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Abstract: In the last few decades Additive Manufacturing has advanced and is becoming important
for biomedical applications. In this study we look at a variety of biomedical devices including, bone
implants, tooth implants, osteochondral tissue repair patches, general tissue repair patches, nerve
guidance conduits (NGCs) and coronary artery stents to which fused deposition modelling (FDM)
can be applied. We have proposed CAD designs for these devices and employed a cost-effective 3D
printer to fabricate proof-of-concept prototypes. We highlight issues with current CAD design and
slicing and suggest optimisations of more complex designs targeted towards biomedical applications.
We demonstrate the ability to print patient specific implants from real CT scans and reconstruct
missing structures by means of mirroring and mesh mixing. A blend of Polyhydroxyalkanoates
(PHAS), a family of biocompatible and bioresorbable natural polymers and Poly(L-lactic acid) (PLLA),
a known bioresorbable medical polymer is used. Our characterisation of the PLA/PHA filament
suggest that its tensile properties might be useful to applications such as stents, NGCs, and bone
scaffolds. In addition to this, the proof-of-concept work for other applications shows that FDM
is very useful for a large variety of other soft tissue applications, however other more elastomeric
MCL-PHAs need to be used.

Keywords: Polyhydroxyalkanoates; thermoplastic polymers; 3D printing; tissue engineering; biomed-
ical devices; regenerative medicine

1. Introduction

A key challenge in modern healthcare is the ability to provide patient specific bespoke
treatment. In addition to this, tissue engineering scaffolds for biomedical applications
require increasingly more complex designs in an effort to mimic natural tissues. This
includes both the materials used as well as the physical architecture of the scaffold structures
that harbour the cells. The goal is to replace damaged or diseased tissue, bones and organs
with patient compatible working implants that do not exhibit any immune response and
are gradually fully integrated into the body, resulting in a complete recovery of the diseased
area. Here, we aim to use an advanced manufacturing (AM) approach, namely Fused
Deposition Modelling (FDM) to produce complex structures in 3D for a large variety of
important biomedical applications including tissue repair patches (e.g., cardiac patches),
bone repair, tooth implants, osteochondral tissue repair, nerve guidance conduits, coronary
artery stents and heart ventricles.

Although 3D printing technologies are becoming more and more popular, there are
still many limitations to be overcome. Many issues revolve around the availability of
a suitable material as well as important essential properties including biocompatibility,
biodegradability, processability and suitable mechanical properties. To date most research
exploiting 3D printing technologies has revolved around polylactic acid (PLA) [1], poly(DL)
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lactic acid (PDLLA) [2], poly(L-lactic acid) (PLLA) [3,4], poly(lactic acid-co-glycolic acid)
(PLGA) [5,6] and polycaprolactone (PCL) [7] amongst other thermoplastic polymers. How-
ever, very little research has focused on the 3D printing of Polyhydroxyalkanoates (PHAsS).
Given their sustainability, biodegradability and biocompatibility, commercial companies all
over the world are becoming increasingly interested in the use of these polymers for many,
vastly different applications. The FDA approval of PHAs (P(4HB)) for use as sutures by
TephaFLEX® and the PHASIX™ plug and patch used in the repair of inguinal hernias [8]
confirms their biocompatibility and has established their usefulness for biomedical appli-
cations. This increased interest in PHAs has led to the recent commercial development
and production of PLA /PHA blend filaments for popular extrusion filament printers from
companies such as ColorFabb (PLA /PHA) and 3DPrintLife (PLAyPHAbTM). Therefore,
in this work we have designed and printed 3D scaffolds with the ColorFabb “natural”
(PLA/PHA) filament as proof-of-concept work for a range of biomedical applications,
which we believe will illustrate the huge potential of 3D printing of biocompatible thermo-
plastic polymers and in particular the PHA /PLLA blends. In the following sections we
briefly introduce PHAs, the overall 3D printing methodology along with background for
the various applications investigated in this study.

1.1. Polyhydroxyalkanoates, Novel Biopolymers for 3D Printing

Polyhydroxyalkanoates (PHAs) belong to a large family of biopolymers, which are
accumulated as the internal reserves of carbon and energy within some PHA producing
bacteria such as Pseudomonas mendocina, Bacillus subtilis, Cuprivadus necator and Alcali-
genes latus [9,10]. PHAs are produced via bacterial fermentation under stressed growth
conditions such as an excess in carbon and a limitation of nitrogen [11]. PHAs are noted
for their diverse structures and wide-ranging material properties, which are determined
by the number of carbon atoms present in their monomeric units. PHAs are classified
into Short-chain length (SCL) PHAs, 3 to 5 carbon atoms in their monomer units and
medium chain length (MCL) PHAs, with 6 to 16 carbon atoms in their monomeric units [9].
SCL-PHAs are generally known to be hard and brittle with high melting temperatures, high
crystallinity and lower elongation at break values, whereas MCL-PHAs are characterized
as highly elastomeric, with lower melting and glass transition temperatures [9].

In addition to this, the properties of PHAs can be tuned to meet the requirements of
specific applications. This can be done by either blending two PHAs with different charac-
teristics or by varying fermentation parameters such as substrate feed (e.g., fatty acids) to
form copolymers [12]. Due to their biological origin, PHAs degrade under physiological
conditions via surface erosion into natural metabolites such as 3-hydroxybutyrate and other
hydroxyacyl-CoAs. Therefore, PHAs have been reported to exhibit non-immunogenicity
and excellent resorbability that allow them to be easily incorporated into biological sys-
tems [9,12]. These features, coupled with their desirable structural diversity, make PHAs
ideal materials for many biomedical applications. Bioresorption via surface erosion en-
sures the maintenance of the stability of the implant in line with the rate of tissue repair
and regeneration.

