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Abstract

Mitral valve annuloplasty is a common surgical procedure performed on thousands of
patients each year across the world. A less invasive and more successful method of resolving
mitral valve regurgitation, repair surgeries now outnumber replacement of the mitral valve
in its entirety. As a result, a range of supportive annuloplasty ring devices for maintaining the
surgical repair are now available for lifelong implantation. However, these devices
underserve some populations leading to replacement surgeries, and rely on assumptions

made on the natural, healthy anatomy of the mitral valve.

Additive manufacturing (AM) has, for the last few decades, become increasingly adopted
into the medical industry. With applications ranging from educational aids to surgical
instruments and long-term implantable devices, this field is rapidly expanding and
encompassing a greater breadth of medical specialities. In particular, the manufacturing of
patient-specific products with reasonable cost and high fidelity is a key area of development
for medical applications of additive manufacturing methods. Significant research has already
been undertaken in the fields of orthopaedics, regenerative medicine, and pharmaceuticals,
producing long-term implantable metal devices, complex polymer scaffolds, and novel drug

delivery methods.

Personalized annuloplasty rings could lead to greater surgery success rates enabling greater
repair longevity, reduced reoperation rates, and reduced risk of future valve replacement.
This project aimed to investigate the suitability of the AM technique, selective laser melting

(SLM), to create annuloplasty rings tailored to each patient.

To achieve this goal, this research focussed first on comparing the existing design
assumptions applied to commercial annuloplasty devices against human anatomy using
cadaveric dissection and measurement. These studies concluded that whilst the assumed 3:4
ratio applied in annuloplasty design was a good average across a population, the ratio was
inconsistent between subjects and could lead to difficulties in sizing devices appropriately

for an individual patient.

Following this, methods of design and manufacturing were investigated, comparing various
tools available in commercial medical-CAD software, Materialise Mimics®. The commonly
applied “thresholding” method of isolating structures from patient scan data was found to
be insufficient for isolation of soft tissue structures such as the mitral valve annulus from the

surrounding cardiac tissue due to the similarity in densities reducing contrast on the scan. A



method of single-point design using insertion points of the valve leaflets throughout the scan
was shown to be sufficient to reproduce a mitral annular structure, which was then
manufactured in the Ti6Al4V alloy, which has been shown to be biocompatible in some

orthopaedic applications, using SLM.

Post-processing techniques appropriate for the specific application of this device into the
cardiovascular system were also investigated. The novel electrolyte jet machining process
was employed to moderate surface unevenness caused by inherent properties of the powder
bed SLM process, such as stepping or loose powder particles. This process was tested with a
range of parameter sets producing varying topographies and therefore applied to different
needs of the annuloplasty device. Firstly, the process was applied for reduction of
coagulation on the surface of Ti6Al4V alloy samples, and then for amplification of fibroblastic
cell growth. The primary parameter sets were found to produce a small reduction in platelet
adhesion when compared against as-built SLM surfaces, however failed to reduce the
platelet activity to that found on conventionally manufactured Ti6Al4V samples. The
secondary parameter sets did not produce any improvement in fibroblastic proliferation in
short term studies, however SLM samples were found to be significantly more favourable to

fibroblast growth than conventionally manufactured surfaces of the same material grade.

Finally, future avenues for work are discussed, including next steps for each of the three
areas investigated in this thesis and a view to the future of novel annuloplasty devices as a
whole. Recommendations for other applications of electrolyte jet machining are provided,
including the potential for anti-biofouling surface processing given the lack of cell
survivability found in these studies. Further design recommendations are considered, from
computational modelling of the valve through to structured surgical prediction integrated

with design of the annuloplasty device.
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1 Introduction
1.1 Cardiovascular disease
According to the British Heart Foundation, cardiovascular disease is responsible for around
28% of all deaths in the UK, with healthcare costs estimated to be around £9 billion per year.
Further, the cost to the UK economy through disability, early death and other related costs
is nearly £20 billion annually (BHF, 2019).

This demand is only increasing over time: whilst mortality has fallen steadily over time, the
demand on healthcare has risen as admissions and interventions increased (Bhatnagar et al.,

2016).

Cardiovascular disease includes all possible diseases of the heart and the circulatory system.
This includes coronary artery disease and heart attacks, arrhythmias, pericardial disease, and

valvular diseases.

1.1.1 Cardiovascular devices

Implantable cardiovascular devices are employed in a range of diseases related to a
reduction in function of the circulatory system. Some devices are temporary measures,
intended for short-term support of heart activity, whilst others have an expectation of lasting

the remainder of a patient’s life.

Short term devices are often used to support the heart during waiting periods or emergency
situations. Left ventricular assist devices (LVADs) have historically been used as a “bridge”
for patients waiting for heart transplant, to prevent worsening of the heart condition and
support the output of the heart in the meantime (Birks et al., 2006). More recent
developments however have allowed LVADs to become a long-term device used for patients
who cannot receive a heart transplant and will remain on the LVAD for the remainder of their

life (Pagani et al., 2009).

Longer-term cardiovascular implants include implantable cardioverter defibrillators and
pacemakers, replacement valves, and stents (Zhang et al., 2018). These devices are designed
to support the working of the heart for the remainder of life, in situations where one specific
function has failed. As such, these devices carry a high risk compared to those used for
shorter periods of time (Zhang et al., 2018). With the addition of these supportive measures,
the heart itself is still able to function and does not require full replacement or support, and
as such these smaller interventions can still provide a significant increase in quality or

guantity of life.



Novel developments in cardiovascular devices are continually being produced. A large field
of work surrounds provision of minimally invasive techniques to provide these devices,
avoiding full sternotomy and the added risk of complications associated with the more

invasive techniques (Grabow and Schmitz, 2018).

New materials have allowed investigation into resorbable devices, particularly in valvular
support or in the case of stents, where removal or resizing of the device could be beneficial,
but would currently require a full reoperation (Grabow and Schmitz, 2018). Removal of a
stent once the heart is haemodynamically stable, along with the potential inclusion of
bioactive substances or drugs to be eluted, could be of great benefit to patients (D’Souza et

al., 2008).

Finally, as with many areas of medicine, attentions have turned to personalising
cardiovascular surgery and providing a more individualised care than is currently available.
This personalisation ranges from medication choice and surgical planning, but also includes
the early investigations into development of bespoke cardiovascular devices which respond
to individual need rather than a population average (Jain, 2017; Vukicevic, Mosadegh, et al.,
2017). This thesis will focus on the development specifically of a mitral valve annuloplasty

device, personalised for this very purpose.

1.1.2 Mitral valve disease

Mitral valve disease is the most common cardiac valvular disease consisting of both mitral
regurgitation and mitral stenosis. Along with all other cardiovascular diseases, demand for
mitral valve surgeries has been increasing. In 2018-19, 3,574 mitral valve repairs or
replacements were undertaken within the NHS in England, compared to 2,725 cases in 2008-

9, representing a 31% increase in surgical cases over 10 years (NHS Digital, 2019).

The mitral valve is a bileaflet valve separating the left atrium and ventricle. The valve leaflets
are held in place by chordae tendineae and papillary muscles, which aid control of the

opening and closing of the valve during diastole and systole.

The valve itself is made up of two separate leaflets and the mitral annulus. The posterior
leaflet of the valve is roughly divided into three scallops, P1, P2 and P3; and the anterior
leaflet is labelled in relation to those scallops although there is no anatomical separation.
The anterior leaflet surrounds about 2/3 of the valve opening, with the remaining 1/3 being
covered by the posterior leaflet. The anatomy and relative location of the mitral valve are

shown in Figure 1.
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Figure 1: Anatomy of the mitral valve. A shows the apical long-axis view and the placement of the valve in
relation to the Left Ventricle (LV), Left Atrium (LA), Aortic Valve (Ao) and Papillary Muscles (PM). B shows the
open mitral valve from the surgical view through the left atrium, and C shows the surgical view of a closed mitral

valve. Taken from (Dal-Bianco and Levine, 2013).



The mitral annulus is a fibrous ring which surrounds the leaflet insertion points around the
whole valve structure. The annulus is not circular nor planar, as a number of commercially
produced annuloplasty rings are shaped. It is, rather, a hyperbolic paraboloid with a flatter
anterior side, producing a more D-shaped geometry (Mahmood et al., 2013). It is a dynamic
structure, and supports complete shutting of the leaflets during systole to prevent

regurgitation of blood back into the atrium of the heart (Mahmood et al., 2013).

The mitral valve is instrumental in controlling the flow of oxygenated blood out of the heart
to the rest of the body, and as such degeneration or loss of function to the valve can have

severe consequences if left untreated.

Mitral valve disease is classed into two categories: stenosis and regurgitation. The former

refers to a tightening of the valve, the latter to a loosening of the valve apparatus.

1.1.2.1  Mitral valve stenosis

Mitral stenosis regards the tightening of the valve opening, preventing the free movement
of blood from the atrium to the ventricle. It is most commonly caused by rheumatic fever, or
more rarely by calcification of the mitral annulus. Mitral stenosis was the first cardiac valvular
disorder that was corrected surgically, however its prevalence has decreased in developed

countries(Sud et al., 2016).

1.1.2.2  Mitral valve requrgitation

Mitral regurgitation results from the failure of the posterior and anterior leaflets of the valve
to meet completely, resulting in backwards flow of blood through the heart (Enriquez-
Sarano, Akins and Vahanian, 2009). Over time, the heart will compensate through left atrial
hypertrophy, eventually resulting in heart failure. The causes behind this regurgitation can
be congenital or acute and can achieve such damage through various mechanisms. Widely,
the causes are classed as ischaemic, following an infarction of the surrounding tissue, or non-
ischaemic. Non-ischaemic causes include primary myxomatous disease, a loosening of the
annulus and leaflets, annular calcification and endocarditis (Enriquez-Sarano, Akins and
Vahanian, 2009). Mitral valve disease regurgitation can also be classed into primary (directly
caused by abnormalities of the mitral valve itself), or secondary (when a different event such
as a myocardial infarction has led to a cascade of dysfunction in the heart eventually resulting

in mitral valve failure) (De Bonis et al., 2016).

Pharmaceutical interventions for primary mitral valve regurgitation are usually not

recommended (De Bonis et al., 2016). Some symptomatic management can be achieved



through medicine administration; however, the failure of the valve must be surgically
addressed in order to rectify the disease. In secondary mitral valve regurgitation, where the
mitral valve dysfunction has arisen from other diseases of the heart (such as myocardial
infarction or endocarditis), pharmaceutical intervention should be used to reduce primary
disease burden, however surgical repair or replacement of the mitral valve is also indicated
to fully resolve symptoms (De Bonis et al., 2016). Therefore, across all causes and types of
mitral valve regurgitation, surgical intervention remains the most instrumental in resolving

disease.



1.2 Mitral valve surgery

Depending on the mechanism of injury and the severity of regurgitation, the prognosis for
patients with mitral valve regurgitation varies widely, as does the necessity for intervention
and the method thereof (Delling and Vasan, 2014). Surgical interventions for treatment of
mitral regurgitation are a continually evolving practice, having seen much change since the
first implantation of the Starr-Edwards Valve in 1960 (Matthews, 1998). Broadly speaking,
surgery can be split into two approaches: surgical repair of the existing valve, or entire

replacement of the patient’s valve structures, using long-term, implantable devices.

During the last two decades, replacement of the mitral valve has become less common, with
repair of the existing valve now being favoured as a less invasive procedure and with better
operative outcome (Gammie et al., 2009; Sawazaki et al., 2014; Lazam et al., 2017).
Operative mortality for mitral valve replacement surgeries (3.8%) has been found to be
significantly higher than repair surgeries (1.4%), and long-term mortality rates follow the

same pattern (46% versus 23%) (Gammie et al., 2009; Lazam et al., 2017).

Inthe years 2018-19, mitral valve repairs alone constituted 1955 cases in the NHS, with mitral
valve replacements producing a further 1413 patient episodes (NHS Digital, 2019). The costs
for surgery are high, with in-hospital estimates of costs in the USA standing at $78,216 for
valve replacement and $72,761 for repair (Ferket et al., 2018). Despite being the less
expensive option, repair surgery clearly remains expensive. Common to both are long in-
hospital recovery times, and for repair, annuloplasty ring devices themselves reaching
thousands of pounds alone (Cohn et al., 1997; Edwards Lifesciences LLC, 2010). In addition,
sizers required to decide on the correct implant for use on patients must be purchased
separately, and range from hundreds to thousands of pounds for a set (Edwards Lifesciences

LLC, 2010).

1.2.1 Mitral valve replacement

Mitral valve replacement is more likely to be employed in patients who are older and with
an increased number of comorbidities, or who have more severe disease (Gammie et al.,
2009; Lazam et al., 2017). When replacing a cardiac valve, either a biological or a mechanical
valve can be chosen for implantation. Biological valves have become more common in
surgical use, despite their limitations in long-term placement (Gammie et al., 2009; Madesis
et al., 2014). The reduction in use of mechanical valves is likely attributable to the higher risk
of embolism, requiring more anticoagulant medication, which in turn then leads to an

increased risk of haemorrhage post-surgery (Enriquez-Sarano, Akins and Vahanian, 2009).



Largely, however, repair surgery is now preferable to replacement due to its reduced
negative outcomes and reduced frequency of reoperation, with one group expressing that
replacement surgeries are performed “far too frequently” when alternative surgeries are
available (Gammie et al., 2009; Madesis et al., 2014; Lazam et al., 2017). Whilst mitral valve
surgeries have increased by 31% overall over the past 10 years, the occurrence of repair
surgery has greatly outpaced replacement: mitral valve repair has increased in frequency by

56% (NHS Digital, 2019).

1.2.2 Mitral valve repair

Novel developments of repair and annuloplasty surgeries of the mitral valve have included
transcatheter and minimally invasive approaches to the surgical technique (Cohn et al., 1997;
Tatooles et al., 2004). However, the scope of this thesis focusses on conventional mitral valve
repair, which remains the more common surgery under employment, due to limited
evidence of significant benefit to patients for these more expensive novel techniques.
Further, most devices capable of conventional repair are also appropriate for use in

minimally invasive techniques (Cohn et al., 1997; Van Praet et al., 2018).

The aim of a mitral valve repair surgery is twofold: to restore coaptation of the valve leaflets,
and to restore the natural shape of the mitral annulus (Madesis et al., 2014). The
combination of these two factors should lead to a restoration of normal valve function and
elimination of regurgitation. A view of presurgical, diseased and postsurgical mitral valve

apparatus is shown in Figure 2.
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Figure 2: A view of mitral valve apparatus. From top: a healthy mitral valve; a valve with symmetrical dilatation
across the posterior aspect; a valve with asymmetrical dilatation on one side of the posterior aspect; a
reconstructed valve following repair. Taken from (Kheradvar et al., 2015)

Where a valve prolapse is present amongst the disease, sections of the posterior valve leaflet
will usually be removed (this is less commonly applied to the anterior leaflet), and the
chordae tendinae may be shortened or added to with artificial chordae (Enriquez-Sarano,

Akins and Vahanian, 2009).

In the case of functional mitral regurgitation however, surgery focusses more on the effect
of annular dilatation and reducing this through introduction of annuloplasty devices
intended to reduce the circumference of the diseased mitral valve opening (Enriquez-Sarano,

Akins and Vahanian, 2009).

The discussion of respecting versus resecting the valve tissue during a mitral valve repair has
been continual, with removal of valve leaflet tissue being discussed as a potential source of
postoperative valve stenosis. However, both techniques are still employed at the discretion
of the surgeon, with resection applied more commonly where there is an excess of tissue in
the valve leaflets or where the mitral annulus has become calcified (Tomsi¢, Klautz and

Palmen, 2018).

As mentioned previously, annuloplasty is employed as a final step in most mitral valve repair

surgeries. This ties into the second aim of the repair surgery, in restoring the natural shape



of the annulus, particularly in reducing the circumference when dilated (Madesis et al.,

2014).

1.2.2.1 Mitral annuloplasty

The process of annuloplasty, shown in Figure 3 involves the insertion of a device over the
mitral valve to restore a healthy annular shape and encourage coaptation of the valve
leaflets. Dilatation of the mitral annulus can either be a cause or a result of mitral

regurgitation, and therefore is commonly found in association with valvular disease.
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|

Figure 3: The steps of mitral annuloplasty. From left: sutures are placed through the anterior portion of the valve
annulus and the annuloplasty device. Sutures continue around the device and the valve circumference and are
pulled tight to fix the device in place over the top of the valve structure. Taken from (Kheradvar et al., 2015)

Depending on the severity of disease and related conditions, the decision can be made to
either true-size or under-size the ring according to the current dimensions of the mitral valve.
True-sizing will replace the shape of the annulus and prevent further degeneration; whereas
under-sizing will pull back together valve leaflets which have lost coaptation due to a dilated
annulus. Inclusion of annuloplasty in mitral valve repair is a significant predictor of success
rates of mitral valve repair, and exclusion of annuloplasty can result in recurrent

regurgitation (Flameng, Herijgers and Bogaerts, 2003).

Current rings used in annuloplasty are composed of a titanium alloy or polymer (traditionally
polyoxymethylene) core, surrounded by sponge and Dacron (polyethylene terephthalate)
fabric for suturing. Rings have been designed with a range of minor modifications, including
altering rigidity and increasing or decreasing the saddle-like shape (Jensen et al., 2008;
Silberman et al., 2009). Some major commercial producers of annuloplasty rings include

Edwards Lifesciences, Medtentia, St Jude Medical and Sorin. An example of a Medtentia



annuloplasty ring (with additional ventricular
appendage under the main ring structure) is

shown in Figure 4 (Konerding et al., 2013).

Current choice of annuloplasty ring is led
primarily by surgeons’ preference, influenced
by the brands available at individual hospitals

and training programmes (Arora and Anyanwu,

2015; Wan et al., 2015). Few clinical or Figure 4:image of the Medtentia annuloplasty device,
manufactured with a metal core and partially covered

experimental studies have been performed to with a suture cuff. Taken from (Konerding et al., 2013)

compare the efficacy and suitability of

different rings for repairs, and this remains a limiting factor on the evidence-based approach

to mitral valve repairs (Wan et al., 2015). More studies are now being produced using

techniques varying from augmented reality sizing (Ender et al., 2008) to finite element

analysis of forces on the valve (Votta et al., 2007), however most of these focus only on one

specific ring design or a direct comparison of only a small number of those available.

1.2.3 Recurrent disease
Whilst surgery is mostly successful in repairing or replacing the valves, repairs may not last

over a lifetime and may require reoperation. The rate of failure for mitral valve repair varies
widely between institutions, surgical technique, devices, and methods employed. However,
within 10 years of surgery, figures of around 15-20% of patients experiencing a return of
mitral regurgitation are not uncommon (Shimokawa et al., 2011; da Costa et al., 2018; Petrus

etal., 2019).

Modes of recurrent disease can be dependent on a range of factors, both biological and
external. In some cases, underlying disease such as ischaemia or endocarditis will progress.
In other cases, some portion of the surgical procedure will fail — this may be procedural or
directly related to devices implanted during surgery. Historically, procedural complications
were common, however in more recent times studies have shown that the majority of
recurrent mitral valve regurgitation now arises from disease progression (Gillinov et al.,

1997; Shimokawa et al., 2011).

Patients with recurrent regurgitation are at high risk of the disease progressing further, and
significant risk of complications and death. Reoperation is usually necessary, to re-repair or
otherwise rectify surgical failure. In cases where reoperation is attempted for recurrent

disease, valve replacement may alternatively be attempted (Gillinov et al., 1997).
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Specifically relating to annuloplasty devices themselves, failure can arise from any portion of
the surgical application. Devices themselves may break, sutures may come loose, or
complications may arise from interactions on the surface of the device including infection or

thrombi (Gillinov et al., 1997; Dumont et al., 2007; Shimokawa et al., 2011).

In order to combat the concerns of failing annuloplasty devices, the design of bespoke
annuloplasty ring implants for individual patients has been proposed, in place of the current
system of near-sizing based on a limited range of commercially available sizes and shapes.
These personalised devices aim to improve fit to patient anatomy to reduce the risk of
complications such as dehiscence, stenosis or damage to other structures owing to under-,

over-, or incorrect sizing.
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1.3 Personalisation of medical implants

Historically, implantable medical devices have been manufactured using formative or
subtractive techniques, including casting and milling (Sidambe, 2014; Dall’Ava et al., 2019).
These processes are limited in their ability to change designs and are suited predominantly
to mass manufacture of a set design, with some small variation across a size range for
example. Adaptation of these processes to produce wide variation or even individual designs
would be complex and costly, owing to the need to produce new moulds and specific tooling

for each design (Dall’Ava et al., 2019).

In some cases where high personalisation has been a requirement of an implanted device,
manual adjustments have previously been adopted. These would include processes such as
hammering a plate or bending a wire into shape according to the needs of the application
(Raisian et al., 2017). In particular, this has been adopted for craniomaxillofacial implants,
where aesthetics and functional shape specificity is of higher importance. However, these
processes are both time-consuming and imperfect, being reliant on the precision of a
surgeon to produce an implant matching the needs of the patient manually, and within the

time frame of active surgery.

More novel manufacturing techniques developed in the late 20" and early 215 century allow
for greater design freedom and greater ease in adapting individual or smaller groups of
devices for a specific application. The addition of computer numerical control (CNC)
machining allowed quicker manufacturing with reduced human input into a manufacturing
process. In turn, as this process is controlled by computers, designs can be changed
incrementally, and bespoke devices become easier to realise (Dall’Ava et al., 2019). However,
again this process remains cost prohibitive in most cases. The material wastage in such
subtractive processes is high, resulting in high output costs for each individual implant
compared to the material retained in the part. This becomes particularly the case as implant
designs become more complex, when considering small individual anatomical variances or
the inclusion of cell growth-promoting lattice structures. Thus, these adaptable but
subtractive processes do not offer a sustainable option to the medical sector for wider

adoption of bespoke implants.

Additive manufacturing technologies present a promising outlook to bespoke medical
implants in comparison to other available technologies. The ability to produce complex and
rapidly adaptable computer-based designs, as found in CNC milling, is retained, with further

improvements on precision and reduced material wastage (Gibson, Rosen and Stuker, 2013).
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The potential for recycling of unused materials across a number of additive technologies
reduces the cost output associated with subtractive techniques, and fine internal details are

manufacturable in-process as a part builds from “ground-up” (Dall’Ava et al., 2019).
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1.4 Additive manufacturing

Additive manufacturing (AM) has presented an upheaval in manufacturing and research and
is quoted as being part of the “third industrial revolution”. AM encompasses the production
of parts from 3D computer models, normally in a layer-by-layer manner, in contrast to

traditional or subtractive manufacturing techniques (Gibson, Rosen and Stuker, 2013).

The benefits of additive manufacturing include increased freedom of design, production on
demand and simplification of supply chains. In the production of small-volume, complex
objects, AM can both speed up and decrease the cost of manufacturing. As a result, the
financial impact of AM introduction has been significant: the industry saw an annual growth
rate of 30% in the years 2010-2015 and an annual growth of 21% in 2017 alone (Bourell,
2016; SME, 2018). Further, industry experts are almost unanimously agreed that this growth
is set to continue and likely accelerate, driven by increased AM of end-use devices and

bioprinting (SME, 2018).

Methods of additive manufacturing are divided into seven categories based upon the form
of the starting material and method of consolidation. These categories include: binder
jetting, directed energy deposition, material extrusion, material jetting, powder bed fusion,
sheet lamination and vat photopolymerization (Gibson, Rosen and Stuker, 2013). The seven
methods of AM provide different benefits for different applications: some provide higher
accuracy, whilst others are more accessible to the wider market or are able to be applied to
a wider range of materials. Interest in additive manufacturing has been raised across a

number of sectors including medical, aerospace, and automotive applications.

A brief overview of the major additive manufacturing methods and their application in
medical uses is shown in Table 1. In this research, selective laser melting was chosen as the
method of manufacturing. Selective laser melting has been trialled for a number of medical
applications, as discussed in Section 2.5.5, and has promise in manufacturing materials
which have historical evidence of biocompatibility in various medical applications. Metals
such as Ti6Al4V, CoCr and stainless steels are common in medical devices and thus a metal
manufacturing method is beneficial to this research. Other metal AM technologies listed in
Table 1 are less appropriate for small device manufacturing, such as DED which is typically
contained to larger bulk deposition of material in applications such as cladding or large AM

builds.
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Process category

Benefits

Downfalls

Common materials

Table 1: Overview of Additive Manufacturing Processes in medical applications (Gibson, Rosen and Stuker, 2013)

Employability in medicine

Binder jetting

Directed energy deposition

Material extrusion

Material jetting

Sheet lamination

Vat photopolymerization

Powder bed fusion

Wide range of binder and
material combinations available
Comparatively faster than some
other AM techniques

Greater control over material
microstructures

Hybrid systems are in
development for deposition-
processing combinations
Cheaper and more accessible
than many other AM processes

High accuracy deposition of
material droplets

High-speed AM process

High accuracy process
Comparatively good surface finish
of AM parts

Some self-supporting ability
Comparatively inexpensive when
including powder recycling

Requires post-processing
Struggles with structural
components due to spaces
without binder present within
layers

Requires post processing
Currently limited to near-net
shapes

Comparatively slow process
Low accuracy and precision
compared to other processes

Greater reliance on support
structures than other processes

Limited applications and
materials available

Requires extensive post-
processing

Reliant on support structures
Expensive process

Often requires post-processing
Limited size

Metals, polymers, and
ceramics

Powder-based material
Metals

Powder or wire-based material

Polymers

Filament-based material
Polymers

Droplet-based material
Metal, polymers, and paper
Sheet-based material
Polymers and resins
Liquid-based material

Metals, polymers, and
ceramics

Employed in manufacture of
implants and drugs

Employed rarely in manufacture
of implants

Employed in the manufacture of
guides and models

Employed in the manufacture of
guides and models

Some use of biocompatible
resins for dentistry

Uncommon in medical
applications

Employed in the manufacture of
implants and tissue engineering

Employed in the manufacture of
implants and tissue engineering
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1.4.1 Selective laser melting
Selective laser melting (SLM), shown schematically in Figure 5, is a powder bed fusion

technique of additive manufacturing used primarily in the fabrication of metal parts. The
process involves a powdered material melted together in layers by a laser, controlled via a

computer holding a CAD model of the final part.

