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“Bioresorbable materials and additive manufacturing processes for medical

implants”

By

Raquel Tejeda-Alejandre

Abstract

The application of additive manufacturing technologies in tissue engineering has
been growing in recent years. Among different technology options, 3D printing is
becoming popular due to the ability to directly print scaffolds with designed shape
and has a great potential like manufacturing method in the production of scaffolds
for tissue engineering. Applications of additive manufacturing in regenerative
medicine and tissue engineering are restricted for the available materials for each
technology. Great part of research has focused on the development of new materials
to be used to create complex geometries, culture different kind of cells from different
type of tissues and applications.

In this work, recent developed additive manufacturing techniques and
biomaterials for vascular and bone tissue are studied. The objective of tissue
engineering is to produce functional and viable structures and multiple biomaterials
and fabrication methods need to be researched. To achieve this purpose, the
fabrication of bifurcated vascular grafts using the combination of electrospinning and
3D printing, and the characterization of a new biomaterial for bone regeneration
applications, were explored. Polycaprolactone (PCL) was used to electrospun a
mandrel obtaining a bifurcated construct that was morphological and mechanical
characterized. For bone regeneration applications, a new resorbable biomaterial
was investigated. Process parameters and materials properties, such as separation
force and green strength were studied in order to probe the printability of this
material, compositional changes, or defects during the 3D printing process, of porous

structures using Continuous Digital Light Processing (cDLP) and Isosorbide.
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Chapter 1 . Introduction

1.1 Background

The methodology of supportive tissue regeneration is often denoted to as
tissue engineering (TE) or regenerative medicine (RM). Exterior reinforces are
frequently called scaffolds, which generate the platform for cells to migrate to the site
they are needed and forms new tissue. Hence, scaffolds perform a significant role in
TE and regenerative medicine. These scaffolds are often loaded with growth factors
to accelerate cell differentiation to generate new tissue formation. Due to the cell
viability and proliferation, chemical and physical compositions of scaffolds are
crucial. The selection of biomaterial and technique of construction to create a
scaffold, are significant factors that shape the use of scaffolds. Much investigation
has been done on adapting and generating new biomaterials. Biomaterials are

described as any materials that interface with biological systems [1].

T Functional
Resorba_ble 3D printing e Ce"- seeding feele
biomaterials process (In vitro culture)
Ceramics 3D printing Liver
Polymers Electrospinning e
Composites Melt Electro Kidney
Writing Vascular tissue
Lung

Figure 1.1 Diagram to describe the creation process for functional tissues from biomaterials. [1]

Through the last years, the concept of regeneration has become feasible and
has been recently introduced in medicine. Tissue engineering and regenerative
medicine are terms for the field in biomedicine that deal with the transformation of

these fundamental ideas to practical approaches.
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The use of biomaterials is a common treatment option in clinical practice. One
reason for the priority of tissue grafts over nonliving biomaterials is that they contain
cells and tissue-inducing substances, thereby possessing biological plasticity
Research is currently in progress to develop cell-containing hybrid materials and to
create replacements for bone tissue that are bioactive after implantation, imparting
physiological functions as well as structure to the tissue or organ damaged by

disease or trauma [2].

1.2 Thesis outline

In the present research document, it is recommended that the relationships
between fabrication methods and the materials should be defined by their specific
characteristics. In this understanding, the following objectives of this thesis are
investigated:

In Chapter 2, the main concepts of additive manufacturing for vascular grafts
and bone tissue engineering are discussed. Moreover, different strategies for the
design and optimization of scaffold are reviewed. Some of the advantages of each
manufacturing processes and the results nowadays.

In Chapter 3, the combination of additive manufacturing and electrospinning
techniques to create bifurcated vascular membranes. This work is focused on the
construction of bifurcated vascular grafts combining 3D printing techniques and
electrospinning creating polycaprolactone (PCL) electrospun fibers. This
combination offers the possibility to construct bifurcated structures using a
positioning system and the addition of an electrical field collector to get the mat of
fibers. The technologies of digital light processing (DLP) and electrospinning were
combined to create bifurcated constructs.

In Chapter 4, the printability of photocurable resin made with Isosorbide was
studied. In the case of continuous digital light processing (cDLP) printing technology,
detaching a cured photopolymer model from a basement is a challenging process.
Forces, which appear during removing of cured photopolymer layer formed in cDLP
printer, can destroy the built model. In this chapter, the relationship between the

material and process is evaluated in order to improve the reliability of printing
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process. The separation force produced during the printing process and green
strength of the cured polymer were measured, obtained results are statistically
analyzed, and a relation between separation force, exposure time and percentage
of photoattenuator are verified. The separation force and green strength were
studied in solid and porous structures and compared with polymers well reported.
In Chapter 5, key conclusions and limitations are provided, and prospects for

the application of this thesis research are presented.
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Chapter 2 . Background

2.1 Introduction

Additive manufacturing is an advanced fabrication method building three-
dimensional components (usually designed using computer-aided design (CAD)
models) by deposition of materials layer by layer. The benefit of this technology is
the chance to manufacture highly complex structures with narrowed geometries,
which cannot be generated by the subtractive process. This technology is usually
used for rapid prototype modelling. It simplifies the prompt and efficient evaluation
of a concept through rapid fabrication. The rapid prototyping process may be
repeated several times until the element meets a variety of demands, included and
user needs. As a consequence, numerous cutting edge research studies have
focused on the fabrication of end-use products based on AM technology [3].

Tissue engineering (TE) is continuously developing adapting inputs from
nearby areas of science and their technological advances, counting nanotechnology
progresses that have been producing the available options for the manipulation and
cellcontrol and cellular settings. Consecutively, TE has a rising and evident impact
in other fields, such as cancer and other diseases research, enabling tri-dimensional
(3D) tumor/tissue models of increased complexity that more closely resemble living
tissue dynamics, playing a decisive role in the development of new and improved
therapies. However, TE is still fighting with translational issues. On this concern, the
beginning of tailored and precision medicine has opened new outlooks, particularly

with the outstanding evolution supported by 3D bioprinting technologies [4].

2.2 Scaffolds and Tissue Engineering

2.2.1 Vascular grafts

Additive manufacturing (AM) techniques are widely used to fabricate tissue-

engineered scaffolds due to their unique capability in constructing controllable
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macro/microarchitectures. Nevertheless, it is a challenge to create flexible
assemblies with mechanical properties comparable to those of native soft tissues by
utilizing AM techniques and clinically available biodegradable polymers. To get the
mechanical constraints of aimed soft tissues, massive studies have been conducted
changing biopolymer constituents or the macro/microporosity of the scaffolds [5].

Vascular graft biomechanical reliability, both initially and over time if tissue is
to form, involves a durable structure with burst strength (i.e., biomechanical
properties) like those of native vessels. This structural integrity is usually achieved
by a robust, but non-resorbable, outer layer, most often formed from ePTFE (i.e.,
Gore-Tex®) and polyethylene terephthalate (PET, or Dacron®) and Polyurethane
(PU) [6,7]. Thus, these grafts do not have growth capacity [8,9]. Thus, the ideal
Tissue Engineering Vascular Grafts (TEVG) would be fully biodegradable, thereby
obviating the need for risky serial reoperation to upsize the graft due to somatic
overgrowth [10]. In addition to pediatric congenital anomalies, there is a need for
small-diameter vascular grafts for patients with vasospasm, limited length, poor
quality, and prior use [11,12].

Angiogenesis and vasculogenesis are critical processes that are used to
recapitulate most tissues and organs.41-44 The efficient oxygen transfer, delivery
of nutrients, and transport and clearance of metabolic waste beyond the
characteristic diffusional limit (typically 100—200 mm) 45 are vital for homeostasis
and functionality, and failed vascularization results in necrosis. Due to its ability for
positioning different types of cells in discrete 3D spaces and for designing controlled
multiple length-scale structures, 3D bioprinting is emerging as a powerful
biofabrication approach to generate functional, high-resolution, and hierarchical
vascular networks. However, engineering vessel networks to ensure normal cellular
metabolism and promote the host tissue integration48 is a complex process that
should enable remodeling while maintaining an open-vessel lumen, be permeable,
and allow extravasation of cells. However, vascularization per se can be associated
with pathological conditions such as pre-eclampsia, in which blood vessels are
abnormally developed and the placenta is characterized by poor trophoblastic

invasion [4].
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2.2.2 Bone regeneration

The destruction of bone tissue due to disease (osteonecrosis, tumors,
osteoporosis) or inefficient healing posttraumatic injury is a problem affecting the
world population. The repair of small defect may be mediated by the osteoblast and
osteoclast activity which ensures a balanced control of bone resorption and
formation, allowing the bone repair, renewal, and growth. However, when the defect
reaches a crucial size, it is necessary to appeal to the promising field of tissue
engineering in order to develop a new methodology of bone regeneration [13].

In general, the bone is regarded as a tough matrix that is mineralized that gives
it its strength. The matrix is about 30% of the bone and over 90% is based on
collagen fibers, the rest is a gel-like substance in the extracellular space that
comprises of all components of the extracellular matrix. The remaining 70% of the
bone is comprised of minerals and salts that provide strength. Minerals in bone are
mostly calcium phosphate in the form of hydroxyapatite. All these are created by
bone-forming cells, known as osteoblasts that produce mostly type 1 collagen.
Osteoblasts secretes these collagen fibers all around themselves and then they
deposit calcium phosphate. This new bone is called osteoid. Once the Osteoblast is
trapped, it is known as an Osteocyte. Osteoclasts are large cells that resorb the
bone, in a never ending remodeling that is balanced by osteoblasts, and that are
also play an important role in calcium homeostasis. The key regulator of osteoblast
and osteoclast activity is mechanical strain, such as when there’s increased load,
the bone will adapt and add new bone in response to it or remove in response to

unloading [14].

2.3 Scaffold Fabrication Methods

There are numerous approaches for scaffold fabrication. The manufacturing
process is the phase after biomaterials are converted into scaffolds. These
construction methods are physical and/or chemical procedures that are completed
on biomaterials to make them usable for tissue engineering. Not all biomaterials are
appropriate for a given manufacture method. Hence, biomaterials are continuously

adapted to allow their use in each fabrication method. Conventional manufacturing
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methods include electrospinning, phase separation, freeze drying, self-assembly,
solvent casting, textile technologies, material injections, and additive manufacturing
[15,16]. Each fabrication method has its own advantages and disadvantages. To
overcome certain disadvantages, these fabrication methods may be used in
combination with other methods.

In electrospinning, a polymer solution is ejected through a needle by the action
of high voltage. Due to the potential difference, the polymer solution is deposited like
fibers while the solvent evaporates, with a resultant polymeric scaffold. While a
numerous diversity of polymers can be used in this process, fabricating scaffolds
with complex geometries and structures is still a restraint [17].

In textile-based fabrication methods, fibers form polymers and composites are
knitted, woven, and braided to create scaffolds. This manufacturing technique has
many benefits, including the capability to create porous, pre-vascularized, and
permeable scaffolds. Some inconveniences for this scaffold production technique
are its incompetence to capture within the scaffolds and the critical manufacturing

process [1].

2.4 Challenges for tissue engineering

The challenges faced by tissue engineering can be seen in two categories, one
category being the research and development of novel biomaterials for different
tissues or one universal biomaterial for all tissues, and other category being
regulatory. Ideally, a universal biomaterial should be a blend of biomaterials that
support native tissue viability, chemical cues, and growth factors for angiogenesis
and channels for nerve innervation. These challenges can be addressed with
availability of new technologies, such as additive manufacturing, that enables
fabrication of complex tissues [1].

Vascularization is one of the most critical challenges about generating feasible
approaches to encourage angiogenesis, comprising the addition of angiogenic
growth factors (vascular endothelial growth factor—VEGF), the addition of platelets,

bone marrow clots, and utilizing bioreactors. Owing the capability of bioprinters to
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use manifold print-heads loaded with different cell types, presenting vasculature to
a 3D printed device was made possible [18].

Some scaffold constraints have been acknowledged. The first is geometrical in
nature. Bone scaffolds are mandatory to have optimally sized and interconnected
porous spaces to house the appropriate cells and allow the transportation of
nutrients and metabolic wastes to and from the cells. A suitable gradient of pore
architecture is additionally at early stages of exploration. While the outside contours
of the defect site are a good design criterion to follow, it is not clear if mimicking the
original pore structure of the bone is the right approach, since regenerative events
may not be optimal with the final architecture of the mature tissue. The second
requirement is related to properties of the material the scaffolds are derived. These
materials must be osteoconductive, biocompatible, and biodegradable that plays a
vital role in initial cell attachment and subsequent cellular penetration and
mineralization stages.

