concepts. For a ligament to be biofunctional and to with-

stand the high mechanical demands of a knee joint, it needs to enjoy both good bio-

compatibility and good bioendurance. Scientists could not agree on the best type of

textile structure: twisted, braided, woven, knitted, or a combination of those. The best

type of material is also debated: polyester, high-performance polyethylene, carbon,

Table 7.1 General characteristics of ACL prosthesis devices

Commercial

name Manufacturer Class Type of fibres

Stryker® Stryker, Michigan, USA Woven/

knitted

PET

ABC

Surgicraft®
Surgicraft, Redditch, UK Braided PET/PET-C

Gore-Tex® WL Gore and Associates, Arizona,

USA

Braided PTFE

Leeds-Keio® Neoligament Ltd, UK Woven PET

LARS® Surgical Instruments and Devices,

Arc-sur-Tille, France

Loose/

knitted

PET

Kennedy-

LAD®
3 M, Minnesota, USA Braided Polypropylene

PET: polyethylene terephthalate; C: carbon; PTFE: polytetrafluoroethylene.
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polytetrafluoroethylene (PTFE) or polypropylene. Carbon fibre was abandoned early

because of convincing studies of its ineffectiveness and the production and migration

of carbon wear particles in the joint space creating a ‘black knee’. Three commercial-

ized ligaments are presented to illustrate this problem.

7.9.1 The Stryker® ligament (Stryker, Kalamazoo, MI)

The Stryker® is a multilayer polyethylene terephthalate (PET)-polyester (Dacron®)

ligament (Figure 7.17). Ten longitudinal yarns and one multifilament transversal yarn

are woven together in a simple frame. An external envelope of tubular-knitted velour

with a porous external side to help tissue incorporation and a central radio-opaque

polypropylene monofilament for mechanical support were added. This ligament

was designed to be used with the ‘over-the-top’ technique. There are currently two

main techniques for implanting the new ligament: the over-the-top technique, during

which the ligament is passed in the tibial tunnel and behind the femoral condyle, and

the ‘double-tunnel’ technique, during which the graft goes through a bone tunnel in the

tibia and in the femur.

Anderson et al. published a prospective study in which 57 patients had ACL recon-

struction with a Dacron® ligament and were followed for an average of 34 months

(Andersen et al., 1992). Overall, 71% of the patients were satisfied, but they recorded

10 ruptures in a range from 3 to 21 months. One patient had a chronic synovitis and

one developed a deep infection (Andersen et al., 1992). Other studies showed similar

results, with only 55% good-to-excellent results at 5 years (Gillquist and Odensten,

1993), 20% failure at 2 years and 37.5% at 5 years (Wilk and Richmond, 1993).

The distribution of this implant stopped in 1994 in the United States due to a lack

of demand and the frequency of adverse device-related events.

Twenty-three explanted ligaments were extensively studied and authors concluded

that the prosthesis was encapsulated by thick granulomatous and collagenous tissue

(Guidoin, 1994). The collagen infiltration was almost limited to the external shell

and between the envelope and the core. Often the external shell was no longer even

present. A moderate foreign body inflammatory reaction was observed, with macro-

phages and foreign body giant cells (Poddevin et al., 1995a).

The structure was frayed over much of its length, and small flattened wear zones

were seen around the condyle area, but the main zones of breakage were at the exit

Figure 7.17 The Stryker®

ligament is made of multilayers

of polyethylene terephthalate

(PET) and polyester (Dacron®).
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from the tibial tunnel and at the entry to the intra-articular zone of the femoral condyle.

They were examined under scanning electron microscopy (SEM). The external knit-

ted shell showed compression and crushing injury near the femoral condyle, while the

inner braided part showedmore abrasion damage. There were also signs of axial fibres

splitting in the internal zone. This difference in wear could be due to the difference in

textile structure. For all these reasons, this device is no longer a good option.

7.9.2 The ABC Surgicraft® ligament (Surgicraft, Redditch, UK)

The ABC Surgicraft® ligament is made from untwisted yarns of a mixture of carbon

and PET fibres that are multiply braided. The two extremities are reinforced by an

external winding of polyester. The central part is intentionally loose and contains

24 parallel and independent braids. Each braid is made of three multifilament yarns

of polyester and a fourth yarn of carbon in the middle to give rise to a composite struc-

ture. In some models, the fourth yarn is also made of polyester. Both surgical tech-

niques can be used with this implant. Initial studies made by the group that

designed the implant showed promising results (Tarachand, 1990; O’Brien et al.,

1991), but Mody et al., with an average follow-up of 34 months, experienced four fail-

ures requiring early revision (12%) and noted a progressive loss of stability, with only

41% good results (Figure 7.18) (Mody et al., 1993).