SLM is normally carried out in an inert gaseous environment to minimise oxygen content and
increase purity of the material. Inside the machine is a scanning laser, a moving build
platform, and a powder recoater, as shown in Figure 5. The recoater spreads material
powder over the build platform at a defined thickness (dependent on the material), after
which the laser passes over the powder in patterns dictated by a single layer of the CAD file
to fuse the powder in those areas. The build platform then lowers, another layer of material

is spread over the top, and the process repeats.

Specific to biomedical applications, SLM parts can be produced with porous structures
beneficial to the growth of cells on and into them. Previous in vitro studies have shown that
SLM-manufactured Ti6Al4V and stainless steel provide beneficial mechanical properties and
cellular integration, including improvements over material manufactured by non-additive
techniques (Hollander et al., 2006; Wei et al., 2015). In addition, porous structures provide
improved mechanical properties for bone applications compared to traditional metal parts,
as they minimise the risk of stress shielding around the implanted part (Arabnejad et al.,
2017). The freedom of design and manufacturing offered by additive manufacturing can
provide greater ability to fabricate these internally porous components, aiding the reduction

of stress shielding.

Over alternative methods of additive manufacturing, SLM also provides some process
benefits. The lack of binding material required means that parts produced can be more dense
than, for example, produced using binder jetting where the binding material is removed to
complete manufacturing of the part. In addition, the material which is left unmelted provides
some support to overhanging or internal structures, reducing the number of support
structures required in other methods such as fused deposition modelling. These support
structures provide areas of extra material which must be removed during post-processing of
the build, however due to the geometry of an annuloplasty ring not involving large overhangs
or lattices, the build orientation can be optimised to minimise the impact of these supports.
Unused material inside the SLM machine after a part is finished can also be recycled and
reused for a next build. Finally, SLM is capable of achieving very good mechanical properties

in finished pieces. SLM manufacture of Ti6Al4V alloy is now capable of meeting and

16



exceeding mechanical properties achievable with wrought and cast material, even without
the need for post-processing treatments (Liu et al., 2019). In this study, parameter
optimisation led to increases in ultimate tensile strength, ductility and hardness when

porosity was well controlled (Liu et al., 2019).
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Figure 5: Overview of the powder-based fusion method of metal additive manufacturing, used in some medical applications. (A) shows the overall internal workings of a powder bed
fusion machine including the powder bed, material powder, and laser used to fuse particles together. (B) shows a cross section of the build area during manufacturing, exhibiting
the freedom of design owed by AM techniques allowing for overhanging parts within the build. Taken from (Lowther et al., 2019).
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1.5 Personalised implants by selective laser melting

A number of methods of design, production and implementation of personalised implants
have been investigated. Depending on the aim and application of the device, appropriate
material properties needed vary. Examples of AM parts in the literature include skull plates,
jaw replacements, neck of femur replacements and more (Cohen et al., 2009; Jardini et al.,

2014; Rotaru et al., 2015; Wong et al., 2015; Lu et al., 2018; Goodson et al., 2019)

Titanium and its alloys have been the material of choice in most additively manufactured
implanted medical devices to date, with other materials in use including CoCr, polymers such
as PCL, and ceramics for dental applications (Lowther et al., 2019). Titanium has a long
history of development in selective laser melting processing and is now able to be additively
manufactured with ease and success. In addition, it boasts good biocompatibility, specifically

in the Ti6AI4V alloy (Sidambe, 2014).

With regards to mechanical properties during SLM production, Ti6Al4V has proven to be
capable of additive manufacture to similar properties as those found in conventional
manufacturing, especially when including post-processing methods such as heat treatments
(Liu et al., 2019). Alternatively to heat treatments, various scanning strategies can be
employed to reduce issues such as residual stress or porosity commonly found with SLM-
manufactured titanium alloys (Liu et al., 2019). With the employment of one or both of these
activities, mechanical properties within range of conventionally manufactured material is
possible, and in some cases strength and hardness can be higher, for example compared to

wrought material (Shunmugavel et al., 2017; Liu et al., 2019).

Titanium alloy has been used in additively manufactured skeletal implants due to its good
biocompatibility and mechanical properties, especially when taking into account the
potential for complex internal structures (Kaur and Singh, 2019). Inclusion of these structures
in the place of a fully solid part lowers the density of an implant and matches the mechanical
properties closer to that of the patient’s own bone, avoiding stress shielding from the metal
part (Kaur and Singh, 2019). The elastic modulus of solid Ti6Al4V, for example, is 110GPa,
whereas human cortical bone only approaches 20GPa. In addition to single lattice structures
to move the overall modulus closer to matching the surrounding bone, functionally graded
materials using SLM technology allow for a gradient of properties to exploit the benefits of a

strong material while not damaging other body tissues (Xiong et al., 2020).

With regards to annuloplasty devices, the LivaNova Memo 3D ReChord device is

manufactured using a combination of titanium alloys at its core (namely, Nitinol and

19



Ti6Al4V). This device is designed for “selective flexibility” in the posterior portion of the
device, allowing for movement of the valve in this area (Prinzing et al., 2018). The nitinol
alloy alongside silicone surroundings allow for flexion in the ring, with Ti6Al4V core

components providing rigidity and support.

Further to the general application of additively manufactured Ti6Al4V in medical devices,
material development and improvement of biocompatibility through integration of novel
technologies has been attempted. Fine control over the size and number of pores present in
an additively manufactured part has been asserted, providing improved design techniques
for enhancement of osseointegration (Murphy and O’Brien, 2011). Surface coatings and
material additives, including active biomolecules such as vascular endothelial growth factor
(VEGF) and passive coatings like hydroxyapatite, have been applied to increase the speed at

which cellular integration takes place (Matena et al., 2015; Wei et al., 2015).

By comparison, long-term soft tissue devices are less well investigated, owing likely in large
parts to the lack of availability of safely implantable materials used in 3D printing with
appropriate mechanical properties. In addition, soft tissues present challenges in imaging
clearly for design as the densities relied on by most medical imaging software are too similar
to distinguish features across organs. In their place, a large area of research for organs and
other soft tissues resides currently in preoperative assessment and planning of surgeries

(Birbara, Otton and Pather, 2019).
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1.6 Challenges of the cardiovascular environment

The needs of the cardiovascular environment with regards to long-term implantable devices
are in many cases more challenging than other organ systems. Imaging of the cardiovascular
system is often difficult or invasive, risks of complications are high, and the potential

outcomes of such complications can be life threatening.

As the heart is encased within the chest cavity, it is secluded behind both the ribcage and
surrounding organs. Imaging the heart therefore is challenging, especially as a soft tissue
which does not provide significant density differences from surrounding areas, as is found
with bone. The activity and movement of the heart can also provide challenge in imaging the

heart clearly before or during surgery (Cawley, Maki and Otto, 2009).

Compared to skeletal implants, the impact of blood flow on cardiovascular implants is much
greater. Cardiovascular implants are in direct, constant contact with blood throughout their
lifespan, and in the majority of cases they are subject to high-pressure and turbulent flow of
blood. This provides potential for complications through more than one avenue: the high
pressure puts strain on the tissues and sutures used to hold the implant in place, and the
inclusion of a foreign object in the blood provides infection and thrombotic risk (D’Souza et
al., 2008; Anyanwu and Adams, 2009). This risk is heightened with comparison to other
devices, as the direct blood contact allows for any infective or thrombotic agents to be

moved quickly around the body and spread more easily than would be found in local systems.

Although the cardiovascular environment provides numerous challenges, there are also
some benefits of working with softer tissues. Unlike skeletal tissue, which is highly active
with fast cellular turnover and constant growth, the heart and vessels are comparatively less
active in dividing and replacing the tissue. As a result, the potential for stress shielding and
other issues of damage to renewing tissue associated directly with material properties is
reduced (Lowther et al., 2019). The load-bearing nature of the implant is also reduced, and
in the case of annuloplasty devices, the lack of articulating parts avoids issues associated with

material-on-material contact within devices (Nuevo-Ordodnez et al., 2011).

Assessment of cardiovascular devices remains stringent, with a wide range of expected
conditions to be tested before market (ISO, 2017). An annuloplasty device is regarded as a
Class 3 Medical Device under the EU Medical Devices Directive, alongside other long-term
implantable devices such as hip stems, tissue scaffolds or bone plates (Publications Office,

1993). This places annuloplasty rings in the highest risk category of device (excluding active
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devices) and opens them to stringent testing and validation needs before being allowed into

clinical use.

In most cases, personalised medical devices, including those such as annuloplasty devices
and other Class 3 devices, are exempt from the EU Medical Devices Directive. Additively
manufactured, bespoke items did not previously fall into the categories of legislation as they
could not be widely verified on a batch-wide basis and did not fulfil the requirements of the
directive. Some of this discrepancy was cleared through the updated guidelines provided in
the 2017 update to the Medical Devices Regulations, however in large part, bespoke devices
remain outside of the regulatory framework (Publications Office, 2017). In fact, the
explanatory notes of the new Medical Devices Regulations agrees that “Manufacturers of
medical devices for an individual patient, so called ‘custom-made devices’, must ensure that
their devices are safe and perform as intended, but their regulatory burden remains
low”(Publications Office, 2017). In such cases, an individually designed and prescribed device
can be given to a patient at the behest of clinicians and with appropriate supporting

documentation to show evidence of efficacy of the device.

Regardless, the appropriate measures to take when developing a novel device for wider use
remain to test stringently on at least the material and prototype level, even if rigorous testing
of the final part is not possible. Later validation of final products can be supported using
witness specimens and sacrificial copies of the device on the same build. Whilst guidelines
are variable for individual devices and dependent on previous experience of the device,
material biocompatibility, haematology and thrombotic potential are all expected amongst
blood contacting devices, with variations based on duration of blood exposure and purpose

of the device as well as the novelty of material or application (1SO, 2017).
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2 Literature Review
2.1 Personalised cardiovascular surgery
Previous examples of personalised cardiovascular devices have included early investigations
into vascular stents, balloons and valve repairs (Demir and Previtali, 2017; Robinson et al.,
2018). Further developments have also been made in tissue engineering associated with
additive manufacturing, dubbed “bioprinting” (Alonzo et al., 2019; Vashistha et al., 2019),

however this will not be a focus in this thesis.

Other developments in patient-centred care have included the personalisation of existing
surgeries and imaging to provide individualised plans and outcomes in contrast with
assumptions about patient needs across populations. Computational modelling of therapies
and devices has been undertaken, addressing diseases such as heart failure, aneurysms and

valvular disease among others (Gray and Pathmanathan, 2018).

Additive manufacturing, for its part, provides other avenues of personalisation for surgery

and disease control, owing to the ability to replicate complex structures quickly and cheaply.

2.1.1 Additive manufacturing in cardiovascular disease
A large portion of previous work using additive manufacturing in medicine has been in

skeletal applications, owing to both the availability of appropriate materials and the ease
with which these structures can be imaged and processed using available computer
programs. However, soft tissue applications have been investigated more recently, covering
a number of potential areas for work. Cardiovascular interventions are particularly benefiting
from this technology given the complexity of the heart and its related structures, giving the

chance to visualise internal parts before surgery has begun.

2.1.1.1  Education and training
For the purposes of training surgeons, nurses and other healthcare professionals, additive

manufacturing provides an effective method of producing anatomical models based on real
patients and incorporating the naturally occurring differences in anatomy. These models can
be produced quickly and relatively cheaply, providing a wider range of diseased and normal

anatomies to inspect and minimising patient risk during training periods.

Models have been produced of whole mitral valves comparing diseased and healthy states
(Witschey et al., 2014; Mahmood et al., 2015) as well as specifically the mitral annulus alone

(Mahmood et al., 2014).
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One such example in which a significant impact on student learning has been found was a
comparison between cadaver donations and additively manufactured models in cardiac
anatomy teaching (Lim et al., 2016). The inclusion of additively manufactured models in
education resulted not only in a significant improvement in post-learning test scores
compared to pre-learning tests, but also provided a significantly higher average post-test
score in the group using additively manufactured models compared to those using cadaver-

only or combined learning techniques (Lim et al., 2016).

2.1.1.2  Presurgical planning
With regards to cardiovascular disease, visualisation of internal structures that are not easily

accessed outside of the operating theatre can be hugely beneficial in the planning of surgery.
In particular the visualisation can aid surgeons in predicting complications to the surgery and
decide on which route or method of access will be most appropriate: in one study it was
found that the majority (85%) of cardiac health professionals asked would likely use

additively manufactured valve models in future practice (Birbara, Otton and Pather, 2019).

A number of groups have applied additive manufacturing technology specifically to the
preoperative planning of valve surgeries. These have included the planning of transcatheter
and percutaneous surgical interventions as well as paediatric cases (Dankowski et al., 2014;
Izzo et al., 2016; llina et al., 2017; Scanlan et al., 2018). Due to the obvious anatomical size
differences between adult and paediatric cardiovascular systems coupled with the more
subtle structural differences, being able to print 3D models of valves and other structures

represents a significant development in the preoperative planning process.

2.1.1.3 Testing of interventions
Methods for effective testing of new medical and surgical interventions are constantly

evolving, and in particular there is a need for effective alternatives to animal and human
testing of devices at early stages. In this vein, additive manufacturing has continued this
trend, as the reproduction of minor variations in cardiac anatomies allows for testing of new
devices across a number of possible situations. In addition, different surgical techniques and
equipment can be tested on one patient’s anatomy to decide the best course of action for

that individual.

“Indirect printing”, or using additive manufacturing for the production of bespoke negative
moulds, has been used frequently to work around the limitations of existing AM materials
when mimicking human tissue. For example, (Ginty et al., 2017) used a final silicone piece

produced from a printed mould. The hope was in these cases that using actual patient valve
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dimensions produced by additive manufacturing, the chambers would be more accurate at
testing individual cases by avoiding use of a generalised shape from a large population
(Mashari et al., 2016). However, with a total process time of 19 hours from image acquisition
to a finished silicone piece, this method proves inefficient when compared to the direct
printing achieved by studies above. A similar method of indirect printing was used to produce
a model of an aortic aneurysm for stent design in a vascular phantom (Sulaiman et al., 2008).
In addition, (Vukicevic, Puperi, et al., 2017) used directly printed mitral valve models to test
the new MitraClip device in the lab without using human or animal tissues. The study by
(Vukicevic, Puperi, et al., 2017) in particular is of note as the group made use of a
multimaterial printer which allowed for closer representation of tissue properties, but also
variation to accommodate for other needs, such as calcified deposits in a harder material.
Both studies concluded with the use of the chosen device in surgery with the patients

concerned, and both provided positive outcomes to the patient.

As technologies develop and further software capabilities become easily accessible, it is likely
that these workflows will become more appropriate for common clinical use. In the
meantime, methods of indirect printing are useful for widening the pool of materials for use

to better mimic human tissues.
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2.2 Limitations of existing annuloplasty rings

Up to 20% of patients will require further surgery following mitral valve repair, often due to
relapse or progression of disease (Enriquez-Sarano, Akins and Vahanian, 2009; Shimokawa
et al., 2011; da Costa et al., 2018; Petrus et al., 2019). Whilst the mechanism of secondary
damage is most commonly new or worsened disease in the valve, technical failure of the
initial surgical procedure still constituted nearly half of all reoperations in one study (Suri et
al., 2006). Issues with the surgical procedure are seen as preventable, but still occur and in
some cases require more than one revision surgery following the original repair (Dumont et

al., 2007).

Dehiscence, or a complete failure of sutures to hold the annuloplasty ring in place leading to
tearing of the stitches through the tissue, represents a medical emergency which must be
operated on immediately. It has been quoted as the most common technical or procedure-
related postoperative complication (Dumont et al., 2007). Whilst this often occurs from
undersizing of the annuloplasty ring, a device which appears to be correctly sized may have

unequal forces exerted around its circumference, leading to the same outcome.

More common but less severe complications of annuloplasty surgery include left ventricular
outflow tract obstruction and systolic anterior motion of the valve (Dal-Bianco and Levine,
2013). These may or may not require further intervention or reoperation, however, often

lead to decreased efficiency of the heart, and may decrease quality of life in those affected.

Although a range of sizes is available in varying models of annuloplasty ring, few are available
in sizes suitable for small paediatric hearts. In part this is due to a lack of demand, as a fixed
annuloplasty ring is unable to grow with the developing paediatric heart, potentially leading
to pathological stenosis. In addition the risk of embolism associated with foreign bodies
within the heart is extended due to the longer lifetime with the implant in situ (Kazaz et al.,

2005; Cikirikcioglu, Cherian and Kalangos, 2012).

Of the repairs performed in the NHS during the years 2018-19, 54 cases were in patients
under the age of 18, constituting just over 2.6% of procedures (NHS Digital, 2019). In these
patients, annuloplasty without an annuloplasty ring is usually performed (Komoda et al.,
2009). Procedures like the De Vega or Paneth annuloplasty can be used to reduce the size of
the native annulus by suturing through the tissue itself, or annuloplasty can be avoided
entirely (Wood et al., 2005). Whilst this avoids the need for reoperation to replace
annuloplasty rings as the heart grows, it can leave an incomplete repair and restoration of

the healthy annulus may not be successful in the long term.
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Other limitations to the availability of annuloplasty devices include bariatric surgery as well
as disease which has progressed past a point of successful reparability. Similarly, to
paediatric surgery, the sizes of annuloplasty ring required for some of these surgeries are not
currently produced. In addition, patients who are older or have greater body surface area
undergoing mitral valve replacement are at a greater risk of mismatch between device size
and the native valve (Akuffu et al., 2018) . In the case of severe disease, modelling of the
valve and forces exerted on it by implants could better inform surgery. Then, by using
personalised implants, valve repair could be undertaken within acceptable limits of
regurgitation recurrence and ring dehiscence risk. Larger sizes could also be produced as they
would not bear the economic loss of mass-producing underused sizes as they would still be

manufactured on an individual basis for patients.
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2.3 Essential functions of annuloplasty devices

Mitral annuloplasty, as discussed in Section 1.2.2.1, is commonly applied in mitral valve
repair, and requires the use of a ring or near-ring annuloplasty device. These devices provide
the mechanical support for a mitral valve repair, however in order to provide this support

safely and effectively inside the heart they must fulfil several functions:

2.3.1 Form the appropriate size and shape for a patient’s mitral valve
Correct sizing of an annuloplasty ring is of vital importance, as incorrect size or shape can

lead to negative consequences, including mitral stenosis or recurring regurgitation (Magne
et al., 2008). Whilst sizing is generally successful in most patients, it requires interoperative
assessment by the surgeon, leading to a subjective decision which can be affected by the
experience of the surgical team, as well as extended time on bypass and under anaesthesia
for the patient (Graser et al., 2014). Previous studies have shown that different methods of
manual intraoperative sizing commonly employed result in significantly different size
suggestions (Al-Maisary et al., 2017). In this research it was shown that based on five
different methods employed by surgeons, the average size suggestions produced for a cohort

of 43 patients ranged between 29.9mm and 37.5mm (Al-Maisary et al., 2017).

Even when rings are sized correctly however, animal studies have shown that the
implantation of currently available annuloplasty rings may still lead to an imperfect repair of
the valve and annulus. In one study the implantation of annuloplasty rings led to a reduced
maximal opening of the valve leaflets when compared to normal, healthy diastole (Bothe et
al., 2010). In addition, some models increased the excursion of valve leaflets or decreased
the distance between the left ventricular septum and the anterior aspect of the mitral valve
(Bothe et al., 2010). The latter of these is considered a risk for future regurgitation of the
anterior leaflet, and the former was found to increase bending stresses on the valve leaflets,
suggesting that fully rigid rings may be detrimental to the success of long-term repair (Bothe

et al., 2010).

Some of the issues described above with current annuloplasty rings have been improved
through the design of a “saddle-shaped” ring (Bothe et al., 2010). These rings are designed
to reproduce the natural three-dimensional shape of patients’ healthy annulus more
effectively. Saddle annuloplasty rings have been shown to distribute stress more effectively,
leading to lower overall forces than traditional flat rings (Jensen et al., 2008). Shapes bespoke
to the patient and their individual disease mechanism, however, are likely to be even more

successful in treating mitral regurgitation. The Geoform annuloplasty ring was designed
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specifically for functional mitral regurgitation, avoiding the need to downsize rings to provide
support for severe lack of coaptation in some patients (Votta et al., 2007). These rings have
been successful in surgical use, and have suggested that disease-specific design could

improve outcomes of current surgery (Votta et al., 2007; Timek et al., 2014).

The mitral valve is commonly described as adhering to a 3:4 ratio between the
anteroposterior and transverse diameters (Carpentier, Adams and Filsoufi, 2010), and
examples of existing surgical implants being designed according to this ratio can be found,
such as the Carpentier-Edwards Physio Ring. This ratio stems from the experience of
Carpentier and surgical textbooks, however few papers have been published investigating
the relationships between the healthy dimensions of a mitral valve (Carpentier, Adams and
Filsoufi, 2010). If accurate, this ratio could be instrumental in the prediction of mitral valve
dimensions post-intervention and could allow for design of patient-specific implants based
on preoperative scan data. However, limited evidence has been published to support this
ratio, and as such it is not clear how much value this relationship could provide in predictive

settings.

2.3.2 Prevent coagulopathies leading to cardiovascular deterioration

A major concern of long-term implantable devices in constant blood contact is the risk of
thrombosis instigated by the device itself. Whilst coagulation is a normal part of circulatory
system upkeep, erroneous clots can result in catastrophic consequences, leading to

myocardial infarction or cerebrovascular accidents.

Foreign objects in the bloodstream pose risk for this, as they interrupt the flow of blood,
causing turbulent and high-pressure blood to come into repeated contact with the artificial
surface of the device. These devices are lacking the natural anticoagulant factors found in
endothelium that protect healthy tissue from activating the extrinsic clotting cascade, as well
as actively encouraging the intrinsic pathway (as shown in Figure 6), and as such they can
result in erroneous activation in otherwise healthy tissue (Smith, Travers and Morrissey,

2015).

The consequences of such clotting activation are severe: if a clot forms within the vessel
containing the device, it may interrupt normal function of the device. For example, if a stent
has been inserted to open an atherosclerotic vessel, coagulation on the internal surface of
the stent would lead to reocclusion of the vessel and could cause further angina or
myocardial infarction. Alternatively, the clot may travel through the circulatory system past

the initial point of formation. In these cases, thrombi can become lodged in vessels anywhere
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within the body and occlude blood flow to a different organ or tissue, resulting in deep vein

thrombosis or pulmonary embolism, among others.

The process of coagulation involves a vast number of factors, cells, and enzymes. Various
different branches of the coagulation cascade (shown in Figure 6) respond to different types
of interruption, including external damage and foreign objects including glass or clay (Smith,
Travers and Morrissey, 2015). The extrinsic pathway is activated primarily in natural
haemostasis and involves release of tissue factor into the blood stream, most often by
damage to cells of the endothelium. The intrinsic pathway, comparatively, is directly

activated by blood contact against an artificial surface resulting in activation of blood clotting

factors.
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Figure 6: Simplified diagram of the intrinsic and extrinsic pathways of the coagulation cascade, adapted from
(Smith, Travers and Morrissey, 2015)
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Common to both pathways is the reaction of platelets within the blood vessel. Platelets
represent a late step of the coagulation pathway and their activation results in formation of
platelet plugs (Davie, Fujikawa and Kisiel, 1991; Palta, Saroa and Palta, 2014). Active platelets
then in turn release factors which activate the clotting cascade further, leading to a positive

feedback loop and the potential for significant thrombus formation.

2.3.2.1 Platelet activation on medical devices
In general, artificial, non-biological materials directly in the bloodstream lead to activation

of the intrinsic pathway of coagulation. Particular materials have been found to be more
potent activators, including clay and diatomaceous earth, which have been applied to benefit
in haemostatic gauzes and blast dressings (Smith, Travers and Morrissey, 2015). However,
for the purposes of long-term blood-contacting devices, this activation is significantly less
beneficial and poses great risk to patients. In addition to the material itself, properties of the
device and the material used can contribute to the thrombotic potential of the device,
through shape (inclusion of corners that trap blood), surface chemistry (chemicals which
encourage conformational change and activation of clotting factors) or surface profile (rough

surfaces which catch and activate or damage platelets, cells and blood constituents).

Surface topography can influence the coagulation cascade through a number of media:
protein adsorption, cell behaviour and direct platelet adhesion are all affected by the
topography of a material introduced to the blood. In turn, the topography can also affect
surface chemistry reactions of blood constituents against the material (De Mel, Cousins and
Seifalian, 2012). Previous investigation into the surface features of Left Ventricular Assist
Devices (LVADs) found that unevenness on the surface of blood-contacting parts resulted in
an increased thrombogenic risk, although all those included in the study still fell within
acceptable limits (Linneweber et al., 2007). This impact is produced through interactions with
a number of blood constituents, including platelets as well as factors of the coagulation
cascade themselves. In addition, research into plastics used in intravascular catheters
showed that within individual types of plastic, more thrombogenesis was found on samples

with greater surface roughness (Hecker and Edwards, 1981; Hecker and Scandrett, 1985).

Guidelines for mitral valve annuloplasty include the provision of a period of anticoagulation
post-surgery (Asopa, Patel and Dunning, 2006). However, it is acknowledged that in many
cases this guideline is not followed. Whilst many patients are safely discharged post-
operatively, some will experience a thromboembolism directly caused by the repair surgery

in the period following operation. Annuloplasty devices pose particular risk due to their long-

31



term insertion directly inside the heart, which can lead to highly motile thrombi which may

form even despite the presence of anticoagulation medication (Aytekin et al., 2011).

2.3.3 Integrate fully with the patient’s body

Endothelialisation is a process undertaken by most long-term medical implants in the
cardiovascular environment. During this process, endothelial cells migrate onto the surface
of an implanted device, along with cell growth promoted by clotting and trapping of blood-

borne progenitor cells differentiating into endothelial-type cells (Heath, 2017).