The third requirement is related to the mechanical properties of the scaffold to
match the load-carrying characteristic of the implant site. While some degree of
mechanical support is desirable, certain sites are not as demanding and healing has
been achieved in the past using particulate implants that lack a cohesive
macroscopic mechanical integrity (hence strength). Finally, scaffolds are expected
to bear bioactive molecules capable of modulating cellular activity within and at the
proximity of the implant site. While incorporating sensitive bioactive factors is an
additional hurdle for any large-scale manufacturing, the demand for accelerated and
complete healing is likely to necessitate such an approach [19].

The last group of challenge is transformation of this research to next level, i.e.,
releasing these progressions accessible to patients. This area is more interesting
due to the supervisory aspects that need to be unblocked. The Food and Drug
Administration (FDA) has guidelines and many other prerequisites that need to be
encountered before success the patient. Formerly, the 3D-printed tissues and

scaffolds are used for showing resolutions and evaluation in animal models.
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Chapter 3. Influence of Electrical Field
Collector Positioning and Motion Scheme on
Electrospun Bifurcated Vascular Graft

Membranes

3.1 Introduction

3.1.1 Justification

The generation of tubular membranes for vascular applications commonly uses
electrospinning as the basic manufacturing process for a resorbable or an inert inner
membrane. However, producing vascular graft devices with complex geometries is
challenging. The use of resorbable materials for a curving, bifurcated grafts is
potentially beneficial to pediatric patients with congenital heart defects and
pancreatitis patients undergoing resection of the pancreaticoduodenal junction.

Congenital cardiac anomalies are the most common birth defect, affecting
nearly 1% of all live births, with approximately 25% of patients with congenital heart
disease having critical defects. The most common critical congenital heart defects
are ventricular and atrial septal defects, which are two of a limited number of defects
which may be monitored in certain patients [10,20]. With or without monitoring,
congenital heart defects are the most common cause of newborn death. These
defects require surgical or transcatheter intervention before one year of age.
Technology and science have contributed to produce new solutions and improve
patient outcomes [21].

A significant percent of the morbidity and mortality of pediatric cardiac surgery
arises from the fact that the inert synthetic conduits and patches frequently used to
repair congenital defects are susceptible to thromboembolism, stenosis, ectopic
calcification, and infection [20]. Tissue engineering provides a potential solution to
this problem using a biodegradable vascular graft membrane which is implanted and
degrades over time, replaced with autologous vascular tissue that can repair,
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remodel, and even grow with the patient. The most important obstacle to performing
bypass grafts in infants and children is the small caliber of corresponding vessels
[8]. In the Fontan surgical procedure (see Figure 3.1) used for children with
univentricular hearts, is to oversize the graft thereby allowing a child to “grow into” it.
An ideal tissue-engineered vascular graft would be antithrombotic,
nonimmunogenic, and the internal surface rapidly endothelialized. Rapid
endothelialization is the best way to ensure thrombosis does not occur at the

graft/host junction or on the graft itself.

Bifurcated
cncon @ B @ vascular

Rudimentary .4
right wentricle

Figure 3.1 The Fontan procedure consists on reallocate the inferior vena cava and superior vena
cava to the pulmonary arteries avoiding going through right ventricle.

Vascular graft biomechanical integrity, both initially and over time if tissue is to
form, requires a durable structure with burst strength (i.e., biomechanical properties)
akin to those of native vessels. This structural integrity is usually accomplished by a
strong, but non-resorbable, outer layer, most often formed from ePTFE (i.e., Gore-
Tex®) and polyethylene terephthalate (PET, or Dacron®) and Polyurethane (PU)
[6,7]. Thus, these grafts do not have growth capacity [8,9]. Thus, the ideal Tissue
Engineering Vascular Grafts (TEVG) would be fully biodegradable, thereby obviating
the need for risky serial reoperation to upsize the graft due to somatic overgrowth
[10]. In addition to pediatric congenital anomalies, there is need for small-diameter
vascular grafts for patients with vasospasm, limited length, poor quality, and prior
use. The problems encountered in the design of vascular grafts are commonly
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encountered in pancreaticoduodenectomy (PD) procedures, the most common of
which is the Whipple procedure (see Figure 3.2). While previously associated with
morbidity and mortality rates that were considered prohibitive, the Whipple
procedure is currently associated with postoperative mortality as low as 1% in high-
volume medical centers. Several studies have reported the use of PD stents to
decrease postoperative pancreatic leak and fistula from the cut surface of the distal
pancreas [8].

The use of metal stents for drainage of pancreatic fluid collections is associated
with improved clinical success, fewer adverse events and reduced bleeding
compared to plastic stents. Plastic stents have substantially smaller lumens than
metal stents leaving them more susceptible to blockage or occlusion [22]. In many

cases, after healing the stent is removed.

Bifurcated
pancreatic

;
/

Pancreas

Jejunum

Pancreatic
duct

Duodendum /'//
Jejunum =p{ [
b

I Parts to remove \\h

Pancreatic duct

Figure 3.2 Pancreaticoduodenectomy (PD) or Whipple is a surgical procedure performed to remove
cancerous tumors from the pancreas. The technique consists of: A) The extirpation of antrum and
pylorus, the first and second portions of duodenum, the head of the pancreas, the common bile duct
and the gallbladder; B) The stomach is anastomosed to the small intestines and Pancreatic duct and
biliary duct to the jejunum; C) The bifurcated pancreatic stent is inserted halfway into the main
pancreatic duct and halfway into the jejunum.

Bifurcated, complex-shaped grafts based on resorbable materials, with tunable
resorption rate and appropriate mechanical properties, would be extremely useful in
surgical operations such as the Fontan procedure for heart and the Whipple
procedure for pancreas. This study focuses on the development of this kind of next

generation vascular grafts.
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3.1.2 Related work

Synthetic materials, such as poly(e-caprolactone) (PCL), have been
extensively employed in the research of vascular graft tissue engineering [6,21]
because of its excellent biocompatibility, bioactivity, non-toxicity and, in some
configurations, high elasticity and degradability. However, the long degradation of
pure PCL, usually more than 18 months in vivo, could act as a barrier to tissue
regeneration if the healing window is missed. PCL is resistant to degradation
because of its hydrophobic nature and the high level of crystallinity [10,21].
Additionally, if it fails mechanically before it resorbs, small, broken-up pieces can
become distributed throughout the site where regeneration is needed, further
preventing adequate tissue regeneration.

One of the ideal tissue engineered vascular graft perquisites is similar
mechanical properties to the native tissue at placement, before tissue regeneration
and remodeling has taken place. A mechanical mismatch is acknowledged as a key
determinant in the loss of long-term patency, resulting in aneurysm formation and
implant failure [6]. Different approaches and techniques have been explored to
produce a clinically viable vascular graft. These can be classified into different
categories: vascular graft membrane-based, self-assembly processes [7], 3D
printing, solvent casting, phase separation spinning, and electrospinning [23].
However, electrospinning is the most widely studied and applied to fabricate vascular
grafts.

The electrospinning process uses an electric field to direct a jet of polymer
solution from a syringe’s capillary tip toward a target for deposition [24,25]. Under
the influence of a strong electrostatic field, charges are induced in the solution and
the charged polymer is accelerated towards the grounded metal collector. At low
electrostatic field strength, the pendant drop emerging from the tip of the pipette is
prevented from dripping due to the surface tension of the solution. It is therefore
critical to control a syringe pump’s speed to release polymer in the speed window
between insufficient material to form a thread to dripping material that overtakes the
surface tension needed to engage the electrical field. As the intensity of the electric
field is increased, the induced charges on the liquid surface repel each other and
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create shear stresses [26]. In the electrospinning of vascular graft membranes, fiber
diameter, orientation, alignment (if any—mandrels increase the possibility of
alignment), and pore size incur a significant impact on the final functionality of the
vascular conduit [27]. According to the standard procedures for setting up a basic
electrospinning process [28], once the polymer is selected, the literature
recommends two principles to select the solvent: a) the polymer should be
completely soluble and b) the boiling point of the solvent should be moderate in order
to allow evaporation during the trajectory of the solution between the needle tip and
the collector. Some of the most common solvents used in combination with PCL are
hexafluoropropanol (HFP), chloroform, acetone and dimethylformamide (DMF) [29].
The most important point in vascular tissue engineering is simulating the native tri-
layered structure and recovering vascular function on placement and throughout the
regenerative process.

As previously noted, electrospinning methods have been primarily used to
generate the internal membrane. The diameter and orientation of fibers and the pore
geometry and permeability are essential to rapid cell attachment and
endothelialization. It is equally important to develop a mechanically long-lasting and
functionally sustainable tissue-engineered vascular graft for clinical application in the

outer layers [30]. Reports of earlier relevant studies (see Table 3.1 Summary of
morphology and mechanical properties for electrospun vascular grafts based on PCL and related

materials.) show workers carefully considering vascular graft morphology and
mechanical characteristics. Techniques like electrospinning allow the construction
of tubular vascular graft membranes through a rotating mandrel, acting as an internal
collector to attract the fibers. Efforts trying to emulate complex geometries such as
bifurcations date back to 1970’s where the graft, made out of Dacron fiber, was used
as an arterial bypass graft in 135 patients [31]. Later, a Y-graft tailored from a bovine
pericardium was formed from two tubes of pericardium [32]. These bovine grafts
were closer in size to the human aorta and common iliac arteries than other available
standard bifurcated grafts.

Most progress in tissue engineered vascular grafts has been concentrated on

tubular shapes (see Table 3.1 Summary of morphology and mechanical properties for

24



electrospun vascular grafts based on PCL and related materials.). More recently, tissue
engineering approaches have used different materials to create customizable
bifurcated grafts or the combination of different technologies, such as 3D printing,
electrospinning and custom-designed mandrels with the cardiovascular magnetic
resonance imaging (MRI) datasets from different patients [33], aiming to emulate the
original tissue, in terms of mechanical and morphological characteristics. Despite all
this progress, there is still need for a bifurcated vascular graft based on resorbable
materials and with appropriate mechanical properties. This study, on these types of

complex shapes and mechanical properties for high performance.

Table 3.1 Summary of morphology and mechanical properties for electrospun vascular grafts
based on PCL and related materials.

Morphology Mechanical properties Reference
I
Vas:;t;tlar Membrane Suture Burst
me?nbrane thickness retention ressure
[Fiber diameter] strength P
shape
1.18 £ 0.08mm
PCL Tubular [150 + 62 nm] N/A 2,925 + 600 mmHg [34]
PCL 0.72 £ 0.07 mm
(12 % PCL, 10 mL/h) [1.5£0.2 ym]
Tubular 20N N/A [35]
PCL 0.91 £ 0.05 mm
(10 % PCL, 3.5 mL/h) [1.0+£ 0.1 pm]
295 + 42 ym
PU [300-600 nm] 71+1.2N 985 + 75 mmHg
PCL-PU-LT Tubular 615+35um  36.2+20N 3,580 + 125 mmHg [36]
PCL-PU-HT 910 £ 25 ym 454 +26N 4,320 = 115 mmHg
PCL [<1um] 1,550 + 7.5 mmHg
Tubular N/A [37]
PCL/Heparin [3.5um] 1,560 £ 15 mmHg
0.4 um
PCL Tubular [300 - 500 nm] N/A N/A [38]
600 um
PLA/PCL Tubular [600 + 400 nm] N/A N/A [39]
PCL-collagen Tubular N/A 30+11N 4,915+ 155 mmHg [40]
[520 £ 14 nm] e ’ -
PLA /PLCL Tubular 0.33+£0.03 mm 20N 15,000-22,500 [41]
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[N/A] mmHg

3.1.3 Objective

In this study we propose to test bifurcated vascular graft membranes that we
fabricated via electrospinning. Through several iterations of design-prototyping-
testing we have refined a manufacturing system with custom-made positioning
mechanism and custom collector for this purpose (patent pending [42]). In this study
the objective is to explore the influence of collector placement and motion scheme
on graft membrane external shape, fiber diameter, and mechanical properties. The
collector is connected both inside and outside the mandrel on different
configurations. The motion schemes used include: a) rotation vs. b) the combination
of rotation & longitudinal movement. Bifurcated vascular grafts are characterized via

both morphology measurements and mechanical testing.

