ABSTRACT
WARREN, PAUL BENJAMIN. Additive Manufacturing Approaches for Replicating the
Structure and Function of Fibrous Musculoskeletal Soft Tissues. (Under the direction of Dr.
Matthew Fisher).

Because endogenous healing is limited in injured musculoskeletal soft tissues, scaffold-
based regenerative medicine and tissue engineering strategies aim to synthesize new functional
tissue to restore physiological function. However, fibrous scaffolds to date have had limited
success in generating extracellular matrix that reproduces the structural and mechanical anisotropy
of healthy tissue potentially due to an inability to reproduce complex geometries with both tissue-
scale dimensions and physiological fiber size.

Therefore, the broad goal of the studies outlined in this dissertation was to demonstrate the
ability of textiles- and additive manufacturing-based approaches to address these limitations. It
was also the aim of this work to illustrate a method to reproducibly create scaffolds with (1)
complex, anisotropic fibrous architectures, (2) tissue-scale dimensions, and (3) physiological fiber
size. First, the ability to control the formation of aligned collagen fibers in vivo was investigated
by varying geometric parameters in 3D-bioplotted scaffolds, namely interstrand distance from 100
— 400 pum. It was determined that after 12 weeks of implantation in subcutaneous pockets in rats,
scaffolds with an interstrand distance of 100 um formed the greatest amount and most highly
oriented collagen fibers. Despite this result, 3D-bioplotted structures are limited to fiber sizes of
100 um or greater, which is 1-2 orders magnitude greater than native collagen fiber diameter. Next,
melt electrowriting was explored as a method to scale down these scaffold fibers while maintaining
control over fiber deposition. In addition to producing fibers ranging in diameter from 23 — 89 um,
it was determined that the mechanical properties of continuously fabricated melt electrowritten

structures with geometries relevant for tissue engineering can be controlled by varying process



parameters. Specifically, tensile modulus was found to depend on translation speed of the
collecting surface. Building upon these findings, the following study explored the feasibility of
using melt electrowriting to create scaffolds with sinusoidal fibers that mimic crimp, a
microstructural feature of collagen fibers. Although sinusoidal scaffolds were successfully made,
it was unclear whether these fibers influence the morphology of seeded cells due to large interfiber
spacing (0.8 mm). Scaffolds with interfiber spacing less than 0.8 mm resulted in less control over
fiber deposition and scaffold repeatability. Lastly, 3D melt blowing was investigated for its
potential to create tissue-scale, anisotropic structures composed of physiologically sized fibers
with interfiber spacing smaller than that possible with melt electrowriting. Moreover, this
technique’s compatibility with a biomedical polymer, poly(e-caprolactone) (PCL), was
demonstrated. The mechanical properties and degree of anisotropy of PCL scaffolds was found to
vary with fiber diameter and orientation, demonstrating the potential of 3D melt blowing to address
conventional challenges to musculoskeletal soft tissue scaffold fabrication.

This work demonstrates the potential and limitations of additive manufacturing- and
textiles-based methods to create anisotropic, porous structures with fibers similar in scale to
collagen fibers. While no single method can yet repeatably create complex architectures with
tissue-scale dimensions and physiological fiber size, different fabrication techniques can be used

to explore different questions about material properties and cell-material interactions.
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CHAPTER 1

Additive Manufacturing Strategies for Musculoskeletal Soft Tissue Engineering

1.1. Structure and Function of Musculoskeletal Soft Tissues

Musculoskeletal soft tissues are mechanically robust connective tissues essential for proper
joint function. Ligaments and tendons link bones with adjacent bones or muscles, respectively.
Acrticular cartilage serves to facilitate fluid joint motion and cushions bone from axial force
transmission. Other soft tissues are more structurally complex, such as the annulus fibrosus of the
intervertebral disc, which is composed of concentric lamellae of oriented fibers with alternating
angles of alignment that allow it to resist tension, bending, and shear forces [10]. Finally, the
menisci are crescent-shaped, largely avascular fibrocartilage-based tissues in the knee, with each
knee containing both a lateral and a medial meniscus.

Although geometrically and functionally diverse, all of these tissues share a common
structural feature: an extracellular matrix (ECM) consisting of highly oriented networks of
collagen fibers. Collagen is the most abundant protein in the human body, and there are over two
dozen collagen types that differ slightly in amino acid sequence and biochemical modifications.
Individual collagen molecules are organized into fibrils typically 50-500 nm in diameter, which
are in turn collected within the fibers that constitute musculoskeletal ECM, anywhere from 10-
50 um in diameter [8]. These fibers have high aspect ratios and are therefore mechanically
anisotropic, i.e. their mechanical strength and stiffness are higher along the fiber axis than in the
perpendicular direction.

The precise architecture or organization of oriented collagen fiber bundles varies widely

with tissue and is what gives each tissue its unique mechanical properties. For example, in the



meniscus, collagen fibers are primarily aligned in one of two orthogonal directions: circumferential
or radial (Figure 1.1). This configuration allows the meniscus to withstand axial compressive
forces from the femur. Such forces contact the meniscus at an angle due to its wedge-shaped cross-
section. The vertical component of this force is partially absorbed by the hydrated ECM and
partially transmitted to and resisted by the tibial plateau. The horizontal component is transmitted
radially outward and resisted by the meniscal attachments at the anterior and posterior horns. A
“hoop” stress is also generated that is resisted by the circumferential collagen fibers [11,12].

Ideally, a restorative treatment of meniscus injuries would replicate this mechanical behavior.

Radial Collagen Fiber
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Lat Med

umferentially Aligned
Collagen Bund

Figure 1.1 The knee meniscus is composed of circumferential and radial collagen fibers
as shown in (A) superior and cross-sectional illustrations and (B) an electron micrograph. The
illustrations in (A) were adapted from [1] with permission from Elsevier and the image in (B)

was adapted from [2] with permission from Springer Nature.



Of equal importance to the mechanical properties of the meniscus are its biochemical and
cellular composition, which vary by anatomical zone. The outer zone closest to the vascularized
synovial membrane consists of predominantly type I collagen and fusiform, fibroblast-like cells,
while the inner zone contains 60% type Il collagen and 40% type I collagen by dry weight and
primarily round, chondrocyte-like cells with territorial ECM [11,12] not unlike that of articular
chondrocytes. There is also a higher concentration of proteoglycans (PGs), molecules with both
protein and carbohydrate components, in the inner zone compared to the outer zone. It is the
negatively charged glycosaminoglycans (GAGS) in these PGs that attract water molecules and
functionally give the meniscus its “shock-absorbing” quality. Finally, between the two zones is an
intermediate region with various cell types that display characteristics of both fibroblasts and
chondrocytes. As the biochemical and cellular composition also vary by tissue, the exact nature of
both should be kept in mind when considering restorative treatments of injuries to musculoskeletal

soft tissues.

1.2. Meniscus Injuries and Current Treatment Strategies

Because its biology and mechanics are well understood and because it is frequently injured,
the meniscus makes for a good vehicle for discussing the limitations of current repair strategies.
As a load-bearing structure, the meniscus is frequently injured. With an incidence of 66 out of
every 100,000 people, 61 of which require surgical intervention [13], meniscus tears are the most
common cause for orthopedic surgery in the United States each year. Meniscus injuries occur
across all age groups and both sexes, though they are most common in active patients 15-40 years
old with a male to female incidence ratio between 2.5:1 and 4:1 [14]. Many tears are sports-related

and involve a twisting motion in the knee while the foot is planted. Injuries are generally classified



according to their depth or severity, location, and/or tear pattern. Because the meniscus is poorly
vascularized, autologous healing is limited, especially in more severe tears and injuries to the inner
zone. In addition to symptomatic pain, swelling, and decreased joint function, there is an increased
chance of developing osteoarthritis (OA) in the long term. This painful condition is rooted in the
degeneration of articular cartilage and worsening of the subsequent inflammatory response, and in
severe cases can result in direct contact between the femur and tibia. The etiology of OA is
complex and likely involves the age of the patient [15] and genetic, as well as biomechanical,
factors.

How meniscus injuries are treated can depend on the severity of symptoms and the patient’s
quality of life. Partial meniscectomy is a common approach and can alleviate pain. As alluded to
above, however, joint function is not restored, leading to significantly altered joint mechanics and
an increased risk of OA. Replacement of the damaged tissue can be achieved using autografts from
the patient’s patellar tendon, for example, or allografts from a cadaveric source. An advantage of
autografts is an absence of immunogenicity, but donor site morbidity can be an issue. With
allografts, incomplete cellular integration, size and stiffness mismatch, disease transmission, and
immune rejection are concerns [16-18] that contribute to graft failure rates as high as 50% up to
10 years post-procedure [18-20]. Graft failure can signal the need for revision surgeries, further
increasing the cost for both healthcare provider and patient. Despite these limitations, allograft
replacements remain widely performed.