In many cardiovascular implants, the endothelial layer produced over the top of the device
provides mechanical support in addition to sutures and a layer of immune protection from
rejection. In addition, the finished endothelial layer is strongly anti-thrombogenic, resulting
in a significantly reduced risk of clotting-related adverse effects after the endothelium has

encased the device completely (Post, Wang and Cosgriff-Hernandez, 2019).

Endothelialisation is so central to the longevity of cardiovascular repairs in particular, that
devices designed solely to initiate the endothelialisation process and then dissolve have been
developed both for stents and annuloplasty devices (D’Souza et al., 2008; Cikirikcioglu,
Cherian and Kalangos, 2012; Myers and Kalangos, 2013). Other methods of encouragement
of endothelialisation have included microporous materials, surface coatings, and drug

elution (Heath, 2017; Post, Wang and Cosgriff-Hernandez, 2019).

2.3.3.1 Endothelialisation of existing annuloplasty devices

In the case of annuloplasty devices, the sewing cuff provided to enable suturing of the device
to the valve annulus also provides an environment for aggregation and growth of endothelial
cells. This sewing cuff fulfils the needs for endothelialisation by providing anastomoses at
suturing points for cell migration, and space for clots or trapping of circulating progenitor

cells in the fabric or sponge layers (Carpentier, Adams and Filsoufi, 2010; Heath, 2017).

Current guidelines of mitral valve repair recommend the inclusion of a 3-month period of
anticoagulation for patients after annuloplasty. This temporary measure is largely included
as by 3 months post-surgery, it is expected that endothelialisation of the device will have
taken place and will then provide protection and antithrombotic properties of its own accord

(Asopa, Patel and Dunning, 2006).

Therefore, in producing novel annuloplasty devices which may not be regularly covered in
suturing fabric due to their bespoke shape and size, it is of vital importance that an

alternative method of encouraging endothelialisation onto the device is investigated. Whilst
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this could be achieved by addition of a suture ring or other material similar to current
workflow, technological advances and material capabilities mean that cell growth could be
achieved on the bare metal ring without the additional part. This therefore reduces the
potential sources of infection within the device and could pave the way to future
advancements such as pre-seeding cardiovascular devices with patient stem cells to promote

integration before surgery begins.

2.3.3.2  Cell growth on uneven surfaces

It has long been discussed that uneven or porous surfaces can provide preferential surfaces
for cell growth into implant and scaffold parts. Previous studies have utilised acid etching,
sand blasting, and oxidising to increase the surface micro-roughness of materials under
investigation, leading to increases in cell attachment and cell proliferation (Zareidoost et al.,
2012; Tejero, Anitua and Orive, 2014). These studies have shown improvements in cell
viability over long periods of time as well as in initial growth stages, suggesting that this
improvement in cell growth is maintained in the long term, not just attributable to an initial

promotion of growth.

This therefore provides benefit to the integration and maintenance of medical implants
throughout the body system, although the majority of existing studies has focussed on
osteoblast growth in skeletal implants. Aside from long-term medical implants, tissue
scaffolds can also benefit from the same promotion of cell growth according to surface

profile, including using cell types other than osteoblasts.

2.3.3.3 Surface functionalisation of devices
Surface modification of medical devices goes past simply material or topological adjustments

and now includes the use of coatings and bioactive compounds to augment the interaction
between device and body (De Mel, Cousins and Seifalian, 2012; Jaidev and Chatterjee, 2019;
Florea et al., 2020). In particular, bioceramics and biological peptides have been used to
actively encourage interaction or behaviour of cells surrounding an implanted device.
Biomolecules like collagen and growth factors can be immobilised on the external surfaces
of manufactured devices, and have been shown to improve osseointegration as well as
reducing inflammation at the site of insertion (Florea et al., 2020). The inclusion of active
biomolecules is attractive, as whilst materials may be more or less hospitable towards
cellular growth, the inclusion of biological peptides renders an implant actively encouraging

to the promotion of integration at a cellular level.
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Again, the majority of published work centres these investigations on osseointegrative
properties, aligned with the production of skeletal implants. Thus, whilst it can be agreed
that a large number of potential methods of biofunctionalization exist which can improve
outcomes with regards to bone formation and fixation, it is not fully understood what
behaviour these surfaces may exert with other cell types. However, considerations
applicable to both settings, such as incidental amplification of bacterial growth leading to

infection, have been shown to be of minimal concern (Florea et al., 2020).

However, whilst they may show promise in novel implant improvements, many biological
surface functionalisation techniques require a long and costly process to adhere to device
surfaces. Such processes are likely to render them inappropriate for widespread adoption
(Henry et al., 2018). In their place, single-step biotinylation has been developed and tested
across a wide range of conventional materials including metals, polymers and glass, showing
reasonable adherence to these surfaces (Williams et al., 2016; Henry et al., 2018). This novel
technique provides an interesting development in rapid surface functionalisation for a
number of uses, however significant application-relevant investigation must still be

undertaken as the technology remains in early in vitro study.

2.3.4 Avoid secondary infections leading to cardiovascular deterioration

A final consideration of any surgery or implantable device is the avoidance of inducing or
worsening infection in the patient. This is a frequent topic of research amongst both
conventional and novel manufacturing techniques, across all body systems where devices
may be implanted. In the case of annuloplasty devices, some devices have been specifically
designed with the avoidance of provoking endocarditis during or after surgery, however
typically cases of mitral regurgitation involving endocarditis are managed with antibiotics as
a first line intervention (Kazaz et al., 2005; Myers and Kalangos, 2013; Rostagno, Carone and
Stefano, 2017). Should this fail, replacement is generally seen as preferable owing to high

risk of repair failure in these patients (Rostagno, Carone and Stefano, 2017).

In the majority of mitral repairs with annuloplasty, secondary endocarditis is a rare
complication. Whilst this risk must not be overlooked, by mitigating the risk of
coagulopathies and inducing cellular integration, a large portion of complications relating to
infection can be diminished. Therefore, the reduction of infection in mitral valve repair will
not be a direct focus of this thesis, however it remains an area for further future

investigation.
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2.4 Mitral annuloplasty rings as bespoke additively manufactured implants
In 2010, Diaz Lantada et al. described their method for designing a bespoke annuloplasty ring

according to patient data acquired by cardiac CT. This group noted the difficulty of
segmentation by density, given the Hounsfield scale differences in portions of the mitral
annulus are small and thus challenging to distinguish. As an alternative, they used Philips TC
software to locate the exact point of intersection between valve parts, then exported the
Cartesian coordinates to a separate CAD program (Diaz Lantada et al., 2010). A curve can
then be drawn to produce a ring in the exact shape of the patient’s own annulus. However,
as the authors note, this file must be further altered to provide a supportive structure able
to reinstate leaflet coaptation, the extent of which can be dictated by the severity of disease.
Further, whilst this study made use of additive manufacturing technologies, the ring was
printed using a 3D Systems SLA-350 printer and an epoxy resin, rendering it clinically

inappropriate due to the toxicity of the material (Diaz Lantada et al., 2010).

Owais et al. 2014 followed a protocol of creating an annulus shape based on patient scan
data to assess whether this concept is feasibly applicable to the clinical setting. Patients were
assessed using 3D transoesophageal echocardiographic (TOE) scan data acquired during
usual procedures to best replicate normal inpatient treatment. The group used TomTec’s
Image Arena software for mitral valve analysis, to automatically segment the mitral valve
and distinguish the annulus from surrounding areas (Owais et al., 2014). Following this
analysis, Cartesian coordinates of the annulus were exported to SolidWorks to produce a 3D
curve based on the data taken from the scan, and a cylindrical surface was created. This 3D
model was printed on a MakerBot Replicator 2 using “an inflexible bioderived plastic” but
was not used for further analysis or production of a supportive implant. Whilst the authors
noted the potential for personalised implants in the future, they described the primary use
of their model to be in surgical assistance through planning and visual confirmation of repair

(Owais et al., 2014).

Later however, (Graser et al., 2014) improved upon this procedure, providing both a method
for adjusting the CAD file to produce a supportive implant, as well as producing the final ring
in a biologically safe material. 3D echocardiography was again used as the primary source of
data acquisition for the model, averaging measurements throughout the cardiac cycle to give
a representative likeness. Although the software is not named, a semi-automatic method of
identifying areas for measurement is described, and is reported to only take 74 seconds to
create the shape according to an input scan (Graser et al., 2014). The ring produced could

then be sized down overall, adjusted according to the assumed 3:4 ratio of the natural
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annulus, or calculations made of the deformation stresses to reduce the risk of device
dehiscence or fracture owing to high stress (Graser et al., 2013, 2014). After production of
an appropriately adjusted ring file, this design was manufactured in “biocompatible
titanium” (likely Ti6Al4V, as this alloy is used frequently for medical implants). Ti6Al4V boasts
a proven safety record when manufactured conventionally and used as the core of some
currently commercially available annuloplasty rings (Prinzing et al., 2018). Whilst the
biocompatibility of a material cannot be assumed to be consistent across different
manufacturing or processing techniques, there has been clinical evidence of the use of
additively manufactured Ti6Al4V alloy with no reported adverse events (Sidambe, 2014). It
is, however, important to note that this biocompatibility is dependent in large part on the

specific device and application, not the material alone.

The most complete end-to-end procedure for producing these devices using additive
manufacturing has been achieved in animal studies by (Slindermann et al., 2013) during
which personalised, additively manufactured Ti6Al4V annuloplasty rings were implanted into
healthy pig models. The data used to produce ring
designs were taken from CT angiography scans in
this instance and 50% of manufactured rings were
found to match the exact shape of the annulus in
the studied pig intraoperatively. The failures were
attributed to a systematic computing error in
modelling software leading to a 10mm discrepancy
in all directions and was corrected for later models.
Figure 7 shows five of the differing designs
produced for five pigs in the study, displaying a
large variation in the exact shape required for each

individual. Given that these studies were produced

on healthy pigs and that the ring design involved no

Figure 7: Five personalised annuloplasty ring
designs, produced from CT imaging of porcine

hearts. Taken from (Siindermann et al. 2013)  morphological alterations, there remains work to

patient- or pathology-specific downsizing or other

do in effectively treating mitral insufficiency with

personalized implants. A summary table of existing studies describing design or assessment

of additively manufactured annuloplasty devices is shown in Table 2 below:
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Author and year

Diaz Lantada et al. 2010

Graser et al. 2013

Siindermann et al., 2013

Graser et al. 2014

Owais et al. 2014

Table 2: Summary table of published studies discussing additively manufactured annuloplasty devices

Summary of actions

Described method of designing a bespoke annuloplasty
device from medical scan data, using existing cardiology
software paired with CAD software.

Developed a semi-automated method of identifying and
modelling the human mitral valve on individual medical
images for design purposes, using leaflet insertion points.

Scanned pig hearts, designed bespoke annuloplasty
devices for their anatomy, additively manufactured the
devices in biocompatible Ti6Al4V alloy, and surgically
implanted the devices into the respective pigs.

Developed a semi-automated method of identifying and
modelling the human mitral valve on individual medical
images for design purposes, using leaflet insertion points.

Existing clinical software TomTec ImageArena was used to
identify mitral annulus and produce a 3D model of the
annulus for device design.

Using Solidworks to produce the design, a plastic
annuloplasty device model was additively manufactured.

Limitations

Used CT scan data which carries greater risk to patients and
is not a usual part of patient care.

Did not account for the pathological state of a patient’s
annulus pre-surgery.

Produced a model in SLA epoxy resin, an unsuitable
material for implantation or biological applications.

Did not evaluate success in vivo or compare to existing
devices.

Did not produce or evaluate physical models themselves,
only highlighted the possibility of wusing additive
manufacturing to do so.

No follow-up for survivability post-implantation

Significant systematic error in design program.

Pig hearts were not diseased prior to study starting.

No accounting for changes in anatomy post-surgery.

Used CT scan data which carries greater risk to patients and
is not a usual part of patient care.

Did not evaluate success in vivo or compare to existing
devices.

Did not produce or evaluate physical models themselves,
only highlighted the possibility of using additive
manufacturing to do so.

Produced a plastic (FDM) model of the annuloplasty device,
not a biocompatible material.

Identified the application of their model to be primarily
education or surgical planning, not looking towards
implantable devices.
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2.4.1 Additively manufactured devices and design considerations
The access to data for design of cardiovascular devices is more challenging than other

implantable devices, particularly those in the skeletal system. The heart is not only entirely
made of soft tissue of similar density throughout, it is constantly in movement and cannot
be held still for imaging purposes, and is also trapped inside the thorax, behind the ribcage
and other tissues. Therefore, it must be considered which imaging modalities are best suited
to the production of accurate and detailed data for personalised devices in the cardiac

system.

2.4.1.1 Cardiac CT
CT scans are employed in some preoperative planning stages of structural heart disease,

including transcatheter valve replacements, and particularly in the case of the aortic valve.
Assessments of aortic regurgitation by CT scan compared to transthoracic echocardiography
have shown similar results (Alkadhi et al., 2007). However, the inclusion of CT scans must be
considered carefully in any treatment plan as patients are exposed to significant levels of

radiation which would not otherwise be necessary.

2.4.1.2 Cardiac MRI
Cardiac MRI has been posed for improvement on the current standard of echocardiography

(Cawley, Maki and Otto, 2009). Its proponents pose a greater resolution of scans less
dependent on operator experience, and less influenced by the presence of other body
structures or internal devices. However, in practice, cardiac MRl is a more expensive method
of imaging, which is less widely available in institutions. In addition to this, it is a more
invasive experience for patients, leaving them in potential discomfort for a longer period of
time, and MRI cannot be used if patients already have magnetic devices from previous

surgeries (Cawley, Maki and Otto, 2009).

2.4.1.3 Cardiac ultrasounds
Echocardiography is already commonly employed in preoperative and perioperative

assessment of mitral valve disease (Dal-Bianco and Levine, 2013). Echocardiography is
possible from two routes of imaging: transthoracic and transoesophageal. The balance of
choice lies between the comfort of patients and the accuracy of imaging. Whilst transthoracic
ultrasound provides a less invasive procedure, it suffers from the presence of the ribcage

between the equipment and the heart itself.
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Overall, ultrasound remains the imaging modality of choice, with good resolution for imaging
and allowing for temporal changes over the cardiac cycle as opposed to a single static image

(Dal-Bianco and Levine, 2013).

2.4.2 Additively manufactured devices and coagulation
Powder bed fusion is known to produce parts with rough and uneven surfaces, owing to the

powder from which parts are created and the layer-by-layer formation of parts (Townsend
et al., 2016). Previous investigations using electron beam melting of titanium alloy powder
has shown that as-built powder bed surfaces are significantly more thrombogenic than
machined surfaces of the same material (Klingvall Ek et al., 2017). As yet, however, the effect
of specifically SLM-produced materials and surfaces on blood activity has not been

investigated.

In addition to the general activation of intrinsic coagulation pathways by the foreign material,
additively manufactured parts’ rough topography pose an increased thrombogenic risk due
to the increased protein adsorption and platelet activation on these rough surfaces

(Linneweber et al., 2007; De Mel, Cousins and Seifalian, 2012).

In addition, the presence of any unsintered loose particles on the surface could provide
environments for the attraction and activation of platelets, after which they could also
dislodge and travel through blood vessels. This would therefore increase the risk of thrombi

forming away from the device surface, resulting in other infarctions.

2.4.3 Surface post-processing of additively manufactured medical devices
It is well known that the majority of additive manufacturing methods require at least some,

and often extensive, post processing procedures to produce a functional component,
regardless of application. This ranges from full re-machining of near-net shapes achievable
in some DED processes, through to removal of support structures in SLA builds (Gibson,
Rosen and Stuker, 2013). More often than not, additively manufactured components are left
with significant surface roughness owing either to the layer-by-layer manner in which they
are fabricated, or the feedstock from which they are built. Whilst some surface finish can be
compensated for through process optimisation and part orientation, more work is required
to provide surface finish comparable to that possible with conventional manufacturing such

as turning, in a reliable manner (Townsend et al., 2016).

This need is augmented in medical devices where any rough surface can lead to
coagulopathies, and any material that is not fully integrated with the part could come loose

and induce significant health risks. Post-process finishing of AM surfaces remains an active
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field of investigation, and some techniques do show promise for matching surface finishes

achievable by conventionally manufactured and finished components.

Existing, traditional methods of polishing available to use, however, are largely time- and
resource-consuming and are only capable of providing one surface finish across a whole part.
Mechanical polishing by hand, for example, despite resulting in excellent surface finishes, is
extremely time-consuming and labour-intensive. Alternatively, mechanical polishing could
be achieved by tumbling, which would not require the resource of an individual polishing
each part, but is only capable of polishing the whole part in its entirety, and cannot allow for
different surface finishes for different areas of a device. Further, tumbling cannot account
for complex shapes and may miss portions of a part which would be caught with an operator
manually polishing the device. Similarly, whilst traditional electrochemical polishing would
overcome the issue of complex geometry, and even allows for polishing within internal

structures like lattices, it can only be applied equally across the entire part.

2.4.3.1 Electrochemical jet machining
Electrolyte jet machining (EJM) is a form of electrochemical machining focussed on one

specific area through a small jet of electrolyte solution which can be moved over the surface
of a part and be targeted to specific areas (Mitchell-Smith and Clare, 2016). During this
process, the top layers of material can be removed through the application of an electrical

potential across the surface, leading to anodic dissolution.

EJM provides a number of benefits over conventional machining; however the production of
surfaces with low Ra is of particular interest in this particular application (Speidel et al.,
2016). In addition, the specificity of EJM over other polishing methods can provide benefit in

biomedical applications for surface preparation of medical devices.

Whilst polishing of metal parts can aid in prevention of detrimental clotting on device
surfaces, it also diminishes the potential benefit gained from rough and porous AM parts in
growth of beneficial cells. By using EJM, surfaces can be patterned and selectively polished
to allow different areas of a device to remain roughened or smoothed as necessary for the
application (Zhao and Kunieda, 2019). In the case of cardiovascular devices, this may take
the form of a polished internal surface through which blood can flow safely, and an as-built,
rough surface on external faces which can then integrate in surrounding tissues of the heart
or blood vessels. In addition to this, the multi-axis potential of electrolyte jet machining
allows for this patterning to be successful over complex shapes, including those

manufactured by additive manufacturing techniques (Zhao and Kunieda, 2019).
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Previous application of EJM has included investigation into a range of metals and alloys
including steels, titanium, and aluminium, however there is currently no published research
specific to its use on SLM-produced surfaces. In addition, the biological blood response to
surfaces processed using EJM has not previously been investigated. Previous work has
applied the use of EJM to osteogenic functions in providing microstructuring of metal
surfaces (Mitchell-Smith et al., 2018), however investigations have not included the effect of

these changes on blood activity.

2.4.4  Additively manufactured devices and integration
Additive manufacturing can produce objects that benefit cell growth in three ways: through

design, through additional exogenous surface treatments, and through existing material
properties. Additively manufactured parts are known to be rough and potentially porous
dependent on the material and AM method applied, and can also be expressly designed to
include internal porosity or channels for cell growth (Cheng et al., 2014; Matena et al., 2015;
Arabnejad et al., 2017; Demir and Previtali, 2017). These methods have previously been
shown to promote cell growth with comparison to traditionally manufactured materials with
regards to the surface profile, and internal pores are significantly easier to produce given the

self-supporting nature of powder bed fusion methods.

Despite improvements which can be achieved directly using additive manufacturing
techniques alone, further developments have been investigated applying methods which
promote cell growth to the additively manufactured surface, providing a benefit twice over.
Addition of materials to existing filaments, post-processing as discussed in 2.4.3, and surface
modification or annealing of bioactive molecules could all promote cell growth on a surface

and in a 3D part which is already primed to improve biocompatibility (Kotlarz et al., 2018).

Within the extracellular matrix, different cell types benefit from different environments in
promoting their growth. This is particularly true of progenitor cells which can be encouraged
down differential pathways according to the niche in which they are placed (Murphy and
O’Brien, 2011). Therefore, it may be that the specific environments produced so far with AM
parts for osteoblast growth may not lend themselves to growth of other cell types, such as
endothelial cells. Thus, it cannot be assumed that methods which have previously been
successful in vitro for promotion of osteoblastic proliferation will also benefit devices

designed for use outside of the skeletal system.

As discussed in 2.4.3.1, the selective surface patterning ability of EJM allows for the provision

of differing surfaces across a single component part. This feature lends itself to the potential
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for fine control over biological response to implanted devices. The provision of highly
patterned surfaces with niches available for fibroblastic adhesion may encourage cell growth
where needed for integration, whilst avoiding the same topologies where coagulation needs
to be avoided. This may be possible through either different processing parameters or
through simply not polishing areas where the AM process has left a beneficial surface for this

application.

Further, as discussed in 2.3.3.3, a number of developments are underway for rapid biological
functionalisation of inorganic surfaces (Williams et al., 2016; Henry et al., 2018). Rapid and
simple surface functionalisation may be capable of augmenting further the expected cellular
responses to surface topologies. However, the interaction between the surface features seen
in additively manufactured components (or those processed by EJM) and the activity induced

by active biotinylation, is not yet known.
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2.5 Material Choice

2.5.1 Materials choice for novel annuloplasty devices

Annuloplasty devices, as discussed previously, vary widely in the material and design choices
applied to their manufacture. A range of materials have been used in their production,
spanning both polymer and metallic materials. Similarly, there is a limited range of materials
which can be processed by different additive manufacturing methods, and therefore the
choice of material used to produce a novel annuloplasty design must take into account both
these needs. Amongst potential materials, additional properties have been investigated such
as deliberate device resorption (Myers and Kalangos, 2013) or shape memory for semi-

flexible or minimally invasive devices (Purser et al., 2010).

2.5.2 Ceramics
Ceramics and bioceramics hold significant importance in implantable medical devices. In

particular, hydroxyapatite is a common material used in conjunction with metals and other
materials to improve performance of skeletal implants (Wei et al., 2015). Many ceramic
materials are applied to improve the biocompatibility and integration potential between the

device and the human body, including silica and titanium dioxide (Kaur and Singh, 2019).

Additive manufacturing of ceramics has been in development for some time and is
particularly active in research relating to tissue engineering scaffolds as well as the above
skeletal implant applications. In many cases, these investigations involve the development
of composite materials between metals and ceramics, as above (Wei et al., 2015; Kaur and

Singh, 2019).

As pertains to cardiovascular devices, some ceramic materials have been investigated for
their application in implantable devices such as stents, given their high strength and potential

for low thrombogenic risk, however this remains under investigation (Parlak et al., 2019).

2.5.3 Polymers
Polymers are used in the core of some annuloplasty rings. They are used in both flexible and

semi-rigid rings, and are sometimes thought to allow a more “natural” movement of the

annulus than with the insertion of a rigid ring (Silberman et al., 2009).

PTFE, known by its brand name of Teflon, is most well-known for its hydrophobic use in
creating non-stick pan coating. However extended PTFE is currently used in surgical meshes
and for ligament repair, and forms part of the structure of the Koehler Mitral Repair System.
Whilst additive manufacture of PTFE products has proven challenging due to high melt

viscosities preventing extrusion, the material has been processed in an extrusion-based

43



process, through mixing of PTFE nanoparticles and a sacrificial “gum” additive (Maitz, 2015;
Jiang et al., 2019). Following post-processing, the mechanical properties of the remaining
PTFE structures were shown to be comparable to compression-moulded PTFE and could be

adjusted to fulfil precise mechanical requirements (Jiang et al., 2019).

Thermoplastic polyurethanes (TPU) present a biocompatible material useful primarily in the
production of temporary internal scaffolds. One group has printed medical grade TPU using
fused deposition modelling (FDM) and electrospinning to produce a blood vessel scaffold for
use in coronary artery bypass grafts (Owida et al., 2011). However, despite the TPU studied
being more stable than others available, it was still subject to hydrolytic and enzymatic
degradation, and could break down over a long period of implantation (Owida et al., 2011).
In addition to manufacture by FDM, TPU powder has also been manipulated using a laser
sintering process, which allowed recycling of the powder bed, potentially reducing

manufacturing cost (Plummer et al., 2012).

PET is a biostable polymer used in cardiac surgery for vascular grafts and surgical meshes
(Stone et al., 2012; Maitz, 2015). This polymer has also been used for fabrication of improved
artificial ligaments (LARS) with high strength for repair of ruptured ligaments (Pan et al.,
2013). Under the brand name Dacron, it is currently used as the surrounding suture material

on current annuloplasty rings.

Polyetheretherketones (PEEK) have been developed for use in medical devices as they
produce similar mechanical properties to bone, and are very biocompatible (Vaezi and Yang,
2015). It has previously been manufactured using laser sintering, and has recently been
investigated for extrusion manufacture to produce parts at lower cost (Vaezi and Yang,

2015).

2.5.4  Shape memory materials

Shape memory materials have been investigated for use in minimally invasive and other
newer techniques of mitral valve repair surgery. These implants encompass two concepts of
benefit. The first is the ability of flatter rings to be inserted through the ribcage, thus allowing
minimally invasive and robotic surgeries to be undertaken, with faster recovery and
a shorter hospital stay. Once inserted, the shape memory ability allows the ring to reform in
the annular shape upon returning to warmer temperatures induced by the patient’s own
body heat (Purser et al., 2010). An alternative school of thought involves shape memory rings
which are more permissive of movement of the mitral valve, however, will always return to

their “programmed” shape to provide adequate support.
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Thermoplastic polyurethane, discussed previously in its use for printing a scaffold for blood
vessels (Owida et al., 2011), is also applicable to shape-memory functions according to its
semi-crystalline structure (Wache et al., 2003). TPU has also been used experimentally to
produce a vascular stent with the possibility of direct drug delivery, allowing for up to 35%
drug content by weight (Wache et al., 2003). These stents may reduce the risk of stenosis
and thrombosis compared to traditional metal stents and propose a viable plastic alternative

in temperature-sensitive implants (Wache et al., 2003).