3.2 Materials and methods

3.2.1. Fabrication Process

3.2.1.1 Positioning the Mechanism

The proof-of-concept for the type of positioning mechanism used in this study
was reported by [12] (see Figure 3.3). It was based on two degrees of freedom (2-
DOF) with a rotational and longitudinal motion that tilted the mandrel in order to

create different relative angles between the mandrel and the electrospinning needle.
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Electrospinning solution‘;mi Flow rate:
(8.75% wiv) 12 mL/hr
Needle blunt tip G18 ?
(9, = 0.84mm)
& Electrospun

fibers

2-DOF mechanism Flexible
mechanism

Internal electrical
field collector

Figure 3.3 Two degrees of freedom (2-DOF) mechanism used for bifurcated vascular graft
membrane.

3.2.1.2. Mandrel and Electrical Field Collector

The mandrel design was created as a parametric model using SolidWorks 2018
(Dassault Systemes, Waltham, MA, USA), with a bifurcated tubular shape, as shown
in Figure 3.4 Dimensions of 3D printed bifurcating vascular graft mandrel. To facilitate the
deposition of fibers that fully coat the mandrel, an internal collector was designed
(see Figure 3.5). The aim was to transform the flexible mechanism where the
mandrel is mounted into a collector that fills its internal space entirely, and evenly,

with a layer of conductive material.

30mm

g,, =8.5mm
Doyt =8 mm

Figure 3.4 Dimensions of 3D printed bifurcating vascular graft mandrel.

Electrospun fibers

Mandrel

Internal electrical
field collector
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Figure 3.5 Vascular graft membrane cross-section during electrospinning process, showing location
of internal electrical field collector.

The mandrels were fabricated via continuous digital light processing (cDLP)
with a 3D printing projector system, which created solid objects by
photopolymerization of a liquid polymer resin [43]. A high-resolution EnvisionTec
Perfactory 3 Multilens machine cDLP was used to 3D print, with E-Shell 300 polymer
resin (EnvisionTEC, Dearborn, MI, USA), the mandrels used in this study.

Electrospinning was done under four different sets of process conditions (see
Table 3.2), including external vs. internal electrical field collector and two types of
motion schemes for the mandrel positioning relative to the source of fibers (needle).
The collector configuration and motion scheme are illustrated in Figure 3.6. A total

of 6 replications were used for each combination of process parameters.

3.2.1.3. Electrospinning Process

Polycaprolactone (PCL) pellets (Polysciences Inc, Warrington, PA, USA) with
a molecular number (Mn) of 80,000 g-mol~" were used. Acetone was selected as the
solvent and was a non-variable parameter. A PCL solution was prepared by
dissolving 8.75 wt % of PCL and acetone. The electrospinning was conducted at 18
kV (voltage source model ESP20P-5W, Gamma High Voltage Research Inc.,
Ormond Beach, FL, USA) with a flow rate of 12 mL-h™" using a syringe pump,
Harvard model PHD2000 (Harvard Apparatus, Holliston, MA, USA), and a distance
of 7-10 cm between the collector and the tip of the needle. The influence of this
factor was not evaluated in this study. This approach was used to form a mat of
fibers on the mandrel’s surface (see Figure 3.6 Schematic illustration of electrical field

collector configuration and mandrel motion scheme.).

Table 3.2 Characteristics used for the electrospinning experiments

Factors Experimental Group

Collector Motion Scheme Name
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External Rotational BLSP_SC R
Rotational and
External BLSP_SC_RL
Longitudinal
Internal Rotational BLSP_CC R
Rotational and
Internal BLSP_CC_RL
Longitudinal
= EBEI — .W
External ‘ ;; i i
collector ,@, | couemr_/ﬂ I I @ couecmr_/m l” l
configuration Rotational Rotational and longitudinal
(BLSP_SC_R) (BLSP_SC_RL)
Collector Collector
= e —
Internal I ]
collector ,@, I 9, I
configuration Rotational Rotational and longitudinal
(BLSP_CC_R) (BLSP_CC_RL)

Figure 3.6 Schematic illustration of electrical field collector configuration and mandrel motion

scheme.

3.2.2. Characterization of Vascular Graft Membrane Morphology

The following measurements were used to characterize the samples: a) fiber

diameter, b) corner profile fidelity (Fcp [%]) to determine how the electrospun fibers

adhered to the shape of mandrel, c) membrane thickness ({[um]) of the resultant

vascular graft membrane, and d) burst pressure reached by the bifurcated vascular

graft membrane. The vascular graft membrane was divided into regions to analyze
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how the electrospun fibers were distributed over the mandrel. The procedures are

detailed next.

3.2.2.1. Fiber Diameter and Alignment
A scanning electron microscope (SEM) EVOMA25 (Carl Zeiss, Oberkochen,

Germany) was used to characterize the vascular graft membrane morphology. The
coating procedure was conducted using gold. Images were acquired using
conventional SEM operating at an accelerated voltage of 5 kV with a working
distance of 9 mm. The images were analyzed using Imaged software (version 1.44p,
U.S. National Institutes of Health, Bethesda, MD, USA) to determine the diameter of
fibers and alignment. Fiber diameter measurements were conducted at 200 random
positions. Distribution and average diameter were computed and reported. The

alignment analysis was achieved using ImagedJ software.

3.2.2.2. Corner Profile Fidelity

In order to characterize how closely the vascular graft membrane followed
(adhered to) the surface of the mandrel, we defined the following indicator: corner
profile fidelity (Fcp). This indicator was defined as the percentage of projected area
without fibers, relative to the total area in a picture taken from a fixed angle on
regions R5 and RG6, as defined in Figure 3.7. Therefore, a higher Fcp indicated a
better vascular graft membrane that fits more closely to the surface of the mandrel
shape, and this translated to a bifurcated shape of better quality.

An optical microscope USB2-MICRO-250X (Plugable Technologies,
Redmond, WA, USA), with 0x—250x magnification range, was used to visualize the
corner profile’s fidelity to the mandrel surface, Fcp [%]. Images were then measured
in Imaged. The samples were photographed in the same position they were in when
extracted from the positioning mechanism (see Figure 3.8). Based on the
“‘measurement area” tool available on ImageJ, Fcp [%] was determined. The results
are expressed as the mean * standard error. The corner profile fidelity was

measured while the mandrel was still inside. The procedure was as follows: a) draw
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a square around region R5 with “rectangle” tool on Imaged to measure the resulting
area to establish the reference total area (As); b) delineate the area free of fibers,

inside the previously drawn rectangle, and register the measurement (Ai) with

“polygon selections” tool; and c) compute Fcp [%] on R5 as Fp[%] = (%) * 100. The

S

same process was repeated for region R6. The whole measurement protocol is

summarized in Figure 3.9.

Figure 3.7 Definition of measurement regions for corner profile fidelity

(each mark on the scale is 1 mm)

Figure 3.8. The position to observe the sample and analyze Fcp (%) related to the direction it was
electrospun to characterize how the electrospun material was deposited over the mandrel.

E} Draw a square over the Region 5 (R5)
‘ and measure the Area (A,) 5_

-
I Delineate the region free of fibers and
measure the irregular area (A;) G‘
Fer Calculate F.p[%] on R5
A
Fepl%) = (A—) * 100

5

Repeat on

— R6 |

Figure 3.9. Measuring process to calculate corner profile fidelity Fcp (%) on regions R5 and R6 of the

vascular graft membrane with ImageJ software.
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3.2.2.3. Thickness Measurement

After removal of the mandrel, membrane thickness (t) in each region was
measured with a digital micrometer (IP65 coolant proof, Mitutoyo, Aurora, IL, USA)
with a resolution of 1 pm (see Figure 3.10). For consistency of these
measurements, a fixture was constructed to hold the micrometer and great care was

taken to not break the vascular graft membranes.

e |=—f — ——
SR R2 3 b B R2 R3
140.54+43.2 133.83:+46.83 142.21+42.24 113.29+34.2 13558 +36.54 118.5+31.62
4 .
Ei —

R5 Y R6
92.13£24.12 B 0142423 .08

67.67+19.9 ] : 66.38+23.94

Internal Collector with Internal Collector with
Rotational Motion Rotational & Longitudinal Motion
(BLSP_CC_R) (BLSP_CC_RL)

Figure 3.10 Regions for membrane thickness measurement

3.2.3. Characterization of Mechanical Properties

3.2.3.1. Burst Pressure Test

Using the bifurcated electrospun vascular graft membranes and an angioplasty
balloon, pressurization to burst was achieved and the pressure at bursting was
measured (see Figure 3.11). The measurements were conducted on all electrospun
bifurcated vascular graft membranes (30 mm length). The burst set-up began with
an angioplasty balloon (Cordis, Co., Hialeah, FL, USA) being inserted into the
vascular graft membrane. The membrane had been hydrated for 6 h with phosphate
buffered saline (PBS) at ambient temperature prior to this test. An Encore™ 20
Inflator (Boston Scientific, Marlborough, MA, USA) was used to expand the balloon.
Pressure was registered by a digital pressure meter (Wide Range Pressure Meter
840065, Sper Scientific, Scottsdale, AZ, USA), together with a LabVEW.vi system.
The inflator, with the mounted vascular graft membrane, was filled with distilled water
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at room temperature, while the LabView routine recorded the pressure. The burst

pressure was defined as the highest pressure reached before failure.

PC

Pressure
sensor

Angioplasty
balloon

Transducer

Scaffold —I

Inflator

Figure 3.11 Burst pressure test system.

3.2.3.2. Suture Retention Strength

For this test, samples were cut out of the bifurcated membrane to generate a
flat rectangular shape. Therefore, the thickness of these samples corresponded to
the average thickness in regions R1, R2 and R3. Characterization, to determine the
force necessary to pull a suture from the vascular graft membrane, was carried out
using a universal testing machine Instron 3365 (Norwood, Massachusetts, USA),
according to the International ISO 7198:2016 for Cardiovascular implants and
extracorporeal systems -- Vascular prostheses -- Tubular vascular grafts and
vascular patches, with a 5 N load cell under physiological conditions [44] and a
temperature controlled bath in PBS at 37 °C (BioPuls Temperature Controlled Bath
3130-100), as shown in Figure 3.12. A Prolene 5-0 (Ethicon, Inc, Bridgewater, NJ,
USA) suture was pierced through the wall of the vascular graft membrane 2.0 mm
away from the edge and tied to form a loop. The thread was passed through the
vascular graft membrane by means of the needle provided. The non-sutured end of
the vascular graft membrane and the suture loop were each attached to separate
clamps in the universal testing machine and the suture was pulled at 5 mm per
minute. The suture point was centered with respect to the specimen width and its

distance from the clamp [45].
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Figure 3.12 Set up used for mechanical characterization.

3.2.4 Cytotoxicity Assay

To assess the in vitro cytotoxicity of the produced mats, the International ISO
10993-5 for Biological evaluation of medical devices was followed. Samples of PCL
mats were soaked in 70% ethanol for 30 min, followed by washing, twice, in sterile
PBS. Then, the samples were exposed to UV light for 15 min, 30 min prior to cell
seeding.

Human fibroblasts (Detroit 548 ATCC, CCL-116, American Type Culture
Collection, Rockville, MD, USA) were placed into sterile of 96-well plates with low
glucose Dulbecco’s Modified Eagle’s Medium (DMEM, GIBCO, Invitrogen, Grand
Island, NY, USA) supplemented with 10% FBS (Laboratorios Microlab, Mexico City,
Mexico) and 1% penicillin—streptomycin (Sigma, St. Louis, MO, USA). The cultures
were kept at 37 °C and 5% CO2 in an incubator (Sanyo, MCO-19AIC, (UV),
Moriguchi, Japan) for 24 h to allow attachment. The culture medium was replaced
every day and the cells were trypsinized upon reaching a confluence of 50%. Cell
proliferation was assessed using MTT assay.