The biocompatibility of PHAs has been widely shown through in vitro studies with a
large range of cell types, as well as in many different animal models for ex vivo and in vivo
studies. Poly(4-hydroxybutyrate) gained FDA approval for use as a suture material in
2007 [13], and has since been approved for other medical applications in the USA and across
Europe [14]. The devices sold for clinical use include surgical films, meshes, plugs and
patches, and are used for applications such as for the repair of inguinal hernias. PHAs are
also being researched for a large number of further biomedical applications [15], including
tissue repair patches [16], cardiac patches [17], cardiac valves [9,18], stents [19], nerve guide
conduits [20], cartilage [21] and bone scaffolds [22], and drug carriers [23].
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1.2. Fused Deposition Modelling

Fused deposition modelling (FDM) is probably one of the most well-known types
of 3D printing in the Additive Manufacturing (AM) industry. The main reason for this is
the widespread availability of cost-effective benchtop printing systems such as Creality’s
Ender and the Ultimaker 3D printer series. Most AM printing systems employ a similar
methodology of creating 3D structures. Initially, 3D models are generated via a computer
aided design (CAD) software package. Industry standards of these are Autodesk Inventor,
Fusion 360 and SOLIDWORKS. Once the model has been made it is commonly exported
as an *.stl file format. This is a widely accepted format that can be post-processed with
almost all currently available slicing software packages. For printing purposes, the model
must be sliced into layers, which are then deposited layer by layer (LBL) on top of each
other during the printing process. The layer thickness needs to be selected according to
the material used, printing temperature and nozzle diameter. Here the selected slicing
software used were Creality Ender slicer powered by the Cura engine and Ultimaker Cura
4.9.1, however there are many more slicing software available. The slicing software then
converts the stl model file into g-code, which describes exactly line by line how the printer
moves the printhead and how much material is deposited in predefined locations. Most
commonly FDM printers use a filament-based system where the filament is fed via a motor
through a heated nozzle (Bowden filament-fed extruder, Figure 1H (left)). Other extruder
variants exist including screw fed extruders and syringe extruders with mechanically or
pneumatically driven plungers, these are ideal for printing powders and pellets [24]. In
this work, we use a filament-based Bowden extrusion system.

1.3. Printing of PHAs

As previously described, at present very little work has been done regarding the
printing of PHAs. Our group is a key contributor to the pioneering work of 3D printing
PHAs, however to date not much has been published in this emerging area. A very lim-
ited number of studies exist that use commercially available filaments for the printing
of PLA /PHA structures. However, these do not discuss the use of these in biomedical
applications [25]. Further to this there are some studies that have investigated the pro-
duction of PHA composite filaments [26,27], again little research has been done printing
these filaments. As far as other printing technologies go there have been a some reported
studies using selective laser sintering (SLS) for the printing of PHBV and Ca-P/PHBYV bone
tissue scaffolds [22] and Computer-aided wet-spinning (CAWS) printing P(3HB-co-3HHXx)
lattice designs for use in a New Zealand rabbit radius model, investigating optimal bone
regeneration conditions [28].

1.4. Introduction of Applications

The following will introduce the various biomedical applications considered in this
study with basic background information, for which FDM can be applied to help enhance
prototype development and produce patient specific implants and scaffolds to help solve
many medical challenges targeted towards custom designed healthcare.

1.4.1. Tissue Repair Patches

Tissue repair patches include engineered constructs that can, for example, aid in
wound healing, and act as a carrier for the delivery of cells to an area of damaged tissue.
The healing of injured tissue can be encouraged, for example by using electrostimulation to
affect cell behaviour [29], anti-inflammatory agents [30], or by functioning as an efficient
drug delivery system for the control of infection [31]. Past and current research into
wound healing patches use synthetic polymers such as polyvinyl alcohol (PVA) [31] and
polycaprolactone (PCL) [30], and natural materials such as sodium alginate [31], gelatin
and bacterial cellulose [32,33]. Tissue repair patches are also being researched for use in
the repair of congenital heart defects [34], soft tissues such as abdominal wall [35], and
inguinal hernia patches [36].
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structures for use as tissue healing patches e.g., cardiac tissue; (B) Bone implants from patient CT scans
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scans e.g., repair of the damaged mandible; (C) Tooth implants from patient CT scan data; (D) Osteo-
chondral tissue repair plug implant, (E) Single Ventricle Heart repair conduit, designed as a mesh to
be permeable; (F) a variety of nerve guidance conduits, right example of a CT scan mesh of a human
sciatic nerve, demonstrating the ability to repair complex nerve junctions; (G) Variety of different
polymer stent designs (flattened out). (H) Schematic illustration depicting the filament extrusion
process for a classic filament printer (left) and our modified mandrel printing (right).

The generation of tissue repair patches is one of key importance for the biomedical
field when treating patients. One area of significant importance is cardiovascular diseases
(CVDs). CVDs are the leading cause of deaths worldwide [18,37], accounting for around
17.9 million per year according to the World Health Organisation (WHO), and many lead
to myocardial infarction (MI). Developing treatments that can aid in the regeneration of
this area of scar tissue are vital to reducing post-MI mortality.

At present suggested patches have been made from a wide range of materials, for exam-
ple omentum [38], decellularised myocardial tissue [39], poly(glycerol sebacate) (PGS) [40],
gelatin/hyaluronic acid [41], fibrin [42], poly(lactic acid) (PLA)/poly(ethylene glycol)
(PEG) blends [43], and in recent research Polyhydroxyalkanoates (PHAs), in particular
poly(3-hydroxyoctanoate), P(S3HO), have been investigated [16].