A Nickel/Titanium (Nitinol) alloy has been used to produce a shape-memory ring which can
be used in minimally invasive annuloplasty (Purser et al., 2010). This ring is viable for use in
minimally invasive procedures owing to its ability to be straightened and pass through small
incisions at low temperatures, and return to its designed ring shape at body temperature
once in situ (Purser et al., 2010). Nitinol has been explored for additive manufacture,
particularly using powder bed techniques like SLS and SLM (Elahinia et al., 2016; Taheri
Andani et al., 2016). Investigations into the composition of powder for this technique
concluded that a powder containing greater concentrations of Titanium exhibit the favoured
shape memory effects, whereas a greater amount of Nickel leads to a superelastic product
(Elahinia et al., 2016). Either function may be a useful addition to the design of cardiovascular
devices: superelastic properties could produce semi-flexible devices which provide support
with greater valve freedom, and shape memory properties lend themselves towards the
provision of minimally invasive surgical techniques (Purser et al., 2010; Prinzing et al., 2018).
This material has already been used for the production of conventionally manufactured,
selectively flexible annuloplasty devices by Sorin and LivaNova (Prinzing et al.,
2018). Further research into the modulation of these properties by varied powder content
would be beneficial given the potential for functionally graded materials in additive

manufacturing techniques.

Porous Nitinol parts have been manufactured using SLM for biological applications,
mimicking the porosity of additively manufactured Ti6Al4V implants mentioned previously
(Taheri Andani et al., 2016). This study showed that, similarly to titanium implants, it is
possible to manipulate stiffness through porosity to improve bone healing and decrease
stress shielding around bone implants (Taheri Andani et al., 2016). The inclusion of these
prospects through additive manufacturing techniques could open up new methods of
encouraging endocardial ingrowth and implant integration, as well as improving the material

properties of rings to provide a compromise of stiffness and flexibility in different areas.
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2.5.5 Metals

Metals are frequently used for a number of surgical implants already and are in development
for serving the same purposes through additive manufacture. Metal alloys are already used
to produce the structural core of commercially available rigid annuloplasty rings, as well as
some semi-rigid rings, such as the shape memory alloys discussed in 2.4.3 (Prinzing et al.,

2018).

Stainless steels, predominantly grades 316 and 316L, are used in medical implants where
strength of material is required, and shows reasonable biocompatibility (Muller et al., 2005).
Stainless steel has been combined with hydroxyapatite and manufactured through selective
laser melting, for the purposes of improved integration of bone implants (Wei et al.,
2015). The addition of the biological hydroxyapatite molecules provided a better integration
into existing anatomy, but also led to greater cracking of the finished product, which suggests

that it may not survive repeated stresses (Wei et al., 2015).

Cobalt chrome has recently gained interest in the additive manufacture of cardiovascular,
skeletal, and dental devices (Tejero, Anitua and Orive, 2014; Demir and Previtali, 2017). In
studies, selective laser melting of CoCr has been shown to be an acceptable manufacturing
method producing cardiovascular stents with material properties comparable to
conventional manufacturing. However the authors advise caution on assumptions of
biocompatibility being consistent between manufacturing processes, recommending further
specific study (Demir and Previtali, 2017). However, both cobalt and chromium ions have
been linked to potential toxicity in the body when corrosion frees these elements from the
component into circulation (Florea et al., 2020). Documented risks include anaemia and
central nervous system disturbances, which may be augmented by the possibility of

loosening of powder material in an SLM part.

More commonly, Ti6Al4V has been the material of choice for its abilities in load-bearing,
oxide passivation for biocompatibility, and its success in integration with bone (Tejero,
Anitua and Orive, 2014). Ti6Al4V has been additively manufactured through electron beam
melting for the application of complex meshes to medical implants in orthopaedics (Murr et
al., 2010). In addition, selective laser melting (SLM) has been used to produce titanium
craniofacial implants following trauma (Rotaru et al., 2015). Porous parts are used to mimic
natural bone, and as a result ingrowth and integration of the part to the body have been
shown to be successful (Rotaru et al., 2015). Whilst the alloying elements of vanadium and

aluminium pose some risk of cytotoxicity when free ions traverse the body, the low
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concentrations of these elements results in an acceptably low risk (Florea et al., 2020). The
success of Ti6Al4V in soft tissue applications may be less fruitful as requirements may
demand less rigid structures and are subject to greater chemical insult within direct blood

flow.

Given the proven track record of Ti6Al4V applications in additive manufacturing and in
biomedical implants, alongside the presence of titanium alloys in some modern annuloplasty
devices, the work of this thesis has been undertaken using SLM manufacture of Ti6Al4V
devices (Purser et al., 2010; Sidambe, 2014; Tejero, Anitua and Orive, 2014; Prinzing et al.,
2018). The majority of frequently used annuloplasty devices are fully rigid, as they are more
trusted in providing a long-term repair which will not deteriorate in future leading to re-
operation (Silberman et al., 2009). In addition, the potential for cell growth on titanium alloy
devices provides a promising capability in promoting integration between the patient and
the device, ensuring longevity of repair and reducing rejection risk of the device (Matena et

al., 2015).
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2.6 Gap in Knowledge
As has been shown, some early work relevant to the development of bespoke, additively
manufactured annuloplasty devices has been undertaken. However, a number of questions

remain across the various functions which must be upheld by the device.

I"

Whilst current devices are designed with a 3:4 “natural” annulus geometry in mind, it is not
known whether this is an accurate design basis for either mass-produced or bespoke devices.
Further, when manufacturing a bespoke device, a simple and effective design workflow from
patient to data to device has not yet been agreed upon, with a number of investigators

working with their own in-house software packages.

Whilst the impact of additively manufactured titanium alloy devices has been reasonably
well documented in skeletal applications over recent years, there is less evidence available
pertaining to cardiovascular-specific settings. Work remains in the effects of surface
processing for AM parts particularly relating to blood clotting risk and non-osteoblastic

integration.

In particular, novel processes in selective surface processing of AM parts are in development,
and the effect of processes such as EJM have not yet been investigated for AM components
nor for their potential biological effects. Further, whilst surface functionalisation of
components has shown promise in device integration, its application with regards to non-
osteoblast cells is less well investigated, as is the impact of combining functionalised and

additive surfaces, which are both known to augment cell growth separately.
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2.7 Aims and Objectives

The overall aim of this research was to investigate the use of additive manufacturing to
develop bespoke annuloplasty devices for improved patient care. Based on the gap in
knowledge identified in 2.5, it was proposed that this be investigated through the following
objectives, divided into individual technical tasks:
Objective 1. Develop a design protocol for design of personalised annuloplasty
devices, ensuring that it is compatible with existing patient pathways and does not

produce unnecessary burden on clinician or patient.
Task a. Assess commercially available annuloplasty device shapes and sizes for

suitability against natural human anatomy

Task b. Assess the suitability of commercially available software for use on soft
tissue, ultrasound applications

Task c. Compare methods of interpreting ultrasound data to provide information
appropriate to patient-centred design of annuloplasty devices

Task d. Consider methods of producing an appropriately sized and shaped
annuloplasty device from the data extracted

Objective 2. Investigate the safety of materials for use in annuloplasty devices
produced using additive manufacturing, particularly ensuring that coagulatory risk is
considered and steps are taken to mitigate risk in changing from existing
manufacturing techniques.

Task a. Consider the material properties of AM material compared to

conventionally manufactured (e.g. wrought or cast) metals
Task b. Evaluate the success of a novel polishing method for selective surface
finishing of AM titanium alloy to reduce blood clotting

Objective 3. Investigate the possibility of active biological integration between
additively manufactured materials and live cells for annuloplasty repair longevity using
novel technologies.

Task a. Evaluate the success of a novel polishing method for selective surface

finishing of AM titanium alloy to induce cell growth

Task b. Compare the effects of selective surface finishing on AM and
conventionally manufactured titanium alloy

Task c. Investigate the effects of active biological surface treatments to induce
cell growth on the surface of AM titanium alloy

Task d. Compare the effects of active biological surface treatments to induce cell

growth on the surface of various AM materials
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2.8 Structure of Work
Chapter 1 has opened the discussion of cardiovascular disease and surgery, personalised

medicine, and the part that additive manufacturing has to play in potential avenues of
medical developments. Chapter 2 has specifically discussed the application of AM
technologies currently in use for cardiovascular disease along with the identification of mitral
annuloplasty as a field with open potential for investigation of personalisation with additive

manufacturing.

Chapter 3 describes the methods utilised throughout this research, across the remainder of
objectives and chapters. The ensuing chapters hold results for each of the aims described
above. Chapter 4 shows development of an early design process for a bespoke annuloplasty
device, including the challenges of imaging the heart compared to other organs and
structures, aligned with Aim 1. In addition, evidence for the benefits of personalising this

device is presented.

Chapter 5 discusses employing novel polishing techniques to prepare additively
manufactured parts for implantation in the cardiovascular environment without inducing

excessive coagulation, as targeted in Aim 2.

Chapter 6 exploits the 3D structure of additively manufactured parts along with novel surface
treatment options to encourage integration between implants and recipients, aligning with

Aim 3.

A discussion on the work presented and final conclusions are drawn with proposals for future

work in Chapter 7 and Chapter 8.
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3 Experimental Procedures

In this chapter, the overall methodology is described, including the reasons for its selection.
The experimental procedures undertaken to address each objective specified in Chapter 2

are laid out consecutively.

3.1 Overall Methodology
Whilst a relatively simple design in concept, in the correctly applied annuloplasty ring, several

functions are undertaken by various components of the device. Therefore, the redesign of
such a device using novel technologies should not only encompass the shape of the device
itself but other functions it upholds, as discussed in Section 2.3. The layout of work done in

this thesis is shown diagrammatically in Figure 8.
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Figure 8: Layout of thesis

Initially, assessments of the human mitral valve were undertaken to validate the design and
sizing of the device. In order to confirm that bespoke devices produced by additive
manufacturing would be beneficial to patients, a series of cadaveric studies were undertaken
to investigate the variation of natural human mitral valves. The design of the device was then
progressed through the use of patient data and commercially available software to construct
a method of extracting dimensions of the patients’ anatomy to inform the design of the
personalised annuloplasty ring for that patient. The experimental procedure is described in

section 3.2 and 3.3 and the results are presented in Chapter 4.
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Secondly, given that the device resides constantly within blood contact, the risk of blood
clotting to patients was investigated. A novel method of controllable surface polishing for
additively manufactured metal components was trialled to allow for selective polishing of

surfaces to be in contact with blood.

Trials were first conducted using whole blood studies in flow cytometry, however the
inability to qualify the effects of different areas of processed material led to further studies
being conducted using alternative methods. This was also informed by the disagreement
between visual and quantifiable data produced, and the potential for interaction between
blood constituents posing a large number of uncontrollable variables. These second trials
were undertaken using only human platelets as an indicator of clotting potential, with
guantifiable and visual data produced using activity assays, cell counts and microscopy. The
experimental procedure is described in section 3.4 and the results are presented in Chapter

5.

Finally, state-of-the-art annuloplasty devices include a sewing cuff, which in addition to
providing suture placement in the device, allows for fibroblast and endothelial cell ingrowth.
This cell growth acts as a protective layer of patients’ own cells over the device, avoiding
immune response and providing mechanical support. The novel polishing method described
previously was performed again with altered parameters to provide a pitted surface to
encourage fibroblastic growth on areas of the device in contact with soft tissue. This method
was assessed using cell culture of fibroblastic cells alongside proliferation and morphology
assays. The experimental procedure is described in section 3.5 and the results are presented

in Chapter 6.
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3.2 Assessment of the human mitral valve and commercially available

annuloplasty devices
An investigation was undertaken to examine the relationship between the transverse and

anteroposterior diameters of healthy human mitral annuli using measurements taken from
donated cadavers. Whilst a preference would be given to the use of healthy, living human
samples, it was decided that unnecessary medical imaging was not ethically justifiable in this
case, and physical measurements would not be possible outside of a surgical setting, which
would only occur in the case of cardiac disease. Thus, donors were screened for
cardiovascular disease in life and only those with minimal evidence of cardiac dysfunction

were included in the study (see Section 3.2.2).

3.2.1 Preliminary Investigations

To rehearse the methods of dissection, measurement and comparison, the experiment was
first undertaken on bovine heart samples. The major vessels of the heart were first removed
from the top of the heart, followed by a cut across the apex of the heart to provide support
to stand upright on the table. The majority of dissection using the bovine organ was
successful, however concerns with the structural integrity of tissue and holding shape during
cutting were raised. It was further discussed that given the bovine tissue was not fixed, this
was likely to be less of an issue when working with fixed human tissue. Visualisation of the
valve was successful, however required removal of more tissue from the top of the valve
than expected, further informing tool choice and decisions about how far down cuts on the
organ should be made to avoid damaging the valve. As shown in Figure 9, loose tissue over
the top of the valve
sometimes occluded vision
of the valve leaflets, an issue
which was later identified as
occurring in human samples
also, and required the use of
needles to pin away tissue
for visualisation without

manually pulling on the

organ.

N P
N P
Figure 9: Visualisation of the bovine mitral valve after dissection
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3.2.2 Cadaver Study
Human hearts (n=38) were collected from cadavers donated for the purposes of anatomical
teaching and study. The hearts were dissected to isolate and visualise the mitral valve and

annulus from a superior angle by removal of the apex and atria of the heart.

Manual measurements were taken of the transverse and anteroposterior dimensions of the
mitral annulus using digital callipers. The structures of the mitral annulus were identified
visually as the intersection between valve leaflets and the surrounding heart tissue, along
with tactile identification of a fibrous tissue. The points of measurement were identified as
the central points at the peak and lowest point of the annulus for an anteroposterior
diameter, and the widest points of the transverse diameter by vision for the transverse

dimension. These points are shown diagrammatically in Figure 10.

Eleven hearts were excluded from study
according to medical history or visual
inspection. To exclude hearts which
deviated significantly from health in life,
or that had been damaged during
storage, the mitral valve was scored
visually. Those which appeared to have

been physically damaged were excluded

from study. In addition, the medical

Figure 10: Image of a dissected heart showing the mitral
valve opening. The positions of measurement taken are history of donors was taken into

shown; anteroposterior positioning is shown in green circles
and transverse positioning in blue squares. account: hearts that had recorded

cardiac events in life or showed obvious

signs of damage from storage or significant valvular disease were also excluded.

3.2.3 Statistical Analysis
SPSS Statistics version 24 was used for all statistical analysis. Graphical plots were also

produced using Microsoft Excel. Regression analysis of the data presented graphically was
calculated using Microsoft Excel, and a root mean square analysis was performed using SPSS

to compare the expected 0.75 value and the values measured.
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3.3 Device design from patient data
Once a cardiac scan has been taken, methods to produce a digital representation of the

mitral valve and mitral annulus from which an annuloplasty ring could be designed must be
employed. In existing examples of bespoke medical devices, the design is usually produced
using thresholding methods available in commercial software packages (Wong et al., 2015).
Thresholding in this manner was initially investigated for design from an echocardiogram
taken preoperatively, alongside alternative novel design methods which were reproduced in

commercially available software.

3.3.1 2D thresholding

Thresholding involves the segmentation of scan data according to the density of tissues
presented in the image, according to the Hounsfield units of density. This density is
represented on medical images through a gradation of black to white pixels as the density of
tissue increases. A range of densities can be selected for and limited to or excluded from the
three-dimensional part being produced, after which manual editing of the produced “mask”

can take place to fine-tune the design.

Given that most cases of personalised implants or medical devices are currently centred on
bone and joint structures, the method of thresholding imaging data is sufficient to design
with. Owing to the differing densities between bone and its surrounding tissue, this method
is effective at isolating bone structures to design bespoke implants. However, as the heart is

an entirely soft tissue organ, the delineation between individual structures is much less clear.

In addition, whilst CT and MRI images are single, still images taken at one point in time, an
echocardiogram is made up of continuous imaging of moving objects. Thus, the quality of
individual images can vary as the position of the heart structures move. In addition, there is
potential for the camera itself to move during the imaging process as it is manually operated,

and the experience of operators can impact the quality of image produced.

Initially, a design for bespoke annuloplasty device was attempted using these traditional
thresholding methods. A mask of the cardiac tissue at the point of valve leaflet insertion was

created, providing a two-dimensional outline of the inside of the mitral valve.

3.3.2 Single-layered thresholding
Thresholding was initially applied to the echocardiogram as would be for other bespoke
medical designs, relying on the in-built capabilities of Materialise MIMICS 17.0 software for

these designs. The area of the valve leaflets and annulus was identified visually, and choice

55



of thresholding limits was decided based on the density of tissue in these areas. Once
segmentation of the valve circumference was completed to a sufficient standard, the 3D

object created was exported to 3-Matic, the CAD software associated with MIMICS.

The scan was revisited using MIMICS 17.0 and the thresholding reapplied at less stringent
parameters. In place of manual addition of required areas, this method relied more heavily
on manual removal of non-valve structures. Overall, it appeared that this method required
more human input and as such took longer to complete. It was also dependent on personal
knowledge of cardiac anatomy. In order to minimise time expenditure, only a small selection
of slices of the scan data were included in the segmented part, chosen by the clearest image

of the open valve area from an axial view.

The segmented 3D object produced was exported to 3-Matic for CAD manipulation. The
“create curve” tool was used to produce a curve attached to the inside surface of the object,
following the shape of the model. A 2D sketching plane was created to produce a guide circle
of circumference 2mm, and the “sweep” tool was used to expand this around the curve to

produce a 3-dimensional ring shape.

3.3.3  Multi-layer thresholding

Later iterations were produced having included the full 3D shape of the valve apparatus
when thresholding, as opposed to only including a small number of layers near the annulus.
This process was repeated later by the same operator with the same dataset to ascertain

whether the results of this method were repeatable.

3.3.4 Point-based design

A group at the German Cancer Research Centre have produced bespoke software and a
number of related plugins allowing analysis and modelling of the mitral valve as well as the
annulus specifically (Graser et al., 2013; Al-Maisary et al., 2017). Their software uses the

application of points onto the annulus in different planes by eye.

Importantly, during the design process, the location of the mitral annulus is more easily
deduced when identifying the valve leaflet insertion points compared to when isolating the
entire valve. When the primary foundation of the design relies on the exact points of
insertion, the uncertainty of height up the 3D model for curve application is removed, which

would be a concern if relying only on thresholding.

Following from these publications, replication of a similar point-based method was

attempted using Mimics software, and the results of this work are presented in Chapter 4.

56



The production of a similar method in commercially available software represents the

potential for much easier incorporation into patient care.
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3.4 Surface finishing for anticoagulation
3.4.1 Sample Production

15 disks of 8mm diameter were produced in Ti6Al4V titanium alloy (LPW Technology, 15-
45um) using laser-based powder bed fusion on a Realizer SLM 50 machine. Process
parameters were as laid out in Table 3, using standard optimised parameters developed in-

house for this material and machine.

Table 3: Processing parameters used in the Realizer SLM50 to produce Ti6Al4V samples

Parameter Border scan Core scan
Exposure time (ps) 40 40
Point distance (um) 10 30
Laser current (mA) 1600 3300
Hatch distance (mm) 0.09 0.09
Hatch offset (mm) 0.06 0.06
Overlap (mm) 0.2 0.2

These samples were then either bagged immediately for blood testing or were subjected to
varying parameters of electrolyte jet machining. All samples were cleaned using a Fischione
plasma cleaner and rinsed three times in phosphate-buffered saline prior to interaction with

blood.

Electrolyte jet machining was applied to one side of each sample with parameters as set
out in Table 4. Two samples were produced in each parameter set. Conventionally
manufactured control samples were also included in some experiments as a control for the
process. 15 disks of 8mm diameter were cut from Ti6Al4V ELI (medical grade) sheet metal
and cleaned using the same methods as the additively manufactured samples. A simplified
diagram of an EJM setup is provided in Figure 11.

EDX analysis was undertaken using a Hitachi TM3030 scanning electron microscope. EDX was
applied to the surfaces of the additively manufactured and the EJM-processed samples, to
confirm the presence or absence of contaminants on the surface of AM parts, or chloride,

bromide, or sodium ions on the surface following EJM polishing.
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ELECTROLYTE SUPPLY

WORKPIECE (+)

Figure 11: A simplified diagram of EJM equipment, adapted from (Speidel et al., 2016). The nozzle traverses over
the workpiece (Jet speed), applying electrolyte solutions and current (below) to the surface of the workpiece.
This can be repeated to remove further material if necessary (Number of passes).

Table 4: Parameters of Electrolyte Jet Machining applied to AM parts

Sample | Current Jet Nozzle IEG Nozzle Electrolyte | Number
ID density speed 1.D. Velocity | Applied of passes
SLM-A | 100 12 m/s 1m 0.5mm | 0.1 mm/s | 3 M NaCl 1
A/cm~2
SLM-B | 100 12 m/s 1m 0.5mm | 0.1 mm/s | 3 M NacCl 2: 1st pass
A/cm”2 @
0.25mm/s
2nd pass
1mm/s
SLM-C 100 12 m/s 1m 0.5mm | 0.1 mm/s | 1.5 M NacCl 1
A/cmA2 +0.5M
NaBr
SLM-D | 100 12 m/s 1m 0.5mm | 0.1 mm/s | 1.5 M NaCl | 2: 1st pass
A/cm”2 +05M @
NaBr 0.25mm/s
2nd pass
1mm/s

3.4.2 Blood Incubation

Samples of venous blood were taken voluntarily from healthy human subjects who had not
taken any medications or drugs known to interact with platelet activity. Blood was taken
using a 21-gauge needle into a plastic syringe and dispensed into 4.5ml sodium citrate-
containing tubes (Becton Dickinson), then inverted to mix the contents and placed in a dry

bath at 37°C. All experiments were undertaken within 30 minutes of collection.

The titanium samples were placed separately in the bottom of wells in a 48-well culture plate

warmed to 37°C on a Bioshake iQ platform. The samples were placed polished side up. 0.5ml
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of blood was added to each well. The plate was covered and left for 30 minutes to shake at

37°C and 500rpm.

3.4.3 Flow Cytometry

Flow cytometry was initially employed on a BD FacsCantoll system (using FacsDiVa software).
Fixative agents were procured from Platelet Solutions Ltd and fluorescent antibodies were
provided by BioRad (CD62P-FITC, CD63-FITC and CD42a-FITC) or Becton Dickinson (CD61-
PerCP and IgG-FITC).

The flow cytometry process was performed to evaluate the activity and aggregation profiles
of platelets in whole blood after exposure to the material surfaces being investigated. Flow
cytometry is a technique used to measure the presence of marker molecules associated with
the investigated characteristics. Antibodies specific to certain proteins exhibited on the
surface of cells are added to solutions of those cells, and the solution is then injected one
cell at a time through the machine, where they are subjected to laser emissions. These
emissions are then detected and assessed according to their wavelengths and “scatter”,
providing quantifiable data on the proteins chosen and the associated characteristics of the

cells under investigation.

CD61 is a general marker protein specific to platelets, which can be used to identify the

presence of a platelet against other cellular material.

CD62P and CD63 were chosen as marker molecules to check for platelet activation. Both
CD62P and CD63 are proteins which are internalised within platelets as they travel through
the blood at rest but are externalised to the surface of the platelet when the platelet
becomes active. Therefore, the only time that CD62P or CD63 would be recorded in an assay
of whole blood would be if the platelets present had been activated. CD62P codes for P-
selectin, a cell adhesion molecule which promotes platelet aggregation. CD63 is involved in

a number of cellular activities but is accepted as a platelet activation marker for assays.

CD42a was used to assess platelet aggregation. CD42a is a bonding protein on the surface of
all platelets. By extension, when platelets aggregate to one another, CD42a becomes less
frequently measured as the protein is attached to the other platelets and not exposed for

binding to the antibodies being used for assessment.

These antibodies were conjugated directly to the fluorescent molecules FITC (a green-
emitting fluorophore) or PerCP (a red-emitting fluorophore) for identification and analysis in

the flow cytometer.
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A negative control of an empty culture plastic well as well as samples with EDTA chelators to
prevent coagulation were included. The clotting agonist ADP was added to sample wells to

provide a positive control.

3.4.3.1 Platelet Activation

One well per sample of a 96-well plate was filled with 10l of solution containing CD61-PerCP
antibody in a 1:8 dilution and CD62P-FITC antibody in a 1:20 dilution. One extra well was
filled with 10ul of a 1:20 dilution of IgG-FITC antibody as a background control. This plate was
covered and stored between 2-8°C until use. Tubes containing the blood samples were
inverted repeatedly until cells were suspended, then 5ul of each sample was added to
individual wells. The plate was incubated for 20 minutes at 2-8°C in darkness. After
incubation, 0.2ml of FACSflow solution was added to each well and the plate was positioned
on the flow cytometer stand. 3,000 platelet events were identified by CD61 presence and
CD62P activity was quantified as the percentage of cells present within an interval gate set
at 3% according to the IgG control. Median fluorescence values for CD62P were also recorded

against the whole population of CD61-positive cells present.

CD63 analysis was performed using the same method as CD62P analysis with the
replacement of the CD62P-FITC antibody with CD63-FITC. The template used for

measurement of CD63 and CD62P is shown in Figure 12.

3.4.4 Preparation of Platelet Solution
Whole blood was collected from non-clinical issue stock provided by NHS Blood and

Transplant Sheffield. The whole blood was decanted into sterile flasks and allowed to rest
for 24-48 hours until plasma and red blood cells were visibly separated, with translucent
platelet-rich plasma at the top of the container. 600ul of platelet-rich plasma was taken from
the top of the container and placed into an Eppendorf tube, ensuring no red blood cells were
drawn up to contaminate the sample. A 1:1 ratio of Hank’s balanced salt solution (with added
Prostaglandins at 1uM final concentration) was added to the tube. The tube was then

centrifuged for 10 minutes at 1800Xg.