This method was based on the conversion of MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) into formazan, which determined the
mitochondrial activity. Fibroblasts were seeded, in triplicate, in 96-well culture
microtiter plates at a density of 3 x 103. Next, 100 uL of medium without cells and
100 pL of 1% Triton X-100 in PBS were added to the wells and were used as
negative and positive controls, respectively. The microtiter plates were incubated for
96 h in an incubator with 5% CO2 at 37 °C. After incubation, 20 yL of MTT were
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added to the test wells and allowed to react for 6 h at 37 °C and 5% CO.. Afterwards,
the medium was discarded and replaced with 150 pyL of dimethyl sulfoxide. After
gently shaking for 10min, the optical density (OD) was determined by reading the
absorbance at 500 nm on a Biotek Synergy 2 microplate reader (Winooski, VT,
USA).

3.2.5. Statistical Analysis

GraphPad Prism Software Version 8.0 (San Diego, CA, USA) was used for
statistical analysis. Data were expressed as mean * standard deviation (SD).
Univariate statistical comparisons were made with a Student’s t-test. Multivariate
statistical analysis was carried out using ANOVA and Tukey’s tests. A p-value of p

< 0.05 was considered statistically significant.

3.3 Results

3.3.1. Fabrication Process

Four groups of mandrels were electrospun under different conditions, as
indicated in Table 3.2. Figure 3.13a,b shows that bifurcated vascular graft
membranes were not viable when the electrical field collector was outside the
mandrel. When the collector was placed inside the mandrel, it attracted a significant

amount of fibers, as shown in Figure 3.13c,d.

3.3.2. Characterization of Vascular Graft Membrane Morphology

3.3.2.1. Fiber Diameter and Alignment

After imaging and analysis, the mean observed fiber diameter for single axis
rotation-only average fiber diameter was 290.2 + 104.6 nm and 60° alignment fiber
around 3000 measured fibers, while a motion scheme that involved rotational and
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longitudinal motion resulted in an average fiber diameter of 276.8 + 78.5 nm and

around —90°. Almost 6000 fibers were measured, as shown in Figure 3.14.

Motion scheme

Collector configuration

External

a. Rotational
(BLSP_SC_R)

Internal

c. Rotational
(BLSP_CC_R)

TR

b. Rotational and

T ]
IR RERREE

longitudinal
(BLSP_SC_RL)

d. Rotational and
longitudinal
(BLSP_CC_RL)

Figure 3.13 Overview of bifurcated vascular grafts obtained under different sets of process

parameters.
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Figure 3.14 Electrospun fibers of the outer layer from bifurcated vascular graft membranes (SEM

imaging).
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3.3.2.2. Corner Profile Fidelity (Fcp)

The goal was to obtain the highest Fcp to show that the electrospun membrane
properly fit the given shape of the mandrel. There was no significant difference
between region R5 and R6 (see Figure 3.15). However, it was clear that the
combination of rotational and longitudinal motion on the mandrel produced a better

fit of the membrane.

100

§| 90- l *kk* —l I— *k % ‘
il

. 70—
2
S 60 B BLSP CC R
:‘: 50 - Internal collector configuration
£ 404 - Rotational scheme
o
E. 30_
S mm BLSP_CC RL
c 20+
° - Internal collector configuration
O 104 - Rotational & longitudinal scheme

0= *** when p<0.001

RS R6 **** \when p<0.0001

Figure 3.15. Average corner profile fidelity at regions R5 and R6. (A two-way ANOVA showed that

the motion scheme with rotational and longitudinal approach increased the corner profile fidelity).

3.3.2.3. Membrane Thickness Distribution

The vascular graft membrane thickness of 6 different regions was measured.
Table 3.3 and Figure 3.16 show the membrane thickness per region. Figure 3.17
shows the average membrane thickness considering all regions.

The motion scheme for mandrel positioning influenced the average membrane
thickness, where the rotational and longitudinal approach produced a thinner
membrane. The motion scheme also clearly generated a different membrane
thickness distribution among the different regions. Under rotational motion, R4
tended to have the thickest membrane (although not statistically significant when
compared to R1 and R2). Under both motion schemes there was a statistically
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significant difference between R5 and R6 compared to at least one of the other
regions. The fact that RS and R6 had thinner membranes was thought to be due to
their location at the corner of the mandrel, where deposition of electrospun fibers

tended to be more difficult.

Table 3.3 Average membrane thickness at different regions.

Average Thickness per Region [tr] (um)
Experimental Group

tr1 tr2 tr3 tra trs tre
Internal Collector with Rotational 140.54 133.83 142.21 + 169.21 92.13 91.42
Motion (BLSP_CC_R) +43.2 46.83 42.24 +41.78 +24.12 +23.08
Internal Collector with
113.29 135.58 118.5 106.46 67.67 66.38

Rotational and Longitudinal
Motion (BLSP_CC_RL)

+34.2 * 36.54 * 31.62 * 33.64 +19.9 + 23.94
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Figure 3.16 Membrane thickness distribution along the vascular graft membrane surface.
(A two-way ANOVA was performed to determine any statistically significant differences between

experiments.).
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Figure 3.17 Average membrane thickness of the whole vascular graft considering all
regions. (A Student’s t-test was performed to determine any statistically significant differences

between experiments. All tests were carried out at a 95% confidence interval).

3.3.3. Characterization of Mechanical Properties

3.3.3.1. Burst Pressure Strength

Figure 3.18 shows the observed results of the burst pressure test for both
groups. Both met or exceeded the goal (4000 mmHg) according to [46]. These
results suggested that burst pressure was not related to any difference in thickness
of the two vascular graft membranes. In addition, the motion approach based on
rotational and longitudinal motion produced a statistically significant increase in bust

pressure strength, with an average of 5126 mmHg.
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Figure 3.18 Burst pressure strength.
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3.3.3.2. Suture Retention Strength (SRS)

Figure 3.19 shows that the motion scheme did not influence the suture
retention strength. There was no statistical difference between these conditions
(rotational vs. rotational and longitudinal motion). The vascular graft membrane with
the highest SRS was on the experiment BSLP_CC_R at 1.44 N, which meant 75%
of the minimum clinical requirement [41,45,47]. More importantly, neither graft
obtained the target strength. In addition, Figure 3.20 shows that while member
thickness changed with motion scheme, thicker membranes did not produce an

increase in suture retention strength.

3.3.4. Cytotoxicity Assay

Our data revealed that all bifurcated scaffolds showed viability higher than
86%, which confirmed that PCL bifurcated scaffolds presented cytocompatibility (cell
viability higher than 50%).

3.3.5. Summary of Results

Table 3.4 shows a summary of the experimental results. The motion scheme,
by comparing only the rotation of the mandrel relative to the fiber source vs. rotation
and tilting produced by the longitudinal movement, produced different effects on the
response variables of interest. The application of rotational and longitudinal motion
by the positioning mechanism produced statistically significant effects on the corner

profile fidelity, burst pressure strength, and suture retention strength.
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Figure 3.19 Suture retention strength. (A Student’s t-test was performed to determine any statistically
significant differences between experiments. All tests were carried out at a 95% confidence interval

and the results did not show statistically significant differences.)

41



N
3]
1

N
(=)
l

-
[3,]
1

-
o
1

o
o
]

o
=)

Suture Retention Strength, F [N]

i

I I I I
S S,

RCIROIFOIROSRORRA SRR o

Thickness, t [am]

(BLSP_CC_R)
- Internal collector configuration
- Rotational scheme

m (BLSP_CC_RL)

- Internal collector configuration
- Rotational & longitudinal scheme

Figure 3.20 Membrane thickness vs. graft suture retention strength.

Table 3.4 Summary of morphology and mechanical properties.

Corner Profile Fidelity Fib Burst Suture
iber
. Fcp [%] +++ . Pressure Retention
Motion Scheme Diameter
Strength Strength
d [nm]
RS R6 P[mmHg] +++  Fsr[N]
Internal Collector with
) ] 3322+ 4388.3 £
Rotational Motion 31.6+0.05 276.8+785 1.04 £0.3
0.03 1,027.2
(BLSP_CC_R)
Internal Collector with
) 24.23 + 25.89 290.2 £
Rot. and Long. Motion 5126.6 + 1074.6 0.83+0.1
0.03 0.05 104.6

(BLSP_CC_RL)

NOTE: +++ indicates response variables with statistically significant difference due to motion

scheme.

3.4 Discussion

The work presented here demonstrates that bifurcated vascular grafts can be

constructed via electrospinning by combining an internal electrical field collector

design and a 2-DOF positioning mechanism, for the mandrel. The addition of a

second longitudinal axis for tilting of the mandrel improved the corner profile fidelity

of the vascular graft membrane. However, it was not closely adherent in either case,
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suggesting that a more direct, perhaps robotically-assisted, approach to controlling
needle tip orientation and mandrel surface was needed to ensure closer apposition.
Alternatively, ejection pressure, mandrel speed, and/or needle tip distance to the

mandrel may also improve apposition.

3.4.1. Characterization of Vascular Graft Membrane Morphology

Vascular graft membrane morphology was evaluated through fiber diameter,
corner profile fidelity (Fcp), and membrane thickness. The average fiber diameter
obtained in these experiments was 276.8 and 290.2 nm. These diameters were
thinner but comparable to the low end of those previously reported, as shown in
Table 3.1, where membrane thickness ranged between 0.4 and 900 ym. According
to the literature, the diameter range of the self-expandable metal stents (SEMS) used
as pancreatic stents is about 8—10 mm [48]. The bifurcated graft that we produced
was within this range (internal diameter of 8 mm). The alignment obtained can be
attributed to the motion scheme reported in the literature [49]. When high-speed
profiles and rotational collectors were used, fiber orientation between —90° and +90°
was expected. Based on the corner profile fidelity (Fcp) indicator there was a clear
benefit to having a combination of rotational and longitudinal motion. In the case of
region R6, this benefit was not statistically significance. The need for better
apposition of the vascular graft membrane to the mandrel, especially in regions R5
and R6, suggested that the relationship of speed, fiber alignment, and mechanical
properties could be further explored, as suggested by [34]. The study of membrane
thickness showed that the rotational and longitudinal motion tended to lower this
value (although no statistical significance was observed with the current data).

Previous studies demonstrated that PCL was a promising candidate for
vascular grafts due to its bioactivity and nontoxicity [40,49]. In this study, the
cytotoxicity assessment using MTT assay showed that the produced mats based on
3D printed mandrels provided a suitable surface to maintain adhesion of the seeded
cells. The assay did not reveal whether fibroblasts penetrated the porous mats (see
Figure 3.14). However it was assumed that the cells could infiltrate this type of fiber.

The scope of the reported study was to obtain the necessary bifurcated morphology
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and mechanical properties for the proposed applications. Therefore, further studies
are required to validate the proliferation of the seeded cells into the bifurcated grafts.

This study focused on T-shaped bifurcated vascular grafts. Using the same
approach as that based on the 2-DOF positioning system and internal electrical field
collector design, it was possible to generate Y-shaped bifurcated vascular grafts, as
shown in Figure 3.21. This kind of Y-graft was similar to those reported in related
studies [33]. An improvement could be to construct a mandrel based on patient
image studies and, therefore, generate patient-specific bifurcated vascular grafts
with varying cross-sections and complex overall geometries. In this process Fcp was
a relevant quantitative measurement of the quality of the constructed bifurcation
structure. The objective continues to be to obtain an Fcp closer to 100%, to achieve

patient-specific bifurcated shapes.

Figure 3.21 Vascular Y-graft produced by electrospinning, with a the 2-DOF positioning system and

an internal electrical field collector approach.

3.4.2. Characterization of Mechanical Properties

The burst pressure strength (BPS) tests showed that the proposed approach
yielded acceptable results. For the rotational and longitudinal motion approach, an
average BPS of 5126.6 £ 1074.57 mmHg was obtained for the bifurcated vascular
grafts. This may have correlated with other measured characteristics such as fiber
diameter. However, that variable was not studied. These levels of strength were
comparable to those reported for straight tubular electrospun vascular graft
membranes that did not change diameter (see Table 3.1). These values ranged
between 985 and 4915 mmHg (except for the case of Kim et al. where an extremely
thick membrane of 0.33 mm was tested [31]). Previously reported results for SRS
suggest that this parameter was determined mostly by membrane thickness [50].

However, in the range of test conditions covered in this study, we did not find such
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a correlation. The SRS values for the bifurcated vascular graft membranes observed
in the two groups in this study (1.04 N and 0.83 N) were not satisfactory according
to the established target value (2 N based on [41,45,47]) and those shown in Table
3.1. Further process parameter optimization for apposition to the mandrel, increasing
membrane thickness, or a change in materials could improve SRS, for potential
vascular applications. In the case of the Whipple procedure, SRS was not as critical
when compared to vascular applications. In that context, we expect that degradation

kinetics under the influence of bile will be a challenge.