In an attempt to improve functional recovery and symptom relief, meniscus substitutes
made from synthetic materials have been studied. The NUsurface® Meniscus Implant (Active
Implants) is a nondegradable prosthetic made of synthetic polycarbonate-urethane (PCU) with

polyethylene fibers embedded in the PCU matrix in the circumferential direction. Interestingly,



this design, which had been optimized using finite element modeling and a cadaveric implantation
model [21], does not require sutures or trans-tibial fixation, but rather is non-anchored. Moreover,
it is disc-like in shape and does not reproduce the geometry of the medial meniscus for which it is
intended (Figure 1.2). Nevertheless, it has been reported to have comparable mechanical
properties to native meniscus. In terms of viscoelastic properties, this implant has been shown to
have a compressive modulus of about 1 MPa [22]. Considering the compressive modulus of native
meniscus as determined by Chia and Hull ranges from 10 — 140 kPa [23], there is concern that this
elevated stiffness does not reproduce physiological biomechanics [24]. Preclinical studies have
shown no significant differences in cartilage deterioration between a knee joint treated with the
NUSurface implant and a contralateral control for up to six months in a sheep menisectomy model
[25]. Though approved for clinical use in Europe under CE marking, clinical trials in the U.S. are
currently ongoing. Polyvinyl alcohol (PVA) hydrogels have also been evaluated as meniscus
implants, due to their prior use as articular cartilage biomaterials and proven biocompatibility. To
date, preclinical data for this material are not encouraging. In a rabbit meniscectomy model, these
implants did not prevent damage to articular cartilage over two years, although they reduced the
progression of OA when compared to pure meniscectomy controls [26]. However, in a sheep
implantation model with the same material, signs of cartilage damage were present at four months
and total radial tears were found in every implant at one year post-procedure [27]. In an effort to
improve the mechanical properties of these hydrogels, ultra-high molecular weight polyethylene
fibers were used to reinforce the PVA matrix and shown to increase tensile modulus by three orders
of magnitude [28]. With no preclinical data, however, it is not well understood how these material
enhancements would affect implant performance. More recently, the Actifit® partial meniscus

implant has been shown to improve clinical outcomes in the short-term. Made from a



biodegradable polyurethane, the porous implant is not intended not to provide mechanical support
within the knee but rather acts as a scaffold to facilitate cellular infiltration and formation of new
tissue as the implant simultaneously degrades over time. Up to two years following partial
meniscectomy and Actifit® implantation, clinical outcomes were generally improved, including
decreased pain and increased daily functionality, in addition to improved cartilage scores assessed
via MRI [29]. However, in a separate clinical study with five-year follow-up, despite general
improvement in pain and subjective functionality scores in all patients, 23% required a second
surgery due to lack of functional improvement and implant damage [30]. Additionally, there was

concern about “MRI abnormalities” indicating insufficient scaffold maturation.

Figure 1.2 The Nusurface® total meniscus replacement (left) is a poly(ethylene) fiber-reinforced
poly(carbonate urethane) that does not require attachment to surrounding tissue, but rather is
non-anchored. It additionally does not replicate meniscus geometry. In contrast, the Actifit®

polyurethane implant (right) is intended to serve as a regenerative scaffold for partial meniscus
tears. Various synthetic materials have been explored as candidates for meniscus replacements or
scaffolds. Left adapted from [3] (permission requested) and right adapted from [4] (permission

requested).

Overall, synthetic meniscus replacements have the potential to improve symptoms and
quality of life for meniscectomy patients or at least slow osteoarthritic progression, but to date,
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there are no studies conclusively demonstrating their superiority over allograft transplantation.
Furthermore, due to its prominent role in knee mechanics, a meniscus prosthetic must also take
into account the effects of fatigue and wear over time. Regenerative scaffolds such as the Actifit®
implant, in which the strategy is to encourage and facilitate endogenous healing capability to
generate new tissue, may be a more promising treatment option, especially for younger patients

with potentially decades of active lifestyles ahead of them.

1.3. Musculoskeletal Soft Tissue Engineering Using Fibrous Scaffolds

Because of the limitations of conventional approaches to meniscus repair, implants
intended to encourage tissue ingrowth over time instead of serving as whole replacements are
appealing. These materials are generally referred to as scaffolds, as they support cell growth and
guide the synthesis of new ECM. Typically, these scaffolds are meant to degrade into harmless
byproducts over time as they are concurrently replaced by new tissue. Such scaffolds can be
acellular and implanted directly in situ, where they serve as templates for new tissue formation.
Alternatively, the scaffold can be developed in vitro, using a combination of cells and physical or
chemical stimuli to engineer entire tissues. In either approach, the ultimate goal is the formation
of new tissue that reproduces the structure and function of healthy, native tissue.

The method of fabrication is important as it determines the structural composition of the
scaffold. Biocompatible synthetic polymers in solution or molten form can be cast into molds, for
example, and form continuous substrates once the solvent has evaporated or the polymer has
cooled and solidified, respectively. If particulates are included in the polymer that can be immersed
and washed out in a polymer nonsolvent, for example using sodium chloride particles and water,

pores are left behind once the particulates are leached out, creating a porous network in the



otherwise continuous polymer matrix [31-33]. Similarly, an interconnected porous structure can
be generated in a continuous polymer film by gas saturation. By saturating the polymer with a gas
such as CO; at high pressure, then decreasing to ambient pressure, the resulting thermodynamic
instability drives gas expansion within the polymer film, creating pores. This gas foaming method
can also be combined with particulate leaching to enhance porous interconnectivity [34]. While
these structures have been shown to be biocompatible, their continuous structure contains no fibers
and is not ideal for musculoskeletal soft tissue engineering.

Electrospinning is a highly popular and versatile technique that allows the production of
polymeric structures consisting entirely of fibers with diameters ranging from nanometers to
microns [35,36]. This process uses an electric potential to drive the formation of miniscule fibers
from a larger reservoir of polymeric material that are then emitted toward an electrically grounded
surface. As with solvent casting and gas foaming fabrication methods, the initial material form is
either a polymer solution or melt that is typically housed in a syringe equipped with a metallic
needle or nozzle, termed the spinneret. Controlled pressure is applied to the polymer via syringe
pump for example, and a droplet of polymer forms on the tip of the spinneret called the Taylor
cone. Electrostatic forces destabilize the solution or melt, causing minute fibers to be emitted.
Once separated from the Taylor cone, the fiber jet enters a transitional zone in which it adopts a
linear path toward the grounded collecting surface while solvent simultaneously evaporates. With
sufficient working distance between the spinneret and the collecting surface, the jet experiences
chaotic whipping motions that lead to the deposition of randomly oriented fibers. This process
results in the formation of fibrous meshes or sheets a few millimeters in thickness. Electrospinning

has been performed with both synthetic and natural polymers and electrospun fibers have been



studied for a wide range of biomedical applications, including cardiovascular, neural, and
orthopedic tissue engineering [37-39].

In the musculoskeletal arena, electrospinning is appealing for its ability to produce fibers
on the scale of collagen fibers in musculoskeletal ECM. Electrospun scaffolds not only sustain the
growth of key musculoskeletal cell phenotypes such as chondrocytes [40], but also influence their
morphology, metabolic activity, and ECM synthesis. As an example, electrospun poly(e-
caprolactone) (PCL) nanofibers have been shown to foster the differentiation of MSCs into
chondrocytes over three weeks of chondrogenic culture, indicating their potential as scaffolds or
experimental testbeds for articular cartilage tissue engineering [41]. Biological materials can also
be incorporated into synthetic polymers to produce fibers with enhanced bioactivity. For example,
higher concentrations of calcium phosphate in electrospun poly(L-lactic acid) (PLA) fibers lead to
greater tissue mineralization by seeded human adipose-derived stem cells (hASCs) in osteogenic
growth medium compared to PLA-only controls over 18 days [42]. Two key drawbacks of
electrospinning, however, are the limited ability to (1) produce precise and/or complex geometries
and (2) create structures with physiologically relevant dimensions. The former has been addressed
in several ways. For example, if the polymer jet is directed at a rapidly rotating surface rather than
a stationary target, the deposited fibers will all be aligned around the axis of rotation. If the
collecting surface is a rotating cylindrical mandrel and the fibers are directed perpendicular to the
cylinder’s long axis, most fibers will be oriented largely in a single direction. If the fiber jet is
aimed at one of the mandrels’ faces, the fibers will be oriented circumferentially (Figure 1.3). This
method has been used to create highly oriented fibrous scaffolds that have been shown to influence
matrix production. For example, aligned, electrospun polyurethane fibers caused seeded anterior

cruciate ligament fibroblasts to produce more collagen compared to unoriented controls after seven



days of culture [43]. Similarly, aligned electrospun PCL scaffolds seeded with MSCs were more
mechanically robust after ten weeks of chondrogenic culture compared to scaffolds with little fiber
alignment, with an increase in tensile modulus over the culture period seven times greater than that
in aligned scaffolds despite both aligned and unaligned scaffolds having comparable levels of
collagenous ECM [44]. MSC alignment has been found to vary locally with the direction of
circumferentially aligned PCL fibers, indicating cell morphology is also affected by fibrous
architecture and having implications for engineering meniscus tissue [1]. Oriented electrospun
sheets have also been applied to intervertebral disc tissue engineering. By creating a sheet with
fibers aligned along a single direction, rotating the sheet a given amount, then excising smaller
portions from the rotated mat, it is possible to assemble geometrically similar fibrous sheets in a
single construct that possesses varying angles of fiber alignment. It has been shown that these
constructs not only mimic the concentric lamellar architecture of the annulus fibrosus, but also that
cells seeded on these constructs produced collagenous ECM over ten weeks of in vitro culture that

resembled native structure [45].
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Figure 1.3 Though conventional electrospinning generates meshes of unoriented fibers, the
process can be modified to include dynamic targets. In this way, sheets of aligned fibers can be

fabricated. Adapted from [1] with permission from Elsevier.