Cardiac patches have been produced via a variety of processing techniques, including
solvent cast films [16], excimer laser micro-ablation [44], thermally induced phase separa-
tion [45], electrospinning [17], and 3D printing [41]. In this study a PLA/PHA blend will
be used as a proof of concept for a 3D printing processing technique for the production of
cardiac patches amongst other biomedical devices.

1.4.2. Bone Implants

Every year many people suffer from broken bones and limbs, with rates of 3.6 fractures
per 100 people in England (2008), as well as those who are born with defects and suffer
from illnesses such as bone cancer that cause them to have tissue removed and replaced.
This results in the need for many different medical bone implant designs, of varying
sizes and forms. State-of-the art procedures used currently to repair and reconstruct bone
rely on bone grafts from the patient, titanium implants and plates [46]. Many of today’s
procedures were originally developed in the first world war and have not evolved since.
They are inefficient and require long surgery times, for example one such procedure is
mandibular reconstructive surgery. This requires a tibial graft be to removed, shaped, and
then fixed in a new location using plates. This causes these techniques to be crude and have
a high failure rate in preserving the individual patients’ anatomy. Furthermore, procedures
involving total replacement using titanium implants, such as a hip replacement, still rely
on batch machined implants with discrete sizes that fail to accommodate each patient’s
unique physiology.

The complexity and difficulty associated with the machining method of manufacturing
requires implants to be produced in batches and has presented a major challenge in the
development of bespoke implants. However, with the recent development of the disruptive
3D printing technologies these challenges are overcome as the patients” individual anatomy
and even internal anatomy, such as nerve channels (e.g., inferior alveolar nerve for a
mandible is presented in this paper), can now be preserved. There have already been
studies conducted into the 3D printing of titanium hip implants using SLS, SLA and 3D
printed facial structures via FDM techniques [47].

Hip implants are one of the most common implant procedures in modern medicine and
continue to grow because of an increasingly ageing population. Wang et al. investigated
the performance of titanium 3D printed hip implants [48]. Out of 74 patients, 57 received a
conventional hip replacement, with the remaining 17 receiving 3D printed hip replacements.
The 3D printed hip replacements were designed using CT scans of the patient’s hip joint to
model a suitable patient-specific replacement. Once the implant had been designed it was
3D printed using powder bed selective laser sintering (SLS). This process involves the use
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of a high-powered laser to melt titanium powder together to form the implant. The study
showed that the 3D printed replacements resulted in a higher Harris score (questionnaire
used by doctors to determine performance of implant via assessing the patient’s pain and
function) and patients were able to walk and apply weight to the hip sooner than the
patients who received the conventional implant.

In contrast to novel 3D printing, the current state of the art for surgical implants is
to replace or reconstruct lost tissue via the use of a tissue graft, a bioinert implant, or a
bioresorbable implant. For example, Ow et al. (2016) used a titanium implant in order
to replace a portion of a patient’s mandible that had been removed due to a tumour [49].
The patient suffered from ameloblastoma and had to undergo a partial mandibulectomy
to remove the diseased tissue. This procedure left the patient with a large portion of their
jaw missing. To restore facial features and function to the patient’s jaw a custom-made
implant was designed using CT scans and modelling software. The replacement model
was designed with the intent of preserving the original form of the patient’s mandible.
This was then machined from titanium and the implant fixed using six screws into the
healthy mandible, restoring the patient’s facial anatomy [49]. This is an example of a
top-down approach where a block of metal is used, and excess metal is machined away
according to the CAD design. This process is both wasteful, time consuming, and requires
expensive CNC machinery. However, the advantages of using CT images to produce patient
specific implants with ideal dimensions suitable for the repair, strongly demonstrated the
advantages of driving research in this direction.

To build on the success of creating patient specific implants via CT images, in this
work, we demonstrate the use of real patient CT scan data and create implants that directly
replicate and copy the patient’s anatomy to construct an anatomically accurate implant. Fur-
thermore, in contrast to top-down approaches, for a mandible, the ability of reproducing an
implant that can accommodate nerve channels is not possible due to processing limitations.
To our knowledge, the fabrication of a mandible implant, which includes a hollow channel
to accommodate the nerve channels within the 3D structure has not been implemented to
date. Hence, in this work, for the first time we have included the nerve channel within
our implant and we believe this will enable better integration into the patient for next
generation bioresorbable implants. Further to this we demonstrate this with biodegradable
natural polymers PLA /PHA. This proof-of-concept work aims to illustrate the accurate 3D
printing of the bone scaffold constructs which in future can be seeded with stem cells such
as bone marrow mesenchymal stem cells [50-52] for bone regeneration and eventual total
replacement of the implant.

1.4.3. Tooth Implants

Another important area in the field of biomedical applications is the need for the repair
of teeth including the development of tooth implants. Edentulous patients suffer from
several consequences, including obvious ones such as missing teeth causing difficulties
with chewing. Furthermore, other effects such as the collapse of the maxillofacial region and
inadvertently affecting their appearance give rise to mental health issues [53]. Unlike other
parts of the body, teeth have very limited regeneration capability, due to a combination
of tooth anatomy changes due to aging, affecting pulp regeneration and the patient’s oral
environment. This therefore means that adult patients with tooth loss are not able to rely
on their own self-repair functions to regenerate their teeth.

In order to meet the normal chewing requirements for edentulous patients, three
treatment choices can be considered [54]: The first is the use of removable partial dentures
which can only restore the chewing function partly; The second is the use of artificial
implants supporting fixed partial dentures, but this type of treatment requires a large
number of implants and is costly and painful; The third method is extracting the remaining
healthy teeth and providing a complete denture or overdenture supported by the implant,
which might need bone reconstruction. In this study we consider the second option to
produce biocompatible artificial implants to replace missing teeth [55].
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For this the resultant tooth replacement needs be a mechanically sound restoration that
withstands occlusal forces, preserving tooth structure, ensuring top and bottom teeth match
upon closing the mouth, and also provide an aesthetic restoration preferably unnoticeable
from the original teeth [53]. Currently the accepted materials, including metals, ceramics
and polymers, exhibit low cell viability and limited vascularization [56].