3.4.3. Relationship between Process Parameters and Vascular Functional

Specifications.

In the context of Y-grafts, we identified the following major functional
specifications: a) corner profile fidelity, b) burst pressure strength, and c) suture
retention strength. These functional specifications correlated to the basic properties
of the electrospun fibers and their corresponding membranes, which were from the
complete array of process parameters. Figure 3.22 shows a schematic relationship
between the process parameters, basic properties (fibers and membranes) and graft
functional specifications. This study reported the significant influence of the internal
electrical field collector design and the motion scheme. As we continue to refine this
complex fabrication method, a more detailed study of process parameters will be
needed (for example: solution viscosity, mandrel design, positioning angles and
speed). We also expect to explore variants of this process, such as melt

electrospinning and melt electrowriting.

3.5 Conclusions and future work

This study aimed to characterize the basic impact of spinning one versus two
long axes of vascular graft membrane thickness and the resulting properties of the
electrospun vascular graft membranes (see Table 3.4). These vascular graft
membranes were generated by electrospinning PCL solution onto mandrels with
bifurcated shapes prepared by 3D printing with E-Shell® 200 (EnvisionTEC,

Dearborn, MI) photocurable resin. The values obtained for bifurcated vascular graft

45



membrane thickness and fiber diameter with rotational scheme motion
(BLSP_CC_R), 171.22 £ 26.09um and 276.8 + 78.5nm respectively, and rotational
and longitudinal scheme motion (BLSP_CC_RL), 119.58 + 24.74 ym and 290.2 +
104.6nm respectively, were comparable to similar studies with tubular vascular graft
membranes (see Table 3.1). In terms of mechanical properties, the burst pressure
strength obtained with rotational scheme motion and rotational and longitudinal
scheme motion, 4,388.3 + 1,027.2 mmHg and 5,126.6 + 1,074.6 mmHg respectively,
were also comparable to tubular vascular graft membranes. The only limitation we
have found so far was in terms of suture retention strength, in which the target was
set to 2 N and approximately 50% of the expected yield was obtained. Further
investigation is required to improve the mechanical performance of bifurcated
vascular graft membranes based on refinement of the positioning mechanism
kinematics and optimization of process parameters. The first refinement in
positioning will be to better ensure orthogonality of the mandrel surface and polymer-
exuding needle, followed by control of the rate of spinning. Once membrane
apposition to the mandrel is improved, we will be able to study the effect of

membrane biomaterials.

In this study we identified the potential applications of bifurcated constructs
such as vascular grafts for use in the Fontan procedure (see Figure 3.1), or
pancreatic stents to be used in pancreaticoduodenectomy (PD) procedures (see
Figure 3.2). The scope of this work was limited to successfully obtaining the basic
requirements: appropriate morphology and suitable mechanical properties. In the
next phase, we expect to continue the development of these devices with additional

in vivo and in vitro testing.
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Figure 3.22 Schematic description of the construction process of bifurcated vascular grafts proposed
in this work. (1) Process parameters and properties involved on the construction process’ (Il) influence
of some process parameters on the basic properties of the graft; Ill) classification of the most

influencing parameters and properties into the graft functional specifications.
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Chapter 4 . Continuous Digital Light
Processing of unsaturated polyesters from

Isosorbide for Bone Tissue Engineering

4.1 Introduction

In recent years, additive manufacturing techniques have become fundamental
methods in the use of new biomaterials. Stereolithography enables the printing of
scaffolds for cellular support of highly complex architectures if the materials have
photocrosslinking potential. Nonetheless, there is a small group of resins (see Table
41) that can be printed, since they must meet such characteristics as
biocompatibility, biodegradability, and in some printing techniques,
photocrosslinking potential.

Scaffold characteristics that can be modified, improved, or changed to make a
scaffold suitable for bone tissue engineering applications can be grouped into four
main categories: biological requirements, structural features, biomaterial
composition, and types of fabrication process [51]. Scaffolds that are currently used
for bone tissue engineering applications are polymers, bioactive ceramics (glasses)
and hybrids (composites).

Bone is a key component of the musculoskeletal system, providing structure
for ambulatory and environmental manipulating functions, storing nutrients,
protecting vital organs, and playing a key role in hematopoietic and immunological
functions. Although bone possesses an extraordinary regenerative capacity, it can
fail to heal under unstable and large deficit conditions [52].

The most reported printable photopolymers for tissue scaffolds, poly(propylene
fumarate) (PPF), show excellent biocompatibility and demonstrates promise for its
use in scaffolds for hard tissue replacement. Besides, other polymers reported
include poly(e-caprolactone), poly(ethylene glycol) diacrylate, trimethylene
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carbonate, and poly (D,L-lactide). These polymers are limited about the range of
mechanical and chemical properties making them appropriate to construct scaffolds
for certain types of tissue replacement [53]. The most common additive
manufacturing technologies developed within the last years are Stereolithography
(SL), Fused Deposition Modeling (FDM), Selective Laser Sintering (SLS), Digital
Light Processing (DLP), and Bioprinting [51].

Digital Light Processing (DLP) utilizes visible blue light. It was based on
lithography-based additive manufacturing technologies, for building ceramic or glass
parts. In the DLP method, dynamic masks are employed to cure a whole layer at a
time. Therefore, this method suggests a higher building speed. Additional
improvements of DLP consist of a high lateral resolution of 40 Im (*50 Im of
conventional SLA), an effective method for filling a large volume of ceramic particles
(*40-60 % solid loading), and no need for expensive specific apparatus such as a

laser or a heating chamber [54].

Table 4.1 Polymer scaffolds fabricated using 3D printing for use in bone tissue regeneration.

Material 3D Printing Process DYE package Ref.
Poly(tri(ethylene Microstereolitography Avobenzone (Light attenuator) [53]
glycol)adipate) (MPuSL)
dimethacrylate (PTEGA-
DMA)
Poly (propylene fumarate) Continuous Digital TiO2 and bis (2,4,6-trimethylbenzoyl) [55]
(PPF) Light processing phenylphosphine oxide
(cDLP)
Poly (propylene fumarate) Continuous Digital Titanium dioxide (TiO2) as a dye, [56]
(PPF) Light processing Irgacure® 819 as photoinitiator
(cDLP) Diethyl fumarate as a solvent
Vinylester, vinylcarbonate DLP IrgacureVR 819 as photoinitiator [57]
CGL 097 as UV-absorber
Nanocrystalline HA, PLGA Stereolithography Bis(2,4,6-trimethylbenzoyl)- [58]

phenylphosphineoxide (BAPO) as

photoinitiator
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Water-based polyurethane DLP 2,4,6-trimethylbenzoyl-diphenyl- [59]
based photosensitive phosphineoxide (TPO) as photoinitiator
materials with hyaluronic
acid (HA) 2-Hydroxylethyl methacrylate (HEMA) as
a solvent
Hydroxyapatite (HA) and Projection-based NA [60]
Tricalcium phosphate (TCP) microstereolithography
powder with a photocurable (PMSTL)
resin (FA1260T; SKCytec)
trimethylene Microstereolithography NA [61]
carbonate/trimethylolpropane
(TMC/TMP)
Poly (propylene fumarate) Microstereolithography Dimethoxy phenyl acetophenone [62]
(PPF) (DMPA) as photoinitiator
Poly(ethylene glycol) Two-photon 1,4-bis(4-(N,N-bis(6- [63]
diacrylate (PEGda) polymerization (N,N,Ntrimethylammonium)hexyl)amino)-
microfabrication styryl)-2,5- dimethoxybenzene
(TPPM) tetraiodide as photoinitiator

In the research reported here, a new biomaterial is being studied to analyze its

capability to be used in cDLP technology. The differences between PPF were

studied from the perspective of morphology and mechanical properties, due to PPF

is one of the most characterized biopolymers for bone scaffolding.

The previous work shown in Table 4.1 includes a wide range of resin

formulations and manufacturing parameters. Given these variations, comparison of

mechanical properties and other features is difficult among different studies. In order

to validate the proposed approach, using Isosorbide and cDLP, gyroids with PPF

resin printed using cDLP technology were used as reference in the study reported

here.
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4.2 Materials and methods

4.2.1 Photocurable resin formulation

4.2.1.1 Isosorbide resin formulation

A set of four resins of varying concentrations (See Table 4.2) of Isosorbide
polymer were stirred by two hours in a sealed container without temperature, mixed
with 1-vinylimidazole (VIM, Sigma-Aldrich, MO) as co-crosslinker, Irgacure 819
(BAPO, BASF, NJ) as photoinitiator, Oxybenzophenone (HMB, Sigma, St. Louis,
MO) as light attenuator and dissolved in Ethyl Acetate (EA, Fischer Chemical,
Pittsburgh, PA).

Table 4.2 Resin formulation percentages

(%) (%) (%) (%)
Polymer | Isosorbide 54.9 52.5 54.9 53
Co-crosslinker | VIM 32 32 33.5 33.5
Photoinitiator | BAPO 4 5 4 5
Light attenuator | HMB 2.1 3.5 0.7 1.6
Solvent | EA 7 7 6.9 6.9
ISO 1 ISO 2 ISO 3 ISO 4

4.2.1.2 PPF resin formulation

PPF resin of molecular weight 1300Da was diluted with Diethyl fumarate (DEF,
Sigma-Aldrich, St. Louis, MO) in a 1:1 ratio in order to reduce the viscosity for 3D
cDLP process. Photoinitiators Phenyl bis(2,4,6-trimethylbenzoyl)-phosphine oxide
(BAPO, Sigma-Aldrich, St. Louis, MO) and bis[2,6-difluoro-3-(1-hydropyrrol-1-
yhphenyl]titanocene (Irgacure 784, BASF, Ludwigshafen, Germany) were added in
concentration of 3 and 0.4% by mass, respectively. Finally, 0.7% of 2-Hydroxy-4-
methoxybenzophenone (HMB, SigmaAldrich) was added to mitigate light scattering

within layers.
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4.2.2 Experimental setup for characterization

The set of characterization tests (see Figure 4.1), (i.e., curing depth tests,
green strength, and 3D Gyroids printability tests) were performed according to the
work of Hernan Lara-Padilla published in his thesis, employing a Micro® Printer
(EnvisionTEC, Inc., Dearborn, MI). This device utilizes 405nm light and a 450
mW/cm2 intensity measured with RM 12 radiometer with a VIS-B sensor (Dr. Grobel,
Ettlingen, GER).

Load sensor

Fixture

Printing platform «

L, Separation force

Vat/Basement specimen

Resin container

Figure 4.1 Setup employed to accomplish the separation force and green strength using EnvisionTec
3D printer.

4.2.3 Mechanical characterization

4.2.3.1 Cure depth test

Due to the polymerization takes place once the energy to which the resin is
exposed reaches higher values than the photo-initiator’s critical energy, the
measurement of the cure depth is done after the energy is delivered on the resin
surface and penetrates the resin during a determined exposure time. Cure tests were
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accomplished with PPF resin and Isosorbide resin, curing squares of 1cm? area at
30, 60, 90, 120 seconds [14,64].

4.2.3.2 Green strength test

The green strength test consists of the measurement of the better area to print
without failure. According to the method described in [14], the objective is to
construct a specimen with increasing diameters and record the force at which the
specimen breaks. The tests were accomplished using the setup shown in Figure 4.1

constructing the specimen shown in Figure 4.2.
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g ayers @5mm 3 layers E.T: 60s

Z1mm — 20 layers

o 1.5mm'_! 3

| B @ 2mm |
[ @ 2.5mm |
Each layer 50pm — [ @ 3mm N |
-E.T.: 30s | il @ 3.5mm |
60s | @ 4mm |
90s @ 4.5mm [
A @ 5mm i | — 3 layers

I
| i
| @ 5.5mm |
E

2 6mm |
i @ 6.5mm |
| @ 7mm |
F & 7.5mm I
E @ 8mm T ET Time}

Figure 4.2 Green strength test specimen used to measure the separation force and the interlayer

strength during the printing process.