Following centrifugation, a pellet of platelets was formed. Remaining plasma was pipetted
out from the top of the Eppendorf tube and discarded, and the pellet was washed gently in
200ul platelet wash buffer. After two washes, the platelet pellet was re-suspended and

mixed in 200ul of Tyrode’s buffer before counting and seeding on samples.
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Figure 12: Flow cytometry template setup for platelet activation assay. The initial read of front vs side scatter
indicating cell type and presence is shown in the top left graph. Platelets were gated in both P1 (top, right) and
P2 (middle, right) in plots of CD63-PerCP against both forward scatter (FSC) and side scatter (SSC) using a CD63-

specific antibody. Approximately 3,000 CD63-positive platelet events were recorded. The CD63-positive cells
were drawn on a plot of FITC fluorescence against PerCP fluorescence (middle, left). A frequency histogram
(bottom) of FITC fluorescence against cell count is used to calculate the percentage of cells from the parent
population present in the P3 interval gate. Increased FITC fluorescence will shift this histogram to the right and
increase the number of cells present within P3. Gate P3 was set at 1% using the IgG-containing, empty-well
control sample and was recorded automatically in the statistics box. Measurement of FITC fluorescence then
related directly to expression of CD62P.
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3.4.4.1 Platelet Aggregation

A 96-well plate was prepared with 10ul of a CD42a-FITC antibody solution at a 1 in 20
dilution. The plate was covered and stored for up to an hour in a refrigerator at 2-8°C.
Samples were inverted to mix and 5ul of each sample added to separate wells with the
antibody solution. The plate was incubated for 20 minutes in the dark again at 2-8°C. 0.2ml
of FACSflow solution was then added to each well after incubation and the plate was
positioned on the sampler of the flow cytometer. The flow cytometry procedure used for

identification and quantification of platelets is shown below in Figure 13.
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Figure 13: Flow cytometry template setup for individual platelets in whole blood for quantitative aggregation
assessment. 50,000 red blood cell (RBC) events were collected in region P1 on a forward scatter/side scatter plot
(left). CD42a-FITC fluorescence was plotted against forward scatter and region P2 was selected by drawing a
curved line (centre) to include platelets and exclude RBC/platelet coincidences. CD42a-positive platelet events in
P2 were then redrawn against forward scatter (right). EDTA-anticoagulated blood was used to set three gates to
quantitate microparticles (P3), individual platelets (P4), and microaggregates (P5). These gates were then
applied to the plots obtained for all exposed samples of blood, recording individual platelets in P4.

Across the flow cytometry experiments, each sample was only experimented on once due to
time and equipment limitations. These experiments were not later reproduced due to the
small margins of change, wide variation, and paradoxical responses to known factors, as
discussed in Chapter 5. Therefore, few conclusions can be drawn regarding the statistical
significance of these differences, however indications were given for the continuation of

other work.
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3.4.5 SEM Imaging

Following a repeat whole blood incubation for half an hour, the samples produced in Section
3.3.1 wererinsed gently in warm saline and fixed using 3% glutaraldehyde. The samples were
held at room temperature under 1ml of glutaraldehyde for one hour without movement to
fix any cells which had adhered to the surface. Following this the samples were removed
from the glutaraldehyde solution and were left under 0.1M phosphate-cacodylate buffer

until processing for microscopy.

Post-fixing was undertaken using 1% osmium tetroxide. 1ml of solution was added to each
well and left at room temperature under a fume hood for 30 minutes. The samples were
then dehydrated over time using ethanol solutions. Progressive solutions of distilled water,
50%, 70%, and 90% ethanol were applied twice for ten minutes each, followed by a final
wash of 1ml 100% ethanol solution for 15 minutes. Samples were stored under 100% ethanol
solution overnight. After removal of the ethanol, samples were critical point dried by
covering with hexamethyldisilazane twice for five minutes each time and samples were left
to air dry. Once dry, the samples were attached to aluminium stubs through carbon tabs and
placed in a dessicator. Samples were coated in gold using a Polaron sputter coater prior to
SEM analysis. Samples were imaged using a FEI Quanta 200 3D Dual Beam FIB-SEM. Images
were acquired at 350, 850 and 1500x maghnification to provide a range of views of the sample

surface.

3.4.6 Statistical Analysis
SPSS Statistics version 24 was used for all statistical analysis and graphical presentation.

Comparison of platelet counts, alamar blue fluorescence and immunofluorescence area was
calculated using ANOVA analysis with a post-hoc Tukey test. Significance was set at a

minimum expectation of P<0.05; where indicated on Figures, p<0.01 was achieved.
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3.5 Surface finishing for cellular growth
3.5.1 Sample production

Samples of Ti6Al4V were produced in 10mm disks of 3mm depth. Samples were produced
from milled titanium sheet in addition to selective laser melting additive manufacturing
techniques. Additively manufactured samples were also processed using EJM with bromide
and chloride solution, according to SEM results from previous experiments shown in Section
3.4.4. Control samples of non-additively manufactured titanium alloy were produced in the

same dimensions from medical grade Ti6Al4V sheet supplied from Unicorn Metals.

Samples polished using EJM were modified using the parameters listed in Table 5.

Table 5: EJM treatment parameters on additively manufactured titanium alloy for cell growth assays

Sample | Current Jet Nozzle IEG Nozzle Electrolyte | Number
ID density speed I.D. Velocity | Applied of passes
SLM-C | 100 12 m/s 1m 0.5mm | 0.1 mm/s | 1.5MNaCl | 1
A/cmA2 +0.5M
NaBr
SLM-D | 100 12 m/s 1m 0.5mm | 0.1 mm/s | 1.5MNaCl | 2: 1st pass
A/cm”2 +0.5M @
NaBr 0.25mm/s
2nd pass
1mm/s

All samples were washed using acetone, isopropanol, and distilled water on an ultrasonic

cleaner and sterilised using UV light for 2 hours prior to cell culturing.

3.5.2 Sample characterisation

Surface chemistry of the samples was compared using X-ray spectroscopy. A VG ESCALab
Mark Il instrument was used. Samples were imaged using a high-resolution camera and
scanning electron microscope (FEI XL-30 SEM) to view the surfaces produced and investigate
the surface topography produced with the EJM processing. The surface roughness of samples
was measured using a Zeta-20 optical profiler. Surface wettability was investigated using a
drop shape analyser (DSA100) to record the contact angle of water droplets for 5 seconds

after contact with sample surfaces.

3.5.3 Cell culturing
A 3T3 mouse fibroblast cell line was used for all cell studies, obtained from Sigma-Aldrich.

Cells were cultured in DMEM with 10% FBS, 5% antimycotics and 1% NEAA plus ascorbic acid

65



at 150mg/L. Cells were cultured in flasks at 37°C and 5%CO, and were passaged once

reaching 80% confluence, as assessed by light microscopy.

3.5.4  Cell proliferation assay
Alamar blue assays were chosen to study cell viability as a non-destructive method of

investigating cell activity through metabolic activity.

Cells were counted using a haemocytometer and seeded onto 24-well plates in known
concentrations. 1ml of solution was seeded at a concentration of 40,000 cells per ml. The
metal samples were seeded onto, along with empty wells containing no sample (direct to the

culture plastic) as a negative control for sample surface influence.

Time points of 2 hours and 24 hours were chosen to investigate both initial attachment and
growth, and continued viability over longer periods. After 2 or 24 hours, media was removed
from wells and the samples were washed 3 times in PBS for 5 minutes. Following rinsing, the
samples were covered in 300ul of Alamar Blue solution diluted 1 in 10 using Hank’s balanced
salt solution. Samples were then shaken for 10 minutes at 150rpm and returned to incubate

at 37°C and 5% CO; for a further 80 minutes.

100ul of solution was removed and placed into 96-well plates and read using a Bio-Tek

FLx800 microplate reader with a standard Alamar Blue protocol.

3.5.5 Cell morphology assay
Scanning electron microscopy (SEM Jeol 6060LV) was used to image cells growing on the
surfaces of samples and investigate their morphologies. Again, cells were studied after both

2 and 24 hours of growth.

At the appropriate time point, samples were washed with phosphate-buffered saline (PBS)
and fixed with 0.25% glutaraldehyde and 0.1M cacodylate buffer for 30 minutes. The samples
were then covered in 7% sucrose in 0.1M cacodylate buffer and stored overnight, after which
they were rinsed 3 times in buffer only. Post-fixing was applied using 1% osmium tetroxide
solution for 45 minutes, and samples were dehydrated using increasing concentrations of
ethanol. Samples were covered using hexamethyldisilazane and left overnight. Prior to

imaging, samples were sputter coated with gold.

3.5.6 Statistical Analysis
SPSS Statistics version 24 was used for all statistical analysis and graphical presentation.

Comparison of platelet counts, alamar blue fluorescence and immunofluorescence area was
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calculated using ANOVA analysis with a post-hoc Tukey test. Significance was set at a

minimum expectation of P<0.05; other P values are indicated individually in Table 9.
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4 Results I: Design of bespoke annuloplasty devices

4.1 Introduction
In this chapter, the natural anatomy of human mitral valves was investigated and compared

against commercially available annuloplasty devices. In addition, workflows to produce
patient-specific annuloplasty designs were developed using commercially available software

and ultrasound scans.

4.2 Assessment of the human mitral valve and commercially available

annuloplasty devices
As described in Section 3.2, human cadaveric hearts were categorised and included or
excluded from study according to medical history and quality of storage. Of the 27 hearts
remaining following exclusion, transverse diameters ranged between 27.5mm and 44.1mm;

anteroposterior diameters ranged from 20.5 to 38.4mm.

When plotted graphically (shown in Figure 14) there is little discernible relationship between
the diameters. There is generally a trend towards a positive correlation between the values,

as would be expected, however it is not a clear linear relationship.

A positive relationship is found when using transverse diameter to predict the
anteroposterior diameter (shown in Figure 14). A significant regression equation was found
(F(1,25) =21.20, p < 0.001), with an R? of 0.459, suggesting that whilst there is a relationship
between the measurements overall, individual points are not a close fit to the equation

given.
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Figure 14: Relationship between the transverse and anteroposterior diameters of mitral valves in 27 samples. The linear relationship between dimensions measured is shown in solid

blue (y=0.789x); an expected 3:4 ratio of values (y=0.75x) in dashed black. The existing sizes of a commercially marketed annuloplasty device are shown in yellow.
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The expected relationship between transverse and anteroposterior dimensions as per
current design methods would be y=0.75x. By comparison, the values found for this
relationship ranged between 0.53 and 0.95. This suggests that the anatomy of individual
mitral annuli ranged from near-circular to a width twice as large in the transverse direction
as in the anteroposterior direction. This variation in shape between individual hearts can be

seen comparatively in images of two dissected valves in Figure 15.

The available sizes of a currently
marketed, commercially
available  annuloplasty ring
(Carpentier-Edwards Physio) are
also marked on Figure 14 in

yellow. As shown, the largest

available size in transverse

Figure 15: Photographs of two mitral valves used for analysis showing
drastically different overall shapes in the mitral annulus. The left
image showed a ratio between anteroposterior and transverse
exclude 8 (30%) of the samples diameters of around 0.5; whereas the annulus of the right-hand

image represented a ratio of nearly 1.0.

diameter is 40mm, which would

from having an  as-sized

annuloplasty device.

In addition, even when a size is available near the existing dimensions, the anteroposterior
distance available is often far away from those measured. For example, two hearts measured
to have a transverse diameter of 32mm had a corresponding anteroposterior distance of
24mm and 22.5mm. If these patients were treated using this model of annuloplasty ring
according to the “natural 3:4 ratio”, an anteroposterior distance of 24mm would be
achieved. In one patient, this would exactly restore their natural anatomy; however, in the

second patient it would oversize their mitral valve opening by 1.5mm.

A root mean square calculation was performed for the 0.75 expected relationship and the
actual values measured in the study. The RMS across the whole population was equal to 4.41,
suggesting that applying the 3:4 ratio assumption across the population gives an average

error of over 4mm in the anteroposterior distance compared to that physically measured.
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4.3 Device design from patient data

Materialise Mimics is commercially available software designed specifically for the
production of three-dimensional CAD files from medical scan data. This software
predominantly relies on the thresholding of different areas of scans according to density, as
indicated by Hounsfield units and the black to white range of visualisation. In CT, MRI and
ultrasound scans, more dense tissues appear lighter and less dense tissue or water appears

darker, to allow this distinction.

In the production of skeletal implants, as discussed in Chapter 2, the delineation between
hard and soft tissues is clearly visible according to the colour of segments visible. Bones,
being much more dense than surrounding muscle and fascia, are clearly separated for design
of bespoke surgical guides or implantable devices (Rotaru et al., 2015; Wysocki et al., 2016;
Dall’Ava et al., 2019).

In spite of the reduced contrast between heart structures, muscle tissue is still visibly denser
than surrounding blood flowing through the heart, and as such scans can be used
preoperatively to inform surgery and aid planning. Thus, initially the inbuilt thresholding
capabilities of Mimics were used to produce an anatomical representation of the valve shape

in line with the annulus.
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4.3.1 2D thresholding

Initially, a single layer of the mitral valve anatomy in line with the plane of the annulus was selected and thresholded using Mimics inbuilt

thresholding capabilities. The resulting, semi-automated threshold is shown in Figure 16.
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Figure 16: Thresholding of a mitral valve echocardiogram in Mimics software. Thresholded areas selected for inclusion in the design mask are shown in green.



As a balance must be achieved to reduce noise arising from tissues of similar density
elsewhere in the heart, some structures of the mitral valve were not included in the original
thresholding mask. In order to rectify this, the mask was manually edited, and areas were
marked to be included in addition to the previously segmented parts. This decision was made
by human input and therefore this method would rely heavily on the knowledge and

experience of the person performing the segmentation.

Once segmentation of the valve circumference was completed to a sufficient standard, the
3D object created was exported to 3-Matic, the CAD software associated with MIMICS. On
inspection using fixing wizards, it appeared that the model was made up of multiple shells,
not one single part. Whilst some noise shells were successfully removed by inbuilt fixing
wizards, the remaining shells could not be re-attached. As a result of this, when a curve was
drawn on the internal circumference of the valve opening to provide an annular shape, the
curve would end at the junction of two shells and could not create a continuous shape for

further design (see

Figure 17).
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Figure 17: Failure of a continuous curve due to production of a 3D object formed of multiple shells. Highlighted
in red are the areas of breakage where the curve could not be connected and therefore a full annulus shape

could not be reproduced.
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Further iterations of the single-layer data were attempted using less stringent thresholding
parameters to reduce the disjoint between different areas. In using less stringent
parameters, the risk of including noise in the design not actually associated with dense tissue
is raised, however the likelihood of missing segments of the valve geometry is reduced.
Figure 18 and Figure 19 show the thresholded anatomy from the scan with these less
stringent parameters, alongside the resulting curve and ring geometry produced from the

internal face of the thresholded valve scan.
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Figure 18: Completed ring shape within the thresholded mitral valve opening
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Figure 19: Completed ring shape designed from scan data
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4.3.2  Multi-layer thresholding

Given that the mitral valve and its annulus are known to be non-planar (Mahmood et al.,
2013), the inclusion of only one layer of scan data will not give a full representation of
internal annulus geometry. Thus, further iterations of thresholding for design were
undertaken, including multiple layers of the valve volume rather than just those in line with

the centre plane of the annulus.

This full valve volume is shown in Figure 20. This produced a ring of a similar shape, however
incorporated more of the three-dimensional saddle structure seen in a healthy native

annulus, shown in Figure 21 with a comparison of the side view of the two rings.
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Figure 20: Ring produced using an increased number of layers, in situ within the resolved 3D valve model.
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Figure 21: Comparison of the lateral three-dimensional shape of rings produced using single-layer and whole

valve shapes.

This process was repeated later to ascertain whether the results of this method were
replicable. Although a slightly different shape was produced on the second iteration, the
dimensions of the ring were near-identical as can be seen in Figure 22, suggesting that this
technique was relatively robust in producing a ring of appropriate size for implantation.
Given that the downsizing of the diseased annulus is the primary aim of annuloplasty rings,
this method would likely succeed in producing surgically appropriate implants, however the
differences in shapes produced could result in different mechanical stresses on the valve and

may compromise some longevity if the shape chosen was not the most advantageous option.
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First version (2D)

Second Version (3D)
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Figure 22: Comparison of three ring designs from the same scan: initial design from single-layer model (left), and two repeats (centre, right) of designs produced through the same

method of full valve design.
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4.3.3 Point-based design
As ultrasound is also prone to noise, designs produced using thresholding may result in
increased, unnecessary complexity in the ring shape which has arisen not from the shape of

the patient’s anatomy but from an inaccuracy in the imaging technique.

The DKFZ research centre in Germany produced bespoke, in-house programming software
for identification of valve leaflet insertion points throughout an ultrasound scan — providing
multiple layers of single points which can be joined, in comparison to a single 3D image which
must be drawn on internally to produce geometry (Graser et al., 2013, 2014; Al-Maisary et
al., 2017). This method therefore accounts somewhat for the potential for noise in scans and

reduces its impact on the overall resulting ring design.

This methodology was investigated using the Materialise Mimics software to produce an
annulus geometry from a second patient scan. Placement of points at the leaflet insertion
was undertaken manually and points exported to 3Matic for completion of a ring design from
the joined points. Figure 23 shows the work undertaken on the ultrasound scan and

positioning of the points on the imported data.
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Figure 24 shows the imported and averaged points resulting in an annular ring geometry.
The saddle-shape of the annulus is clearly visible in Figure 24, and connection of the points
using a smoothed curve followed by circular sweeping of the shape produced a shape clearly

representative of an appropriate annuloplasty ring design.

This method also proved less labour intensive overall given the reduced number of steps
involved in finding the annulus shape on scans. By avoiding thresholding of the image, there
was no need to manually add or remove areas after the initial thresholding, and curves did
not have to be drawn by hand across the inside surface of the 3D model following

exportation.
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Figure 24: Mitral annuloplasty ring design produced from point-based method
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4.4 Conclusions

In these chapter, the design of annuloplasty devices has been considered, particularly
focussing on the validation of existing geometrical assumptions and potential workflows for
the creation of bespoke designs in place of off-the-shelf sizes and shapes. From this work,

the following conclusions have been drawn:

e The mean ratio between transverse and anteroposterior dimensions of the human
mitral valve is close to, although not exactly, 3:4; however, human populations vary
widely around this average, with an error of 4mm compared to actual
measurements.

e Therefore, some patients are not served accurately by existing off-the-shelf
annuloplasty device designs.

e Existing commercial software is appropriate for designing cardiovascular devices
from patient data — homemade tools are not required.

e  Whilst in-built thresholding tools can be used on valve structures and produce
reasonably replicable dimensions, placement of points on leaflet insertion positions

is a quicker method less reliant on manual editing of valve anatomy by the user.
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5 Results ll: Prevention of detrimental surface coagulation

5.1 Introduction
In this chapter, the effect of Electrolyte Jet Machining on platelet activation on the surface

of SLM-manufactured Ti6Al4V samples. Samples included an as-manufactured Ti6Al4V SLM
alloy (SLM-AM), four parameter sets of EJM (SLM-A, SLM-B, SLM-C and SLM-D), and a
conventionally manufactured sheet Ti6Al4V material (Ti64-S). Annuloplasty devices reside
within the core of the heart, in constant contact with turbulent and high-pressure blood flow
towards the body. As-built additively manufactured Ti6Al4V samples, and AM samples
processed with various parameter sets of EJM were tested, in addition to conventionally

manufactured sheet Ti6AlI4V samples.

5.2 Whole-blood Results

5.2.1 Production of Ti6Al4V samples

Titanium disk samples were produced successfully by SLM, according to the CAD files and
parameters laid out in Section 3.4.1. Four categories of EJM processing were applied as also
described in Section 3.4.1 (Samples SLM A-D), alongside untreated, as-built control samples

(SLM-AM).

EDX analysis, shown in Figure 26, confirmed that the majority of surface elements present
were Titanium, Carbon and Aluminium. Titanium represented most of the surface, with
aluminium expected to have a surface presence according to its inclusion in the medical
Ti6Al4V alloy. The carbon found was likely to be an unavoidable environmental contaminant
from exposure to air, however it represented the least common element on the surface of

all samples investigated.

Importantly, the presence of sodium or halide ions was not found in significant quantities on
any polished sample, suggesting that the EJM process does not leave behind residues on the
surface of samples. The presence of oxygen was increased on SLM-C, which suggests an
increase in the titanium oxide layer found on the outside of most titanium alloy parts, when

compared to the other samples.
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In addition to producing the disks
described for these in vitro studies,
the parameters described in
Section 3.4.1 were also trialled for
the manufacture of bespoke
annuloplasty  device  designs
produced using the methods of
Chapter 4. The resulting build was
successful, producing a
component faithful to the original
CAD and without build failure or

errors in the part. The part

Figure 25: A bespoke annuloplasty device manufactured in Ti6Al4V
using SLM, using individual patient scan data to produce CAD
models (CAD shown in Figure 24)

produced, shown in Figure 25, suggests that SLM manufacturing with these parameters could

successfully manufacture appropriate annuloplasty devices in the future, and the disks used

for in vitro studies would be representative of these parts.
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Figure 26: EDX of surfaces before and after EIM processing of a SLM-produced titanium alloy sample.
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5.2.2 Flow cytometry

5.2.2.1 Platelet activation

With regards to platelet activation as marked by CD62P externalisation, little difference
could be seen between samples with or without ADP activation (Figure 27). The negative
control samples which had not contained any titanium disks when shaking did show a lower
number of activated platelets compared to other samples with both CD62P and CD63
markers. Aside from this, however, the overall percentage of active CD62P-positive platelets
found in solution was very low, with no more than 15% of platelets found even with

activation by ADP.

Most of the polished samples, with the exception of SLM-C, appeared to increase the
incidence of CD62P-positive platelets in solution after exposure to their surfaces with
activating factors. However, without the addition of and activation by ADP, samples B and C
both showed a slight reduction in the percentage of active platelets found. The culture plastic
wells showed a reduction in active platelets over both environments, with both activated
and non-activated blood showing a decrease in active platelets present compared to the AM

sample, decreasing by 1.6% without ADP presence and 2.9% with ADP.
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Figure 27: Percentage of CD62P-positive platelets active within the population in solution after exposure to
sample surfaces, according to flow cytometric analysis. EDTA anti-coagulant was applied as a negative
coagulatory control along with inclusion of wells containing only tissue culture plastic.
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In the activity of CD63 markers shown in Figure 28, again only a small difference can be seen
in the activity of platelets on the different surfaces. The percentage of active platelets again

did not pass 15% even with the addition of activating ADP.
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Figure 28: Percentage of CD63-positive platelets active within the population in solution after exposure to
sample surfaces, according to flow cytometric analysis. EDTA anti-coagulant was applied as a negative
coagulatory control along with inclusion of wells containing only tissue culture plastic.

Despite this, the unpolished surface produced a slightly higher activity of platelets with and
without ADP input when compared to the polished samples and the blood with no titanium
disk. In particular, SLM-C produced a lower activation than any other sample, with under 10%
of platelets activated under both conditions. However, the activation of the platelets was so
low in all cases that the difference between samples was still minimal. Further, the addition
of ADP to some wells appeared to paradoxically decrease the number of active platelets
found in the solution. Again, the tissue culture plastic showed a more marked reduction in

the percentage of active platelets found in solution.
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The conclusions of these two assays are not in agreement, despite the chosen markers being
related in their response on platelet activation. CD62P and CD63 are both markers of platelet
activity, with CD63 increasing on platelet surfaces after granule release, and CD62P being
externalised on the platelet surface during activation through membrane flipping. Therefore
there should be a greater degree of agreement between the results of the flow cytometric
analyses; although the exact changes between samples may not be identical due to
involvement in different processes, there should be some consensus in which samples

produce greater or lesser extents of activation.
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5.2.2.2 Platelet Aggregation
After measurement of the number of single platelet events in the fixed samples the
percentage of aggregation was calculated for each sample. The number of single platelet

events in the EDTA-chelated blood sample was used as a reference point. The formula is

given below:

. [start count — sample count]
% aggregation = 100 X

[start count]
Start count = number of platelet events present in EDTA chelated blood sample

Sample count = number of platelet events in the fixed test samples

The differences in aggregation seen across samples had a wide variability, with some results
showing different responses relative to the unpolished sample dependent on ADP presence.
Shown in Figure 29, SLM-A for example elicits less aggregation without the presence of ADP
than the unpolished sample; however it shows increased aggregation compared to the

unpolished sample when ADP is added.
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Figure 29: Percentage of aggregated platelets in solution following exposure to sample surfaces.

Overall, SLM-C shows the greatest increase in activated platelet aggregation, with AM
samples and culture plastic showing roughly similar responses. However, similarly to the
CD63 analysis, experiments with and without ADP involvement did not follow the same
pattern of activity. With the inclusion of ADP, SLM-A showed an increase in platelet
aggregation in solution compared to the as-built AM sample, however without ADP the
opposite is true. As expected, tissue culture plastic showed equal aggregation to the lowest

values both with ADP (equal to the AM sample) and without ADP (equal to SLM-A).
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5.2.3 SEM Imaging

Following initial investigations, discussions regarding the results shown were had due to the
small differences found even between control samples during experimentation. According
to previous operator experience, similar flow cytometry investigations into oxygenator fibres
had shown minimal difference between differing materials using flow cytometry on this
equipment. However, when further investigations were undertaken, imaging techniques
showed a significant change in blood contents found on the surface of the materials.
According to this, it was decided that surface imaging of the samples themselves would be
more appropriate to investigate the cellular response on it. This is especially the case given
that where blood constituents including platelets had responded to the material surface,
they would become attached to the surface itself and would no longer be found in solution,

which may have affected results.

Figure 30 shows the surface of an as-built, additively manufactured titanium alloy sample. It
clearly shows that the platelet response to these rough, powder-laden surfaces is substantial.
There are active platelets spread over the whole surface of visible powder particles, in
addition to the presence of red blood cells which appear to be in the process of being
recruited to the formation of platelet plugs and further clotting influences. This is further
confirmed in Figure 31 wherein a comparison of two surfaces areas, pre- and post- polishing
is shown. The process of electrolyte jet machining has been successful in the removal of
large, obvious powder particles from the surface of the part, and in response the presence
of visible organic material has significantly reduced. This supports the idea that as-fabricated
additively manufactured parts are a significant risk when introduced directly into the blood

stream.