Furthermore, when designing tooth implants it is important to take the tooth structure
into account, for example the molar teeth are made up of two main structures: a crown
(the section over the gum line) and the roots (the section below the gum line) [57]. This
therefore means the materials for these two sections of the tooth should be considered
separately as their mechanical properties also vary significantly. The root should allow
nutrients to diffuse into transplanted tissue/cells and guide cells into the correct orientation
and structures [56]. A potential candidate for this could be P(3HB), as this has been widely
used in clinical applications [58]. In contrast, the crown of a tooth needs to be stable enough
to withstand the force and wear associated with long term chewing, and therefore a non-
biodegradable material with high toughness, sufficient rigidity, good thermal stability, and
high resistance to chemical attack and environmental stress and cracking is required [59,60].
Here a thermoplastic polymer such as acrylonitrile butadiene styrene (ABS) could be
considered as a potential candidate.

As discussed in the previous section (Section 1.4.2) 3D imaging technologies such as
CT, ultrasound imaging, and magnetic resonance imaging (MRI) techniques are being used
to create 3D models of real structures in patients in order to produce more structurally
authentic and patient-specific implants within micrometre accuracy [61]. The current state-
of-the-art method is also the use of expensive production of implants via CNC machining.
This however requires time consuming procedures to ensure that suitable implants are
fabricated that perfectly fit the patient, leading to an expensive process [62]. The complexity
of the tooth structures makes 3D printing a desirable technique for next generation tooth
implants [63].

1.4.4. Osteochondral Tissue Repair

Degenerative diseases such as osteoarthrosis and traumatic injuries to joints can
damage the integrity of the cartilage within the synovial joints and lead to a progressive
loss of function, severe inflammation, and increasingly drastic lifestyle changes for the
patient [64].

The synovial joints of the human body, e.g., fingers, elbows, shoulders, hips, knees
and ankles, are a complex system with the intent of connecting two hard, cancellous bones
together and allowing an efficient and non-abrasive transfer of energy. The overall shape
of these joints varies by location and desired functional movement; however, all the joints
are characterized by the ends of the bones within the joint being capped with a critical
layer of cartilage. This cartilage is known as articular cartilage and is mostly comprised
of Type II collagen, designed in an intricate and specifically oriented geometry with the
bone it transitions from, and filled with water to give its characteristic high compression
modulus [65,66].

The degradation of articular cartilage tissue causes the advancement of the tidemark
and mineralized cartilage, lowering the efficacy of the joint and causing inflammation,
pain, and stiffness, resulting in loss of both function and endogenous tissues within the
joint [67-69]—this is also known as arthrosis.

There are many known risk factors for arthrosis including genetic pre-disposition,
obesity, type of physical activity and the levels of intensity and incidence, and congenital
or developmental conditions such as hip dysplasia [70,71]. In addition to this, age is a key
factor, and for people over the age of 60 the probability incidence of arthrosis is over 80%.
This causes a major economic burden on healthcare systems around the world [64,72].

Current treatment strategies range from simple lifestyle changes to avoid excess force
and stress upon the damaged joint for early-stage degeneration or very small defects in
the tissue [73]. Where pain becomes overwhelming, a common treatment is to surgically
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induce joint ossification between the two bones, known as arthrodesis, and this is most
commonly for joints in e.g., the spine, hands, and feet. For major joints such as hips,
the surgical treatments involved become more complicated and extensive in remodelling
and/or reconstructing the joint with implants and biomaterials [74]. Current treatment
strategies transition from more conservative methods with simple lifestyle changes to avoid
excess force and stress upon the damaged joint for early-stage degeneration or very small
defects in the tissue [73].

As many of the traditional methods of treatment for arthritis are far from ideal and
often do not result in full recovery, there is much research aimed at restoring the defective
or missing cartilage tissue with regenerated replacement tissue. Here, the use of 3D scaffold
designs for cartilage tissue aimed to mimic the endogenous different tissue stages have
great potential. Chondrocyte growth is dependent on the use of three-dimensional tissue
scaffold environments [75,76]. Current research into 3D tissue scaffolds for repairing or
replacing the osteochondral zone is very much in its infancy and therefore much research is
needed, this includes the materials used as well as fabrication methods and structure. Here,
we propose an FDM 3D printed construct made from PLA/PHA, where the printability of
the construct together with printing resolution are investigated as a proof-of-concept study.

1.4.5. Peripheral Nerve Injury and Nerve Repair

Peripheral nerve injury (PNI) is defined as the degeneration of damaged axons, which
leads to permanent functional defects [77]. Several factors including trauma, birth injury,
bone dysplasia, and entrapment neuropathies, among others may cause PNI [78]. These are
often associated with disruption or complete defect of sensory and/or motor function in the
areas associated with the injured nerve [79]. Nerve injuries can have severe consequences
on the patient’s life quality due to potential paralysis of the affected limbs as well as
neuropathic pain [80]. Recent studies have shown that the proportion of PNIs among
trauma patients has increased to approximately 2.8% of which more than 50% patients
failed to recover normal motor and sensory functions following treatment [81].