4.2.3.3 3D printability test

Since scaffolds usually show a complex structure, triply periodic minimal
surfaces (TPMS) represent special interest of specialists focused on the design and
fabrication for bone tissue engineering applications due to the high area-volume
ratio, high porosity, modulated structure, among others. Properties that improve

mechanical properties, permeability, cell adhesion, degradation and resorption.
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The gyroid geometry consists on 10mm by diameter with 5mm by thickness.
The gyroid structure exhibits porosity and pore size and an average strut size of

44%, 800 ym and 1800 um, respectively.

4.3 Results

4.3.1 Cure depth tests

According to the experience reported with PPF [14,56,64] a window stablished
between 150um to 250um was set to determine the successful printing of the tested
resin. Although, the data acquired from this experiment does not directly correspond
with ideal 3D printing conditions, the resulting data provides important insight into
potential setting of manufacturing parameters and resin chemistry that will result in
successful 3D printing. A cure depth versus %HMB at four exposure times was
obtained, as shown in Figure 4.3. As noted, Cq is modified with the %HMB and for
these formulations, as the percentage of HMB increases, Cq4 decreases. The higher
exposure time with ISO 1 and ISO 2, the cure depth is higher but not enough
because Cq reaches the higher thickness at 90sec and 120sec and cannot be higher
than that. Otherwise, ISO 3 and ISO 4, reaches the “ideal” cure depth at 15sec and
30sec and then increases.
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Figure 4.3 Cure depth at different exposure times. (Average of 4 samples)
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4.3.2 Green strength tests

This experiment considers the green strength to the relation between the
breaking load and the minimal cross-sectional area. The breaking load (see Figure
4.4) is the load applied at some point to a component of structure which leads to
fracture. Figure 4.5 provides preliminary evidence that the green strength of the

cured resin is affected by the %HMB and exposure time.
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Figure 4.4 Breaking load data collected during the cDLP printing of the tested resin formulations
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Figure 4.5 Maximum load and stress of a solid cured part of isosorbide resin. (a) Breaking load, and
(b) inter-layer green strength. (n=3) (** P < 0.01, * P < 0.05)

4.3.3 3D printability test

The Gyroid architecture will directly impact its physical properties. In the field
of bone tissue engineering, it is well known that pore size and shape influence tissue
regeneration while strut size dramatically affects mechanical strength and resorption
kinetics. For porous structures, the influence of print geometry on separation force
becomes more complicated, as the uncured resin must be removed from the pores
after printing and constrained surface deformations are more complicated than when
printing solid structures.

Figure 4.6 shows the distribution of the separation force during the
construction of the inverse tubular and 0°-gyroid scaffolds. It is challenging to print
structures with a considerable variation between the printed layers. The distribution
of the maximum stress produced by the local separation force on the minimum cross-

sectional area of the porous scaffolds is shown in Figure 4.5.
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Figure 4.6 0°-gyroid porous scaffold printed with Isosorbide resin ISO 4 at different exposure times
(30,60,90 sec). Porosity 44%, pore size 800 uym, and average strut size 1800 ym. Printed scaffolds

are shown with their measured force during the printing process and the distribution of separation
force

57



4.4 Discussion

This work is focused on the approach of reliability in the manufacturing of
Isosorbide parts with cDLP, providing an initial point to get complicated or porous
geometries are intended to be built. In terms of feasibility, this study was focused on
the study of three variables: depth cure thickness, separation force and interlayer
green strength related to the manufacturing process and material properties.

Previously, the influence of %HMB was identified as factor that affect the 3D
printing of a complete structure [64]. First, resin formulation affects the cure depth
Figure 4.7, as well as separation force and the interlayer green strength. Thus,
working on the chemistry of the formulation and/or components is considered
essential in order to reduce the inconsistency of the printing process.

Figure 4.8 shows the variability pf the process. The model of maximum porous
stress vs interlayer green strength distribution during the 3D printing of an inverted
tubular scaffold (porosity 68%, pore size 700 um, and maximum strut size 1400 um)
using PPF of 442 cP, 1600 Da with 45 s of exposure time.

400-
350 v v
i A
E 300 v - -
Q 250----omoeee e o s e 30s
° . ¢ 60
- | | S
= 200
§' 90s
o 150 @ T v 120s
=}
O 1001
50
0 1 1 1
PPF 2020 ISO 3 I1SO 4

Figure 4.7 Cure depth of Isosorb@&ReSH ¢iMGI488Rk versus PPF resin formulation.
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Figure 4.8 Comparative of the Isosorbide resin formulations and PPF resin formulation already
characterized. The picture shows the comparison among the resultant green strength of different
Isosorbide formulations and PPF resin formulation that have been characterized before, showing a)
the resultant green strength of ISO 4 and the gyroid structure that can be printed with this formulation,
b) the resultant green strength of PPF resin and the gyroid structure that can be printed with this
formulation. The same comparative among resultant separation force ISO 3 exhibits versus PPF resin

formulation at the same exposure time.
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4.5 Conclusions and future work

This chapter showed a method to characterize mechanical properties, cure
depth thickness, separation force and inter-layer green strength of photo-curable
resins made with Isosorbide. This work was focused on the feasibility of the additive
manufacturing process with these formulations, based on experiments to study the
influence of the % of photoattenuator on resin formulations, exposure time and
geometry of the 3D printed structures. An in-line monitoring system to measure the
separation force during printing was employed. Different formulations were tested to
accomplish the protocol characterization analyzing the feasibility of the process.

Preliminary results show that the increase % of photoattenuator will lead to
larger separation forces. Then a moderate increase of the exposure time, an
Isosorbide resin formulation and a suitable printable design of the porous/solid part
will be useful to improve the printability of the cDLP. Some future work includes
developing a design for experiments of Isosorbide testing separation force and inter-
layer green strength using resin formulations with different average molecular weight

and different % of double bonds.
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Chapter 5 . Conclusions and future work

The present work focuses on the study of additive manufacturing processes for
the development of scaffolds for grafting. This thesis shows the potential of additive
manufacturing approaches.

In Chapter 3, a hybrid process combining FDM and electrospinning, bifurcated
vascular grafts were fabricated. This study reported the significant influence of the
internal electrical field collector design and the motion scheme. PCL was used to
cover a 3D printed mandrel to produce a mat of microfibers using ESP. The influence
of process parameters was evaluated. The cooling temperature was the primary
factor that influences in the bonding of the different layers of the bimodal scaffold.
The main contribution of this study focuses on the fabrication and characterization
of bifurcated scaffolds to study how the morphology and microarchitecture affect final
mechanical properties

The results of the cytotoxicity test demonstrate that electrospun scaffolds are
suitable for future studies in BTE. The work presented here demonstrates that
bifurcated vascular grafts can be constructed via electrospinning by combining an
internal electrical field collector design and a 2-DOF positioning mechanism, for the
mandrel. Several experiments showed the impact of the process parameters and
material properties of the material studied.

The first refinement in positioning will be to better ensure orthogonality of the
mandrel surface and polymer-exuding needle, followed by control of the rate of
spinning. Once membrane apposition to the mandrel is improved, we will be able to
study the effect of membrane biomaterials.

In the context of Y-grafts, we identified the following major functional
specifications: a) corner profile fidelity, b) burst pressure strength, and c) suture
retention strength. These functional specifications correlated to the basic properties
of the electrospun fibers and their corresponding membranes, which were from the
complete array of process parameters. The scope of this work was limited to
successfully obtaining the basic requirements: appropriate morphology and suitable

mechanical properties.
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The work presented in Chapter 4, showed the application of a strategy to
evaluate the printability of scaffolds made with Isosorbide using cDLP. The
combination of different parameters and capability to manufacture at several scales
open new possibilities in scaffold design for BTE applications. It was found that the
influence of photo attenuator will lead to more significant printability of this new
polymer. The use of Isosorbide resin with a high percentage of double bonds implies
more reliable process. Then a moderate increase of the exposure time, an
Isosorbide resin with high percentage of HMB, and a suitable printable design of the
porous/solid part will be useful to increase the inter-layer green strength of printed
parts, improving the reliability of cDLP. Future work includes developing a further
study to analyze the interactions between the variables that affect the printability.
These variables include viscosity, overall green strength prediction, permeability,

exposure time, molecular weight, and resin components.
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Appendix 1. Design of two degree of freedom positioning mechanism
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Appendix 2. Bifurcated vascular graft construction and
characterization
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A. Method for bifurcated tubular vascular graft construction

A.1 Scope

This document describes the factors, elements and processes involved in the
preparation of the bifurcated tubular vascular grafts using the combination of the
electrospinning technique, additive manufacturing and a positioning mechanism.

A.2 Materials
- Biocompatible resin (e.g E-Shell 200, E-Shell 300, E- Guard, E-Dent 400
EnvisionTec)
- PCL (pellets)
- Acetone
- Isopropanol

A.3 Apparatus

a. The container in which the mix to be electrospun will be prepared must
have a capacity of at least 50 ml (E.g. Beaker).

b. A magnetic stirring hot plate to help with temperature and mechanical
stirring of the solution.

c. A mandrel for the scaffold, generated using a 3d printing machine based
on DLP technology, with a 200um resolution.

d. The chamber for electrospinning, which must be constructed of an
electrically insulating material and the capacity for the positioning
mechanism and its electronic control.

e. A syringe pump system with a minimally required flow rate of 10 mi/h.

f. A power supply with a minimum capacity of 20kV.

A.4 Sampling

A.4.1 Test specimens
All the samples must be handled with gloves.

A.4.1.1. Tubular specimens
The specimens will be a mandrel with 30mm of length, 7.5mm for inner diameter
and 1mm of thickness. The size of each square cell is 1.5mm by side. 3D printed
mandrel will be covered on the top with a mat of fibers.

A.4.1.2. Bifurcated specimens
The specimens will be a mandrel with 30mm of length, 7.5mm for inner diameter
and 1mm of thickness. In the middle of the structure, there will be a 3 cylinder
with 20mm of length, 7.5mm for inner diameter and 1mm of thickness. The size of
each square cell is 1.5mm by side. 3D printed mandrel will be covered on the top
with a mat of fibers.
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A.4.2 Test conditions

The mandrel will be inserted in a flexible mechanism, which is covered with
aluminum foil and will subsequently be covered by fibers. The electrospinning
chamber must be sealed to maintain stable the temperature and humidity.

A.4.3 Measurements
The measurements of viscosity will be taken and recorded by the operator, with the
help of a capillary viscometer.

The measurements of temperature and humidity while the electrospinning is being
done, will be taken and recorded by the operator, using a commercially available

probe.

A.5 Procedure
A.b.1 3D printing process

a.
b. The printer must be cleaned and calibrated previously.
C.
d
e

Generating the file of the piece to be constructed, must be in .st/ format

Once constructed, the piece will be cleaned with isopropanol and dried.

. The piece must be cured in Otoflash® UV cure box at 3000 cycles.
. The supports must be then removed from the final desired part.

A.b.2 Electrospinning process
A.5.2.1 Pre-electrospinning phase

a.

To test each speed profile (low, medium and high speed), a batch of 12
specimens is required, to be divided into 2 groups (tubular and bifurcated)
for a total of 6 specimens per group. The 6 samples corresponding to a
specific group of the batch of each speed profile (low, medium and high
speed).

Every batch will be prepared with the same solution, consisting of 3.5gr PCL
and 40ml Acetone.

The solution is prepared by heating it to 35-40°C and magnetic stirring in a
hot plate on a cycle between 6 and 8, for approximately 6-12hrs.

At this point, the viscosity will be measured and documented.

The flexible mechanism will be prepared by being covered in aluminum foil.

A.5.2.2 Electrospinning phase

a.

Pooo

The mandrel must be set on the flexible mechanism to be electrospun, as
can be seen on the Fig. 1. The T-arm must be refilled with aluminum.

The flexible mechanism must be set on the positioning mechanism.

The syringe pump must be set on 0.5mL/h.

The power supply must be set on 18kV.