In particular it should be noted that the platelets appear to rest on the side of powder
particles or in crevasses between powder particles and in small holes. It appears that these
platelets have become trapped in these niches, resting inside these gaps in large numbers as
well as trapping red blood cells in the same spaces. This positioning and the active nature of
the platelets suggests that they are passing over the rough surface and activating when

becoming caught in these areas.
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Figure 30: SEM image of an unpolished control sample imaged at 850x magnification after whole blood exposure. The large, spherical titanium powder particles have become
covered in highly active platelets. The platelets are visible both through their dendritic projections on the left of the image(1), and as a completely spread hypoplasm towards the
top of the image(2). The active platelets have already begun to significantly trap other cells and particles to produce a clot on the surface, as evidenced through the large numbers
of red blood cells attached to the surface.
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Figure 31: SEM image showing a comparison of the pre- and post-processed surfaces (SLM-A). The lower half of the image has been polished using EJM and as a result the spherical
powder particles on the top half of the image have been entirely removed and the surface appears overall more smooth. It is also visible from this low magnification that there is
less debris (likely platelets and other organic material) present on the polished area of the surface. Finally, small holes in the surface resulting from removal of material above a
process-related void are visible (1 and 2).
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Generally, the images of Figure 32 show that electrolyte jet machining did remove the
powder particle coated surface and decrease the gross roughness of the sample surface. In
addition, the application of two passes over surfaces as compared to one provided a more
consistent surface and ensured that more of the surface was as smooth as possible. It is also
clearly visible between Figure 30 and Figure 32 that as a surface becomes more uniform and
smooth, there tends to be fewer platelets aggregated and blood cells present on the surface
of the sample. It is expected that as these platelets decrease in number and in activity, they

will pose a significantly smaller risk to patients (Smith, Travers and Morrissey, 2015).

Despite there being some differences in the topography of samples based on their processing
parameters, all applications resulted in a field of view with fewer aggregated platelets visible.
However, individual small features show the differences in response in samples. Areas of
high current density in the centre of the nozzle’s target area provide small spaces with the
visibly smoothest surface and a complete absence of organic material (shown in the left of
Figure 33). This suggests that the application of a high current density across a whole sample
would provide the most beneficial surface, however these parameters must be considered

within the context of material loss and compensatory design in the size of samples.

On some samples, there were gaps remaining where the nozzle of the EJM had missed areas
and powder particles were still visible, particularly between areas of high smoothing success
(Figure 33). It appears that the path of the EJM nozzle may be responsible for this, with areas
to either side of the main path receiving less effective final results. Biologically speaking this
is of great importance as unwanted powder particles may present a risk in coagulation
potential by providing even small environments for platelets to become trapped, activate

and aggregate, causing a clot.

Further to this, in samples with higher numbers of passes used, holes such as that shown in
Figure 31 and Figure 34 were produced in the surface due to the underlying porosity of an
additively manufactured part. These holes showed concerning numbers of red blood cells
trapped within them, suggesting that a platelet plug had already begun to form within the
confines of this hole. This is of equally high concern as the possibility of an external clot, as
the potential for dislodging of the plug and movement systemically through the bloodstream
could lead to strokes, pulmonary emboli or other ischaemic disease (Aytekin et al., 2011;

Smith, Travers and Morrissey, 2015).

It must be considered with this that the propensity of additively manufactured parts for

defects and particularly powder bed fusion processes to gain internal voids therefore poses

95



a significant risk when producing a blood-contacting device (Gibson, Rosen and Stuker,

2013).
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Figure 32: SEM images of Chloride-polished samples with one (above, SLM-A) and two (below, SLM-B) passes
used following exposure to whole human blood.




Figure 33: SEM image showing a polished surface exhibiting significant topographical differences between adjacent areas. The smoother surface to the left of the image is nearly
clear of all biological material, whereas platelets are present and active to the right of the image where the surface is less smooth.
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Figure 34: SEM image showing a polished surface containing a large void in which blood has pooled and may cause a significant clot.
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Samples C and D, when compared to the processing parameters involving only chloride ions,
produced much more pitted and uneven surfaces (shown in Figure 35). These surfaces
proved difficult to image using scanning electron microscopy, but where visualisation was
achieved, the unevenness of the surface along with the presence of cells and platelets on the
surface deemed the inclusion of bromide ions in the polishing inappropriate for this

application.

It is likely that the surfaces of the images were not amenable to imaging easily due to the
different focal planes produced by such an unpredictable surface texture. As a result of this,
the cellular material present on the surface was difficult to visualise also, however some can
be seen in the lower-right image of Figure 35, where platelets have aggregated to the uneven

surface and onto a powder particle which has become pitted after processing.

Due to these considerations, it was decided that these samples would not be included for
further investigation regarding their anticoagulant properties. However, it was noted that
they may serve benefit in the promotion of cell growth according to the provision of cellular
anchors for fibroblast-type cells. Further work on this is found in Chapter 6 (Integration of

Device with Patient).
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SLM-D

Figure 35: SEM images of samples C and D following contact with whole human blood. Images were taken at 350, 800 and 850X magnification, however acceptable imaging of the
surface was difficult. The image on the bottom right shows collections of platelets visible on the surface of the powder particle and attracted to the uneven surface around it also.
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5.3 Platelet-solution results

5.3.1 Sample Production
A further 20 SLM samples were produced successfully as in previous experiments (Section
4.2.1). 8 of the unused conventionally manufactured titanium alloy disks from Section 4.2.1

were used as controls for the manufacturing process.

5.3.2 Platelet Extraction

Platelet extraction produced platelet solutions consistently averaging around 50 million
platelets/ml. This extraction was generally successful; however, it was found that more
success was had working directly from plasma which had naturally separated from red blood
cells while resting before use. Through allowing the blood to rest for a few days, fewer red
blood cells were erroneously included in the centrifuged solutions leading to less

contamination and confounding cellular presence in results.

5.3.3 Platelet Counting

Counting of platelets provides a simple method of assessing the activity of platelets in
solution (Claesson, Lindahl and Faxalv, 2016). Known numbers of platelets can be seeded
into culture wells and over time, any reduction in the number of individual platelets can be
attributed to adherence of platelets elsewhere. In this case, platelets have activated and
adhered either to the surface of the well or sample, or to one another, meaning that the

number of free and resting platelets in solution goes down.

In Figure 36, it can be seen that all test samples except AM titanium with polishing parameter
A produced a reduction in free platelets, suggesting an increase in platelet activity
attributable to the samples within the well. This stands in contrast to the flow cytometry
results discussed in Section 4.3.2 where the aggregates of platelets were counted only in

solution, without accounting for those lost to the sample surface during reaction times.

The as-built AM titanium is shown to have produced a significant (p<0.05) reduction in the
number of free platelets in solution. The bar titanium is also shown to have reduced the free
platelet number significantly compared to the empty well, however there is no significant
difference between these samples. Despite the statistical analysis, however, it can still be
seen that the bar titanium alloy surface has, on average, left a greater number of platelets
free in solution, suggesting that fewer have stuck to the surface due to activation by the

material.
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SLM-A is shown to have a significantly larger number of platelets free in solution than the as-
built AM titanium alloy surface. The same can be said of SLM-B, suggesting that both of these
EJM polishing parameters were successful in reducing the number of platelets attracted to

and activating and adhering on the sample surface.

The average number of platelets present in SLM-A solutions was higher than those in the
wells with no sample. This is likely due to assumptions made in counting platelets manually
using haemocytometers. This method, whilst respectably accurate and a standard for manual
cell counting, does assume that the sample used is representative across the entire volume
of the well, and in some cases, large aggregates may be missed, or some areas may just have

fewer cells present due to random chance.

Similarly, the additively manufactured samples proved to be more thrombogenic than the
addition of thrombin to tissue culture wells. In this case, this could be rectified with a larger
concentration of thrombin included in the well, as there may not have been enough to

produce the maximal effect.
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Figure 36: Mean number of platelets present in solution when samples had been incubated for a 2-hour period.
A reduction in the number of platelets in solution is assumed to be related to adhesion of platelets to the surface
introduced or to each other due to activation associated with the surface. Statistical significance calculated
using ANOVA is denoted numerically.
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5.3.4 Alamar Blue

Alamar blue studies were performed to assess short-term platelet activity levels after
exposure to the surfaces of samples. Figure 37 shows the initial study including the as-built
AM titanium samples, and the bar titanium alloy compared against a well of no platelets and

a thrombin positive control.

Alamar blue assays show metabolic activity of material inside the wells being investigated.
Through a reduction reaction, cell activity transitions the alamar blue solution from blue to
a fluorescent red molecule. Thus, increased cell activity leads to an increase in fluorescence
in the reading of the plate solutions. In this case an increase in fluorescence suggests an

increase in platelet activity, which would be indicative of thrombotic activity.

Initially, experiments were undertaken to compare metabolic activity on titanium alloy
surfaces, dependent on the manufacturing process being additive or traditional sheet metal.
In Figure 37 it can be seen that additively manufactured titanium has increased metabolic
activity, and therefore more active platelets, than the bar titanium samples. Whilst not as
active as a thrombin activator, this increase in activity compared to the bar titanium is
indicative of an increased thrombotic risk from AM surface material than bar metal.
However, this difference is not significant (p>0.05), which is likely related to the wide

variation found in the bar titanium samples.
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Figure 37: Mean fluorescence of alamar blue assay showing metabolic activity of biological constituents
(platelets) in solution while in contact with samples included.
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Figure 38 shows a comparison amongst all the additively manufactured samples used,
compared to a well containing no sample, no platelets, and a thrombin activator. The well
without platelets shows a significant difference from all other samples, indicating that it is

only the activity of platelets that have caused the majority of changes in fluorescence.
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Figure 38: Mean fluorescence of alamar blue assay showing metabolic activity of biological constituents
(platelets) in solution while in contact with samples included. A selection of polishing parameters was included
along with additively manufactured titanium alloy and negative and positive controls.

The AM titanium sample, batch B polished samples, and thrombin activators all show
significantly increased cell activity compared to the wells incubated with no sample present.
Whilst there is not a statistically significant difference between the as-built AM sample and
the polished sample, it can be seen that on average there is a reduction in cell activity shown
by fluorescence in both the polished samples. All the samples are less thrombogenic than
the thrombin activator, however the as-built AM sample approaches the values found with
thrombin activation, showing that it is a major risk factor in the instigation of erroneous

coagulation.
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The as-built AM sample and batch B polished samples both show a significant increase in
metabolic activity compared to platelet solutions incubated on just tissue culture plastic
(No_Sample). Again, this suggests a significant increase in thrombogenic risk produced just
from the inclusion of these samples in the well. Contrastingly, whilst SLM-A is not significantly
different in its response from the as-built AM titanium surface, nor is it significantly more
thrombogenic than the empty wells of tissue culture plastic. Again, similarly to the bar
titanium discussed previously, tissue culture plastic showed a very wide variation in response

amongst the populations.
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5.3.5 Immunofluorescence Microscopy
Samples were fluorescently tagged using CD61-FITC antibodies to visualise the location of
platelets on the surface of samples (Figures have been re-coloured for clarity). These samples

were then imaged using a Leica IRE2 microscope with an excitation wavelength of 488nm.

Initial viewing of the immunofluorescence images shown in Figure 39 shows a dramatic
change between the four samples regarding platelet p resence on their surfaces. The bar
titanium material is nearly completely void of platelet presence, with only a small number of
fluorescent points which do not appear to be in the same shape or formation as platelets
found on other samples. By comparison, the additively manufactured sample is covered
nearly completely in fluorescently-tagged platelets. SLM-A shows an overall reduction of
fluorescence compared to the as-built AM sample, and SLM-B a further reduction, however

neither approach the completely clear surface of the bar titanium.

Interestingly, on the additively manufactured sample, the underlying shape of the powder-
based material surface can be seen through the fluorescence, with rounded features
influencing the pattern of visible fluorescence to show waving patterns across the whole
sample surface. With the average size of powder particles around 40um, the propensity of
platelets to stick to the sides of and crevasses between powder particles seenin Section 4.2.4
is again visible. Contrastingly, the EJM-polished samples show much larger spaces free of
platelets, with areas surrounding them attracting platelet presence. These clear spaces
cannot be explained by the powder material surface, as in the AM surface, given that the
voids appear hundreds of microns wide — much larger than even the combined, partially

melted powder particles.

In this case, it appears much more likely that this patterning of the surface is attributable to
the EJM process itself. In Section 4.2.4 it was noted that some areas of EJM processing
produced highly clear “tracks” which were surrounded by less smooth, platelet-attracting
areas. It is likely that these images are confirming this lack of surface uniformity and showing

the adhesion of platelets in the areas surrounding the successfully polished surface.

Overall, SLM-B, produced with two passes of the EJM nozzle over the surface, again has a
reduced platelet fluorescence compared to SLM-A. Earlier work had suggested that the
surface produced by two passes of EJM was smoother and had less residue than the SLM-A
parameters, however it risked opening internal pores due to the depth of material removal.

In the centre of the image showing SLM-B in Figure 39, one larger, bright spot can be seen

109



(identified as point A), which may be such a case of a large number of co-localised platelets

inside a small hole or pore.
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Figure 39: Immunofluorescence images taken at 10x magnification on four samples of titanium alloy material following exposure to platelet solution and CD61-conjugated

fluorescent antibodies showing a large increase in fluorescence on as-built AM surface (top left), reduced somewhat by polishing (bottom, left and right), and minimised the most in

a conventionally manufactured material (top right). The polished samples (bottom) show patterning over the surface likely associated with the movement of the jet nozzle,

compared to the whole-surface coating of fluorescence on the as-built surface. “A” shows a point of increased fluorescence, likely due to co-location of large numbers of platelets

which may be a result of a pore in the material surface.
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Particle analysis of the area of fluorescence across images again shows a dramatic change
across the images taken, shown in Figure 40. The AM material was significantly more
thrombogenic than all other samples (p<0.01). Otherwise, there was limited statistical
difference in fluorescence between the bar titanium and two polishing parameters of EJM.
However, despite the lack of statistical difference, SLM-B further reduced on average with
comparison to SLM-A, again confirming that these parameters of EJM polishing would be

preferable in reduction of platelet adhesion to the sample surface.

These results confirm the visual interpretations of Figure 39 and Section 4.3.3, showing that
the as-built additively manufactured titanium alloy surface is highly activating towards
platelets and would pose a significant thrombogenic risk in vivo. This risk is somewhat
reduced by both methods of polishing, with SLM-B being most effective in reducing the
number of platelets found on the material surface, but with SLM-A still providing a reduction

in mean fluorescent surface area by nearly fourfold.
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Figure 40: Mean area of fluorescence in pixels across 10 sample spaces on images taken of four titanium alloy
surfaces. Statistical significance was calculated using ANOVA analysis and significance pairings at p<0.01 are
numbered.
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In addition to the total area of fluorescence, the mean number of individual fluorescent
events visible per image were calculated and plotted in Figure 41. Again, the number of
fluorescent areas was significantly lower (p<0.01) in the bar titanium alloy sample surface as
well as both EJM-polished surfaces. In this case, however, SLM-A showed a significantly
greater number of individual fluorescent particles than the bar titanium surface (p<0.01).
SLM-B, however, was not significantly higher than the bar titanium sample despite the
average number being higher, suggesting again that this polishing method is more successful

in reducing the number of platelets found on the AM surfaces than SLM-A.

Whilst the number of individual fluorescent events is not indicative of the number of
individual platelets found on the surface of these materials, it is important to note the
agreement between the surface area (Figure 40) and the number of individual fluorescent
areas (Figure 41). Agreement between these results suggests that the fluorescence is not
being produced by background noise or sample contamination, but that the areas of

fluorescence are appropriate measurements of individual, fluorescently-tagged material.
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Figure 41: Mean number of fluorescent areas across 10 sample spaces on images taken of four titanium alloy
surfaces. Statistical significance was calculated using ANOVA analysis and significance pairings at p<0.01 are
numbered.
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5.4 Conclusions

This chapter has explored the potential of the novel electrochemical jet machining method
for prevention of coagulation on the surfaces of additively manufactured metal components.
Annuloplasty rings are high-risk devices for the production of thromboemboli given their
presence in direct contact with blood inside the heart. Therefore, prior to the adoption of
AM for annuloplasty devices a method of ensuring minimal surface coagulation must be

developed.
With these results it has been shown that:

e Flow cytometry is an insufficient method for comparing surface coagulation on AM
components, owing to the lack of distinction between positive and negative controls.
This is likely related to the inability of flow cytometry to assess platelets adhered to
the surface itself.

e SEM and immunofluorescent imaging of sample surfaces give good visual indications
of coagulation behaviour.

e EJMsurface processing using chloride and bromide solutions showed sub-microscale
roughness and no reduction in platelet activity on AM samples.

e EJM surface processing using chloride solution did reduce overall surface
unevenness and reduced the coagulation activity on the surface of AM surfaces.

e Second passes of EJM polishing further improved this outcome.
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6 Results lll: Device integration

6.1 Introduction
In this chapter, the effect of Electrolyte Jet Machining on cell survivability on titanium alloy

surfaces was investigated to improve beneficial cell growth on the surface of AM metal
components. Annuloplasty devices rely on a layer of endothelial cells covering the surface of
the device to provide long-term mechanical support and immune protection. As-built
additively manufactured Ti6Al4V samples, and AM samples processed with two parameter

sets of EJM were tested, in addition to a sheet Ti6Al4V used as a control.

The work presented in this chapter was undertaken as Master’s level research, for which |
provided background knowledge, work plans, analysis, and interpretation support.
Experimental work was undertaken by Kunj Sachdeva at the University of Nottingham, and
results are also presented in the thesis “To Evaluate the Potentiality to Combine Additive
Manufacturing (AM) Technique to Fabricate Customised Implants with Surface

Functionalization using Electrolyte Jet Machining (EJM) for the Cardiovascular Application.”.

6.2 Sample production
Ti6Al4V disk samples were again produced successfully by SLM, according to the CAD files

and parameters laid out in Section 3.4.1. For SLM-manufactured samples processed using
EJM, only parameter sets C and D were repeated to produce samples SLM-C and SLM-D (see
Chapter 3 for outline of processing parameters). In addition, untreated SLM samples as
manufactured (SLM-AM) and sheet titanium alloy samples (Ti64-S) were again used for

comparison of cell behaviour.

Surface chemistry of the samples was investigated using X-ray photoelectron spectroscopy

(XPS), with a summary of results shown in Table 6.

Table 6: Results of XPS survey for atomic concentration on the surface of titanium alloy samples.

Atomic Concentration of Element %
Carbon Titanium | Oxygen Zinc Copper Vanadium
SLM-AM 39.0 10.2 50.8
Ti64-S 7.9 79.0 1.2 1.8 10.0
SLM-C 38.9 15.8 45.3
SLM-D 37.1 16.1 46.7

All of the samples contained a large proportion of Oxygen (1s) on the surface, indicative of

the presence of a metal oxide layer forming over the titanium alloy. O1s peaks can also
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overlap peaks created by some metals such as palladium or vanadium on XPS data, however
a metal oxide surface is expected on Ti6Al4V material and vanadium is also expected to be
present in the sample without causing issue, due to the alloy used (Thermo Scientific, 2013).
The highest % of oxide presence was found in Ti64-S samples, with SLM-AM following and
the processed SLM-C and SLM-D reduced further.

Carbon (1s) is present on the additively manufactured surfaces (SLM-AM, SLM-C and SLM-
D), regardless of processing, which suggests carbon-carbon or carbon-oxygen binding. Most
commonly, this is indicative of carbon contamination from exposure to atmosphere before
scanning (Thermo Scientific, 2013). This agrees with previous studies and with the shallow
depth at which XPS scans were taken, as (Vaithilingam et al., 2016) found that all samples
attracted adventitious carbon contamination, and that at greater depth of scanning, carbon
content readily reduced to much lower levels. However, these studies did also show the
presence of some Ti-C bonds which may also have been available on the samples studied
here; this was attributed to manufacturing in an incompletely inert atmosphere during SLM
processing, leading to the bonding of some titanium and carbon molecules inside the

manufactured samples.

Following carbon and oxygen presence, the most common element on all samples was
titanium (2p). The overwhelming majority of material should be titanium (>90% of Grade 5
Ti6Al4V), however owing to the limited depth of analysis provided by XPS this may have
resulted in the higher carbon and oxygen readings. The titanium presence however was
indicative of titanium oxide presence on the outer surface of all samples, again expected due
to the readiness of titanium to form a “passive film” of titanium oxide in air (Jager et al.,

2017).

Vanadium presence on Ti64-S was higher on the surface than in all the additively
manufactured samples, which highlights potential for sample toxicity due to its higher
concentrations. As stated above, some vanadium presence may be masked in other samples
by the high Oxygen (1s) reading (Thermo Scientific, 2013). Aluminium, however, was not
present in great enough concentrations to provide XPS readings in any given sample. This is
somewhat surprising given the percentage presence of aluminium should be greater than
vanadium in Grade 5 Titanium alloy (~6%Al vs ~4%V); however it is important to note that
XPS scans are only representative of the outer surface elements and aluminium may have
been more prevalent on lower layers of sampled material. In these studies, depth analyses

were not undertaken; however previous studies have found differences in the
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concentrations of elements at greater depths of study, with reduced vanadium on the

surface compared to its internal concentrations (Vaithilingam et al., 2016).

Similarly, there was a lack of vanadium presence on SLM-AM samples and a presence in
conventionally manufactured samples (Ti64-S) in these studies, however mechanical
polishing of the SLM-AM samples led to an increase in surface vanadium to detectable levels,
with both studies therefore suggesting that while vanadium is extremely low in
concentration at the surface of AM samples, it is likely still present within the bulk of the

manufactured part (Vaithilingam et al., 2016).

Other elements present on the surface included zinc and copper, most likely contaminants
during manufacture or processing of Ti64-S. These are not expected alloys to be found within
Ti6Al4V alloy, and therefore must have arisen from contamination or overlap with expected

alloys on readout.

Importantly however, there was no evidence of sodium, bromide or chloride chemistry
found on the surface of the EJM-processed additively manufactured samples (SLM-C and
SLM-D). This indicates that residual solutes do not remain on the surface of samples which
have been processed using EJM, even when taking into account the pitted surface left after
processing. Whilst EJM had not previously been applied to SLM surfaces prior to this study,
these pitted surfaces were previously highlighted as an opportunity for osteoblastic or other
cell growth due to the high oxide concentration formed when compared against chloride
solutions used on SLM-A and SLM-B (Speidel et al., 2016). The consideration of residual
halide ions on SLM surfaces had therefore not previously been highlighted and does add
credence to the opportunity of EJM to provide surface finishing without risking the chemical

benefits of Ti6AI4V surfaces.
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6.3 Sample characterisation

6.3.1 Surface topography
The results of a surface topography analysis are shown in Table 7.

The roughness and peak-to-valley height of the SLM-AM sample is clearly much higher than
Ti6e4-S. This is to be expected as additively manufactured parts are known to contain rough
surfaces, owing to the powder base from which parts are fabricated. As fresh layers of
powder are layered on top of one another, gaps can appear where particles do not spread
completely evenly or are not fully melted, producing an uneven surface. The roughness of
SLM-C was reduced compared to the SLM-AM; however, it was still higher than the sheet
material. Contrastingly, the second pass of electrolyte jet machining used on SLM-D resulted

in a higher overall surface roughness than any other treatment.

Whilst Ti64-S was significantly more smooth and regular overall compared to the other
samples included in this study, it did still include some small features due to manufacturing
defects or contact with other items since manufacture —including scratches and dents in the
surface of the samples. However, this is not anywhere near as common as the features found
on any of the other samples which are visibly more frequent and larger than those on Ti64-
S, as discussed above (and shown in Chapter 5). The SEM images shown in Figure 42 visualise

this comparison.

Although the average surface roughness shows an overall trend of high to low roughness in
the order SLM-D, SLM-AM, SLM-C, Ti64-S; the difference between the greatest peak and
valley provide further information on the actual topography of the surface. The Sz value of
the samples provides an alternative order of SLM-AM, SLM-D, SLM-C, Ti64-S. In this order, it
appears that EJM processing on SLM-D has somewhat reduced the greatest variation in
topography on AM samples, however SLM-C remains more reduced and Ti64-S is still the
least uneven. Whilst it is expected that Ti64-S presents the least variable surface, it is
surprising that SLM-D has a reduced Sz compared to SLM-C. The additional second pass of
electrolyte machining used SLM-D had previously produced a more even surface with
parameter set B than set A (see Chapter 5), however in this case the second pass appears to
have not maintained this reduction. It is possible, however, that large existing peaks or
valleys produced by SLM manufacturing, were uncovered by the processing — this was seen
previously in the opening of internal voids to the surface when two passes of EJM were

applied in Chapter 5 (Figure 34).
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Figure 42 illustrates in greater visual detail the differences in surface features found between
these samples. The Ti64-S sample (top right) showed small, infrequent features including
scratches as shown in the figure. These are defects of the surface and may be attributable to
either minor manufacturing issues or, more likely, handling. SLM-AM samples (top left) show
significantly uneven surfaces with clearly visible round features produced by unmelted
powder material. After EJM processing (bottom), these round features are significantly less
clear and have been replaced by a more evenly spread, finer roughness which covers the
whole visible surface of the sample. Some spheroid-like shapes can be seen amongst the
unevenness in SLM-C (bottom left), however this is almost entirely removed with the

application of a second EJM pass for SLM-D (bottom right).
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Table 7: Surface roughness and associated measurements of the Ti6Al4V samples. All measurements in um.

Sample Average Surface | Peak to valley Depth of Height of Root mean Skewness of Kurtosis (Sku)
Roughness (Sa) | height (Sz) deepest valley highest peak square height height
(sv) (sp) (sq) distribution n
(ssk)
Ti64-S 1.27 7.62 7.64 4.30 1.67 -1.04 4.51
SLM-AM 10.74 52.89 33.49 41.52 13.58 0.33 2.80
SLM-C 4.80 30.06 28.34 25.26 6.19 -0.17 3.60
SLM-D 13.85 51.21 54.90 30.99 17.13 -0.76 2.80
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6.3.2 Surface wettability
All the samples except Ti64-S exhibited hydrophobic behaviour (contact angle greater than

90°), with the static contact angles shown in Table 8 and visual comparisons of water droplets
shown in Figure 43. The contact angle of Ti64-S and both EJM-processed samples SLM-C and
SLM-D remained relatively constant after initial droplet contact. However, in addition to
showing overall hydrophilic surface behaviour, SLM-AM samples showed variation over time
and between different areas on the sample surface. This would be expected given the
unpredictable nature of the SLM surfaces, varying dependent on the amount of unmelted
powder present on the external surfaces and the exact packing of the Ti6Al4V powder on the
SLM substrate bed. Whereas the Ti64-S samples were mostly uniform with some minor
features, the surface area of various points across an SLM-manufactured sample will change

according to those variables discussed above.