10



Other techniques have also been employed to create fibrous tissue engineering scaffolds.
Rotary jet spinning, or centrifugal jet spinning, makes use of a central reservoir of polymer solution
undergoing rapid rotation about a single axis. In contrast to electrospinning, this technique does
not make use of a potential difference between spinneret and collector, but rather a combination
of hydrostatic and centrifugal pressures that forces the viscous solution through side-wall orifices
to form the polymer jet, which is then collected on a circular collecting surface surrounding the
reservoir. Cardiomyocytes seeded on rotary jet spun, aligned poly(lactic acid) (PLA) fibers were
shown to preferentially align along the fiber direction [46], although the time frame in which this
occurred was not reported. Jet-spun scaffolds of PCL have also been fabricated and shown to
support PC12 neuronal growth and differentiation [47]. Manufacturing processes rooted in the
textile industry have also been adapted for biomedical applications. Using two distinct polymers
in the spunbonding manufacturing process can yield bicomponent fibers with an islands-in-the-sea
(I/S) structure [48]. The “island” component fibers can be liberated from the “sea” matrix
component by mechanical means such as hydroentangling or by dissolving the sea component
using an appropriate solvent. This process forms porous structures with fiber diameters typically
ranging from 2-5 um that have been explored as tissue engineering scaffolds. In one study, PLA
was combined with a sacrificial polymer component to form I/S fibers that were then knitted
together to form scaffolds [49]. The osteogenic differentiation of seeded hASCs was found to
increase over 28 days of culture compared to PLA-only controls based on calcium accretion levels
in the scaffolds. It will be interesting to monitor the progress of future in vitro and in vivo studies
involving I/S fibers. Other nonwoven processing techniques including melt blowing have been
investigated as scaffold fabrication methods [50]. Scaffolds made using these processes were

shown to support proliferation and osteogenic differentiation of hASCs over three weeks of
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culture. While spunbond bicomponent fibrous structures have been shown to have robust tensile
properties [48], the mechanical properties of poly(caprolactone) structures as processed via
spunbonding or melt blowing are less well understood. The mechanical behavior of such
biocompatible structures is essential for generating functional load-bearing musculoskeletal
tissues.

There have also been efforts to create oriented fibrous scaffolds made from natural
polymers. Due to the challenges of electrospinning collagen into stable and mechanically robust
structures, an alternative method involving sacrificial dextran templates was developed in which
viscous dextran pastes doped with type | collagen were stretched between two planar substrates,
forming fibers that spanned the gap. After allowing the dextran/collagen solution to solidify and
rehydrating in culture medium, the dextran is washed away and aligned collagen networks are left
behind. When combined with hydrogel matrices to form 3D composite scaffolds, these collagen
fibers promoted the alignment of seeded C2C12 myoblasts along the fiber direction over seven
days of culture [51].

One fibrous scaffold material targeting meniscus repair that has had success beyond the
preclinical stage and received premarket notification (510k) clearance from the FDA is the
Collagen Meniscus Implant® (CMI) scaffold. Previously as the Menaflex® scaffold, the CMI is
compositionally 97% type | collagen and 3% GAG. It was first studied as a potential meniscus
biomaterial in the late 1980s and 1990s, when it was found to generate meniscus-like tissue in
most subjects in a canine model up to six months post-procedure with no apparent immune
reactions [52]. In a subsequent clinical study, the implant appeared to have an effect on the
formation of new tissue compared to patients with meniscectomy only, with improved clinical

activity scores 36 months post-procedure [53]. A more recent study presented an 8% failure rate
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of the CMI implant out of 160 patients and improvements in clinical outcomes up to five-years
post-procedure, though the latter improvements were only statistically significant in patients with
chronic meniscus injuries, but not in those with acute injuries [54]. Another study found improved
clinical outcomes in CMI-treated patients compared to patients with meniscectomy alone up to ten
years post-procedure, although MRI data suggest that some of the tissue formed in place of the
defect is not representative of healthy meniscus tissue [55], which is in contrast to some findings
from prior studies. Overall, the CMI scaffold appears to have a positive effect on symptoms and
functionality with lower overall failure rates compared to some synthetic substitutes, but its
mechanism of action is not well understood.

Despite significant progress in electrospinning technology, our understanding of cell-
biomaterial interactions, and meniscus-specific scaffolds, some hurdles to clinical translation
remain. For electrospinning there is concern that harmful levels of residual organic solvent remain
in electrospun meshes that could negatively impact cell survival and performance. In addition,
because of the high density of fibers being deposited during the process, electrospun scaffolds
typically suffer from prohibitively small pore sizes that prevent sufficient cellular infiltration and
migration throughout the 3D fiber network. And while there are in vitro studies that support these
materials as musculoskeletal soft tissue scaffolds, the conclusiveness of existing preclinical data
is limited, which prevents the evaluation of the effectiveness of these scaffolds in restoring
function in vivo. Finally, scale-up of electrospinning can be challenging, as the production of
constructs with tissue-level dimensions is difficult without specialized electrospinning setups.
Ideally, a fabrication method would be able to reproducibly create scaffolds with (1) complex or
irregular geometries with interconnected pores, (2) physiologically relevant overall dimensions,

and (3) constituent fiber sizes on the scale of native collagen fibers.
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1.4. Additive Manufacturing Approaches to Fibrous Scaffold Fabrication

3D printing methods have seen a considerable increase in interest for biomedical
applications in recent years. In fact, the rapid growth in 3D printing-based technologies and
diversity in potential applications has made it difficult to form a consensus on terminology. 3D
printing has become a catch-all term for any process that creates 3D objects layer by layer,
regardless of scale, physical mechanism, or raw material, but some in the research community
prefer more precision in terminology [5]. Additive manufacturing can be used as a broader
umbrella term that encompasses several distinct techniques, but for the purposes of this
dissertation, the terms “3D printing” and “additive manufacturing” will be used interchangeably.
When discussed, specific techniques will be noted as needed. In addition, while there has been
remarkable progress in 3D printed scaffolds using photocurable resins, it is outside the scope of
this section. As a result, the majority of this section will cover extrusion-based 3D printing
techniques, as these produce fibrous structures that are inherently suitable for engineering
musculoskeletal soft tissues.

Extrusion-based 3D printing typically forces viscoelastic polymeric material through a
small nozzle onto an automated collecting surface. A classic example of this method is fused
deposition modeling (FDM). As the basis for many of the commercially available, desktop 3D
printers today, FDM continuously feeds a filament of thermoplastic polymer, commonly PLA or
acrylonitrile butadiene styrene (ABS), into a reservoir heated to approximately the polymer’s
melting point and through a small nozzle onto an automated stage (Figure 1.4). Building off of
seminal publications in the early 1990s describing computer-aided design (CAD)-based rapid
prototyping, FDM was adapted for the creation of bone tissue engineering scaffolds made from

PCL. Various scaffold geometries were created and the cytocompatibility and mechanical
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properties were characterized and found to be favorable for cell growth and ECM synthesis
[56,57]. Numerous studies have expanded the range of PCL-based materials processible by FDM
and compatible with cell culture, including PCL/calcium phosphate, which was then embedded in
a fibrin gel [58], PCL/hydroxyapatite [59], and PCL/bioactive glass [60]. Despite the promise of
these materials for engineering new bone tissue, a comparative study that performed both in vitro
and in vivo tests using PCL/calcium phosphate scaffolds found that while human MSCs were able
to proliferate and differentiate on the scaffolds when supplemented with osteogenic medium over
21 days in vitro, only half of the femoral defects in a nude rat model treated with the scaffolds

showed new bone growth after three weeks of implantation [61].
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Figure 1.4 As shown in this diagram, fused deposition modeling (FDM) creates ordered 3D
structures by continuously feeding a polymer filament into a heated reservoir and through a small
nozzle onto an automated collecting surface. It can be used to create tissue engineering scaffolds,

although it is not capable of printing cell suspensions. Adapted from [5] with permission from

Elsevier.

15



3D fiber deposition is a slight variation of FDM in which extrusion is achieved by applying
pneumatic pressure to the polymer instead of a mechanical feeding system, precluding the need
for polymer filaments of a specific size. It is compatible with a wide range of materials including
low- and high melting temperature thermoplastic polymers, hydroxyapatite composites, hydrogels,
and cell suspensions [62,63]. Much of the formative work in 3D fiber deposited tissue engineering
scaffolds focused on the use of a biodegradable, elastomeric block co-polymer, poly(ethylene
glycol)-terephthalate / poly(butylene terephthalate) (PEGT/PBT). As PEG is sometimes called
poly(ethylene oxide) (PEO) when its molecular weight exceeds 20 kDa, this polymer is also
referred to as PEOT/PBT. It can be tailored to have certain swelling, degradation, and mechanical
properties by varying the relative amounts and lengths of each block. When porous, 3D fiber
deposited PEGT/PBT scaffolds were seeded with bovine articular chondrocytes, cultured for seven
days, then implanted in subcutaneous pockets in nude mice, a greater amount of cartilage-like
tissue was formed in the scaffolds compared to in vitro levels, as evidenced by GAG concentrations
quantified by safranin-O staining [64]. The mechanical properties of varying geometric scaffold
designs were also evaluated via dynamic mechanical analysis. The mean dynamic stiffness,
equilibrium modulus, and amount of recovered creep strain of these scaffolds were found to exceed
those of bovine articular cartilage [65]. Although it was concluded that these scaffolds succeeded
in mimicking the biomechanical behavior of native cartilage, the extent to which these mechanical
properties exceeded those of bovine cartilage and whether this is advantageous for new tissue
formation was not discussed. Although cell culture studies have not been performed on 3D fiber
deposited PEOT/PBT, electrospun PEOT/PBT fibers were seeded with human MSCs and assessed

over the course of 21 days in culture. Cells generally survived the culture period and were found
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to aggregate on smooth fibers but adopt a more spread morphology when the fiber surface
contained nanometer-sized pores generated during the electrospinning process [66].