To explain this poor performance, authors examined more closely many explanted

prostheses. They were all PET/PET implants used with the two-bone tunnels tech-

nique. They found an important encapsulation of the prosthesis, and in half of the stud-

ied devices, collagen was seen in the core between yarns and individual fibres. There

was a moderate inflammatory reaction similar to the Stryker® ligament. Under SEM,

compressed and flattened fibres near the eyelet, which served as an attachment

system, were visualized. Abrasion damage between the bone–yarn and yarn–yarn

Figure 7.18 The ABC®

Surgicraft ligament is made of

yarns of a mixture of carbon and

PET fibres that are multiply

braided. The central part is

intentionally loose and contains

24 parallel and independent

braids. Each braid is made of

three multifilament yarns of

polyester and a fourth yarn of

carbon in the middle to give rise

to a composite structure.
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contacts were confirmed by fibres peeling and splitting on the surface of the implants.

The main break zone was located near the exit of the tibial tunnel and showed abun-

dant axial splitting and bushy ends. These bad results made this implant unsuitable for

clinical use.

7.9.3 The Gore-Tex® ligament (W.L. Gore & Associates,
Flagstaff, AZ)

The Gore-Tex® ligament is made of continuous multifilament yarns of tightly braided

microporous PTFE (Figure 7.19). Its ultimate strength is more than twice the human

ACL tensile strength and it is also very stiff. For these reasons, it initially seemed

promising. Between 1982 and 1990, 18,000 Gore-Tex implants were used worldwide

with the over-the-top technique (Friedman, 1991; McCarthy et al., 1993). Effusion

and sterile synovitis were frequent, as was rupture, which happened more often on

the femoral side (Steadmann et al., 1995; Indelicato et al., 1989; Gries and

Steadman, 1996). Infection was reported in 2–3% of cases. Loosening of initially

well-tensioned grafts was observed quite often and explained by osteolysis enlarging

osseous tunnels, which is thought to be due to a localized inflammatory reaction cre-

ated by microbreakage and, secondarily, particle debris (Rubenstein et al., 1998).

Moreover, Guidoin et al. noted poor healing of the ligament, probably secondary

to the polymer itself (Guidoin et al., 2000). Although it presented good initial stability,

deterioration over time led to the abandonment of this device. It was taken off the mar-

ket by its manufacturer in June 1993, shortly after Sledge presented bad results (44%

failure rate at 5 years) (Sledge et al., 1992).

7.9.4 The Leeds-Keio® ligament (Neoligament Ltd, UK)

Over 50,000 Leeds-Keio® (LK) grafts were implanted worldwide, mainly in the 1980s

and early 1990s (Murray and Macnicol, 2004). The LK ligament is made of woven

PET. It was thought at first that this device promoted natural in-growth of collagen

fibres, and it was classified as a scaffold (Fujikawa et al., 1984). Later, some studies

Figure 7.19 The Gore-Tex®

ligament is made of continuous

multifilament yarns of tightly

braided microporous

polytetrafluoroethylene (PTFE).
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suggested that it acted more as a pure prosthesis. It contains short tubular sections at

each end that incorporate a bone plug used for fixation (Seedhom, 1988).

Clinical studies on the LK are contradictory. Jones et al. reviewed 50 patients who

had ACL reconstruction with the LK ligament with a mean follow-up of almost

12 years (Jones et al., 2007). The majority of them also had an extra-articular ligament

placed so that it ran parallel to the intra-articular component on the lateral aspect of the

knee. Patient satisfaction and level of activity were notably high (90%) and only 12%

were confirmed to have ruptured their grafts, leading to the conclusion of good long-

term functional stability. Ghalayini et al. conducted a prospective randomized con-

trolled trial comparing the bone–patellar tendon–bone autograft and the LK graft

and showed clinical equivalence at 5 years between the two groups (26 and 24

patients) for the Lysholm score and the one-hop test but not for the Tegner activity

score (Ghalayini et al., 2010).

In Rading’s study, 3 of the 24 patients were reoperated on because of a rupture of

the graft and another 6 developed important subjective instability during the first

2 years following surgery (Rading and Peterson, 1995). The mean difference in ante-

rior tibial translation measured was 3.7 mm compared to their normal contralateral

knee. All these elements determined the ineffectiveness of this synthetic ligament.

In the same way, Murray et al. reviewed 18 patients with a mean follow-up of

13.3 years and noted that 56% of them had increased laxity and 28% were known

to have ruptured their grafts (Murray and Macnicol, 2004). By way of comparison,

Scavenius et al. reported a 50.7% rate of laxity after 7 years of conservative therapy

in ACL-deficient knees. This implant is no longer seen as a viable option for ACL

reconstruction (Scavenius et al., 1999).

7.9.5 Ligament advanced reinforcement system (Surgical
Instruments and Devices, Arc-sur-Tille, France)

The Ligament Advanced Reinforcement System (LARS®) device is made of PETwith

an intraosseous segment composed of longitudinal fibres bound together by a trans-

verse knitted structure, while the intra-articular segment is composed of parallel lon-

gitudinal fibres twisted at 90°. The special feature of this implant is that this latter

portion is made of fibres that are oriented clockwise or counterclockwise, depending

on whether it is a right or left knee; this mimics the natural ligament structure and

reduces shearing forces. According to Dericks, this configuration is more resistant

to torsional fatigue and to wear and tear (Dericks, 1995). The porosity of the material

also allows tissue in-growth.