Although, neurons in the peripheral nervous system (PNS) have shown intrinsic
plasticity to regenerate and form functional connections with their targets, if the damage
is severe, full repair might not occur without external intervention and treatment [82,83].
PNI with gaps of less than 5 mm can naturally regenerate, however, nerve gaps larger
than 5 mm often present poor axonal regeneration which leads to incomplete functional
recovery [84,85]. Peripheral nerve regeneration occurs after the cascades of Wallerian
degeneration [86]. To date, no therapeutic method has been developed to facilitate the rate
of peripheral nerve regeneration [77]. Despite efforts, full recovery of motor and/or sensory
function after severe PNl is yet to be achieved [87]. The current ‘gold standard” treatment
strategies, which have proven effective for non-critical gap injuries, are end-to-end suturing
and nerve grafts. These treatments however have substantial disadvantages for larger
injury gaps. End-to-end suturing is only viable for injury gaps up to 10 mm as long as this
does not result in tension on the nerve which could otherwise impair blood flow. More
severe nerve injuries of up to 30 mm gaps have reportedly been repaired successfully
by means of nerve tissue grafts, however here the biggest limitation is access to donor
tissue [81,88]. Meta-analysis of data indicates that only 51.6% patients achieve satisfactory
motor recovery and 42.6% experience satisfactory sensory recovery from median and ulnar
nerve repairs [89].

In view of these drawbacks, scientists have been developing nerve guidance conduits
(NGCs), which are designed to fully repair and restore nerve functions of larger nerve
injury gaps without the need for donor tissue. A Nerve Guidance Conduit (NGC) is a
tube-like bridge interposed between the two stumps of the injured nerve which guide
the regenerating axons from the proximal end of the injured nerve to reconnect with
the distal end and restore full function [90]. To date it has been reported that nerve
defects have been repaired both experimentally and in clinical practice by bridging the gap
with NGCs (tubulization) [91]. Even though, NGCs have demonstrated the potential of
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restoring optimal function following injury, their current efficacy is limited to injury gaps of
3040 mm and their performance is only comparable to autografts for gaps of up to 10 mm.

NGCs have been fabricated from both synthetic materials like silicone and natural
polymers (e.g., PHAs). The most primitive NGCs are simple hollow tubes. Examples of
these made from silicone exhibit low biocompatibility and potential of fibrotic encapsu-
lation, furthermore due to their non-resorbable and brittle nature they require a second
surgery to remove their remnants, once the nerve has reconnected [92,93]. This is the reason
attention has shifted toward natural, biodegradable, bioresorbable and biocompatible poly-
mers for the fabrication of third generation NGCs [94]. Amongst these, PHAs have been
reported to exhibit exceptionally suitable properties for NGCs [20,95-97]. As is often the
case for surgical procedures every injury and person are different and therefore the nerve
conduit should be of correct dimensions for the site of interest. Here 3D printing presents
itself as a natural choice of fabrication that can quickly and efficiently 3D-print complex
designs at the correct dimensions. It has been previously reported by Zeng et al. (2014)
and Liu et al. (2018) that multi-channel PLLA NGCs promoted differentiation of neural
stem cells (NSCs) into neurons [98,99]. Therefore, amongst others we propose a variety of
NGC designs including multichannel solutions printed with the PLA/PHA material blend.
We demonstrate the ability to precisely and accurately produce intricate designs that are
suggested to be beneficial for nerve regeneration.

1.4.6. Stents

Cardiovascular disease has become one of the most common reasons of death all
over the globe. In 2016, coronary artery disease (CAD) caused around 9.43 million of
deaths. According to the prediction of American Heart Association, in 2035, the direct and
indirect costs, loss of work hours by cardiovascular disease (CVD) will lead to a total cost
of $1.1 trillion. Thus, the use of stents to manage CVD is an urgent medical need [100].
Percutaneous transluminal coronary angioplasty (PTCA) has become the state of the art
treatment for coronary artery disease [101]. However, a key response in the human body
is restenosis and thus limits the benefit of stents [101]. Restenosis is when an artery or
valve becomes abnormally narrow again after corrective surgery. Clinical and animal
experiments indicate that restenosis in the internal vessel wall after coronary intervention
is caused by a combined effect of neointimal formation and geometric remodelling [101].
There are two effective strategies to avoid restenosis, inhibition of neointimal formation
by the use of antiproliferative agents, such as the protein tyrosine kinase inhibitor ST638,
and prevention of geometric remodelling by the application of stents [101]. The design of
the coronary stent impacts the distribution of wall shear stress which in turn affects the
advancement of endothelialisation, neointimal hyperplasia, and subsequent restenosis [102].
First-generation stents were fabricated from metal, these include the S7 and NIR stents
designed by Medtronic AVE (Marlborough, MN, USA) and Boston Scientific (Marlborough,
MA, USA), respectively. The diameter of the aforementioned are 3.5 mm, which is similar
to the diameter of large human and animal blood vessels [103]. The strut thicknesses of the
metal stents are in general 0.1 mm. The wave pattern of S7 led to less vascular injury than
the grid-like cells of NIR [103]. Beier et al. investigated two commercial stents, “Omega”
(Boston Scientific, Marlborough, MA, USA) and “Biomatrix Flex” (Biosensors International,
Wilmington, DE, USA). Their design used 4 mm as the diameter and 0.081 mm and 0.12 mm
as strut sizes respectively [104]. The mean strut spacing of Omega is 1.4 mm and 1.6 mm
for Biomatrix. According to their study, the ideal intra-strut angle is around 40° [104].
Analysis by mathematical modelling gave that the optimal intra-strut angle of the metallic
grid stent to be between 38.5° and 46° [102,105]. Hara and his group found thinner struts
performed better in preventing restenosis than the thicker ones and the thicknesses in their
investigation were 0.05 mm as the thinner strut and 0.14 mm as the thicker strut size [106].