Regardless, across all sample sites the SLM-AM surface remained hydrophilic in all
measurements, and in fact the contact angle reduced over time with AM samples, suggesting

greater hydrophilicity than that initially recorded.

Table 8: Average static contact angle of wettability tests on titanium alloy samples

Sample Average contact angle (°)
Ti-64S 104.48
SLM-AM 74.96
SLM-C 114.70
SLM-D 113.65
Smilsri . Sheet o ~ ' As-built
Ti6Al4V AM sample

i Sample C e ' Sample D

- 0

Figure 43: Images taken of static contact angle during wettability testing of titanium alloy samples

Given that hydrophilicity is associated with an increase in cell spreading, attachment and

proliferation, these results suggest that the SLM-AM surface will be best suited to cell growth
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(Drelich et al., 2011). Following the SLM-AM surface, it would be expected that the Ti64-S
surface would be next most successful, with the EJM-processed samples being the most

hydrophobic and thus the least appropriate surfaces for cell growth.
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6.4 Cell proliferation
As expected, alamar blue assays of cell metabolic activity shown in Figure 44 and Figure 45

showed that SLM-AM samples encourage more growth and activity of the 3T3 cells seeded
to the surface. There was no significant difference (statistical test shown in Table 9) in cell
activity between the SLM-AM surface and a standard tissue culture plastic, suggesting that
the surface is equally at good at encouraging cell growth as the current standard for cell
growth in a lab setting. This remained similar across both the 2- and 24-hour time periods,
although a wider range in activity was found at the 2-hour period of cell growth on SLM-AM

surfaces.

Ti64-S samples were found to have low cellular activity within 2 hours of seeding, with
further decrease after 24 hours relative to both 2 hours and the other samples. This suggests
that suggesting that growth and integration is low in early stages on Ti64-S surfaces, and

even less successful over longer periods of time.

Both EJM-processed samples showed a slight reduction in 2-hour cellular activity, however
not a statistically significant reduction when compare to the SLM-AM samples. They were
further reduced when compared to culture plate activity, however still significantly more

active than cells on Ti64-S.
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2 Hour Alamar Blue Assay

400
. 350
=
(%2}
Z 300
|_
=
E 250
w
Q
£ 200
(o'
o
= 150
L
i
>
= 100
<
-
w
o -
0
SLM-AM SLM-C SLM-D Culture Plate Ti64-S
SAMPLE TYPE

Figure 44: Relative absorptivity of samples in Alamar Blue assay after incubation for 2 hours as an indicator of
cell activity.

24 Hour Alamar Blue Assay
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Figure 45: Relative absorptivity of samples in Alamar Blue assay after 24 hours incubation as an indicator of cell
activity.

125



Table 9: Post-hoc Tukey test results for ANOVA analysis of 2 hour and 24-hour Alamar Blue readings. Statistical
significance at p<0.05 is indicated with an underlined value, and statistical significance at p<0.001 is indicated
with an asterisk* in addition.

Sample Pairing P value 2 hours P value 24 hours
SLM-AM + SLM-C 0.539 0.001*
SLM-AM + SLM-D 0.396 0.001*
SLM-AM + Culture Plate 0.015 0.001*
SLM-AM + Ti64-S 0.001* 0.001*
SLM-C + SLM-D 0.900 0.001*
SLM-C + Culture Plate 0.001* 0.001*
SLM-C + Ti64-S 0.001* 0.001*
SLM-D + Culture Plate 0.001* 0.001*
SLM-D + Ti64-S 0.001* 0.900
Culture Plate + Ti64-S 0.001* 0.001*

However, both EJM polished samples SLM-C and SLM-D showed low cell proliferation over
time. Whilst the 2-hour growth was not significantly different between samples or against
the control sample, the 24-hour time point shows a significant decrease in cell activity

compared to controls and earlier cell proliferation on the same surface.

Both the SLM-AM samples and culture plates maintained high, and similar, cell activity and
survivability. The Ti64-S samples had reduced further in cell activity compared to other

samples tested after 24 hours.

These results suggest that the inclusion of EJM modified surfaces (SLM-C and SLM-D)
significantly reduced the biocompatibility compared to the SLM-AM samples with regards to
the specific 3T3 cell line used. Whilst the initial activity at 2 hours was greater in SLM-C and
SLM-D samples than Ti64-S, after 24 hours the activity had significantly reduced and the cell
activity was roughly equal to or less than the Ti64-S samples, and significantly less so than
SLM-AM samples. This is somewhat surprising given that previous studies have shown
reasonable survivability of cells on post-EJM treated titanium alloy surfaces (Mitchell-Smith
et al., 2018). However, these previous studies only included the sodium-based electrolyte
solutions, not the sodium and bromine solution applied to samples SLM-C and SLM-D. The
difference in surface response between the inclusion and exclusion of bromine may be
responsible for these varying cellular responses, given the difference in topography found in
Chapter 5 between SLM-A/SLM-B and SLM-C/SLM-D. These studies also focussed on much

longer term survivability, up to 21 days; whilst we only studied early stage attachment and
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proliferation, some long-term likely outcomes can be predicted in that if cells are completely

non-viable within 24 hours, they will not likely survive to 21 days (Mitchell-Smith et al., 2018).
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6.5 Cell morphology
At the same time points as the alamar blue assays (2- and 24-hours post-seeding), SEM

images were taken of the surfaces of samples with cells growing on them. A comparison of

the SLM-AM and Ti64-S sample morphologies is shown in Figure 46.

The cells growing on the Ti64-S surface appeared primarily flat in morphology and loosely
attached to the surface of the samples. By comparison, the SLM-AM samples provided
multipolar morphologies, with the beginning of cell bridges and filopodia forming between
growing cells, suggesting more meaningful adhesion indicative of cell survivability. The cells
growing on the EJM-processed sample surfaces (SLM-C and SLM-D) were extremely

challenging to identify against the exigent surface for imaging (see Chapter 5).

On the surface of SLM-AM samples, cells were strongly attracted to the sides of powder
particles and the crevasses found between them. The space in between spherical powder
particles provided areas for the formation of cell bridges and orientation of the cells towards
one another. Where spaces were available on the Ti64-S samples, such as through defects or
scratches, these same behaviours are observed: cells form extrusions across the gaps and

ridges in the surface to attach to one another.
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Figure 46: Comparison of cell morphology and adhesion to SLM-AM and Ti64-S samples at 24 hours post-seeding. Cells of interest are highlighted with yellow arrows. In SLM-AM
samples, cellular extrusions are visible (A), and the round shape of cells is also seen adhering and aligning to unmelted powder particles (B). By comparison, cells on Ti64-S are
flatter, without protrusions adhering to surfaces (C), but do still show a tendency to rest in available crevices (D).
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After 24 hours the filopodia of cells on the SLM-AM surfaces became more obvious, agreeing
with the alamar blue study results of a continued cell proliferation and an ability to thrive on
the surface of these samples. Contrastingly, cells seeded on the Ti64-S samples had lifted
from the surface and cell survival and activity had reduced. This again is consistent with the
results shown in section 5.4.3, where a slight reduction in cell activity was seen on the

conventionally manufactured Ti64-S surface between 2 hours and 24 hours.

The EJM-treated samples SLM-C and SLM-D proved difficult to image and identify cells on, as
was found previously in Chapter 5, due to the high number of small features on the sample

surface (Figure 47).

Figure 47: Unclear imaging of SLM-C after cell seeding. Cells are not clearly differentiated from sample surface
for investigation.

In spite of the difficulty in imaging the EJM-processed samples SLM-C and SLM-D, some
evidence was found of cells shearing away from the sample surface over time, shown in
Figure 48. Other cells which could be identified were of an unclear morphology, without
obvious extrusions from the cell body. Again, this agrees with the results of the alamar blue
assay showing low survivability in the short term, which further reduced in the longer-term
24-hour period. All of these suggest an unviable and growth-averse phenotype, again
signifying that the EJM-processed AM surfaces of SLM-C and SLM-D are not sufficiently

biocompatible to encourage cell growth on the surface.
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Cell shearing away
from surface

Figure 48: Image of cell adhered to SLM-C surface. The cell is seen detaching and shearing away from the
material surface, indicating poor long-term survivability on this surface.
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6.6 Conclusions
The results presented in this chapter have shown:

e  Conventionally manufactured (Ti64-S) and EJM-processed (SLM-C and SLM-D)
Ti6Al4V surfaces exhibited hydrophobic behaviour whilst as-built AM samples
(SLM-AM) had hydrophilic surfaces, which are better suited to the promotion of
cell survival and proliferation.

e  Additively manufactured Ti6Al4V surfaces (SLM-AM) show improved cell activity
and survival in both the short term (2 hours) and long term (24 hours) compared
to conventionally manufactured sheet Ti6Al4V (Ti64-S) surfaces.

e  EJM-treated surfaces (SLM-C and SLM-D) showed improved cell activity and
survival at both time points compared against conventionally manufactured (Ti64-
S) samples, however, they showed reduced cell activity compared to as-built AM
surfaces.

e  Cell morphology was highly influenced by the surface topography:

o Conventionally manufactured surfaces (Ti64-S) permitted cell growth but led
to flat morphologies without major adhesion extrusions

o Additively manufactured surfaces (SLM-AM) promoted round and
multipolar cell phenotypes with large numbers of filopodia extrusions

o EJM-processed surfaces (SLM-C and SLM-D) again proved too unpredictable
to image, as highlighted in Chapter 5, however cells appeared poorly adhered

to surfaces and shearing away, suggesting low survivability phenotypes.
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7 Discussion
7.1 Overview
The results presented in Chapters 4 through 6 of this thesis constitute a foundation of
research for the production of bespoke annuloplasty devices using SLM additive
manufacturing technology. Whilst additive manufacturing, and particularly powder bed
fusion, techniques are becoming popular for investigation in medical applications from
preoperative planning through to long-term implantable devices, significant work remains

particularly relating to design workflows and post-processing.

Several bodies of work have attempted the provision of bespoke mitral annuloplasty devices,
however all are limited in different areas with little cross-over of developments. (Diaz
Lantada et al., 2010) and (Owais et al., 2014) were both successful in producing CAD files
representative of a patient’s mitral annulus, however manufactured samples only in non-
biocompatible materials with desktop-range FDM systems, rendering them unusable in
clinical settings. By comparison, the work presented in this thesis involved manufacturing in
Ti6Al4V titanium alloy using SLM, providing a clearer route to biocompatibility and in vivo

testing.

(Sindermann et al., 2013) and (Graser et al., 2013) furthered this work by manufacturing
rings in Ti6AI4V titanium alloy using powder bed fusion methods, however the workflows of
device design were challenging and relied on bespoke software coded by the research group
or manual isolation of the mitral valve in a three-dimensional CT scan. Whilst these could
more surgically relevant, it is questionable as to whether there is significant value in such a
complex method of design which would require specialised skill sets in hospitals and could
raise the cost of manufacturing devices. Comparatively, Chapter 4 of this work showed the
use of ultrasound scans and showed good repeatability between designs, suggesting that

ultrasound could be an appropriate replacement for CT scans with reduced risk to patients.

In addition, neither of the authors sought to assess the biocompatibility of the devices and
thus suitability for surgical implantation. (Graser et al., 2013) did not implant the devices at
all, simply noting the successful build and the potential for Ti6Al4V biocompatibility in this
application. (Stindermann et al., 2013) did implant the devices into pig models, however no
human tissue trials were undertaken, and the pigs were anaesthetised immediately after
surgical implantation, providing no insight into the survivability or success of the implanted

devices beyond geometry. Chapters 5 and 6 of this thesis show early in vitro investigations
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into biocompatibility, laying groundwork for further testing and progression into in vivo

studies.

The surface finishing of implantable medical devices manufactured using SLM is already a
significant body of work, however limited studies on novel techniques are available and even
conventional surface finishing techniques such as machining or mechanical polishing have
been shown to behave differently on SLM-manufactured material (Shunmugavel et al.,
2017). In particular, a limitation for medical devices is that many existing techniques involve
mass material removal or finishing to a single standard across a component, where selective
patterning of the device could be beneficial to its biocompatibility. Chapter 5 addressed the
use of a novel, selective polishing method for AM titanium and its application in these

biological settings, showing some promise in the control of surface coagulation risk.

Similarly, augmenting the biocompatibility of inorganic materials through either surface
finishing or functionalisation is a wide field of research with a range of opportunities available
to novel devices. In the field of AM medical devices, however, most work has focussed on
osteoblastic proliferation by virtue of most research focussing on skeletal implants (Rotaru
et al., 2015; Kwon and Park, 2018; Dall’Ava et al., 2019; Lerebours et al., 2019). Chapter 6
discussed the lack of response shown with EJM finishing for textured titanium alloy surfaces
with the application of fibroblastic cells. Historical work has found that surface topography,
scaffold size, and other material properties of medical parts can influence differentiation and
proliferation of cells according to their tissue niche, suggesting that soft tissue (in this case
cardiovascular) cells may require their own investigations to provide the most beneficial

device characteristics for success (Murphy and O’Brien, 2011; Zareidoost et al., 2012).

A summary of an expected future patient pathway involving bespoke annuloplasty devices,
informed by work presented in this thesis, is shown in Figure 49. The contributions of
Chapters 4, 5 and 6 are considered in line with the stage of design that this would be
applicable to in clinical practice, including suggestions of further necessary work which is

considered in greater depth in Section 8.2.
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Patient presents with
suspected mitral valve
insufficiency, initial
investigations undertaken
and surgery recommended

This work showed that it is
unnecessary to include additional
imaging beyond what is usually
applied clinically and increased risk
from radiation can be avoided when
producing these devices

Patient undergoes
echocardiography to
confirm diagnosis and
inform surgical approach

Several existing and novel methods
of imaging and design were applied
and described and successful
production of a mitral annulus model
according to individual patient data
has been achieved

Further work is required to suggest
which methods of predicting post-
surgical anatomy will be successful

and clinically appropriate

Echocardiogram is sent to
biomedical engineering
team for computer-aided
design

CAD model of annuloplasty
device is downsized to
account for expected post-
surgical anatomy

CAD model is sent for
manufacturing via SLM

SLM was chosen as an appropriate
manufacturingmethod for the scale,
geometry, and material needs of this

application. This work showed that

standard parameterswere capable of
manufacturinga successful
annuloplasty device geometry

The additively manufactured
device is post-processed to
improve conditions and in

vivo performance

This work highlighted the importance
of post-processingin this specific
application, particularly relating to
coagulation risk in cardiactissue.
Several methods of surface
modification were investigated,
however work remains to confirm the
most effective approach to mitigate

risk and improve outcomes

The device is sterilised and

sent to the hospital prior to s

surgery

The surgeon performs
necessary repairs to the
patient’s mitral valve and

inserts the annuloplasty
device

The design of this device could
arguably be surgeon-led or engineer-
led. Either the design of the device
can be tailored to expected surgical
outcomes, or the surgery can be
tailored to a set design. The inclusion
of additive manufacturing will allow
for this greater design freedom,
however the benefits of each design

lead must be assessed

Figure 49: A flow chart exhibiting the patient pathway from symptomatic disease to surgery, with design considerations for the annuloplasty device highlighted. Boxes in green represent existing
portions of the pathway; blue boxes represent novel portions of the device creation and application investigated for this work, and specific to additively manufactured devices.
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7.2 Design of bespoke annuloplasty devices

The work presented in Chapter 4 introduced the challenges and potential avenues for design
of a bespoke cardiovascular device. The initial challenge of cardiovascular device design lies
in the nature of the heart itself as an organ: access to clear imaging of an organ within the
chest is limited, and isolation of single areas of soft tissues is challenging. Following this, the
state of a heart preoperatively is by its nature not the intended outcome of surgical
intervention, and therefore methods for design of devices for healthy anatomy must be

developed.

With regards to gaining internal imaging of the heart structures, ultrasound presents a
promising choice of imaging modality, primarily as it is the current gold standard of imaging
valve disease before, during and after surgery (Mahmood et al., 2013). In this work (See
Chapter 4), ultrasound scans were found to be sufficient for visualisation of the mitral
annulus and design from it. Results of re-designing devices from the same scan showed
minimal variation of ring dimensions between two designs, with <0.5mm variance in height,

length, and circumference between the two files.

In progressing medical interventions, it is important to weigh the benefits, risks, and comfort
of patients at all stages. Particularly when introducing novel technologies, it may be
considered necessary to include extra stages in the treatment plan, such as further scans or
longer surgeries. In this case it must be considered whether the inclusion of more
interventions is outweighed by the benefit of the newer technologies over existing treatment
plans. The employment of ultrasound as the primary imaging modality in design of bespoke
cardiac devices prevents these further intrusions and provides familiarity in the patient

pathway to clinicians and patients alike.

Further importance in this case should also be given to the avoidance of unnecessary
radiation exposure in these novel treatments. Several studies have employed CT scans to
produce higher resolution images of cardiac structures when investigating bespoke
cardiovascular device design (Diaz Lantada et al., 2010; Sindermann et al., 2013). Whilst a
CT scan may provide a still and clear image of the heart inside the chest and could prove less
reliant on operator experience, it cannot be avoided that this represents the exposure of
patients to x-ray radiation in a way that is not currently necessary. This is a particularly

important consideration given that studies have found that both CT and ultrasound
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modalities equally can fail to pick up fine features such as the chordae tendinae and papillary

muscles (Birbara, Otton and Pather, 2019).

Previous studies related to measurement and prediction of the mitral annulus have also been
successfully undertaken using ultrasound data (Cooray et al., 2009; Ender et al., 2011). A
further study has also succeeded in additively manufacturing a full polymer replica of the
entire mitral valve structure using ultrasound scans, although the authors note limitations in
the lack of data available on leaflet thickness, which resulted in assumptions being drawn

and manual editing of the file produced (Mahmood et al., 2015).

The work of this thesis has shown that it is possible, using an ultrasound scan, to employ
commercially available software in the design of personalised annuloplasty designs. Previous
work using bespoke software had shown promise in the marking of leaflet insertion points
to provide location information on the mitral annulus, however the accessibility of this semi-
automated software was of concern (Graser et al., 2013, 2014). Introducing novel, complex
software which requires coding knowledge and significant learning is not preferable in a
clinical setting. Whilst some localities are introducing specialist Biomedical Engineering roles
in the design of AM implants, it would likely be more acceptable to hospitals to give simple
and accessible software to existing, trained clinicians. (Owais et al., 2014) showed reasonable
success in producing an additively manufactured model of the mitral annulus using
commercially available echocardiographic software (TomTec ImageArena®), similarly

tracking points along the annulus at the level of valve leaflet insertion.

As a result, a similar method to that described in (Graser et al., 2013) was produced using
Materialise Mimics and 3-Matic software, which is available commercially to research
institutions and clinical users alike. Materialise Mimics software has traditionally been used
in the semi-automatic segmentation of hard skeletal tissues, including long bone and facial
reconstruction surgeries, and frequently employed in hip replacement revision surgeries
(Rotaru et al., 2015; Lu et al., 2018). However, it has also been used in a previous study
investigating the production of models by additive manufacturing for preoperative planning

of cardiovascular surgeries (Jacobs et al., 2008).

The method using Materialise Mimics software outlined in Section 3.3.4 of this thesis was
successful in replicating an appropriate annular anatomy from a single patient ultrasound
(shown in Figures 10 and 11), however it has not yet been compared to patient anatomy or
an implanted device. Future validation of this method should include comparison of

dimensions of the additively manufactured device against the device used in surgery for that
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patient, or in vivo physical comparison of the AM device against the patient’s heart in

surgery.

Following the acquisition of patient scan data and design of device according to those
parameters, next, a method to produce a device appropriate to the size and shape of the
mitral valve after reconstructive surgery is complete should be developed. Even the concept
of pre-surgical sizing for commercially available annuloplasty devices remains controversial,
wherein a number of potential avenues have previously been investigated for the prediction
of sizing choice. Options including leaflet height (Lecuyer et al., 2011), intertrigonal distance
(Cooray et al., 2009), and full virtual superimposition of CAD files (Ender et al., 2011) have all
been attempted to predict the requirements of patients’ valves before surgery begins. If any
of these methods proved sufficiently sensitive and accurate, it could be posed that
preoperative measurements be used for geometrical design of annuloplasty devices.
However, given that even manual intra-operative methods of annuloplasty sizing remain
controversial, it may be a steep challenge to provide a simple, single method of predictive

design which doesn’t involve full valve modelling (Bothe, Miller and Doenst, 2013).

Whilst devices that are designed around an entire population may provide an acceptable
repair to the majority of individuals, it can risk a minority of patients’ surgeries when their
anatomy varies from the average. Outside of this average also, some patients may be
rejected for surgery or switched to valve replacement instead of repair, if an appropriate
device cannot be found. Given that poor choice of annuloplasty device can lead to mid-term
or long-term failure of mitral repairs (Anyanwu and Adams, 2009), ensuring appropriate fit

of the device is of great importance.

In addition, whilst the pool of devices available to clinicians in mitral valve surgery is
widening, it appears that they are not being used to their full potential. As manufacturers
produce annuloplasty devices with a range of material properties, shapes and applications,
the market appears to be too large for surgeons and hospitals to properly introduce each of
these to the patients who need them. Were, for example, a hospital to hold stock of every
possible annuloplasty device in every size to allow complete and free choice by the surgeon
of which was most appropriate, the majority of stock would likely become unusable before
the appropriate patient was admitted. This issue has previously been highlighted in the
presence of “surgeon’s preference” being the primary leading attribute towards the device

decision making (Wan et al., 2015).

138



By production of individual devices on-demand according to the patient admitted, this issue
can be avoided whilst still allowing for variation between devices to provide the best repair
to each patient. In future, provision of bespoke mitral annuloplasty devices therefore could
present an improvement in current treatment plans, both in terms of supply chain and

manufacturing needs, and patient experience and outcome.

As a simple method of surgical prediction, the ratio of mitral annular dimensions is an
attractive option. The human mitral annulus is commonly referred to as having a 3:4 planar
ratio in its dimensions, and as a result several commercially available devices adhere to this
ratio in their design (Raffoul et al., 1998; Carpentier, Adams and Filsoufi, 2010). If this were
the case, the prediction of shape could be achieved by measuring the reasonably constant
transverse width (held in place more strongly by more structural tissues found in the

intertrigonal space) and calculating the anteroposterior dimensions required.

The studies discussed in this thesis showed that current assumptions of mitral annular shape
and size leading the design of existing devices on the market appear to hold true for a general
population, but do not account for individual variation in patients’ anatomy. Significant
variation was found around the average, up to almost two commercial sizes’ difference
(Figure 14). As discussed above, these misfits can lead to failure of repair and need for further
surgical intervention (Flameng, Herijgers and Bogaerts, 2003; Anyanwu and Adams, 2009;
Petrus et al., 2019). Therefore, the employment of this ratio assumption would not be
sufficient to provide an improved accuracy of device design compared to existing commercial
devices. Further investigation will now be required into other methods of predicting the

healthy valve pre-operatively.

One potential area for investigation would be the application of the cardiac cycle and
constant movement of the heart, which may be of benefit to surgical prediction. Throughout
the cycle, the valve annulus moves along with the heart tissue. As systole occurs and the
valve shuts, the annulus moves along with the leaflets and encourages the shutting of the
valve to prevent backflow. If the movement of a patient’s annulus were tracked throughout
the cardiac cycle, an extrapolation and prediction of the shape necessary to shut the valve

completely could be made from the existing shape of the annulus during systole.

In practice, it may be simpler rather than relying on prediction, to model the repair surgery
itself and dictate surgeons’ actions to ensure that the entire surgery is planned to an
individual patient and will conclude with a device that fits perfectly to the final valve

anatomy. Such modelling could include analysis of the stresses placed on the heart tissue
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and the annuloplasty device itself, providing information on where sutures are best placed
to ensure equal distribution of the forces around the new device and reduce the risk of

dehiscence.
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7.3 Prevention of detrimental surface coagulation

The risk of implanting a new medical device in human patients is always significant, and even
more so when new and untested processes or mechanisms are involved. In Canada, the UK
and the USA, the altering of manufacturing method — regardless of material use prior —
requires complete revalidation of an implantable device(Health Canada, 2011). Thus, it is
appropriate that the impact of variations between traditionally and additively manufactured
should be thoroughly investigated. In Chapter 5, the novel Electrolyte Jet Machining (EJM)
process was employed to reduce the surface unevenness found on SLM-manufactured
titanium alloy components and mitigate the risk posed by these components to device-

surface blood clotting.

Whilst some controlled coagulation on the surface of the implant can be beneficial to its
integration into the surrounding tissue(Hong et al., 1999), uncontrolled clotting can lead to
significant health concerns and potentially patient death. Powder bed fusion techniques of
additive manufacturing are known to produce poor surface finish on parts compared to
conventional manufacturing methods, including issues of stepping between layers and
unmelted or semi-molten powder particles adhering to the outer surfaces of builds
(Polishetty et al., 2017). Due to the variability of SLM manufacturing between builds, a great
deal of variation has also been found in the amount and effect of unmelted or partially
melted powder particles on the surface of components, even across different areas of the
same sample (Lerebours et al., 2019). Post-processing relating to surface finish is common
with additively manufactured components, and material has previously been found to
behave differently from conventionally manufactured samples of the same metal alloy
(Polishetty et al., 2017). As a result, controlling this resulting roughness in a predictable
manner is of great importance for ensuring predictable interactions between the human

body and the implant.

The powder particles used for SLM have an average diameter of around 50um(Rafi et al.,
2013). Given the average diameter of arterioles in the human body is 30um, the risk of
blockages from loose particles alone is also significant. Indeed, partially sintered particles in
larger groups or particles surrounded with clotting materials could be capable of blocking

larger major arteries.