Although Talbot et al. did not show convincing results using the LARS® for lig-

ament reconstruction following knee dislocation (Talbot et al., 2004), other studies

are encouraging (Lavoie et al., 2000a; Nau et al., 2002). In the one conducted by

Lavoie et al., only 1 patient out of 47 had fixation failure secondary to an early return

to sports and none presented symptoms of synovitis. Even if no obvious rupture of

the implant was documented, patients did not return to their preinjury level of activity

and anteroposterior laxity was still present after surgery. Nau et al. conducted
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a prospective randomized trial comparing the LARS® ligament to the gold standard

bone–patellar tendon–bone autograft with the same postoperative rehabilitation and a

follow-up of 2 years. Interestingly, there was no case of reactive synovitis (Nau et al.,

2002). The failure rate was identical, with one patient in each group requiring revision

for that reason. Although laxity was greater in the LARS® group throughout the

follow-up period, clinical scores were better in this group early in the study but were

similar after 2 years. In fact, the LARS® group returned to sports earlier, which could

be explained by the period of ligamentization required in the autograft before patients

could return to full recreational activities. Purchase conducted a study with a longer

follow-up period (14.1 years) with an implant made of similar material to the LARS®

(Purchase et al., 2007). It showed encouraging results, without any effusion observed

and, at 9.5 years, only one graft failure out of nine patients. Huang et al. also showed

encouraging results in 81 cases of various knee ligament reconstructions at an average

of 29 months follow-up (Huanag et al., 2010). A systematic review in 2010 concluded

complication rates were comparable to those of traditional surgical techniques and

patient satisfaction scores were high, but it was equivocal with regard to graft stability

and long-term functional outcomes of the LARS® (Huanag et al., 2010; Lavoie et al.,

2000b). Hamido augmented the short- and small-sized autograft hamstring graft with

the LARS® and had good results at 5 years (Hamido et al., 2011). These interesting

results, combinedwith the low level of complications of this implant, might be the best

actual option in the field of prosthetic ligament devices, although more has to be done

to evaluate long-term outcomes and failure rates and to document tolerance of the

knee to the LARS® ligament (Figure 7.20).

7.10 Complications with synthetic ligaments

Savares et al. followed over 160 synthetic ligaments implanted between 1983 and

1990 for 80 months (Savarese et al., 1993). They concluded that this could not be con-

sidered a good option because most surgeons are apprehensive about the extremely

high number of tears. Why are ruptures so frequent and the half-life of these prostheses

so inferior to those of natural ligament? Many factors have to be taken into consider-

ation, including patient age and activity level, and surgical technique. For example,

poor tunnel positioning or inadequate notchplasty can lead to unequal stress distribu-

tion within the graft and abrasion on bony edges (Gries and Steadman, 1996).

Figure 7.20 Left LARS®

ligament.
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Synthetic ACL prostheses were originally promoted because some thought they

could enable faster rehabilitation than the autologous graft could. It is nowwell known

that autografts are weak at implantation and go through a period of morphological

changes in the first 12 weeks that make them more vulnerable, in contrast to the syn-

thetic ligament that is initially strong. Esposito invalidated this theory in a prospective

comparative study between the ABC Surgicraft® and the patellar tendon autograft.

After 6 months of rehabilitation, no functional differences between the two groups

could be identified (Esposito et al., 1997).

The physiological bone–ligament junction is a very complex structure composed of

four zones: ligament, fibrocartilage, calcified fibrocartilage and bone (Spalazzi et al.,

2008a). This transition zone is important because it allows the distribution of mechan-

ical stresses to a wide area. Using a sheep model, Schiavone et al. demonstrated that

synthetic prosthesis and augmentation devices are still separated from bone and ten-

don by fibrous tissue that does not have the physiological characteristics of an inser-

tion junction after 9 months (Schiavone Panni et al., 1993). This exposes the ligament

to abnormal stresses secondary to a nonperfect distribution. Comparatively, the patel-

lar tendon autograft has a physiological junction with the four distinct layers formed

by 6months after surgery. As for a semitendinous autograft, the integration of the graft

at the tendon–bone interface is not ideal because it fails to fully integrate with the bone

through an anatomic enthesis and may be associated with postoperative laxity

(Spalazzi et al., 2008b). To try to solve this problem, a rabbit model was used to test

ACL semitendinous grafts enhanced with BMP-2 gene transfer (Martinek et al.,

2002). The authors noted matrix formation with transition from bone to mineralized

and nonmineralized cartilage, but they also found that stiffness and load to failure

were significantly enhanced.