Other materials, including PCL, have also been used to make 3D fiber deposited scaffolds.
The effects of varying process conditions on the geometry, fiber morphology, and mechanical
properties of PCL structures are especially well-established. In particular, the effects of extrusion
temperature and nozzle diameter on scaffold structural and mechanical properties have been
characterized. Specifically, it was determined that the compressive modulus of cylindrical PCL
scaffolds increased with extrusion temperature [67]. The same research group has also studied
PLA nanofiber-reinforced alginate as a 3D fiber deposition bioink carrier for hASCs. When
meniscus-shaped scaffolds were cultured for eight weeks in vitro, the nanofiber-containing
alginate formulations promoted greater cell proliferation and higher metabolic activity than the
alginate only scaffolds [68], which demonstrates the promise of this bioink material for
engineering fibrous soft tissues. The functionality of 3D fiber deposited PCL has also been
extended by incorporating degradable microparticles containing chondrogenic growth factors into
meniscus-shaped scaffolds. The release of the microparticles’ content was controlled spatially and
temporally so that meniscus-specific ECM would be stimulated to form. When placed in a sheep
meniscectomy model, not only did the scaffolds enable the sheep to regain normal motion over
twelve weeks of implantation, they also guided the formation of meniscus-like tissue containing
type I and 11 collagen and GAGs [69]. Despite these positive results, it is still unclear if the precise
architecture of collagen fibers in meniscus ECM is reproduced using 3D fiber deposited scaffolds.

Overall, these studies demonstrate the exciting potential of 3D printed scaffolds for
generating tissue-specific ECM. However, improvements may still be made to the scaffolds in

order to create structures that more closely resemble native ECM and encourage formation of more
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functional tissue. One perceived limitation of FDM- and 3D fiber deposition-based scaffolds is the
inability to produce fibers smaller than 100-150 um. As described above, the collagen fibers on
which cells reside in native ECM range from 10-50 um in diameter. Because of the well-
established importance of geometric and topographical cues in determining cell behavior [70,71],
it is possible that cells cannot form fibrous networks that replicate native ECM architecture on
these relatively large substrate fibers because these fibers do not replicate the cells’ native
environment. This has lead to interest in additive manufacturing technologies that allow the
production of smaller fibers.

Electrowriting is a 3D printing technique growing in use for tissue engineering
applications. In essence, it combines aspects of electrospinning and 3D fiber deposition to
repeatably create porous polymeric structures with tissue-relevant dimensions but comprised of
fibers more similar in scale to native collagen. It can draw fibers from either a polymer solution or
melt, but in both approaches, an applied voltage creates an electric potential between the spinneret
and the grounded collecting surface (Figure 1.5). Typically, the working distance is much smaller
than that used in conventional electrospinning in order to take advantage of the relatively stable
region of the polymer jet before it transitions into the chaotic whipping region. Therefore, it can
also be referred to as direct-write near-field electrospinning. When the rate of fiber formation and

emission matches the speed of the collecting surface, highly organized structures can be formed.
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Figure 1.5 (A) A commercial desktop fused deposition modeling printer can be modified to be

capable of electrowriting. Critical components shown in (B) include (1) the polymer solution or
melt reservoir, (2) the applied voltage, (3) the conductive collecting surface, and (4) the
automated stage. The photograph in (A) was adapted from [6] under Creative Commons

Attribution license (CC BY-SA 4.0 International).

A number of studies focus on solution electrowriting (SEW) for creating highly organized
tissue engineering structures. One early study explored PCL concentration in both PCL and PCL-
hydroxyapatite solutions [72]. Ordered structures were achieved, but the number of layers printed
for each sample was not clear. In addition, individual fibers were not uniform in diameter even
within the same sample. In a separate study, process parameters including PCL concentration,
applied voltage, and extrusion flow rate were varied in a SEW system that deposited fibers into a
target ethanol bath [73]. As a result, fabricated scaffolds were arranged in macroscopic deposition
patterns comparable to 3D fiber deposited structures, but the fibers themselves were meshes made
of smaller fibers 2-8 um in diameter. Murine MC3T3-E1 pre-osteoblasts were then seeded on these
structures and remained viable up to one day after seeding. Despite these advances, it was not clear

whether fibers could be repeatably stacked beyond about 1 mm in structure height, which is an
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obvious limitation in attempting to engineer tissues with physiological dimensions. To address this
limitation, one study introduced a relatively simple element to their SEW process by placing a
sheet of paper on the collecting surface so that residual solvent within incoming fibers would be
absorbed by the paper and enhance the flow of charge between incoming fibers and the grounded
surface [74]. As a result, previously deposited material would serve as a beacon to attract incoming
fibers. This modification allowed the creation of mechanically and structurally robust samples
greater than one cm in height, albeit with polyvinylidene fluoride instead of a more common
biomedical polymer such as PCL. Nevertheless, it would be interesting to test the
cytocompatibility of such structures. Some initial work involved repeatable SEW PCL structures
with orthogonal deposition patterns that were rolled into a tubular form on which human tenocytes
were seeded [75,76]. These tendon scaffolds were found to upregulate expression of several
tendinous ECM components compared to cell-seeded electrospun controls.

Melt electrowriting (MEW) is generally favored over SEW for the greater stability of the
electrified polymer jet. Though this comes at the expense of slightly larger fiber size, achievable
diameters are still well within the 1-50 um range of native collagen fibers, and reproducibility is
critical for creating scaffolds with tissue-level dimensions. Much of the formative work applying
direct-write elements to the melt electrospinning process was described by Dalton and Hutmacher
[77-79]. Several process variables including extrusion temperature, accelerating voltage, working
distance, and collector speed were characterized in order to find the optimal conditions for
repeatably producing small PCL fibers. The concept of a critical translation speed was also
established in which it was recognized that for optimal scaffold creation, there is a critical threshold
of collector translation speed below which fibers will buckle and be deposited in nonlinear

geometries and above which, excessive viscoelastic lag will compromise fiber deposition,
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especially in regions where the printhead abruptly changes direction. Further parameter
optimization studies conclusively demonstrated the ability to control MEW fiber deposition and
consistently achieve small-diameter fibers [80,81]. In addition, human MSCs seeded on MEW
PCL fibers (Figure 1.6) (some with submicron diameters) were qualitatively shown to be
influenced by interfiber spacing [7]. A more recent study explored the effect of varying MEW PCL
fiber alignment angle on the morphology of human MSCs and their osteogenic differentiation
potential [82], finding that orthogonally oriented fibers (90°) caused cells to adopt a more spread
morphology based on cell aspect ratio compared to fibers aligned at angles closer to 0°. MEW
PCL has also been combined with hydrogels to better mimic certain physical and mechanical
properties of ECM. One study infused porous MEW PCL structures with gelatin methacrylate
(gelMA) and tested the resulting scaffold’s compressive mechanical properties and interactions
with human articular chondrocytes [83]. The PCL/gelMA structures were found to approximate
the compressive properties of equine cartilage. Furthermore, when seeded with chondrocytes,
cultured for 14 days, then subjected to physiological cyclic compressive strain, the composite
scaffolds promoted the upregulated expression of type I collagen and GAGs (aggrecan) compared

to non-compressed controls.
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Figure 1.6 Melt electrowritten poly(caprolactone) fibers (left) have been shown to sustain the
attachment and spreading of human mesenchymal stem cells, as visualized by staining actin and
nuclei with phalloidin conjugate and Hoechst compound (right). Adapted from [7] under

Creative Commons Attribution license (CC BY 3.0).

As the biocompatibility of MEW structures and potential for reproducing functional
properties of musculoskeletal soft tissues have been demonstrated in vitro, the next steps should
involve preclinical, orthotopic injury models and efforts to further enhance the biomimetic nature
of these scaffolds. With respect to the latter, there have been attempts to incorporate crimped fibers
in fibrous scaffolds. As a natural feature of collagen fibers, crimp affects the mechanical properties
of collagenous tissue, particularly in tension. This effect is most easily observed in the stress-strain
curve of tendon or ligament in tension (Figure 1.7). Just prior to the linear region of elastic

deformation is the toe region, in which collagen fibers are elongating and crimp is unfolding.
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Figure 1.7 The stress-strain curve of collagen fibers under tension is characterized by (1)
a nonlinear toe region in which fibers extend from a crimped configuration, (2) a linear elastic
deformation region, (3) the yield point in which some but not all fibers fail, and (4) ultimate

failure. Adapted from [8] with permission from John Wiley and Sons.

Ultimately, this allows collagenous tissues to display a higher ultimate failure strain. While crimp
has previously been introduced into electrospun polymeric fibers, these approaches tend to be
global. That is, they involve a processing step that affects the entire scaffold. For example,
scaffolds may be subjected to a heat treatment just above the glass transition temperature of the
polymer [84-86], or an ethanol wash [87]. Such approaches limit control over crimp dimensions
and uniformity. Taking advantage of the level of control over fiber deposition afforded by 3D
printing techniques, two separate groups have attempted to directly print crimped polymer fibers.
One used SEW to create “saw wave” pattern PCL fibers to approximate crimp [88]. Tensile testing
revealed crimped samples to possess a nonlinear toe region in the stress-strain curve not present in
straight fiber controls. Another group used MEW to print fibers below the critical translation speed

so that deposited fibers adopted a sinusoidal form [89]. Tensile testing also showed a toe region in
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the stress-strain curves of crimped samples, though the materials used were photocurable co-
polymers rather than pure PCL.