Bare metal stents were initially used to treat coronary artery disease, but this treatment
led to a risk of in stent restenosis and the need for target lesion revascularisation. The
evolution of drug eluting stents seemed to initially reduce the complications and became
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standard in clinical practice for coronary artery disease. There is growing body of data
that shows that drug eluting stents can result in very late stent thrombosis and intimal
hyperplasia to different degrees i.e., in stent restenosis. Thus, polymer stents have become
a focus of study and are expected to replace metallic stents [107]. One of the best known
biodegradable stents currently available is the Igaki-Tamai stent (Igaki Medical Planning
Company, Kyoto City, Kyoto, Japan) made using PLLA [108]. This stent has been used both
for coronary artery and peripheral vascular disease. A 10-year follow-up study showed
that the cause of death from any cause was 13%, with 2% mortality from cardiac causes
and 50% having major cardiac events [109].

1.4.7. Single Ventricle Condition of the Heart/Coronary Artery Repair

A single ventricle condition is where there is only one functional ventricle of the
heart present, the most common example being Hypoplastic Left Heart Syndrome (HLHS).
Patients with HLHS suffer from a poorly developed heart, with the most significant effect
being the underdevelopment of the left ventricle. The effect of a weak left ventricular
wall leads to poor support for systemic circulation, as there is not sufficient muscle to
eject the blood with adequate force to exit the heart and reach the extremities [110,111].
There is also a mixing of the oxygenated and deoxygenated blood in a hypoplastic heart
due to the pulmonary and systemic circulations being in parallel as opposed to in series,
resulting in what is known as a cyanotic heart defect. These defects are characterised by a
desaturation of arterial blood, and consequently provide inadequate oxygen delivery to
the tissues [112,113].

The gold standard treatment of HLHS involves a series of three staged surgical pro-
cedures with the desired end result being a redirection of venous blood flow towards the
pulmonary circulation for oxygenation, as occurs in the normal heart [114,115], along with
causing the existing right ventricle to take on the usual role of the left in the maintenance
of systemic circulation. The construct described in this work is designed to have its use in
the final stage of these three operations, known as the Fontan procedure. This intervention
involves the insertion of a conduit to form a connection between the inferior vena cava and
pulmonary artery, which is also known as a total cavopulmonary connection [110]. This
acts to redirect the blood flow so that oxygenation can occur prior to distribution around
the body, and also gives a provisional left ventricle to replace the existing underdeveloped
structure [114]. The three central aims of the Fontan procedure can therefore be identified
as relief of cyanosis in systemic circulation, maintenance of cardiac output, and reduction
in the volume loading of the systemic ventricle (the right ventricle) [116].

Currently, majority of the conduits used for the Fontan procedure are composed of
expanded poly(tetrafluoroethylene) (ePTFE); commercially sold under the name Gore-Tex®
or Teflon. This is a thermoplastic, fluorinated polymer with good mechanical integrity [117].
It has been described as a biostable polymer due to its resistance to degradation in biological
environments, and it is also antithrombotic, making it an ideal material for a long term
cardiovascular and blood contacting device [118]. However, the use of ePTFE comes with
the limitation of a lack of growth potential. This means that as the patient grows the
conduit will stretch, bringing a risk of stenosis or narrowing of its lumen [119,120]. For
this reason, many patients require revision surgeries when they outgrow their conduit, or
otherwise often suffer from the consequences of a stenosis of their graft. This demonstrates
the vital need to develop a conduit that encourages cell growth and attachment, as well
as exhibits a controlled biodegradability, giving the construct future growth potential and
total integration into the body.

Further to this, another limitation of current approaches to the development of con-
duits for this procedure is their lack of contractility. This means that they are unable to
generate a pressure higher than that of the pulmonary vasculature. This pressure gradient
is the opposite to what is normally found in the cardiovascular system and is the cause of
many complications associated with this procedure. A lower pressure within the conduit
compared to that in the pulmonary vasculature results in increased pulmonary resistance,
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as blood is flowing against its pressure gradient. The lack of contractility also means there
is no propulsive force to assist in pushing the blood against this pressure gradient. Sequalae
of this effect includes those such as pulmonary vascular remodelling, refractory ascites and
pleural effusions [121,122].

Contractility of the conduit is also important in maintenance of the laminar flow of
blood. Stasis of blood flow is a known risk factor for thromboembolic disease, which
is another mechanism in which stenosis of the graft may occur [123]. With coordinated
contraction of the conduit this gives simultaneous propulsion of the blood in one direction,
maintaining its directionality and therefore laminar flow. A lack of contractility has also
been associated with endothelial dysfunction in the conduit and can contribute to incorrect
vascular remodelling in the pulmonary system, and as a result contribute to the increased
pulmonary vascular resistance [124].

Therefore, the ideal implant would act as both a temporary conduit for the redirection
of blood within a single ventricle heart and as a scaffold to guide the generation of a
pulsatile tube of cardiac tissue which will act as a provisional left ventricle. This should be
able to contract with sufficient force and be able to give a pressure of 5-6 mmHg above that
of the pulmonary circulation, therefore re-establishing the pressure gradient normally seen
in the cardiovascular system. Here we propose a proof-of-concept porous scaffold design
as a basis for a contractible tube printed via FDM.

In this work we will investigate, for the first time, this array of biomedical examples,
demonstrating the potential possibilities of employing FDM of biodegradable thermoplastic
polymers as tools to move towards a new state of the art solutions for patient specific care
and successful recovery.