Collagen infiltration into the prosthesis during healing completely separates fibres

and leads to the breakdown of the textile structure. Tightly braided structures do not

allow penetration of collagen, while looser and porous knitted and braided ones permit

this collagen infiltration, which has been shown to cause fibres to swell, separate and

thus contribute to the overall weakness (Poddevin et al., 1995b). Collagen itself is

immature, not even organized nor uniformly oriented, so it would appear that this

is insufficient to provide any real mechanical support to the synthetic ligament

(Guidoin, 1994). This uncontrolled healing leads to loss of integrity in the textile

structure. Some degree of encapsulation of the implant was also observed, mainly

in the over-the-top technique, but this did not increase with the duration of

implantation.

There is also abrasion of the textile structure, which can be divided into two types.

The first andmore important one is desquamation, or the ‘surface peeling’ and flattening

of the fibres (Poddevin et al., 1995b). This is frequent around the femoral condyle in the

over-the-top technique and out of the tibial osseous tunnel in the intra-articular zone,

where there is contact between yarns and bone (Poddevin et al., 1995c). Its level of

severity depends on the type of weave; the tighter the weave, the more abrasion is

observed. Poddevin et al. found that this is the main reason for prosthesis failure. To

prevent this, some models added protection near these points and surgeons were told

to smooth the osteocartilagenous edges of tunnels (Poddevin et al., 1997).
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The secondmechanism is intra-articular abrasion in torsion and flexion at the yarn–

yarn interface. This develops after thousands of cycles. The fatigue of the implant

leads to axial breaking and fibres fraying. Every structure composed of textiles, espe-

cially the more tightly woven ones, is sensitive to this type of failure. The flattened

fibres observed could be explained by previous manufacturing processes such as tex-

turizing and heat setting in addition to compressive forces.

Clinically, the patients with chronic synovitis reactions present with a swollen,

warm and painful knee. An analysis of the synovial fluid to rule out acute infection

shows no bacteria, but it does show a marked increase in the white blood cell count,

mainly lymphocytes. Klein and Jensen described three types of effusion: an acute one,

usually 6–13 months following surgery; a chronic one found in the long-term follow-

up when patients complain of intermittent moderate swelling mainly after activities,

attributed by authors to recurrent instability; and a discrete but persistent joint

swelling without any definite pain (Klein and Jensen, 1992). Marois et al. studied three

different types of fibres and showed that only mild hyperplasia was present in the

synovial lining of the knee joint in close contact with the material, but away

from the implant, the synovial tissue remained normal. This mostly mild foreign

body inflammatory reaction is in a chronic state after a month (Marois et al.,

1995). Finally, there are the effects of the wear particles of these synthetic ligaments.

These particles are produced progressively by friction or by a bolus following a rup-

ture of the graft (Figure 7.21). They accumulate in the periarticular synovial folds,

mainly in the retrotibial and retrofemoral (Olson et al., 1988) areas. The degree of

synovial hypertrophy and foreign body response, with macrophage infiltration and

foreign body giant cells, is proportional to the accumulation of those particles

(Olson et al., 1988).

In a study conducted by Murray, all patients had degenerative changes on radio-

graphic examination of their ACL-grafted knee, which were not symmetric with

the contralateral side (100% against 39%) (Murray and Macnicol, 2004). They con-

cluded that the LK ligament was not effective in preventing osteoarthritis. They were

not the only ones to observe progressive degenerative arthritis in their patients. Could

the inflammatory reaction to the artificial ligament eventually produce osteoarthritis?

In opposition to this idea, Daniels found an increased incidence of degenerative

changes in ACL-reconstructed knees compared with conservatively treated ruptures,

irrespective of meniscal injury and regardless of the type of graft used (Daniel et al.,

1994). Could this just be explained by the initial trauma and the delay before surgery?

Meanwhile, Olson et al. tried to use a rabbit model to explain the role of the arti-

ficial ligament in the pathogenesis of osteoarthritis, which is a well-known wear

mechanism (Olson et al., 1988). The wear particles induce the production of signif-

icant levels of neutral proteinases (collagenases and gelatinases) by synovial cells and

chondrocyte-activating factors. The substrate of those enzymes is actually the molec-

ular architecture of the articular cartilage. Consequently, it mediates a biochemical

breakdown of articular cartilage and the ultrastructural components of the articular

matrix that give hyaline cartilage its biochemical properties. Moreover, Olson found

that interleukin-1 (IL-1) production might be another mechanism that adversely

affects the joint because it binds to chondrocytes and induces a decrease in matrix
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synthesis. The cartilage degenerative wear particles produced further enhance these

reactions and could then play a role in the pathogenesis of osteoarthritis.

The type of material, size of particle and dose are important factors to take into

consideration in this process. First of all, a dose-dependent response was noted. All

the ligaments tested led to the production of enzymes. Xenografts and carbon are

the biggest producers, probably because they generate the largest and smallest parti-

cles, respectively. The reaction to xenografts could be explained by traces of glutar-

aldehyde, a product used to decrease immunogenicity and increase the ligament’s

strength. All of the other ligaments tested were similar according to these parameters.

They concluded that these artificial devices are used to prevent osteoarthritis, but they

may actually be inducing it. On top of it all, as with any nonviable substance in the

human body, ACL prostheses are susceptible to bacterial seeding from bacteraemia

(Paulos et al., 1992). The poor clinical results and high complication rates easily

explain why the orthopaedic community is somehow dissatisfied with the synthetic

ligaments on the market.