Despite remarkable progress in manufacturing capabilities, biomaterials science, and in
vitro and in vivo investigations, a clinically relevant strategy for engineering new musculoskeletal
soft tissue with proven, long-term success remains a pressing challenge. Additive manufacturing
techniques have the potential to address these challenges, but their ability to create scaffolds that
reproduce structural and functional elements of musculoskeletal soft tissues must be demonstrated
in vitro before progressing to preclinical and clinical testing. This dissertation describes
experiments conducted to advance the use of 3D printing-based methods, particularly MEW, for

the creation of implantable, biomimetic structures that lead to the formation of fibrous tissue.
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CHAPTER 2

Objectives

Fibrous soft tissues featuring highly organized collagen fiber networks, including
ligaments and the knee meniscus, play key biomechanical roles in musculoskeletal systems, but
have a limited ability to heal. To generate new functional tissue to replace or repair injured soft
tissues, electrospun and 3D printed scaffolds that guide the formation of collagenous ECM have
shown promise in preclinical orthotopic injury models. However, the newly synthesized collagen
fibers do not reproduce the highly oriented networks present in healthy ECM. Prohibitively small
pore sizes that prevent sufficient cell infiltration and migration and difficulty in forming constructs
with complex architecture and tissue-scale dimensions limit the potential of electrospun scaffolds
to guide the formation of functional tissue. In contrast, 3D printing can reproducibly create
complex, porous geometries with physiologically relevant dimensions, but can produce fibers no
smaller than about 100 um. It is also unclear whether achievable interfiber distances and the
subsequent pore sizes are adequately small for 3D printed fibers to serve as effective instructional
boundary cues to guide cells in synthesizing functional collagenous networks. Thus, an ideal
fabrication technique for musculoskeletal soft tissue engineering would be able to repeatably
create scaffolds with (1) complex, anisotropic geometries, (2) tissue-level dimensions, (3)
physiological fiber size, and (4) adequately sized pores.

Therefore, the broad goal of the studies described herein is to demonstrate the ability of
additive manufacturing- and textile-based approaches to address the limitations of current scaffold
fabrication techniques. This will provide an experimental foundation for tissue engineering efforts

that center around the use of fibrous scaffolds. The following studies are divided into four specific
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aims: (1) to determine whether 3D fiber deposited scaffolds affect the amount of aligned collagen
formed in vivo over time (Chapter 3), (2) to determine whether the mechanical properties of melt
electrowritten scaffolds with geometries relevant for tissue engineering can be controlled and
whether they reproduce the mechanical properties of musculoskeletal soft tissues (Chapter 4), (3)
to determine whether melt electrowriting can be used to create scaffolds with sinusoidal fibers that
mimic collagen crimp and whether these structures affect cell behavior (Chapter 5), and (4) to
determine whether 3D melt blowing can produce structurally and mechanically anisotropic fibrous
structures (Chapter 6). Completion of these aims represents a step forward in the use of additive
manufacturing- and textiles-based approaches for creating structures with a wide range of tissue
engineering applications and provides a basis for moving toward clinical assessment of these

scaffolds.
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CHAPTER 3
Engineering 3D-Bioplotted Scaffolds to Induce Aligned Extracellular Matrix Deposition for

Musculoskeletal Soft Tissue Replacement

The goal of the study described in this chapter was to demonstrate the ability of additively
manufactured scaffolds to guide the formation of aligned collagen fibers in vivo. The effect of fiber
organization on fibrous matrix synthesis had been previously shown in electrospun structures using
in vitro methods [44]. In addition, anatomically shaped, 3D printed scaffolds had been shown to
generate fibrous tissue in an orthotopic injury sheep model [69], but the functional properties of
the newly formed ECM did not quite match those of healthy tissue. By demonstrating the ability
to direct the formation of aligned collagen networks in vivo by varying scaffold design parameters,
we hoped to provide evidence that 3D printed structures could guide the production of an essential
aspect of musculoskeletal soft tissues, namely aligned, anisotropic collagen fibers, thereby
promoting 3D printing methods as viable scaffold fabrication processes.

The work described in this chapter has been published in Connective Tissue Research [90]

and is reprinted with permission from Taylor and Francis:

[90] Warren, P. B., Huebner, P., Spang, J. T., Shirwaiker, R. A. & Fisher, M. B.

Engineering 3D-Bioplotted scaffolds to induce aligned extracellular matrix deposition for

musculoskeletal soft tissue replacement. Connect. Tissue Res. 58, 342-54 (2017).

3.1. Introduction
The musculoskeletal soft tissues within and around joints serve to effectively transmit loads

and guide motion during daily activity. These tissues typically feature a fibrous extracellular
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matrix (ECM) composed of highly aligned collagen networks with anisotropic structural and
mechanical properties [91-93]. The degree of anisotropy and precise matrix organization varies
widely with tissue function. For example, ligaments and tendons are characterized by fibers
primarily aligned along one direction to resist axial tensile loads [39], while the annulus fibrosus
in the intervertebral disc features a concentric arrangement of fibrous lamellae with alternating
angles of fiber alignment to resist tension, bending, and shear [10]. In the crescent-shaped
meniscus, fibers run primarily in one of two orthogonal directions — circumferential or radial. This
specialized design provides joint stability and enables the transmission of complex,
multidirectional loads in the knee [14,94,95]. Because endogenous repair is limited in the largely
avascular meniscus, its surgical removal and replacement are often required. For meniscus tears in
young and active patients, allograft replacements are common and generally lead to favorable
results, but are hindered in practice by graft availability, size matching issues, and incomplete
cellular integration [16—-18] that contribute to relatively high levels of failure (25-50%) by ten years
post-procedure [18-20].

Tissue engineering and regenerative medicine approaches have the potential to overcome
the challenges associated with current strategies for meniscus repair [54,96-101]. The scaffold is
central to these approaches because it serves as a template for the anatomical shape of nascent
tissue while guiding its initial mechanical properties and maturation over time. To date, a number
of processes have been used in fabricating scaffolds, including solvent casting and particulate
leaching, gas foaming, woven and nonwoven processes, and electrospinning [102—-108]. However,
a single scaffold that 1) possesses and maintains physiologically relevant dimensions, 2) is patient-

specific, 3) can be produced cost-effectively and reproducibly, 4) exhibits anisotropy on the order
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of native tissues, and 5) guides the formation of orthogonally aligned ECM has not yet been
developed.

3D printing technologies, which build 3D structures layer-by-layer based on computer-
aided design/manufacturing (CAD/CAM) models, address some of these issues. Complex scaffold
architectures with scalable geometry can be created in a controlled and precise manner [109-113].
In particular, melt extrusion-based processes such as 3D-Bioplotting are versatile in that deposited
strands can be tailored to create specific pore geometries, while the structures themselves can be
composed of different materials within a single layer or in alternating layers [67,114-116], making
the accurate, repeatable, and cost-effective fabrication of physiologically relevant, patient-specific
scaffolds possible. In fact, early results for musculoskeletal soft tissues generated using 3D-
Bioplotted scaffolds are promising [65,69,117]. However, the key challenge of using 3D printed
scaffolds for treating meniscus injuries lies in reproducing the complex structural and mechanical
characteristics of the native tissue. Therefore, developing a design space relating the intrinsic
properties of scaffolds to specific tissue outcomes, such as cell infiltration, matrix composition,
and mechanical properties, is imperative.

In an attempt to establish this fundamental design space, the ability of 3D-Bioplotted
polymeric scaffolds to induce the formation of orthogonally aligned collagenous matrix by
changing pore geometry was evaluated in this study. Because the precise alignment of collagen
fibers is essential to the physiological function of the meniscus [11], demonstrating the ability to
control the formation of aligned collagen via the scaffold design is a critical first step toward the
development of functional 3D-Bioplotted meniscus replacements. As previous in vitro studies
have indicated scaffold pore size is an important factor in determining mechanical properties, cell

growth, and matrix production [65,118], we focus on the effect of varying scaffold interstrand
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spacing on in vivo tissue formation. We hypothesize that greater amounts of aligned collagen will

be formed over time in scaffolds with smaller interstrand spacing due to directed contact guidance.

3.2. Methods
3.2.1. Scaffold Fabrication and Characterization

Scaffolds were designed as solid cylinders (@ 7.5 x 5 mm) in SolidWorks® 2015 (Dassault
Systemes SOLIDWORKS Corp., Waltham, MA, USA). The strand-pore architectures were then
modeled using BioplotterRP® and Visual Machines® (EnvisionTEC GmbH, Gladbeck, Germany)
in preparation for fabrication on the 3D-Bioplotter (Manufacturer Series, EnvisionTEC GmbH)
(Figure 3.1A). Three scaffold designs were modeled, each consisting of 32 layers in an alternating
0°/90° strand laydown pattern to simulate the primary direction of the circumferential and radial
fibers of the meniscus (see Figure 3.2), and a 100% interconnected porous network, with an
intended interstrand spacing of either 100 um, 200 pum or 400 um in all layers (Figure 3.1B). For
simplicity, scaffolds from the three interstrand spacing groups will henceforth be referred to as
100 pm, 200 um, or 400 um scaffolds.

Polycaprolactone (PCL, My = 43,000 Da, Polysciences Inc., Warrington, PA, USA) pellets
were pre-heated to 120°C for 25 minutes inside the high-temperature extrusion print-head cartridge
to allow for polymer melting and stabilization. The scaffolds of all three designs were 3D-
Bioplotted using a 200 um internal diameter nozzle at an extrusion pressure of 0.6 N/mm? and
print head travel speed of 0.4 mm/s. Post-fabrication, scaffolds were weighed and dimensions
measured using a digital optical microscope (KH-7700, Hirox, Hackensack, NJ, USA). Strand

width and interstrand spacing measurements were taken at two random locations in each of the
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four scaffold quadrants (top view), totaling 8 readings per feature per scaffold. All scaffolds were

sterilized via serial ethanol washes and transferred to PBS for storage.