2. Experimental Methods
2.1. General Preparation of 3D CAD Model Files

Two main methods were used to generate models for the applications discussed in
this work. The first method was using Autodesk Fusion 360 or Autodesk Inventor 2020
to directly draw the CAD files with researched dimensions believed to be most suitable
for each application (described in more detail for each application). This includes tissue
repair patches (A), osteochondral tissue repair (D), single ventricle heart repair (E), stents
(G) as well as some of the nerve guidance conduits (F) (see Figure 1). During the modelling
process it was important to consider the nozzle diameter that was being used, as the models
were designed in such a way that the features were the diameter of the nozzle rather than
simply designing a block and then using infill parameters to design the fine features. This
allowed us to get maximum flexibility in terms of model design and the direction in which
the printhead would move.

The second method was to obtain real patient computer tomography (CT) imagery
data and extract features based on their material density in form of 3D mesh data. Here we
extracted bone, tooth and nerve tissue data by altering tissue density thresholds to isolate
the areas of interest. After extracting the 3D mesh data, the structure was then further
reconstructed using Autodesk Mesh Mixer (Version 11.4.35). This was to remove artifacts
and holes in the models which would cause errors in the post processing of the models
during slicing.

Both methods were then used to create the commonly used *.stl (stereolithography)
3D printing file format. The files were then sliced in Creality Slicer 1.2.3 (powered by the
Cura engine) or Ultimaker Cura 4.9.1 and printed with a Creality Ender 5 FDM printer
(see schematic of the printing process Figure 1H) using the commercially available Color-
Fabb PLA /PHA natural filament. Depending on the model design different nozzle sizes
ranging from 0.15, 0.2, 0.3 and 0.4 mm were used with a general extrusion temperature of
205-215 °C.

For the single ventricle flat model design a custom built 8 mm cylindrical mandrel
was designed and connected to the 3D printer prior to the printing to be able to print a 3D
meshed tube structure, Figure 1H (right). This was then calibrated, and calibration values
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were edited directly into the g code to ensure distances were correctly represented during
printing onto the mandrel.

2.2. Optical Microscopy Images

All optical microscopy images were imaged using a EuroMex Trinocular microscope
with a PixeLink PL-B771F monochrome camera attached at magnifications varying from
0.7x to 4.5x and LED and incandescent illumination on a black or white background.
Calibration of scalebars on images was then done using Image]J version 1.49 s and a ruler.

2.3. Scanning Electron Microscopy Micrographs

The surface morphology of the 3D Printed samples was studied via Scanning Electron
Microscopy (SEM). The samples were suck on a carbon stick pad on 8 mm or 12 mm
diameter aluminium stubs and gold coated for 2 min (approx. 20 nm of gold coating) using
an Edwards S150B sputter coater. SEM micrographs were collected using an Inspect™ F
scanning electron microscope (FEI Company, Hillsboro, OR, USA) operating in secondary
electron mode between 3-5 KeV and a spot size of 3.5-4.

2.4. Tensile Testing

Tensile testing of the 3D printed ASTM standards was performed to evaluate the me-
chanical properties of the commercial PLA /PHA ColorFabb filament used in this study. The
test was carried out using a Multitest 2.5-dV mechanical testing platform from Mecmesin
equipped with a 1000 N load cell. The specimens were subjected to increasing load until
failure by applying a deformation rate of 6 mm/min. The assay was carried out at room
temperature using an ASTM D638 Type V standard CAD file with a gauge length 9.53 mm,
width 3.18 mm and a thickness of 3.5 mm. This model was sliced with a wall thickness
of 1.6 mm and layer height of 0.1 mm setting and printed at 215 °C with a 0.4 mm noz-
zle and printing speed of 12 m/s. Prior to the test, the thickness, and the width of each
specimen in different areas was measured using a stainless-steel digital calliper and taken
into account for the determination of the cross-sectional area. The data were acquired and
analysed using Vector Pro software. Young’s modulus (E), Ultimate tensile strength (oy)
and Elongation at break (e,) were calculated for each sample and averaged over n = 7.

2.5. Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was carried out using a TA (Thermal Anal-
ysis) instruments model Q20 DSC with an attached chiller unit. A small sample of the
polymer (2.3 mg) was loaded into the machine and kept under an inert nitrogen atmosphere
throughout the experiment. DSC measurements were carried out at heating and cooling
rates of 10 °C/min. A heating cooling and heating program was used to obtain the melting
temperature, Ty, and glass transition temperature, T, of the samples. The sample was
initially cooled to —80 °C followed by heating to 200 °C and then again cooled down to
—80 °C. A final heating cycle was then performed to 200 °C. The T, was taken by midpoint
fitting to the second heating cycle.

2.6. Fourier Transform Infrared Spectroscopy

FTIR measurements were carried out using a Thermo Scientific Nicolet iIS5—FTIR
Spectrophotometer. The printed sample was loaded onto the machine and firmly placed
against the detector. Several scans were run and the ones with the best signal to noise
ratio was chosen to do the analysis. All scans were confirmed to be similar prior to this.
Absorbance spectra were registered between 400 and 4000 cm™~!, with a resolution of
4 cm~! and 45 scans.

3. Results and Discussion

The 3D printing process requires the generation of a g-code file of the structure to be
printed. This is obtained by means of a slicing software that converts 3D model files into
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slices of g-code that controls the motion and material feed as well as temperatures of the 3D
printer. It is important to note that these software packages have been designed to optimally
slice models for prototype development where the main objective is to have the outer-most
layer of a model well defined. Therefore, the slicing software has two main functions when
selecting parameters: the parameters for the wall features (visible to the observer’s eye) and
the infill. Printhead motion has been optimised for infill patterns, where regular patterns
included are rectilinear, honeycomb, concentric etc. Most 3D printing studies to date appear
to use these functions as a method of generating structures with a given porosity, however
this means that the user is limited to the exact design available in the slicing software,
drastically limiting the advantages of printing. It is important to note that the major benefit
in this work lies in that for the predefined infill patterns, printhead movement has been
optimised to avoid crossing walls, therefore ensuring good definition of the infill structure.