The parameters of the electrospinning will be documented in Table 1.
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A.5.2.3 Post-electrospinning phase
a. The specimens will be stored and labeled according to the batch and group it
belongs, HSP (high-speed profile), MSP (medium-speed profile) and LSP (low-
speed profile), respectively, adding the prefix B (Bifurcated) or T (Tubular),
according to the geometry (see Table A.1).
b. The thickness of the resultant mat will be measured. (See Secc 3. Thickness

measurement)
Table A.1 Labeling method
Speed profile
Geometry LSP MSP HSP
Bifurcated | BLSP # | BMSP # | BHSP #
Tubular TLSP # | TMSP_# THSP _#

Table A.2 Data collection of the process
Electrospinning process

Preparation parameters

Environment
parameters

Parameters Results

E
s §5 o z £ 8
g EE £ B 3 2 g
- (-] - —
i fE @ B 3 g :
- - | : i
i
[or] [mi] ['C] [hr] | [%] ['C] [kV] |ImUh]| [rad/s] | [%] ['C] [cp] [um]
Bifurcated| BLSP_1 0.45
: 0.45
Bifurcated| BLSP & 0.45
Tubular| TLSP 1 0.45
: 0.45
Tubular| TLSP_&| 0.45
Bifurcated | BMSP_1 0.45
: 0.45
Bifurcated | BMSP_2 22
Tubular| TMSP_2 22
. 2.2
Tubular| TMSP_& 2.2
Bifurcated| BHSP_1 5
: 3.7
Bifurcated| BHSP_& 3.7
Tubular| THSP 1 3T
: 3.7
Tubular| THSP_& 5
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B. Corner Profile Fidelity [Fcp]

B.1 Scope

The purpose of this measurement is to determine the area recovered by the
electrospinning process on each sample on both points M5 and M6 (see Figure
B.1)

Figure B.1 The order of different points measured on the resultant mat of fibers

B.2 Materials
- Imaged software
- Ehe software

B.3 Apparatus
- Microscope (camera)
- PC

B.4 Sampling

B.4.1 Test specimens
- The samples must be measured with the same coordinate system.
- All the samples must be handled with gloves.

B.4.2 Test conditions
- All the samples must be measured in the same position in which they were
electrospun. As shown in Figure B.1
- The samples must be measured by the system, in the same position they
were extracted from the mechanism. As shown in Figure B.1
- The samples will be measured in dry conditions.

83



B.4.3 Measurements

The measurements will be taken with ImagedJ software and saved as .txt file.
The images will be saved as .bmp file, with the marks made during the
measuring.

B.5 Procedure

a.

b.

First, it must be stablished the ideal measurements to which accomplish. In
this case, the square areas to measure are 115.5mm?.

It is necessary to set the scale for each image. For this step, we suggest
taking the same pixel on each sample, with the objective to obtain the points
in the same position, for all the images. When the points are drawn to
reproduce the shape of the recovered area, there is a better matching
between all the samples.

Once set the scale, it is necessary drawing a line under the T-arm of the
mandrel just to define a reference for the square area to measure. This line
must match with the initial and end of the scale line, just to be sure that this
reference is 30mm length.

The next step is drawing the square area on M5 (see Figure B.1) and record
the measurement. It must match to the target area ~115.5mm?.

With the polygon section tool, it can be delimited the electrospun area and
record the measurement. The first point will be the left down corner of the
drawn square. The measurement will be done on clockwise since the first
point.

With the recovered area delimited, we use the multi-point tool, and mark
points on the drawn line with the polygon section tool and save the points.

It will be repeated steps 4-6, on M6 point.

With the multi-point tool again, it can be marked the points of the mandrel. It
can be set a point on each corner, to draw the complete image later,
reconstruct it and match all the samples to observe the differences between
the recovered areas.
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C. Thickness measurement

C.1 Scope
The purpose of this measurement is to determine the thickness obtained by the
electrospinning process on each sample.

Figure C.2 The scaffold will be divided into 6 different regions to accomplish the characterization.

C.2 Materials
- Imaged software
- Ehe software
- Fixture to hold the micrometer (picture)

C.3 Apparatus
- Digital micrometer (IP65 coolant proof, Mitutoyo, U.S.A.)
- Microscope (camera)
- PC

C.4 Sampling

C.4.1 Test specimens
- The samples must be measured with the same coordinate system (see
Figure C.1)
- All the samples must be handled with gloves.
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CA4.2

C.4.3

Test conditions

All the samples must be measured in the same position in which they were
electrospun. As shown in Figure C.1

The samples must be measured by the system, in the same position they
were extracted from the mechanism. As shown in Figure C.1.

The samples must be hydrated before the measuring process, and extract
the mandrel.

Measurements
The measurements will be taken with micrometer and registered, region by
region

R1 R2 R3

Figure C.3 Regions considered to measure the thickness.

C.5 Procedure

a.
b.

The regions must be stablished to measure the thickness.

The scaffold must be flattened to accomplish the measurements (see Figure
C.2)

A measurement must be accomplished on each region (see Figure C.3)
The measurements will be registered to calculate the final thickness by the

expression:
t= ok né R
2\n !

i=1
where:
t = thickness
R = region
n==6
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D. Probe burst strength test

D.1 Scope

The purpose of this test is to determine the strength of an area of the sample
prosthesis that is clamped over an orifice while a cylindrical probe is traversed
through the specimen until it ruptures.

D.2 Materials
a. PBS solution
b. Indenter of V4’

D.3 Apparatus

a. A universal compression test machine, having a constant rate of traverse and
capable of operation in the compression mode or fitted with a suitable
compression cage, with measurement of the compressive load should be of an
accuracy of 5 % of the reported value;

b. A length measuring device accurate to £0,5 mm.

c. An indenter to traverse the specimen. The traversing probe should have a
hemispherical radius with a diameter of 6.35 mm (1/4in).

D.4 Sampling

D.4.1 Test specimen

a. Atleast 6 specimens should be used to this test.

b. All the specimens will be a mandrel with 30mm of length, 7.5mm for inner
diameter and 1mm of thickness. In the middle of the structure, there will be a
3 cylinder with 20mm of length, 7.5mm for inner diameter and 1mm of
thickness. The size of each square cell is 1.5mm by side. This 3D printed
mandrel will be covered on the top with a mat of fibers.

c. All the samples must be handled with gloves.

D.4.1.1 Tubular specimens

The specimens will be a mandrel with 30mm of length, 7.5mm for inner diameter
and 1mm of thickness. The size of each square cell is 1.5mm by side. 3D printed
mandrel will be covered on the top with a mat of fibers. See Secc A.4.1

D.4.1.2 Bifurcated specimens

The specimens will be a mandrel with 30mm of length, 7.5mm for inner diameter
and 1mm of thickness. In the middle of the structure, there will be a 3rd cylinder
with 20mm of length, 7.5mm for inner diameter and 1mm of thickness. The size of
each square cell is 1.5mm by side. 3D printed mandrel will be covered on the top
with a mat of fibers. See Secc A.4.1
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D.4.2 Test conditions
The specimen will be taken out of the media of PBS solution and immediately
tested at room temperature.

D.4.3 Measurements
The measurements will be taken and recorded by the software of the testing
machine. In this case, INSTRON 3365.

D.5 Acceptance criteria
The measurements will be accepted as long as they show a minimum strength into
2-3 MPa, according to [1].

D.6 Test method

D.6.1 Pre-probe burst strength test

a. To test each speed profile, a batch of 18 specimens is required. Each batch is
divided into 3 groups (Low, Medium and High-Speed Profile), each having 6
specimens, labeled as HSP (high-speed profile), MSP (medium speed profile)
and LSP (low-speed profile), respectively.

b. Each specimen will be hydrated, with the mandrel inside, with PBS solution
during 6hrs before the test at room temperature.

c. The specimen will be taken out of the media and immediately tested, for each
sample.

D.6.2 Probe burst strength test

a. The sample must be placed with the T-arm upwards, concentrically matching
the internal diameter of the T-arm with the indenter.

b. The indenter must be placed over the mat of fibers in this diameter.

c. The speed of the test must be set on 0.6mm/min (0.01mm/s), to obtain a
defined curve of the max low supported and deformation.

D.6.3 Post probe burst strength phase

After the test, the specimen must be dried and kept at room temperature, for the
next test. The collected data is processed to give a maximum strength for each
speed profile.

D.7 Calculation and presentation of the results

The probe diameter shall be expressed in millimeters, the rate of traverse
millimeters per minute, and the bursting load in Newtons [N]. The test report shall
include the mean and standard deviations of the bursting load, the probe diameter,
and the rate of traverse.
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E. Longitudinal tensile strength test

E.1 Scope

This document describes the factors involved in the determination of the
longitudinal tensile strength of the sample prosthesis in its bifurcated tubular form
when loaded longitudinally along its centerline. The sample is stretched at a
uniform rate until the yield and/or breakpoint is reached.

E.2 Materials
a. PBS solution
b. Adhesive tape
c. 1L beaker

E.3 Apparatus

a. A universal machine able to practice tensile tests, having a constant rate of
traverse and suitable jaws to hold the sample prosthesis firmly without damaging
its structure (i.e. because such damage might cause the break to occur
prematurely at the jaw margins)

b. A temperature controlled bath

c. A length measuring device accurate to £0,5 mm.

E.4 Sampling
E.4.1. Test specimens
a. Atleast 6 specimens should be used to this test.
b. All the specimens will be a rectangle approx. 10 x 30mm.
c. All the samples must be handled with gloves.

E.4.2. Test conditions
Each specimen will be immersed in PBS solution during the test, with the
temperature set on 37°C.

The media must be replaced with a new batch, while the test is running.

E.4.3. Measurements
The measurements will be taken and recorded by the software of the testing
machine. In this case, INSTRON 3365.
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E.5 Acceptance criteria
The measurements will be accepted while it shows a minimum strength into 3-4
MPa, according to [2], [3]

E.6 Test method
E.6.1.  Pre longitudinal tensile strength test

a. Every mandrel with the mat of fibers must be cut in the middle to obtain 2
rectangular samples, with 10mm of width and 20-30mm of length.

b. To test each speed profile, a batch of 18 specimens is required. Each batch is
divided into 3 groups (Low, Medium and High-Speed Profile), each having 6
specimens, labeled as HSP (high-speed profile), MSP (medium speed profile)
and LSP (low-speed profile), respectively.

c. To ensure a firm but delicate retention of the membrane within the metal tensile
system clamps, each specimen will be mounted using a sandwich of thin
adhesive tape by both sides.

E.6.2. Longitudinal tensile strength phase

a. Preparation of immersion solution.
The media to be used as immersion solution is prepared according to the set
parameters and conditions.

b. The speed of the test must be set on 5Smm/min, to obtain a defined curve of the
max strength and deformation.

E.6.3. Post longitudinal tensile strength phase
The collected data is processed to give a maximum strength for each speed profile.

E.7 Calculation and presentation of the results

The longitudinal tensile strength of each sample is expressed in Newtons [N] as
Maximum load = Tmax. The test report shall include the mean and standard
deviations of the longitudinal tensile strength of the sample prostheses and the rate
of extension and the test sample gauge length (with rationale, if not within the
specified range).
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F. Suture retention strength test

F.1Scope
The purpose of this test is to determine the force necessary to pull a suture from
the prosthesis or cause the wall of the prosthesis to fail while pulling a suture
inserted through the wall.

F.2Materials
a. PBS solution
b. Adhesive tape
c. Suture Prolene 5-0

F.3Apparatus

a. A universal machine able to practice tensile tests, having a constant rate of
traverse and suitable jaws to hold the sample prosthesis firmly without
damaging its structure (i.e. because such damage might cause the break to
occur prematurely at the jaw margins)

b. A temperature controlled bath

A temperature controller

d. A length measuring device accurate to £0,5 mm.

o

F.4Sampling

F.4.1 Test specimen
a. Atleast 6 specimens should be used to this test.
b. All the specimens will be a rectangle approx. 10 x 30mm.
c. All the samples must be handled with gloves.

F.4.2 Test conditions
Each specimen will be immersed in PBS solution during the test, with the
temperature set on 37°C.

The media must be replaced with a new batch, while the test is running.

F.4.3 Measurements
The measurements will be taken and recorded by the software of the testing
machine.
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F.5 Acceptance criteria
The measurements will be accepted while it shows a minimum strength of approx.
2N, according to [4].

F.6 Test method

F.6.1 Pre suture retention strength test

a. To test each speed profile, a batch of 18 specimens is required. Each batch is
divided into 3 groups (Low, Medium and High-Speed Profile), each having 6
specimens, labeled as HSP (high-speed profile), MSP (medium speed profile)
and LSP (low-speed profile), respectively.

b. To ensure a firm but delicate retention of the membrane within the metal
tensile system clamps, each specimen will be mounted using a sandwich of
thin adhesive tape by one side. In the other, the suture will be passed through
the material by means of the provided needle, at 2mm from the edge [4], then
into the hole of a suture holder connected to one of the clamps, and finally
closed into a loop.