CAD Design

3D Model
Slicing

Strand-Pore
Architecture

Modeling

3D-Bioplotting Final PCL Scaffold

Top View

Lateral Cross-
sectional View

200 pm

Figure 3.1 (A) Computer-aided design/manufacturing (CAD/CAM)-based 3D-Bioplotting of

PCL scaffolds. (B) Representative microscope images, top view (scale bar = 500 um) and cross-

sectional view (scale bar = 1 mm), of the three 3D-Bioplotted scaffold designs with different

interstrand spacing. Highly uniform and repeatable architectures were observed across all three

designs.
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Figure 3.2 Representative images and collagen fiber distribution from frozen circumferential
porcine meniscus sections. Arrows in the brightfield and polarized light images indicate
orthogonal radial fibers. The distribution plot represents the 100 um by 100 pum area indicated by
the boxed region. The small O.I. value and single peak present indicate most collagen fibers in

the specimen are oriented in a single direction. Scale bars = 500 pum

3.2.2. Rat Subcutaneous Implantation Model

The scaffolds were implanted for 4, 8, or 12 weeks in subcutaneous pockets created in 6-
week old male Sprague-Dawley® rats (256 + 13g) (Charles River Laboratories, Wilmington, MA,
USA). All protocols were approved by and carried out in accordance with guidelines set forth by
the Institutional Animal Care and Use Committee (IACUC) at North Carolina State University.
All surgical procedures occurred in a designated operating room located within the Laboratory
Animal Resources (LAR) facilities at the North Carolina State University College of Veterinary
Medicine (CVM).

Six animals were allocated for each time point, for a total of 18 rats. Each rat was first
sedated via inhalation of isoflurane (3.5%). Sedation was maintained for the duration of the
procedure. The dorsal surface was then shaved to clear a 5 cm x 5 cm surgical site, and the subject’s
weight was recorded. The surgical site was sterilized by first spraying 70% ethanol solution, then

rubbing chlorhexidine across the dorsal surface using a sterile gauze pad. Three 2.5-cm incisions
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lateral to the midline were made in separate areas within the surgical site. Beneath the incision, the
epidermis was detached from underlying tissue using forceps, creating a subcutaneous pocket. One
100 um, 200 um, or 400 um scaffold was placed in each pocket such that each rat contained one
scaffold from each interstrand spacing group. The incisions were then closed with 2-3 surgical
staples. Respiration and movement were monitored as each subject was placed close to a heat lamp
and allowed to recover from sedation. Carprofen (0.5 mg/kg) was administered via subcutaneous
injection as an analgesic during surgery and for three days post-operation.

Over the course of the study, each animal was kept in a separate acrylic cage and housed
in a designated room within the LAR facilities. The animals were monitored for signs of infection
or changes in behavior throughout the study and euthanized using standard CO; inhalation

protocols in order to harvest the scaffolds at 4, 8, or 12 weeks (n=6/scaffold group/time point).

3.2.3. Histology and Optical Microscopy

The cylindrical scaffolds were divided into four equal, wedge-shaped quadrants by cutting
along the diameter of the circular face and fixed in 4% paraformaldehyde for 48 hours post-
retrieval. For each scaffold, two quadrants were designated ‘parallel’ and the other two
‘perpendicular’. One ‘parallel’ and one ‘perpendicular’ quadrant from each scaffold were serially
dehydrated and embedded in paraffin. A rotary microtome (HM325, ThermoFisher, Waltham,
MA, USA) was then used to create 6 um-thick scaffold sections by slicing either parallel or
perpendicular to the circular face. The ‘parallel’ quadrants were oriented such that one of the
straight edges of the wedge-shaped cross-section was parallel to the blade. The ‘perpendicular’
quadrants were oriented such that one of the edges of the rectangular cross-section was parallel to

the blade. For ‘parallel’ quadrants, sections were obtained from each of three depths into the
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scaffolds: 0.5, 1, and 1.5 mm. For ‘perpendicular’ quadrants, sections were obtained from the
central, innermost region of the scaffold. The remaining wedge-shaped quadrants were used for
separate analyses outside the scope of this study.

Perpendicular sections were stained with 4°,6-diamidino-2-phenylindole (DAPI) while
parallel sections were stained with picrosirius red to visualize cell nuclei and collagen,
respectively. For quantification of cell density, an inverted microscope (1X80, Olympus Corp.,
Tokyo, Japan) was used to obtain one fluorescence image for each DAPI-stained scaffold. For
quantification of matrix fill and matrix density, three brightfield images (one from each depth)
were obtained for each picrosirius red-stained scaffold. Similarly, three linearly polarized light
images of the same picrosirius red-stained sections were obtained for quantification of collagen
fiber alignment. Some specimens were visibly compromised (deformed) during histological
processing and were excluded from further analysis, resulting in the following sample sizes for
each scaffold group at the 4, 8, and 12 week time points, respectively, for statistical analysis: 100
pum (n= 3,4, 3),200 um (n=4, 4, 4),400 um (n=4, 4, 5).

To assess cell morphology, a cryostat (HM525 NX, ThermoFisher) was used to obtain
frozen sections of each scaffold at the 4 and 12 week time points. Sections were obtained by slicing
parallel to each scaffold’s circular face. Sections were then fixed in 4% paraformaldehyde,
permeabilized, labeled with phalloidin conjugate (Alexa Fluor 488 Phalloidin, ThermoFisher) to
visualize F-actin, and stained with DAPI. One fluorescence image was obtained for each
phalloidin/DAPI-stained scaffold via fluorescence microscopy (n = 3/ group / time point).

For comparison with collagen formed in the scaffolds, frozen sections of porcine medial
meniscus from 3-6 month old specimens were obtained by slicing parallel to the inferior meniscus

surface up to a depth of 500 um so that circumferential collagen fibers would largely be captured.

34



Sections were fixed in 4% paraformaldehyde, stained with picrosirius red, and imaged via

brightfield and linearly polarized light microscopy (n = 3).

3.2.4. Image Processing and Quantification

To quantify cell density, ImageJ (NIH, Bethesda, MD, USA) [119] was used to isolate
scaffold interstrand regions from each fluorescence image and highlight cell nuclei, similar to a
previously developed protocol [120]. Specifically, nuclear signal in the processed images was
converted to appear white (intensity = 255) while background appeared black (intensity = 0). Cell
density was then manually calculated as the number of cells per mm? of interstrand region.
Brightfield images were processed similarly using ImageJ. Empty interstrand regions were
converted to appear white while collagen signal appeared black. Matrix fill was calculated as the

percent area featuring collagen in each interstrand region (Eqg. 1):

% Matrix Fill = Area featuring collagen X 100 (1)

Total interstrand spacing area

The numerator in Eq. 1 represents the total continuous area spanned by stained collagen in each
interstrand region. In slight contrast, matrix density within the areas stained for collagen was also

calculated. This calculation excludes void spaces within the collagen, as shown in Eqg. 2:

. . Area featuring collagen— area featuring internal void space
%Matrix Density = (dreaf g g ! g Pace) X 100 2

Area featuring collagen
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Polarized light images were also processed using ImageJ. Similar to the protocol for quantifying
matrix fill, empty interstrand regions were converted to appear white while aligned collagen signal

appeared black. The percent area with collagen fiber alignment was then calculated using Eq. 3:

Area featuring aligned collagen

%Area with Collagen Alignment = 100 3)

Total interstrand spacing area

While useful for assessing the amount of aligned collagen deposited by cells, the alignment
values do not convey information about the distribution of fiber alignment. The orientation index
(O.1.), a quantitative measure developed by Sacks et al [121], is a measure of the strength of
alignment. Given a distribution of fiber alignment angles within a given sample, the distribution

centroid, ¢, IS a weighted representation of the principal fiber direction (Eq. 4):

@ in+180
im0 (0= @min)

Pc = Z‘Pmin"'lso[l(‘l’)‘l'l((ﬂ—l)] “)
® 2

1(<P)+1(<P—1)]
2

In this equation, ¢ represents fiber alignment angle and I(¢) represents signal intensity, i.e. the
number of fibers oriented at a given angle. The O.1I. is then defined as the width of the angular
interval centered on @ that represents 50% of the collagen fiber population. A small O.I. indicates
highly oriented fiber networks, while a large O.l. indicates more randomly oriented fibers. We
supplemented this quantification strategy using OrientationJ (Sage, EPFL, Lausanne, Switzerland)
[122], a directional analysis plug-in for ImageJ, to generate fiber orientation distribution plots,
then calculating mean ¢ and O.l. values using a custom MATLAB script. For quantification of

collagen fiber orientation within the scaffolds, three representative interstrand regions were
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assessed from each polarized light scaffold image. For the meniscus specimens, a single 100 um
by 100 um area qualitatively featuring a high degree of fiber alignment was assessed from each
specimen. For a given scaffold interstrand region or meniscus region, the fiber distribution should
not vary between images taken at various angles with respect to the polarizer. The repeatability of
the OrientationJ image analysis program was tested by taking polarized light images of the same
scaffold at various angles relative to the polarizer and comparing the resulting fiber orientation
distributions. These tests produced standard deviations of 2.3 and 4.0 in terms of ¢¢ and O.1.,
respectively, showing the approach was repeatable. Nevertheless, for additional consistency across
specimens, we imaged all scaffolds at the same angle with respect to the polarizer (i.e., 45°, the
angle at which maximum brightness of the birefringent specimen is achieved). Circular variance,
an alternate measure to assess variability of circular data, was also calculated to quantify the
strength of alignment within scaffolds. Values close to 0 indicate highly oriented fibers, while
values close to 1 indicate a broad distribution of fibers. Sample interstrand regions with

corresponding distribution plots may be seen in Figure 3.3.
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Figure 3.3 Fiber angle distribution plots of representative interstrand regions containing (A) a
single principal fiber direction or (B) more than one principal fiber direction. The signals

centered on 0°/90°/180° are artifacts produced by the image processing algorithm.
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3.2.5. Statistical Analysis

Statistical analyses were performed using SPSS (v21.0, IBM, Armonk, NY). Normality of
each dataset was verified using the Kolmogorov-Smirnoff test. For cell density, matrix fill and
density, and all collagen alignment measurements, a two-way ANOVA was performed, using time
and interstrand spacing as the independent variables. Bonferroni post-hoc tests were then

performed. Significance was set at p < 0.05. Data are presented as mean + standard deviation.