However, in the case of healthcare applications it is vitally important to have full
control of the printed structure down to the smallest of features possible to mimic natural
tissue, therefore here we take the approach of fully designing the final printed structures in
3D CAD avoiding the use of infill patterns for high resolution fine structures.

For our models that are based on CT scans and have a more solid structure however
the infill is still considered, and we chose it in a way to have a solid object. This was of
interest for the grooved NGC, the mandible and tooth implant models.

When designing models where the printer simply prints the walls it is therefore
extremely important to ensure that the files are tuned towards the desired printhead nozzle
diameter size, as otherwise the software will not detect features, and errors in the slicing of
the model will occur. We found that it was advantageous to select a feature that is ever so
slightly bigger than the nozzle size to ensure accurate picking up of features in the software.
For example, for printing a 0.4 mm line, the model should have 0.39 mm line width, or
the nozzle size selected in the slicing software parameters should be 0.41 mm in diameter
for better slicing results. Hence, the critical values when slicing these types of models are:
the nozzle size, shell thickness, and layer height, where the latter needs to be a multiple of
the structure height to ensure correct slicing. This means that for ‘logs/struts’ that are e.g.,
0.4 mm high a layer height of either 0.4 mm or 0.2 mm is appropriate, this can be further
tuned by altering the material flow to avoid too little or excessive material flow. Finally, the
shell thickness was considered to be the width of the nozzle diameter for our experiments.
Normally the shell thickness would determinate how thick the outer layer is and where the
infill pattern would start, however in our case the entire design is governed by the shell
thickness and thus this needs to be tuned correctly to the smallest model feature lines and
nozzle diameter which should all be equivalent.

3.1. Printing of Tissue Repair Patches

The patches were designed in Fusion 360. Three major designs were developed:
woodpile structures (Figure 2A,B), consisting of logs layered on top of each other at 90
degree angles, grids (Figure 2C) with pore sizes of 2 mm, and an accordion structure
as depicted in Figure 2D. These models were then converted to *.stl files and sliced in
Creality Slicer 1.2.3 (for woodpiles and grids) and Ultimaker Cura 4.9.1 (for accordion) and
consequently printed with a Creality Ender 5 at 215 °C, 60 °C bed temperature, a print
speed of 2 mm/s, and nozzle diameters of 0.4 mm and 0.2 mm, respectively.

The resulting 3D printed patches showed good definition and reproducibility as can
be seen in Figure 2E,F. When printing more complex patterns such as the grids and the
accordion structure the motion of the printhead was not optimised for the model and
stringing could be observed in some cases (Figure 2F). It was possible to minimise the
stringing by lifting the printhead during motion, however, to fully avoid this it is most
likely necessary to manually modify the g code to avoid unnecessary moves and optimise
the travel to get a continuous print.
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Figure 2. CAD designs of a variety of tissue repair patches: (A) Woodpile design with 0.4 mm strut
diameter and 0.4 mm pore size, (B) Woodpile design with 0.4 mm strut diameter and 0.8 mm pore
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size, (C) Grid design with 0.2 mm strut diameter and 2 mm pore size, (D) Accordion design with
0.4 mm strut diameter and pores made by overlapping two squares each of 2 mm diameter. (E) Wood-
pile 4 layers 0.4 mm nozzle 2 mm/s print speed, 0.4 mm gaps, (F) Woodpile 4 layers 0.4 mm nozzle
2 mm/s print speed, 0.8 mm gaps, (G) Photograph and SEM micrographs of the grid design with
0.2 mm struts printed with a 0.2 mm nozzle at 2 mm/s print speed.

The tissue repair patches designed here were based on previous research into cardiac
patches [17,38-43,45,125-133]. The four designs were developed for printing as a proof
of concept to assess optimal patch design and technology limitations. We note that for
the use of cardiac patches flexibility is key and the PLA /PHA blend considered here does
not provide the ideal mechanical properties. The constant contraction and relaxation of
myocardial tissue requires an elastomeric material, and therefore our future work will
consider an mcl-PHA (currently not available as a 3D printer filament). An ideal material
would match the Young’s modulus of native human heart tissue, which lies between
0.02-0.05 MPa [134], and have a high elongation at break and tensile strength.

Engelmayr et al. (2008) [44] reported the production of a honeycomb structure grid
design and put their research focus on creating a structure that when seeded with cells
would produce an anisotropic cardiac patch. They initially used a poly(glycerol sebacate),
PGS, scaffold of ~250 um thickness as modelling analyses had shown this to mitigate mass
transport limitations through PGS, however they acknowledge the problem that this is not
a sufficient thickness for the reconstruction of full-thickness myocardial tissue. In an initial
attempt to address this issue the researchers produced a bilaminar scaffold of ~400 um
and upon culture with neonatal rat heart cells found this produced a multi-layered tissue
structure, however they suggest that this may require perfusion in order to maintain cell vi-
ability. A thickness of 2 mm has been proposed in the grid design cardiac patches described
here and this is significantly thicker than that used by Engelmayr et al. [44], however the
incorporation of endothelial cells to encourage vascularisation could mitigate the issues
of oxygen and nutrient perfusion through the patch. The accordion-like honeycomb grid
design was shown by Engelmayr et al. [44] to encourage directional alignment of heart
cells and thus enabled them to create an anisotropic patch. Therefore, an accordion-like
design was also designed here as a 3D printing proof of concept, however its ability to
align cardiomyocytes will be assessed in future cell studies.

In another study by Gaetani et al. (2015) [41], human cardiac-derived progenitor cells
in a gelatin /hyaluronic acid blend were 3D printed in rows like that of the woodpile designs
described here. Each row was spaced 2.5<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>