Figure 7.21 Macroscopic

particles found in the knee joint of

an explanted prosthesis following

failure.
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7.11 Augmentation devices

The idea of an augment implant is to create a hybrid device. It is meant to protect the

biological graft during the vulnerable period when the graft undergoes a phase of

degeneration and loss of strength before being incorporated (Kumar and Maffulli,

1999). The Kennedy Ligament Augmentation Device® (LAD) (3 M, St-Paul, MN)

implant was introduced by Kennedy in 1979 and is made of braided polypropylene

(Figure 7.22). It was initially attractive because it was found to share the load and

to be stronger and stiffer than the biological ACL (Kennedy, 1983). A cadaveric study

showed that the LAD carries approximately 45% of the load with a semitendinous

graft and 28% with a patellar tendon graft (Hanley et al., 1989). The counterpart is

that it may stress-shield the autogenous tissue, preventing it from developing adequate

tensile strength (Schepsis and Greenleaf, 1990). It happens when the device is fixed at

both ends. Hunter recommended its use for autogenous grafts smaller than 9 mm to

protect against plastic deformity, when a bone plug was broken during harvesting,

and in patients with hyperlaxity to prevent stretching during the healing phase

(Hunter, 1995).

Multiple studies in the early 1990s demonstrated good results in knee function in

the short term and a rate of complications similar to that for autograft reconstruction,

but others could not demonstrate any increase in stability (Hunter and Van Kampen,

1993; Hunter and Mittun, 1991; Noyes and Barber, 1992; Bartlett, 1991; Barrett and

Field, 1993).

A prospective randomized study of 64 patients followed for more than 2 years

showed no differences in residual laxity and functional stability between the group

with the LAD and the one without it (Moyen et al., 1992). A problem arose at the

suture interface between the graft and the LAD and was identified as the weakest link

of the composite (Mascarenhas and MacDonald, 2008).

The examination of explanted devices noted significant yarn–yarn abrasion at the

distal end of the implant and at anchorage sites, as well as yarn–bone abrasion at the

exit of the tunnels (Poddevin et al., 1995a). Moreover, the device appears to initiate an

inflammatory reaction in the knee, causing effusion and synovitis, and delaying

Figure 7.22 Example of an

explanted Kennedy Ligament

Augmentation Device® made of

braided polypropylene.
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maturation of the autogenous graft, and it may be associated with an increased risk of

infection. Its routine use is no longer recommended (Kumar and Maffulli, 1999).

7.12 Tissue engineering and scaffolds

Tissue engineering is defined as the application of biological, chemical and engineer-

ing principles toward the repair, restoration or regeneration of living tissues, using

three approaches: the use of three-dimensional, porous matrices that promote tissue

regeneration and facilitate the transport of nutrients and metabolites; the use of iso-

lated cells that have been expanded in vitro; and the use of molecular and mechanical

regulatory factors, or a combination of any of these (Cooper et al., 2005). This emerg-

ing field has broad applicability and may provide solutions to a variety of orthopaedic

disorders, including fracture nonunion, cartilage injury and tendon or ligament insuf-

ficiency (Petrigliano et al., 2006). The principle is to provide a temporary site for cell

attachment, proliferation and mechanical stability while the new tissue is regenerat-

ing. Compared to the transplantation of cells alone, it offers the potential advantage of

immediate functionality (Vunjak-Novakovic et al., 2004). Strategies have ranged

from bridging torn ACL ends with a bioconductive graft to off-the-shelf, long-term

bioresorbable grafts designed for total replacement (Noyes et al., 1984; Altman

et al., 2008). Development can occur in vivo or ex vivo. In vivo, a scaffold is implanted

into the host and encourages tissue ingrowth and neoligament formation. Conversely,

ex vivo systems use a bioreactor that applies exogenous signals to stimulate cells for

the subsequent host implantation of a readily functional ligament. The ideal ACL

replacement scaffold should be biodegradable, porous and biocompatible; should

exhibit sufficient mechanical strength; and should be able to promote the formation

of ligamentous tissue in an organized fashion with rapid cellular infiltration

but without initiating a severe inflammatory response. Differences between scaffolds

can generally be categorized into one or more of six domains: bulk material, three-

dimensional architecture and porosity, surface chemistry, mechanical properties, initial

scaffold environment (osmolarity and pH), and late scaffold environment (degradation

characteristics) (Sahoo et al., 2006; Altman et al., 2002a; Cooper et al., 2003).

Three-dimensional porous scaffolds promote new tissue formation by providing a

surface and void volume that promote the attachment, migration, proliferation and

desired differentiation of connective tissue progenitors throughout the region where

new tissue is needed. It should be biodegradable because persistence of a scaffold

or implant precludes the formation of new tissue in the space that it occupies. In addi-

tion, following the integration of a rigid nondegradable implant, the adjacent tissue is

often mechanically protected (stress shielding), changing local mechanical signals

and resulting in the loss of desired local tissue. The scaffold should degrade at a rate

proportional to the development of the new tissue to avoid failure. The rate of decrease

in mechanics must not exceed the rate of increase in tissue load-carrying capabilities.