3.3. Results
3.3.1. Meniscus Collagen Fiber Orientation

For porcine medial meniscus specimens, both circumferential and radial collagen fibers
were observed in the brightfield and polarized light images, as shown in Figure 3.2, which justify
the choice of strand lay-down pattern for the scaffolds, represented in Figure 3.1. Orientation

analysis of small regions of fiber alignment in each polarized light image showed mean ¢c was

46.7° while mean O.1. was 14.0.

3.3.2. Scaffold Characterization

Strand width and interstrand spacing (along X-Y directions), scaffold mass, and
approximate fabrication time for the three scaffold groups are summarized in Table 3.1. Generally,
mean interstrand distances were within 12% of the intended spacing for all groups, while strand

widths were within 11% of the extruder nozzle internal diameter.
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Table 3.1 Scaffold metrology revealed repeatable and accurate (< 12% error) deposition.

Strand Width (um) Interstrand Spacing (um) Mass (mg) 3D-Bioplotting Duration

100 um group 213+ 28 112+ 24 164 £ 25 4 h 10 min
200 pum group 222 +18 185+ 19 155+ 14 3 h 05 min
400 pm group 208 + 32 408 + 30 94 + 17 2 h 15 min

3.3.3. Gross Observation

For all three time points, the majority of harvested scaffolds were encapsulated in fibrous
tissue 1-2 mm thick. When cleared of the fibrous capsule, matrix was observed to fill the
interstrand regions of all specimens as indicated by the uniform color change of each scaffold from
off-white (pre-implantation) to pink (post-retrieval). One 200 um scaffold from the 8 week time
point appeared brown beneath the fibrous capsule, which may indicate the presence of coagulated

blood. No apparent signs of infection or severe inflammatory response were observed.

3.3.4. Cell Density

By 4 weeks, host cells had fully infiltrated scaffolds in all interstrand spacing groups, as
evidenced by the representative fluorescence images of the innermost scaffold regions (Figure
3.4). Cell density was also quantified from these images (Figure 3.5). Values ranged from 876 —
1442 cellssrmm? across all groups and time points. Statistical analysis showed that there was no

statistically significant effect due to either time or interstrand spacing (p > 0.05).
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Time Point

4 weeks 8 weeks 12 weeks

200 pm 100 um

Interstrand Spacing Group

400 um

Figure 3.4 Representative fluorescence images of each scaffold’s central region showing DAPI-
stained cells at 4, 8, and 12 weeks (scale bar =200 um, ‘*’ indicates PCL strands). By 4 weeks,

cells had infiltrated into the scaffold center for all interstrand spacing groups.
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Figure 3.5 Mean cell density in the central regions of the scaffolds. No statistically significant

effects on cell density due to time or interstrand spacing were found.
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3.3.5. Matrix Fill and Density

The collagenous matrix produced by infiltrating cells was visualized using picrosirius red
staining (Figure 3.6). Quantification of these images included assessment of total interstrand area
filled by some matrix, and then within this area, the density of this matrix (Figure 3.7). Mean fill
values ranged from 94.1 — 96.6% at 4 weeks, 94.6 — 98.5% at 8 weeks, and 98.0 — 98.4% at 12
weeks (Figure 3.7A). Mean matrix density ranged from 31.9 — 42.5% at 4 weeks, 30.9 — 45.0% at
8 weeks, and 38.2 — 42.0% at 12 weeks (Figure 3.7B). For both matrix fill and matrix density,
differences between time points and interstrand spacing groups were not statistically significant (p

> 0.05).

Time Point
4 weeks 8 weeks 12 weeks
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Figure 3.6 Representative brightfield images of scaffold sections stained for collagen at 4, 8, and
12 weeks (scale bar = 1 mm). Extracellular matrix was present in scaffold pores at all time points
and interstrand spacing groups.
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Figure 3.7 Mean matrix fill and matrix density values of the scaffolds at 4, 8, and 12 weeks. (A)
Matrix fill was nearly 100% for each spacing group in just 4 weeks and remained high over 12
weeks. (B) Matrix density ranged from 31.9 — 45.0% across all time points and spacing groups.

Time and interstrand spacing had no statistically significant effect on fill or density.

3.3.6. Collagen Fiber Alignment and Orientation

The alignment of the collagenous matrix was visualized via polarized light imaging
(Figure 3.8). Aligned collagen was found in most specimens, and qualitative differences were
observed with time and interstrand spacing. Generally, alignment increased over time for all
spacing groups (Figure 3.8A-1). By 12 weeks, all scaffolds featured aligned collagen, as evidenced
in the representative, higher magnification images in Figure 3.8J-L. The percent area of
interstrand regions containing aligned collagen was also quantified (Figure 3.9A). Statistical
analysis showed that both time and interstrand spacing affect the deposition of aligned collagen (p
< 0.05), but their interaction effect is not statistically significant (p > 0.05). Bonferroni post-hoc
tests revealed statistically significant differences between the 4 week time point relative to both
the 8 and 12 week time points (p < 0.05), but no difference between the 8 week and 12 week time
points (p > 0.05). For example, from 4 to 12 weeks, mean alignment increased steadily from 36 +

19% to 62 + 23% for the 100 um scaffolds, from 11 £ 14% to 51 = 17% for the 200 pum scaffolds,
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and from 17 + 14% to 38 + 23% for the 400 um scaffolds. For interstrand spacing, Bonferroni
post-hoc tests revealed statistically significant differences between the 100 um scaffolds relative
to both the 200 um and 400 um scaffolds (p < 0.05), but no difference between the 200 um and
400 um scaffolds (p > 0.05). At 4 weeks, mean alignment for the 100 pm scaffolds was 71% and
53% higher than that of the 200 um and 400 pum scaffolds, respectively. By 12 weeks, mean
alignment for the 100 um scaffolds was 18% and 38% higher, respectively.

In order to better assess collagen orientation within scaffolds, the fiber distribution within
the center of the interstrand regions was analyzed. The values for ¢ are presented in Figure 3.9B.
A value of 45° represents perfect alignment along the direction of the interstrand channel. All
spacing groups had mean values close to 45°, ranging from 40.3 — 45.8°. Statistical analysis
showed no significant effect due to either time or interstrand spacing (p > 0.05). In terms of O.I.
(Figure 3.9C) and circular variance (Figure 3.9D), statistical analysis confirmed that interstrand
spacing had a statistically significant effect (p < 0.05). Interestingly, time did not influence O.1. (p
> 0.05) or circular variance (p > 0.05). The interaction between time and interstrand spacing was
also not statistically significant (p > 0.05). For O.l., Bonferroni post-hoc tests revealed that all
interstrand spacing groups were significantly different from one another (p < 0.05). The largest
difference in O.1. occurred between the 100 um and 400 um scaffolds, with a 35% difference at 4
weeks. For circular variance, Bonferroni post-hoc tests revealed statistically significant differences
between the 400 um scaffolds relative to both the 100 um and 200 um scaffolds (p < 0.05), but
not between the 100 um and 200 um scaffolds (p > 0.05). As with O.I., the largest difference in

circular variance (106%) occurred between the 100 um and 400 um scaffolds.
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Time Point

12 weeks

Interstrand Spacing Group
200 pm 100 pum

400 pum

Figure 3.8 (A-l) Representative polarized light images of scaffold sections stained with
picrosirius red (scale bar = 1 mm). In general, collagen fiber alignment increased over time. (J-L)
Enlarged regions of the 12-week scaffolds as indicated by boxed regions in (C), (F), and (1),

respectively, reveal aligned collagen (scale bar = 200 um).
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Figure 3.9 Mean values for (A) percentage of aligned collagen in scaffolds, (B) principal fiber

directions (¢c), (C) O.1., and (D) circular variance. ‘*’ indicates a statistically significant

difference (p < 0.05) between interstrand spacing groups linked by black bars. For panel (A), ‘A’

indicates a statistically significant difference (p < 0.05) between the 4 week and 8 week time

points, and ‘B’ indicates a statistically significant difference (p < 0.05) between the 4 week and

12 week time points. The dashed line in panel (B) indicates the angle (with respect to the

horizontal axis) at which interstrand regions were imaged, i.e. the angle of perfect alignment

3.3.7. Cell Morphology

between fibers and interstrand region.

Qualitative assessment of fluorescence images of phalloidin/DAPI-stained sections

revealed an increase in F-actin intensity with decreasing interstrand spacing at both the 4 week and
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12 week time points (representative 4 week data shown in Figure 3.10). Despite artifacts (due to
sectioning of thick, unfixed frozen samples) that occasionally detached fibrous matrix from
interstrand region boundaries, F-actin appeared to be most dense in the 100 um scaffolds, while
elongated nuclei were seen most clearly in the 100 um and 200 pum scaffolds. In contrast, the nuclei

and actin cytoskeletons visible in the 400 um scaffolds were largely rounded and more diffuse.

Brightfield Polarized Light Fluorescence

v

100 pm

Interstrand Spacing Group
200 pm

Figure 3.10 Representative fluorescence images of phalloidin/DAPI-stained sections at the 4
week time point with corresponding brightfield and polarized light images. Sectioning artifact
occasionally detached the fibrous matrix from interstrand region boundaries, but F-actin staining

and cell nuclei are clearly seen in all groups. Scale bar = 100 um.
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3.4. Discussion

In this study, 3D-Bioplotted scaffolds were implanted subcutaneously in a rat model to
evaluate the extent of cell infiltration and the alignment and orientation of collagen fibers produced
in scaffolds with varying interstrand spacing. Host cells infiltrated the innermost scaffold regions
and collagenous matrix was produced throughout the scaffolds in all interstrand spacing groups.
Quantitative image analysis of collagen fiber alignment showed that scaffold interstrand spacing
had an effect on induced matrix characteristics and confirmed the hypothesis that scaffolds with
smaller interstrand spacing would guide cells to deposit more aligned collagen. Results also
showed an increase in this alignment over time. Finally, alignment of the matrix itself followed
geometry of the strands, demonstrating the creation of scaffolds that can generate orthogonally
aligned matrix similar to meniscus tissue.