F.6.2 Suture retention strength test

a. Preparation of immersion solution.
The media to be used as immersion solution is prepared according to the set
parameters and conditions. The solution is composed by 5 tablets of
Phosphate Buffered Saline (PBS) dissolved in 1L of distilled water at room
temperature. It will be necessary 2 beakers to refill the temperature controlled
bath.

b. Connect the temperature controller and place the thermocouple into the bath,
with the PBS solution.

c. After placing the specimen, place the bath to cover the jaws with the PBS
solution.

d. The speed of the test must be set on 5mm/min, to obtain a defined curve of the
max strength and deformation.

F.6.3 Post suture retention strength phase
The collected data is processed to give a maximum strength for each speed profile.

F.7 Calculation and presentation of the results
The force is measured in grams. The test report shall include details of the
measurement method used, mean and standard deviations of the suture retention
strength of the sample prostheses, and the type and size of suture used.
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G. Pressurized burst strength test

G.1. Scope
The purpose of this test is to determine the pressurized burst strength by either

a) filling the prosthesis directly with fluid or gas at a measured rate of pressure
change until bursting of the sample prosthesis takes place, or

b) Placing an elastic, non-permeable liner inside the prosthesis and filling the liner
with fluid or gas at a measured rate of pressure change until bursting of the sample
prosthesis takes place.

G.2. Materials

a. Distilled water

b. Balloon dilatation catheter
c. Pipes

d. Hose clamps

e. RS232 connector

G.3. Apparatus

a. A system capable of measuring and recording pressure to greater than the
bursting pressure to an accuracy of +5 % of the reported value

b. An apparatus capable of applying a steadily increasing at a controlled rate fluid
or gas pressure to the inside of the sample prosthesis extended, and

c. If applicable, an elastic, non-permeable liner distension apparatus with a
diameter notably greater than the nominal pressurized diameter of the sample
at 16 kPa (120 mmHg).

G.4. Sampling
G.4.1. Test specimen
a. Atleast 6 specimens should be used to this test.
b. All the specimens will be 8.5mm of internal diameter and 30mm of length
c. All the samples must be handled with gloves.

G.4.2. Test conditions
Each specimen will be pressurized with an inflator and distilled water into an
angioplasty balloon at room temperature.

The media must be replaced for each sample.

G.4.3.  Measurements
The measurements will be taken and recorded by the software of the testing
machine.
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G.5. Acceptance criteria
The measurements will be accepted while it shows a minimum pressure of
4000mmHg, according to [5].

G.6. Test method

G.6.1.  Pre-pressurized burst strength test

a. To test each speed profile, a batch of 18 specimens is required. Each batch is
divided into 3 groups (Low, Medium and High-Speed Profile), each having 6
specimens, labeled as HSP (high-speed profile), MSP (medium speed profile)
and LSP (low-speed profile), respectively.

b. The specimen, without the mandrel will be inserted on the balloon with the help
of tweezers.

c. The pressure sensor and the catheter of the balloon must be connected to the
setup.

G.6.2.  Pressurized burst strength test

a. The inflator will be filled in with distilled water at room temperature.

b. While the LabView routine and the pressure sensors are recording the
pressure of the test, the balloon will be refilled with the help of the inflator.

c. Once the balloon achieved the Max Pressure, the water must be extracted
from the balloon inside and then, observe resultant scaffold.

G.6.3.  Post pressurized burst strength phase
The collected data is processed to give a maximum pressure for each speed
profile.

G.7. Calculation and presentation of the results

The rate of pressure rise shall be expressed in kilopascals per second and the
bursting pressure in kilopascals. The test report shall include the mean and
standard deviation of the bursting pressure of the sample prostheses.
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Appendix 4. Resin formulation for Isosorbide

Purpose
To prepare Isosorbide resin to print scaffolds.

Equipment and Materials

Equipment:
o Stirring hot plate
o Stir bar
o Scale
o Transfer pipet
o Weight boats

Materials:
o Isosorbide (stored in the fridge).
o 1-vinylimidazole (VIM)
o lIrgacure 819 (BAPO)
o Oxybenzophenone (HMB)
o Ethyl Acetate (EA).

Storage:
o Isosorbide polymer is stored in the refrigerator.
Preparation
1. Prepare the Isosorbide resin (see Resin Calculator.xls) or grab prepared
resin from the refrigerator.
2. Place magnetic stirrer in beaker of Isosorbide resin, place on stirring plate at
6-8 level of stirring.

3. Let the resin stirring before use it (~2hrs).
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RESIN CALCULATOR.xIs - Sample 2019

PERCENTAGES ISO1 I1SO 2 1ISO 3 1ISO 4
VIM (1-Vinylimidazole) 32.00 32.00 33.50 33.50
% ISOSORBIDE 54.90 52.50 5490 53.00
= BAPO 4.000 5.000 4.000 5.000
= E.A. 7.000 7.000 6.900 6.900
HMB 2.100 3.500 0.700 1.600
TOTAL 100.0 100.0 100.0 100.0
WEIGHTS ISO1 1SO 2 I1SO3 ISO4
BEAKER

BEAKER WITH Isosorbide
" ISOSORBIDE 0.000 0.000 0.000 0.000
§ TOTAL MASS 0.00 0.00 0.00 0.00
'é ViM 0.000 0.00 0.00 0.00
BAPO 0.0000 0.00 0.00 0.00
HMB 0.0000 0.00 0.00 0.00
E.A. 0.0000 0.00 0.00 0.00
TOTAL 0.000 0.000 0.000 0.000
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Appendix 5. Mechanical Reliability approach
tests

Cure depth test protocol
Purpose
To accomplish cure depth test on resin formulations using the Perfactory Micro
(Perfactory picro EnvisionTEC®, Inc., Dearborn, MI, USA)

Equipment and Materials

Equipment:

e Perfactory picro EnvisionTEC®
Materials:

e Slides

e Digital caliper.

e Cotton wipes
Storage:

e The resin is stored in the refrigerator.

e Store the thin films in a previously labeled petri dish.

Preparation

1. Prepare the resin (see PPF or Isosorbide resin protocol) or grab prepared resin from

the refrigerator.

2. Measure 4 slides to use them for the test. Label the slides from A-D and register the
measurements on the “Printed slide” column in the “Cure test calculator” file. Do

the same for each exposure time.
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3. Measure 4 slides to use them for the test. Label the slides from 1-4 and register the
measurements on the “Top slide” column in the “Cure test calculator” file. Do the

same for each exposure time.

Procedure

1. Open software “Micro-Printer 300”

2. Connect the 3D printer by clicking the button ‘Connect’. Go to ‘Main Menu’,
‘Motion controller’. The status will be from ‘n/a’ to ‘Online’.

r ) Fie Motion Controller & dFis
et lado Joblrto
C:ACure test fes\BLILD 120 CACuse st Rer\BUILD 120
<file = “vas CO0DDIROTL prg” ex ~ <fibe = “vds D000 T.png” e
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3. Turn on the light by clicking the green button. Go to ‘Main Menu’, ‘Light Engine’.
The status will be from ‘Offline’ to ‘Running’.
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4. Load build job. Go to ‘Main menu’, click on ‘Load JOB’ button. The ‘Job Info’
section (right side of the window) will show the location of the selected folder and

the content of the JOB. The status will be from ‘Projection unit successfully

1’\[\“791‘13['] r\n" tn ‘\TQ‘II Tf\l“\ 1‘0 ]{'\Qf‘ﬁf"

)] = T )
Man | Selings | About Man | Semings | bout
| !
Mation Controlles Motion Contsaller
Previewe [ LosdFle
C C St
St JobIrto
- Online
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ave by Y Overide Evpose Tine Load 508 | Voudd Erbrmrcement nuied | Falte Y Overids Evposa Time L080308] | vimel Exivaricennnt toaded ISR
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6. Go to the software window and click on ‘Start Job’ button. It will ask you if you

already did homin%, click on ‘Yes’. _
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7. After the Job is done, clean the slide very carefully with a cotton wipe to remove
excess resin.

8. Place the slide over the printed slide and measure each square with the caliper.
Register the measurements on the “Stack” column in the “Cure test calculator” file.

9. Repeat Step 2 through 8, as many times as exposure times you want to test.

Clean-up

1. Note where to dispose of any solutions.

2. Or where to store any solutions.
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Green strength test protocol

Purpose

To accomplish green strength test on resin formulations using the Perfactory Micro

(Perfactory picro EnvisionTEC®, Inc., Dearbon, MI, USA)

Equipment and Materials

Equipment:
e Perfactory picro EnvisionTEC®
e [oad sensor
Materials:
e 3ml syringe
Storage:
e Resin is stored in the refrigerator.

e Store the thin films in a previously labeled petri dish.

Preparation

1. Prepare the resin (see PPF or Isosorbide resin protocol) or grab prepared resin from

the refrigerator.
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2. Turn on the load sensor.

Figure 1. Setup with load sensor

Open the load sensor software (EDMS). Make sure the bottom part of the window
shows ‘Connected #port’, ‘Ready’ and buttons in the ‘control area’ are available.

Graph

Num | load | Time | Mode | Dr | Group |

Force/

3.00 400

500 6.00 7.00 800 9.00 1000

Time/s
e Acquistiton | Test Setup |
‘ Setting Advance Select
Report Name  [fest
St E B o [se07 & Draw Gragh
acquisition Readings per Seconds 0
,__| Range of Avg. 0 " Upload Memory Data From Gauge
Bport Data " Load [kef =
Range of Peak 0 b
¥ Showgid [ hvet Load —‘
| Exot image

| Connected COMI0 | Ready

EDMS-FG V4.6.2 100:00

Figure 2. Load sensor software
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4. Set the time to collect the data by clicking on “Test Setup’ tab, writing the time as

1.

‘Stop condition’.

B £oMs-FG V462

Force/

Num | losd | Tme | Mode | Dir

Graph

[[Growe

Contral Area
‘ Start Condition = - Stop Condition
Delay to stat . me
Start L=
M‘ e . & L Tme 100
Threshold . Threshold 0
t Dat - al =
Bt Caa € load 0 HER 00 " 80 %of Masimum
S
Connected COMI10 Ready EDMS-FG Vd.6.2 00:00

Procedure

Figure 3. Load sensor configuration.

Open software “Micro-Printer 300”

Figure 4.

‘Motion controller’. The status will be from ‘n/a’ to ‘Online’.

108

2. Connect the 3D printer by clicking the button ‘Connect’. Go to ‘Main Menu’,



:Uu.—.
Ol:m:-l

Uriock Job List
Overide Expose Time.
Dveside

Stast Job

Status:

-

% Load Fln|

Jebinic
CACure test flas\BUILD 120

<fie = “vds D0ODIROITL png” ex

Fhatfom i keveled Fabe
Cempersation mask loaded | Faben

| Use Compensation Mask True.

Losd JOB
—_—

Stop Job

el Erhancement osded | Falbon
Use VomslErbancement | Falon

Expossees totl 2
Cument exposure (]
Time et W
Seconds per expasue wa
Working Usiks Inches

Figure 5. Micro-printer connection
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Platform
Move by
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G vom
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3. Center the resin container on the basement below the platform.

Unkock Job Lt
Ovettide Expose Tane Loaa JoB
Ovenide me -
Stop Job

Start Job *ause Job

Status:  Machine successlully connected!

You should use

carefully the option “Move by & Go” in the main window of Micro-Printer. Positive

distance goes up, negative distance goes down.
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Figure 6. Micro-printer configuration

4. After center correctly the resin container, click on ‘Home’

5. Turn on the light by clicking the green button. Go to ‘Main Menu’, ‘Light Engine’.
The status will be from ‘Offline’ to ‘Running’.
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Load build job. Go to ‘Main menu’, click on ‘Load JOB’ button. The ‘Job Info’

section (right side of the window) will show the location of the selected folder and

the content of the JOB. The status will be from ‘Projection unit successfully

powered on!’ to ‘New Job is loaded’.
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7. Aided by a syringe, pour enough resin for the gyroid printing and set “Home” in the

software.
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Figure 9.

8. Go to the EDMS software window and click on “Start Acquisition”, and
immediately ‘Start Job’ button. It will ask you if you already did homing, click on
‘Yes’.
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9. After the Job is done, select “Export Data” and save the file with the measurements.
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Figure 11.

Clean-up

1. Note where to dispose of any solutions.

2. Or where to store any solutions.
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