Three features of the degradation process appear to influence performance: the rate at

which the matrix loses its mechanical properties, the rate at which the matrix is
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removed from the site, and the nature and concentration of the soluble products that

are released into the site as the material is broken down. These characteristics are hard

to control and vary widely. The degradation products then have to be further degraded

or cleared. The effects of these products on graft cells depend on multiple factors. The

degradation products of polylactides and polyglycolides are not ideal for tissue regen-

eration. To match the degradation rate with tissue in-growth, a polyethylene oxide-

based gel was developed that contains both cell adhesion molecules and other peptides

that are released as the gel is degraded. Finally, the mechanical properties of the scaf-

fold are determined both by the material properties of the bulk material and its

structure.

Several groups have tried to develop a scaffold using natural polymers such as col-

lagen and silk or synthetic polymers such as polylactic acid (PLA) or composite mate-

rials (Altman et al., 2002a; Cooper et al., 2003). Collagen and PLA are the most often

used; however, none of them has achieved more than 20% of the ultimate tensile

strength of human ACLs (Ge et al., 2006). Collagen is usually derived from bovine

submucosa and intestine or rat tails. It has to be processed to remove foreign antigens,

improve its mechanical strength, and sometimes to slow down the degradation rate by

crosslinking. The advantages of collagen include its compatibility with synthetic poly-

mers and the fact that it can easily be modified, hemostatic, synergic with bioactive

components and nontoxic. There are concerns over the use of collagen in ligament

tissue engineering, however. It does not offer the mechanical integrity required to sup-

port the dynamic loading of the ACL at all time points and has a relatively quick

in vivo degradation (Majima et al., 2005; Funakhoshi et al., 2005). High cost, variabil-

ity, hydrophilicity, complex handling properties, potential disease transmission asso-

ciated with the use of bovine collagen products and the leaching of chemical

crosslinking agents are other disadvantages (Vunjak-Novakovic et al., 2004).

Another option is bioresorbable silk. The silk matrix is an appropriate three-

dimensional culture environment for cell attachment and spreading after being pro-

cessed to extract the allergen component, sericin. The development of a twisted fibre

architecture gives the scaffold excellent mechanical properties similar to those found

in the ACL. It is inexpensive and noncytotoxic and it has good biocompatibility and a

slow proteolytic degradation time. In fact, it degrades completely after 2 years. The

most promising silk is from the Bombyx mori silkworm (Laurencin and Freeman,

2005; Altman et al., 2002a). It is the largest and most stable source that has been

commercialized for a long time. It can be coated with growth factors to enhance cell

attachment and proliferation.

PLA and polyglycolic acid (PGA) are the twomain synthetic polymers. Poly-lactide-

co-glyclide (PLGA) and poly-L-lactic acid (PLLA) are isoforms of these products. They

are hydrolytically degraded materials. The process starts immediately upon implanta-

tion and is not dependent on the ability of the body to infiltrate the graft with remodel-

ling tissue (Agrawal and Athanasiou, 1997). PGA has the highest tensile strength but

degrades rapidly, and loss of strength is also thought to be too rapid for the PLGA.

The best option might be PLLA; several observations of favourable PLLA device inter-

actions in animal and human clinical studies have been published. PLLA has the highest

cell number, maintains its structural integrity, and exhibits high mechanical properties
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over time. This polymer degrades in lactic acid and can take up to 2 years for full resorp-

tion. The advantages of synthetic polymers are their ease of processing and controlled

degradation. However, the chemically and biologically inert polymeric materials are

unlikely to induce cell adhesion and tissue formation. To overcome this drawback, nat-

ural polymers extracted from native ECM have been used to modify the synthetic mate-

rials to improve cell adhesion properties. Cooper pointed out that cell seeding yielded

better results, positively influencing the healing response and the long-term success of

those neoligaments (Cooper et al., 2007). According to Lu, PLLA braided scaffolds pre-

coatedwith fibronectin were found to be themost suitable substrate for ACL tissue engi-

neering (Lu et al., 2005). Fibronectin is in fact an important protein, which is

upregulated during ligament healing and has been shown to improve cell attachment

efficiency and affect long-term matrix production by ACL cells.

Architecture is very important in the design of a scaffold. Its structure determines

the transport of nutrients, metabolites and regulatory molecules to and from the cells,

whereas its mechanical properties determine mechanotransduction at cellular and tis-

sue levels (Altman et al., 2008, 2002a). Porosity can modulate the functionality and

cellular response of the implant (Cooper et al., 2005). It is known that a highly porous

scaffold is desirable because it allows cell seeding or migration throughout the mate-

rials (Ge et al., 2006). To culture a high number of cells, a large surface area is

required. For example, 150 mm of pore diameter is required for bone in-growth and

200–250 mm for soft tissue (Woo et al., 2004; Yahia, 1997; von Recum, 1986;

Konikoff et al., 1974). These pore size ranges are required for tissue in-growth and

capillary supply, and to improve the quality of anchorage in bone tunnels. The inter-

connectivity between pores also allows tissue in-growth into the interior of the matrix

in this relatively initial avascular environment. Finally, yarn bundle size also needs to

be considered, especially in a three-dimensional braiding system, which comprises a

network of continuous filament and yarn bundles with fibrous architecture oriented in

various directions (Cooper et al., 2005).