Initial investigations presented in Chapter 5 concluded that the application of flow cytometry
for examining the activity of blood constituents wherein activation will lead to aggregation

and adsorption to a material surface was not appropriate. The use of solutions from which
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the materials have been removed after exposure does not take into account the loss of
material to the surfaces involved, and as such cannot account for the majority of activated
platelets from the original blood sample. In this work, it was shown that the same experiment
applied to flow cytometry and electron microscopy resulted in vastly different depictions of
the surface cellular activity. In addition to this, there was little to no agreement between two
similar marker proteins for platelet activity, nor an agreement of ADP-related activation of

the blood involved.

An argument could be made for the removal of cellular material from the sample surface,
returning it to the blood prior to flow cytometry application. However, in this case it would
not be known whether the application of solutes for this purpose may interfere with the
results produced. It has long been known that even the application of sample fixation can
induce platelet activation through calcium-dependent mechanisms, resulting in erroneous

flow cytometric analysis of solutions (Cahill, Macey and Newland, 1993).

Based on previous experience and the interest specifically in the surface of the materials
investigated, it was therefore decided to investigate further using scanning electron
microscopy. Whilst quantitative data would be beneficial to show numerical comparison of
clotting risk between samples, qualitative data is also valuable given the ability to view
patterns amongst the processing technique used, and to identify morphologies indicative of

cell behaviour.

These images showed a definitive improvement in both the surface texture of the samples
generally, but also in the presence of blood cells attached to the surface. This was not
entirely confirmed with further assays as the majority of differences in platelet response
were found to be non-significant, however trends pointed in agreement with the SEM images
taken, with a general improvement in platelet response found with EJM-processed samples

compared to AM-built titanium surfaces.

The surface texture of materials used within blood-contacting products is important as it is
known to influence cellular activity in cell growth, cell migration, and thrombogenic
activation. Previous investigations into roughness on the surface of other blood-contacting
materials including plastics have shown that increased surface roughness can result in an
increased propensity for thrombus formation and adhesion to the material surface (Hecker
and Edwards, 1981; Hecker and Scandrett, 1985). With regards specifically to additively
manufactured titanium alloys, previous work in powder bed AM showed that there was a

significant increase in thrombogenic properties across the board when compared against
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machined samples (Klingvall Ek et al., 2017). Although this work was approached using
electron beam manufacturing, EBM presents similar issues with surface finish (stepping,
powder) as those seen in SLM given that they are both metal-based powder bed fusion

methods of manufacturing.

Importantly, in this work, as-built additively manufactured titanium alloy surfaces were also
found to be a significantly higher thrombogenic risk to whole blood and platelet-only
solutions than bar titanium alloy. Titanium is already known to be a “highly thrombogenic
biomaterial” (Hong et al., 1999), so an increase in thrombogenesis over this is noteworthy

given the increasing use of additive manufacturing of titanium alloys in medical implants.

During the lifetime of an additively manufactured cardiovascular device, the implant will
remain high risk if thrombogenesis were to occur. Any clotting on the surface of a stent could
lead to re-blockage of the artery and a secondary myocardial infarction. Clots forming on
annuloplasty devices could lead to stenosis of the valve or could dislodge from its primary
position. Should a clot become loose within the cardiovascular system, either through
dislodging of the clot itself or through attachment to a loose powder particle, this could travel
around the body to cause wider damage. Significant risks in this case would include DVT,
strokes and pulmonary embolisms, all of which can be life-altering or fatal events. Previous
cases have been reported where prosthetic valve rings specifically have been held
responsible for the production of thrombi resulting in acute pulmonary oedema, acute atrial

fibrillation, and dyspnea in three patients (Aytekin et al., 2011).

There was wide variation found in some samples, which may be related to some chemical
contamination found in the bar titanium material (see Chapter 5), or may be indicative of
small variations in platelet numbers between wells, or the number of platelets which had
contacted the surface whilst in solution. Equally, only one face of the cylindrical samples had
been processed using EJM, which could have contributed to the small differences found
between samples despite the polished surface appearing different in texture from as-built
samples. Whilst the bottom surface of samples was never in contact with platelet solutions
or blood, the sides of the cylindrical samples may have contributed to an increase in contact

with non-polished AM material in polished samples.

However, in the SEM images taken, clear patterning involving tracks of smooth and rough
material was found. The smoothed surfaces were mostly clean of biological material,
showing few to no active platelets or trapped blood cells, however the surrounding area

showed greater numbers of active platelets attached to the rougher surface. It therefore
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could be argued that the lack of significant difference across the whole sample is attributable
to this inconsistency in surface texture. Areas of material which remain rough contribute to
the activation of platelets in spite of the clearer areas preventing thrombogenesis in these

spaces.

This was then confirmed in the confocal imaging of immunofluorescent tagged platelets,
shown in Section 4.4.5, with some areas across the sample surface being completely clear,
yet surrounded by platelets around those spaces. As discussed, the spaces shown clear of
platelets across the EJM-polished samples could not be explained by the powder particles of
a usual SLM-produced sample, as the clear spaces were several hundred microns wide,

compared to average SLM powder particle size being 50um (Rafi et al., 2013).

Comparatively over the whole space of the fluorescent images, there were fewer platelets
visible on the polished surface of EJM-processed AM material than the as-built material.
There were fewer still on the bar titanium sample, which suggests that this polishing is not
yet effective enough in reducing platelet attraction to the surface to make it equal to

conventionally manufactured metal surfaces.

This immunofluorescence work focussed solely on the presence of platelets on these
surfaces, not their activity related to the surface they are on. Due to the microscopy methods
applied, the images could not be taken at a magnification higher than 10x so the morphology
of the fluorescently tagged platelets cannot be verified. However, the SEM images of Section
4.3.3 showed differences in morphology that showed significant increases in platelet activity

on the as-built AM samples compared to the EJM-processed samples.

Due to this, however, it would be beneficial to repeat the immunofluorescence imaging
studies including co-localisation of platelet activity markers such as CD62P or CD63 to
investigate the activity of the platelets on the surfaces. It can be reasonably assumed that
adherent platelets on the surface which have not been dislodged during repeated rinsing of
the samples are at least somewhat active, however the co-imaging of CD61 and CD63/CD62P
markers could differentiate between platelets which are resting or incidentally present, and

those which have activated and would pose thrombogenic risk in an in vivo environment.

Concerns about the surface chemistry of samples after exposure to sodium chloride and
sodium bromide solutions were found to be unnecessary. Following basic washing of the
samples, no trace of chloride, bromide or sodium was found on the surface of EJM-polished

samples. This is important as the introduction of further chemicals from the surface of the
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material could prove cytotoxic, which would increase the risk of in vivo implantation, and
hamper the beneficial cell growth discussed in Chapter 5. Further, this suggests that the
presence or absence of EJM-related chemicals cannot be responsible for the reduction in
platelet adherence to the AM surfaces after processing; rather the change in surface texture

from the process is more likely to be the cause.

As discussed, in addition to the risk of loose clots produced on the surface of an implant, the
size of individual or partially melted powder particles is comparable to that of arterioles in
the body. This in itself produces concern that the unmelted powder particles on the surface
of the implant may be capable of dislodging and becoming free in the cardiovascular system,

leading to the same outcomes.

The results in this thesis show promise for the use of electrolyte jet machining in the
processing of additively manufactured parts for medical applications, however there is still
room to improve the process before achieving a fully appropriate surface for biointegration.
Whilst the specificity of nozzle-based polishing could have excellent applications in the
potential for patterning surfaces or selectively polishing to differing parameters, it currently
does not succeed in providing an overall surface finish which acts in an anti-thrombogenic
manner. As previous work has shown (Mitchell-Smith et al., 2018), the patterning achievable
by EJM is of use to biomedical applications, however existing work has focussed on the less

risk-inducing skeletal applications, where thrombogenesis is a less critical consideration.

Further investigation into the process for blood-contacting applications would be of great
benefit. Primarily, the repeatability and consistency of the process across a whole surface
and multiples of that surface must be ensured. Following this, confirmation that the axes of
this process can appropriately polish an annuloplasty ring-like shape must be undertaken,
given that these initial experiments were performed on flat surfaces appropriate for tissue
culture. Finally, the success of and benefit to patterning surfaces selectively should be
investigated, particularly in cases like annuloplasty rings or stents where varying cell

responses are desired.

As additive manufacturing ventures further into the field of medicine, it will provide an
avenue for development of personalised implants within numerous organ systems. For each
of these systems and applications, different considerations must be taken for the
environment in which the implant will be residing. This work has provided a foundation for

further development related to cardiovascular devices, particularly given their high risk for
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coagulation, in addition to advancing knowledge in the post-processing of SLM Ti6Al4V for

medical device applications.
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7.4 Device integration
7.4.1 Cell growth on EJM surfaces

Overall, the work shown in Chapter 6 concluded that the EJM-processed surfaces (SLM-C and
SLM-D) did not encourage cell growth on their surface compared to the as-built additively
manufactured Ti6Al4V samples (SLM-AM). Previous studies have shown that additively
manufactured titanium alloy structures can benefit cell growth when compared to
conventional manufacturing techniques. Whilst research in this field has largely focussed on
the design freedoms afforded by additive manufacturing allowing for the introduction of
pores and cells within a component, arguably the surface features of samples is of equal
importance (Matena et al., 2015; Xiong et al., 2020). Previous work has shown that additively
manufactured samples show hydrophilic surface behaviour, which is thought to promote
biological interactions with inorganic surfaces, in addition to the presence of formation of
titanium oxide promoting cell growth and reducing corrosion risk (Tejero, Anitua and Orive,

2014; Vaithilingam et al., 2016).

However, the variability between and within builds of surface finish discussed above is cause
for concern if implantable parts are left untreated and surgically placed as they were built
(Lerebours et al., 2019). It would be challenging to predict the behaviour of each individual
implant compared to the next if the device surface were not controlled in some way. In
addition, the benefits of EJM previously discussed in selective patterning would allow for
preferential surfaces to each area of the device (internal faces treated to minimise blood
clotting; external faces treated to accelerate fibroblastic growth and integration). Thus, the
application of EJM surface finishing would have represented a method of providing a more
controlled surface finish, with high oxide content and with the potential to maintain a micro-
roughened surface finish, which are thought to contribute to the hydrophilicity and

beneficial cell growth found on SLM surfaces (Wang et al., 2016; Mitchell-Smith et al., 2018).

Surface chemistry analysis showed that all the samples had a significant titanium oxide layer
on the outside of the samples. This layer is important in the provision of biocompatibility,
providing protection from liberation of vanadium or aluminium into the body and improving
wettability (Ding et al., 2013). In addition, it is hypothesised that this TiO, layer is directly
related to the improvement of wettability and the interaction with cell surface proteins
promoting integration between titanium parts and the human body (Wang et al., 2016). It
was previously highlighted by (Speidel et al., 2016; Mitchell-Smith et al., 2018) that the
inclusion of bromide solutions, used in SLM-C and SLM-D but not SLM-A or SLM-B, produced

a greater concentration of TiO; after processing than that found with chloride-only solutions.
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In turn, however, bromide solutions had a reduced material removal compared to chloride
solutions; thus, a balance must be struck in the surface chemistry and the surface topography

which are required (Speidel et al., 2016).

As mentioned previously, the absence of sodium, bromide, or chloride chemistry on the
surface of EJM-processed samples is of great importance biologically. NaBr and NacCl could
be cytotoxic if found on the surface of the samples and would strongly discourage healthy
cell proliferation. The absence of these chemicals suggests that the EJM process successfully
avoids leaving residual solute on the surface after polishing, and from this angle is safe for

use on medically intended parts.

On the conventionally manufactured Ti64-S samples, contaminants including zinc and copper
were found. These may account for the cytotoxic findings in cell culture (section 5.4.3), as
zinc and copper are both known to induce cytotoxic responses in cells in vitro. As a result of
this, the cell viability of bar titanium alloy may be lower than expected, however this
contamination was not found on the additively manufactured or EJM-processed samples,

thus these remain unaffected by these contaminants.

However, in addition to the chemical contaminants, the bar titanium samples showed a
hydrophobic wettability profile. Regardless of the presence of chemical contaminants, this
hydrophobic nature suggests that the surface of the bar titanium samples will not actively
benefit cell growth. Hydrophilicity is strongly influenced by surface topography, which is
further discussed separately below. However, hydrophilicity alone has been shown to be a
strong predictor of implant success associated with cell adhesion and proliferation (Kwon
and Park, 2018). In osteogenic applications, surface modifications such as chemical
treatment to induce greater hydrophilicity which, in turn, actively encourages recruitment

of stem cells to integrate implants into the host body (Kwon and Park, 2018).

The surface topography of the samples is of significant interest and importance in cell
proliferation promotion. The bar titanium was predominantly flat, with some small defects
and scratches being the only source of roughness or unevenness. Additively manufactured
samples, by comparison, are very rough and the powder-based production method leaves
large numbers of spherical powder particles on the outer surfaces of parts, providing
crevasses and sides for cells to grow into and over. It is known that roughness at the interface
between a tissue and an implant promotes cell growth through the provision of anchoring

points for cells and biomolecules (Tejero, Anitua and Orive, 2014).
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It was hypothesised at the outset of this work that the pitted nature of Bromide-EJM-
processed surfaces would produce such anchoring points across the surface of a sample.
Previous studies (Chapter 4) had indicated that these surfaces were not successful in
repelling biological material, and as such had encouraged the activation and presence of
platelets on their surface. However, the results shown in this chapter suggest that these

surfaces were also not beneficial in promoting the growth of fibroblast cells.

According to the XPS results, there were no cytotoxic contaminants on the surface of EJM-
processed samples, however the wettability profile of the samples was poor. This suggests
that the surface of the sample is averse to cell growth, as discussed above. It could be
suggested that the features of the EJM-processed surface, significantly smaller than those
produced by the powder particles of an as-built additively manufactured titanium alloy part,
were simply too small for the purposes of cell growth. Given that the powder particles are
roughly 40um in diameter on average, the features produced are within the 10s-100s of
micrometre range. Comparatively, the SEM images in section 5.4.1 show that the pitting
features produced from the Bromide EJM polishing are in the order of single micrometres.
Previous studies have shown beneficial cell growth from pores and features in scaffolds with
an extremely wide range of sizes (from 20um to 1500um (Murphy and O’Brien, 2011)),
however the majority of studies concerning metal alloys and cell growth maintain pore sizes

within 100s of micrometres diameter (Wysocki et al., 2016; Dall’Ava et al., 2019).

If it were found to be the case that the surface topography of these samples was the primary
reason for failure of cell attachment and thus proliferation, it could be posited that these
surfaces may be alternatively applied in an antibacterial function. Significant research is
currently focussed on non-pharmaceutical methods of preventing bacterial proliferation in
hospital, home and public settings (Dunne et al., 2020; Florea et al., 2020). Existing methods
include utilization of copper or silver alloys when manufacturing door handles and surgical
instruments due to their natural cytotoxic properties, however EJM processing of existing

materials may also be investigated for this purpose (Dunne et al., 2020).
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8 Conclusions and Outlook

8.1 Conclusion

Overall, the work outlined in this thesis has laid groundwork for significant future
investigation into the application of additive manufacturing for annuloplasty devices,
cardiovascular devices, and implantable medical devices in a wider sphere. Surface finishing
and modification of components for medical applications remains a large field of work with
differing approaches according to the specific organ or system for which the device is

designed.

The outset of this work aimed to investigate the use of additive manufacturing to develop
bespoke annuloplasty devices for improved patient care. In order to achieve this, three aims

were identified which were addressed throughout the work of this thesis.
Objective 4. Develop a design protocol for design of personalised annuloplasty devices

To address this objective, work was initially undertaken to assess the suitability of existing,
mass manufactured annuloplasty devices and their geometries with regards to the range of
human anatomy. It was found that whilst assumptions made about geometry of the human
mitral valve were correct on average across a population, a variation of up to two commercial
annuloplasty device sizes (2.5mm) was present, and average error of the ratio was found to
be 4mm. Thus, some communities may be underserved by the currently available

commercial annuloplasty devices.

Following this, methods of designing bespoke annuloplasty devices according to individual
patient anatomy were investigated. The commercial software Materialise Mimics was found
to be suitable for importing and designing on patient scan data; however, the in-built
thresholding technique was found to be insufficient for use in discerning different structures
within a single organ. Alternative bespoke software packages were considered to overcome
this limitation; however, Materialise Mimics was found to be capable of replicating the

methodology of these bespoke packages in a user-friendly and more accessible manner.

The work completed to achieve this objective highlighted the need for improvement of
existing annuloplasty devices and provided recommendations for the most promising

methods of designing improved, patient-specific devices in the future.

Objective 5. Ensure the safety of annuloplasty devices produced using additive

manufacturing
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To address this objective, whole blood and platelet assays were undertaken on additively
manufactured and conventionally manufactured titanium alloy material. In addition, a novel
method of surface finishing, electrolyte jet machining, was employed and the biological

behaviour of the resulting surface was compared against the two as-manufactured surfaces.

Additively manufactured parts were found to be more thrombogenic than conventionally
manufactured Ti6Al4V surfaces using platelet counting, immunofluorescence, and alamar
blue assays. Qualitative data showed noteworthy changes in platelet morphology indicating
active phenotypes on the as-built SLM surface. Electrolyte jet machining (EJM) was found to
have some limited success in the mitigation of clotting risk when in contact with human
platelets: cell metabolic activity assays and immunofluorescence both suggested a reduction
in platelet activity when compared to as-built SLM parts. With regards to the specific
parameters, a chloride-only solution was found to produce smoother surfaces more
conducive to reducing thrombogenic risk than a combination of bromide and chloride.
Finally, two passes of EJM finishing produced a more beneficial surface when attempting to

reduce thrombogenic activity than the single pass alone.

In addition, it was found that whilst a quantitative method of measuring thrombogenic risk
on these samples would have been preferred, flow cytometry was not an appropriate
method to assess surface coagulation. Therefore, a greater number of visual methods such
as immunofluorescence were employed, alongside some semi-quantitative assays such as

Alamar Blue assays.

The work undertaken to address this objective highlighted the additional risk that additively
manufactured parts and materials will likely pose to a cardiovascular environment such as
for annuloplasty devices. It was also shown that the novel surface finishing method of
electrolyte jet machining, more finely controllable than mass-material removal processes, is
a potentially useful way of mitigating the thrombogenic activity of SLM-manufactured
Ti6Al4V.Hhowever, further investigations are recommended, with more detail provided in

Section 8.2.

Objective 6. Provide biological integration between the annuloplasty device and

patient for repair longevity

To address this objective, the electrolyte jet machining process investigated for Aim 2 was
repeated. The results of Aim 2, presented in Chapter 5, suggested that the chloride-bromide

solution was a poor choice for reduction of platelet activity on the surface of samples.
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However, SEM images of the samples showed a highly textured and featured surface, which

was therefore brought forward for trials with endothelial cell growth.

Ultimately, the EJM-processed samples proved a poor surface treatment for the
encouragement of fibroblast cell growth. Fibroblast cells were found to survive and attach
more successfully to the EJM-processed surfaces than conventionally manufactured Ti6Al4V
material, however this was reduced compared to an as-built SLM sample, which was most
encouraging to cell growth. This aligned with the results of a surface wettability assay, which
showed a much smaller average contact angle (74.96°) indicating hydrophilic behaviour for
as-built SLM surfaces than conventionally manufactured surface (104.48°) or either EJM-
processed surface (114.70° and 113.65°). It was hypothesised that the features produced by
EJM treatment were on too small a scale to encourage the formation of cell protrusions and

adherence required for long-term successful growth.

Whilst time did not allow for assessment of biological surface molecules in the
encouragement of beneficial cell growth and integration with the body, this would be the
next avenue for investigation in this arm of work. Samples of additively and conventionally
manufactured titanium alloy and other biocompatible materials including nylon have been

selected for trials using “function-spacer-lipid” biotinylation molecules.

The work described in Chapter 6 to achieve this objective provided further understanding of
the benefits and downfalls of EJM as a surface finishing method for SLM-manufactured
Ti6Al4V in a biological setting. It was ruled out as a method for improving the integration

potential of annuloplasty devices with the human body.
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8.2 Future work

It is clear that significant work remains both across the technologies addressed in this thesis

and within the wider scope of additively manufactured medical implants.

For the design of annuloplasty devices, this thesis has outlined a method of achieving the
geometry of a patient’s existing mitral valve, however a robust method for providing a
beneficial, supportive ring geometry has not yet been formulated. Given that an assumed
3:4 ratio is not appropriate for all patients across a population; could an extended range of
shapes within existing size ranges provide improved devices for patients; or should modelling

methods be employed to predict the most beneficial shape for each individual patient?

Electrolyte jet machining proved somewhat successful in its prevention of thrombosis on
titanium alloy surfaces. With further refinement, and given its success in conventionally
manufactured surface finishing, this could prove a finely controllable method of patterning
and selectively polishing surfaces to control biological responses to implants. However, the
work undertaken in this thesis only assessed processing done in the XY orientation and did
not attempt EJM polishing on a Z-plane. Therefore, further study must be undertaken to
understand the potential of EJM for processing a full, three-dimensional geometry, and doing

so in a selective manner.

When attempting to encourage cell growth, EJM proved less successful, and as-built SLM
surfaces provided the most encouragement to fibroblast adhesion and survivability in the
short term (2-24 hours). Significant work is already underway on larger scale methods of
improving AM fibroblast growth (such as internal lattice structures); however the majority
of these studies involve osteoblastic cell types and do not consider the effect of different
geometries on differentiation of cell lines, or how this could adjust the needs of an implant

based on the organ and application for which it is designed.

A further investigation which could not be completed due to time constraints was to
implement the use of surface modification in conjunction with as-built SLM titanium surfaces
to further improve cell integration. The results shown in Chapter 6 (discussed in 7.3.1)
showed that as-manufactured SLM Ti6Al4V surfaces (SLM-AM) presented the most
hospitable surfaces to fibroblastic cell growth amongst those tested. However, concerns
about the variability of surfaces within and between builds are still present, and thus an
overarching method of encouraging cell growth in addition to the component having some

inherent cellular attraction would provide further security of integration.
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Whilst surface modification in terms of physical and chemical material characteristics of the
component itself has been popular for study (Zhang et al., 2020), addition of materials to the
external surface of parts is also a promising method of promoting cell growth into metal
structures (Florea et al., 2020). These surface additions have included both chemical and
biological molecules known to promote various stages and types of cell growth, including
ceramics such as hydroxyapatite or polymers including biopolymers such as collagen to
mimic extracellular matrices and other factors known to be instrumental in tissue growth

and regulation (Mdiller et al., 2005; Wei et al., 2015).

Combinations of these methods have proven fruitful, with research taking on both physical
characteristics and chemical addition to modify cell behaviour and promote growth for
implants (Zareidoost et al., 2012). Thus, a combined effort of as-built SLM surfaces, shown
in this thesis to be beneficial for cell growth alone, with the addition of biomolecules for
promotion of tissue formation, could equally prove successful. Previous studies have shown
success in the attachment of exogenous molecules to the surface of SLM titanium alloy
looking towards pharmaceutical functionalisation (Vaithilingam et al., 2015), suggesting that
the SLM process would not render surfaces or samples averse to functionalisation for tissue

growth purposes.

Biofunctionalisation traditionally requires several steps of processing to provide a reliable,
total coating of material surfaces. In addition, these steps are highly variable according to
the material being coated and the application needs of the coating in vivo. Glycosylation in
particular is an area of interest for allowing inorganic surfaces to mimic the surface protein
and carbohydrate profiles of cells and tissues, promoting interactions between these
surfaces (Williams et al., 2016). A novel method of rapid, single-step glycosylation using
“function-spacer-lipid” constructs was developed and tested on polymer, metal and glass
surfaces previously and found to provide reasonably robust surface attachment in the short
term, withstanding several standard laboratory procedures (Williams et al., 2016; Henry et
al., 2018). These constructs have now been tested in a range of experimental and diagnostic
settings, however their potential for in vivo application remains unexplored despite the
possibility of functionalising inorganic materials to improve biocompatibility (Williams et al.,
2016; Lim and Kang, 2017; Henry et al., 2018). This remains an area of work which would

benefit from investigation.

Outside of the work addressed in this thesis, other questions remain in the field which did

not fit the scope of work presented here. The decision of whether to repair or replace a mitral
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valve remains subjective and often informed by cardiologist or surgeon experience, rather
than data-based decision making. A disease or risk model for assessing mitral regurgitation
and assigning repair/replacement surgeries accordingly would likely benefit long-term
outcomes for patients with mitral insufficiency. Further to this, such a range of materials are
available to manufacture the core of annuloplasty devices with, and many commercially
available devices claim a number of benefits with their particular material. The scope of this
thesis assesses only titanium alloy cores; however, a comparison of available materials and
potential benefits would complement the development of novel manufacturing
technologies. Finally, the insertion of any long-term medical device is a high-risk endeavour
for introduction of infection. Whilst this thesis addressed the encouragement of beneficial
cell growth on the surface of implanted devices, it is often considered a “race to the surface”
between beneficial and pathogenic agents within the body. Particularly with the insertion of
annuloplasty devices inside the heart, prevention of endocarditis should be a major theme

going forwards and the employment of novel technologies in that goal should be considered.

8.3 Final remarks
The outset of this work was envisioned by clinicians as a means to improve patient outcomes

during a common but often life-changing surgery. The research described in this thesis has
shown the possibility of employing additive manufacturing technologies in the provision of
mitral annuloplasty but has also highlighted the complex work necessary to achieve an all-
around solution to the challenges posed by cardiovascular devices. In whole, this thesis
provides a framework for further development and refinement towards the goal of an

annuloplasty device produced using advanced manufacturing technologies.

Additive manufacturing is often viewed as a panacea for bespoke implants, printing organs
and manufacturing novel devices to save lives. However, the reality of both medical device
development, and of additive manufacturing technologies, is that significant refining is
required before full-scale adoption and mass manufacturing become commonplace. To this
end, the continued efforts of multidisciplinary teams and collaborative ventures will be vital

to the progress of novel technologies in improving clinical results and patient experience.
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