Other aspects to consider are the cell source, cellular response and cellular affinity for

the scaffold. ACL fibroblasts were shown to respond to specific growth factors, dynamic

mechanical stimulation and static tension, but they are known to have a low doubling

rate, and a suitable source of autologousACL fibroblasts is not yet available. This is why

other sources, such as mesenchymal stem cells from bone marrow, are under investiga-

tion and seem to be an excellent cell source. They have the potential to differentiate into

cells of multiple mesenchymal lineages (Petrigliano et al., 2006).

Regulatory factors are also important in the development of new tissue. Mechanical

signals are important mediators in the differentiation of connective tissue progenitors;

they enhance mass transport and directly stimulate the cells to achieve mechanically

competent tissue formation. In fact, they induce cell alignment in the direction of the

resulting force. Numerous efforts such as growth factor use, cell therapy and gene ther-

apy have been employed for in vivo and in vitromodels in an effort to enhance ligament

healing. A group of authors even treated the LK ligament with radio frequency and

noted an increase in cell proliferation and attachment (Sugihara et al., 2006). Mean-

while, there are still many factors that need to be considered, such as the dose and timing

of applications during ligament healing, delivery vehicles and the possible combined
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effects of multiple growth factors for positively synergistic outcomes. The attachment,

survival, proliferation and differentiation of stem cells and progenitor cells can be opti-

mized in vitro if implants are precoated with selected bioactive proteins. However, the

main concerns are the cost and controlled release of those growth factors. The new gen-

eration of bioinductive biomaterial scaffolds are capable of delivering multiple growth

factors or releasing these molecules in response to mechanical loading. Kimura et al.

implanted in rabbits a plain-woven braided PLLA scaffold combined with a gelatin

hydrogel for the controlled release of bFGF growth factors wrapped with a collagen

membrane (Kimura et al., 2008). Their results suggest that the local controlled release

of those growth factors could induce osseointegration and intrascaffold cell migration to

increase the mechanical strength of the new ACL.

Cooper et al. are trying to develop scaffolds based on PLGA, which is already used

for sutures and fixation devices and is biocompatible and biodegradable (Cooper et al.,

2000). They predesign heterogeneity into the pore size and fibre orientation of their

model, so that cell ingrowth is different depending on where it is located in the mate-

rial. The intention is that stresses of the knee joint can be more appropriately with-

stood. For example, a particular region has properties to withstand abrasion on

bony edges while the extremities are designed to enhance bone fixation into tunnels.

Spalazzi et al. also thought about designing a scaffold with inhomogeneity at the ACL-

to-bone interface in order to optimize integration with a controlled cell distribution

(Spalazzi et al., 2008a). Multiphasic scaffold designs seem to represent a promising

strategy for complex musculoskeletal tissues, as is the biological fixation of an ACL

graft (Spalazzi et al., 2006). This kind of material could be used as a graft collar, a

hollow cylinder through which ACL graft will be inserted or preincorporated into a

degradable polymer-based ACL prosthesis.

These authors also developed a mechanoactive scaffold. The principle is to apply

compression to a tendon graft to promote matrix remodelling, which would eventually

lead to fibrocartilage formation by upregulation of fibrocartilage markers, because it

has been shown by Berry et al. that the cellular response in terms of alignment and

cellular metabolism was highly dependent on the applied strain profile (Berry

et al., 2003). The precise mechanism is unclear but is thought to result from the influ-

ence of mechanical signal transduction pathways as well as differing rates of nutrients,

metabolites and oxygen mass transfer induced by these stimuli (Altman et al., 2002b).

This could potentially be used as a collar for an ACL graft at the bone–graft junction.

Some preliminary studies have also shown that, in addition to tensile loading, other

mechanical factors such as electromagnetic fields and ultrasound may play a role

in regulating the differentiation of mesenchymal progenitor cells (Naruse et al.,

2000; Aaron and Ciombor, 1996; Jadeja et al., 2007).

Tischer et al. developed a new scaffold based on acellular tendon allografts seeded

with autologous cells (Tischer et al., 2007). The biomechanical properties of the ten-

don remained the same because this new method used for acellularity preserves the

collagenous matrix. This process should also minimize adverse immunogenic reac-

tions often encountered in allograft material. According to them, if animal experi-

ments are successful, tissue-engineered constructs could be generated using a

simple dermal biopsy and acellularized tendons as scaffolds.
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To date, clinical studies have been infrequent and inconsistent, however. Jadeja

et al. reviewed a composite carbon-fibre polyester scaffold used in ACL-deficient

knees at their institutions (ABC® – Active Biosynthetic Composite Ligament)

(Jadeja et al., 2007). It was introduced in 1985 and is made of 24 strands of interwoven

carbon and polyester unit material with radial overbraiding and a loop at either end.

The over-the-top technique was used. The early failure of their first cohort was attrib-

uted to technical errors. The second cohort showed a very low initial failure rate (0%

in the first 3 years) but with an increasing incidence of failure (27.9%) noted after

5 years, mainly at the intra-articular tibial tunnel exit. Another study also using the

same ABC® scaffold reported 90% satisfaction among 71 patients with a mean

follow-up of 5 years. There were no failures and only two patients suffered from recur-

rent synovitis (Petrou et al., 2006).

The advantage of a tissue-engineered ligament is that it does not elicit a permanent

foreign body reaction, because it is gradually reabsorbed and replaced by natural tis-

sue. In contrast to the permanent synthetic prosthesis, which loses strength with time,

the mechanical behaviour of tissue-engineering grafts should improve with time

because of neoligament tissue development and remodelling (Ge et al., 2006). Poten-

tial problems associated with these implants are allogenicity and batch-to-batch var-

iability, making consistent reproduction difficult (Mascarenhas and MacDonald,

2008). A study showed that the degree of in-growth of the implant was highly variable

(Barry et al., 1995). This is a major concern and some authors recommend that until

this issue is resolved, the reconstruction of ACL with scaffold should be discouraged.

The ideal artificial ACL perfectly mimics all the characteristics of a normal ACL in

terms of strength, compliance, elasticity and durability without any side effects. More-

over, it should be user-friendly for surgeons and compatible with the actual surgical

equipment. Unfortunately, none of the synthetic grafts have met the qualifications

needed for a lasting ACL substitute. Ge et al. listed five reasons why progress in that

field is slow: (1) no scaffold has been able to handle the mechanical loadings of an

ACL; (2) disruption of the blood supply undermines the regeneration potential; (3)

the transitional zone between the bone and ligament is a challenge to recreate; (4)

regeneration secondary to cytokine activation is difficult; and (5) the process has

not yet been able to restore stretch-sensitive mechanoreceptors (Ge et al., 2006).

As we can see, tissue engineering is an emerging field, and there are still many

problems to overcome. Despite extensive research, no materials have achieved the

goal of a construct with the biomechanical, biofunctional and biostable properties

of a native ACL. It will be interesting to observe what the new generation of scaffolds

will bring.

7.13 Xenografts

Few studies in the past 10 years have mentioned xenografting due to its high level of

complications and bad publicity. Recently, Stone et al. transplanted immunochemi-

cally modified porcine patellar tendon using the two-bone tunnels technique in 10

patients with ACL-deficient knees and followed them up for 24 months without
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any immunosuppressive treatment. At the time of publication, five of them were still

in place (Stone et al., 2007). Only one was removed because of a bone plug loosening

at 15 months. No one had any knee effusion and everyone went back to their previous

level of activity with a stable knee. They were able to demonstrate the process of the

ligamentization of the xenograft with the explanted implants (two sports accidents).

They concluded that this modified porcine implant could be considered an option for

patients with a ruptured ACL.

With a goat model, some authors developed an artificial biological ligament with a

porcine tendon treated with epoxy-crosslinking fixation (Wang et al., 2008). This pro-

cess produces a passive-degrading material only when tissue regeneration is necessary.

The diversified minimization of the antigen process to reduce immunogenicity, the

mechanical enhancement modification of proteins and a surface activating process with

adhesion to enrich seed cells and growth factors were also applied to the materiel. The

appearance is similar to normal tendon. At 52 weeks, no trace of ligament material was

found; the regenerated host-ligament collagen fibres were arranged in an orderly fashion

but still differed from a normal cruciate ligament. The integration at the bone–ligament

interface also seemed adequate. According to the authors, the ligament showed good

biocompatibility and acceptable biomechanical properties in spite of the multiple treat-

ments. They believe this could become a good option as an augmentation device for an

ACL-deficient knee because its final loading strength was only 30–40% of the original

one. Perhaps new studies should combine the technologies developed with scaffolds to

produce a new generation of ACL implants.

7.14 Conclusion

The long-term results of ACL reconstruction are disappointing in spite of 30 years of

effort, and given that scientists are still looking for the optimal biomaterial and graft

structure to meet the demanding and complex characteristics of the native ACL, one

question remains: Do we still need an artificial substitute to replace or reinforce a bro-

ken or torn ACL? The scientific community vacillates back and forth with different

types of implants, trying not to fail in the same ways that the their predecessors did. Is

tissue engineering the answer? Only the future will tell. But for now, even if not per-

fect, studies show that bone–patellar tendon–bone or hamstring autografts are the way

to go – and for the long haul! An ACL prosthesis that lasts as long as the patient lives

and that can be implanted using arthroscopic techniques with minimal postoperative

pain and rapid recovery without complication is the dream of every surgeon.
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