In terms of infiltration, cells had already penetrated deep into 3D-Bioplotted scaffolds by
4 weeks and were observed throughout the interstrand regions. Collagenous matrix formed by the
cells almost totally filled the pores of all scaffolds by 4 weeks, with matrix density reaching about
40% for most scaffolds, independent of interstrand spacing. These findings demonstrate key
advantages 3D printed scaffolds have over those fabricated using more conventional methods,
such as electrospinning, that face prohibitively slow cell infiltration in vivo [1,123].

On the other hand, aligned electrospun nanofibers have been shown to promote the
formation of aligned matrix, since the fibers are similar in scale to the matrix features on which
cells naturally reside [44]. In addition, the dependence of collagen orientation on pore size in 3D
printed structures has been established in vitro [124]. However, the ability of 3D-Bioplotted
scaffolds featuring much larger fibers and varying interstrand distances to guide the formation of

aligned collagen fibers in vivo has not been previously reported. Indeed, our fiber alignment and
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orientation data indicate matrix formation in vivo can be influenced via interstrand spacing. Our
mean alignment values (Figure 3.9), which describe the extent of collagen alignment found in the
interstrand regions, also suggest a phenomenon of delayed matrix organization. Mean alignment
was low in the 200 pum and 400 um scaffolds at 4 weeks relative to that of the 100 um scaffolds,
which displayed the highest percentages of aligned collagen overall. However, a large increase in
alignment was observed from 4 to 8 weeks in the 200 pum scaffolds, with alignment appearing to
level off by 12 weeks. In contrast, alignment remained relatively low for the 400 pm scaffolds at
8 weeks, but grew considerably by 12 weeks.

Within the regions of aligned matrix, we further quantified the degree of alignment by
calculating O.I. and circular variance. Comparing mean O.l. and circular variance values between
interstrand spacing groups shows that the 100 pm scaffolds have the most highly oriented collagen
fibers. The 200 pum scaffolds have less oriented fibers than the 100 um scaffolds, but more highly
oriented fibers than the 400 pum scaffolds. This observation supports the notion that matrix
organization is delayed in scaffolds with larger interstrand spacing. It is possible that in scaffolds
with smaller interstrand spacing, infiltrating cells are more likely to come into contact with the
surrounding physical boundaries, namely the polymeric strands, and be influenced to deposit
collagen fibers in the same direction as the boundary. In other words, the boundaries serve as
instructional cues for cells to create an aligned collagenous matrix. If the interstrand spacing were
larger, it is unclear whether aligned matrix could be produced. It is worth noting our small O.I.
values (ranging from about 15-21) suggest very highly oriented collagen fibers are present in the
scaffolds, which is consistent with the mean O.l. value we determined for small, highly aligned
regions of circumferential porcine meniscus specimens (O.l. = 14). In comparison, the O.I. values

determined for transverse carpal ligament, a tissue with fibers predominantly aligned in a single
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direction, range roughly from 30-50 [125], while the O.l. values found for porcine intestinal
submucosa, which contains a broad distribution of fiber alignment, range from 40-50 [126].
Similarly, our circular variance values are comparable to those found for other aligned fibrous
tissues, such as supraspinatus tendon [127] and facet capsular ligament [128].

Finally, cell morphology assessed at the 4 week and 12 week time points strengthened the
notion that cell behavior and matrix production can be controlled by modifying scaffold design
parameters such as interstrand spacing. Similar to the formation of collagenous matrix, the
orientation of F-actin in the cytoskeleton and the aspect ratio of cell nuclei may be heavily
influenced by instructional boundary cues [129,130], which exert a greater influence when the
interstrand regions are smaller. The ability to guide cells to orient and produce collagen along
orthogonal directions in vivo is a key step toward the ability to generate new meniscus tissue.

Future work will build upon the foundation laid in this study and further demonstrate the
potential of 3D-Bioplotted scaffolds. Here, we only address a single design variable, interstrand
spacing, but many factors contribute to the ultimate structure and properties of newly formed
tissue. The characterization of scaffold mechanical properties, both before and after implantation,
is particularly important. As the meniscus displays complex, nonlinear mechanical behavior,
determining the range and homogeneity of anisotropic properties within 3D-Bioplotted scaffolds
is critical. We are currently pursuing atomic force microscopy studies as a way to quantify the
elastic modulus of collagenous matrix in the scaffold pores [120], in order to strengthen the finding
that fiber alignment is dependent on interstrand spacing. In addition to playing a role in
determining the new tissue’s ultimate mechanical properties, the choice of scaffold material is also
important in terms of biocompatibility with the host tissue. Because PCL is commonly used as an

implant material, we do not anticipate excessive adverse reactions in the host caused by 3D-
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Bioplotted PCL, although this would be verified experimentally. A second issue concerns the
choice of in vivo model. The rat subcutaneous model is useful as a screening tool, but orthotopic
injury models will be needed to demonstrate the capabilities of these scaffolds in more clinically
relevant settings. For example, a sheep meniscectomy model has shown the potential of 3D-
Bioplotted scaffolds to generate new fibrocartilage tissue [69]. It is our goal to use the rat model
as a screening tool to develop a design space for 3D-Bioplotted scaffolds before moving on to
more demanding animal models. These orthotopic models would provide additional information
regarding matrix composition and remodeling in the scaffolds within the synovial joint.

This study highlights the potential of 3D-Bioplotted scaffolds to induce the formation of
aligned collagen fibers for not only meniscus repair, but also the regeneration of other
musculoskeletal soft tissues with specialized fibrous organization, such as ligaments, tendons, and
the annulus fibrosus. Further evaluation of these three-dimensional, porous constructs is required
for progress toward clinical translation, but this study establishes the ability of these scaffolds to

guide the formation of aligned and highly oriented collagen fibers in vivo.

3.5. Conclusions and Broader Impact

This study demonstrated the ability of scaffolds fabricated via additive manufacturing to
direct the formation of aligned collagenous ECM in a preclinical model, highlighting the potential
of these scaffolds to serve either as regenerative implants or testbeds for investigating
musculoskeletal soft tissue biology and mechanics. While these results represent a critical first
step toward the regeneration of functional meniscus tissue, it also has implications for other
physiological systems. The orthogonally structured scaffolds described herein guide the formation

of orthogonally oriented collagen fibers, which are key for engineering new meniscus, but
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scaffolds with more complex fiber architectures could theoretically be used for engineering other
fibrous tissues with more irregular ECM organization. For example, scaffold structure could be
designed to mimic the alternating concentric lamellar structure comprising the annulus fibrosus or
the largely circumferential fibrous organization of heart valve leaflets. Whereas reproducing these
irregular geometries with more conventional fabrication methods such as electrospinning would
be challenging, additive manufacturing processes allow direct control over scaffold fiber
organization. Building upon the finding that these structures can guide one critical aspect of
musculoskeletal soft tissue structure, namely collagen fiber alignment, other aspects are equally
important. The mechanical properties of tissue formed within scaffold pores should also be
determined, as detailed in an accompanying study currently in press [131]. Moreover, the
following chapter explores the ability to tailor the mechanical properties of 3D printed scaffolds

to resemble those of native fibrous tissues.
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CHAPTER 4
Parametric Control of Fiber Morphology and Tensile Mechanics in Scaffolds With High
Aspect Ratio Geometry Produced via Melt Electrowriting for Musculoskeletal Soft Tissue

Engineering

While Chapter 3 involved scaffolds fabricated via 3D-Bioplotting, a method based on 3D
fiber deposition, the study detailed in this chapter focuses on a separate additive manufacturing
technique. Although aligned collagen networks were formed within the 3D fiber deposited
structures, the scaffold fibers themselves were generally no smaller in diameter than 200 pm.
Similarly, 3D fiber deposited scaffold fibers in the study conducted by Lee et al [69] were
reportedly 100 um in diameter. In both of these studies, scaffold fibers are 1-2 orders of magnitude
greater in size than collagen fibers. The findings of the latter study illustrate a key challenge to
engineering musculoskeletal soft tissues. Despite the use of anatomically shaped scaffolds
functionalized such that they would provide a spatiotemporally controlled biochemical stimulation
for the formation of meniscus fibrocartilage, ultimately the microstructure of newly formed tissue
did not reproduce that of healthy meniscus. It is possible that when provided with a structural
environment composed of elements more similar in scale to collagen fibers that resident cells will
produce more structurally functional ECM. Therefore, this chapter explores the potential of an
additive manufacturing technique capable of generating smaller fibers while maintaining control
over fiber deposition. The work presented in this chapter has been submitted for publication to the

Journal of the Mechanical Behavior of Biomedical Materials.
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4.1. Introduction

The musculoskeletal soft tissues within and around joints are critical for effective load
transmission and movement. As with other collagenous tissues, they feature a hierarchy of collagen
organization, including groups of fibrils (50-500 nm in diameter) forming individual fibers (10-
50 um) [8], which are then arranged in architectures that vary widely by tissue and species.
Ultimately, this structure gives each tissue specialized, anisotropic structural and mechanical
properties. For example, fibers in the meniscus are oriented primarily in one of two orthogonal
directions, circumferential and radial, in order to resist complex, multidirectional loads [11]. When
injured, surgical removal of musculoskeletal soft tissues and replacement using auto- or allografts
is common, but hampered in practice by graft availability, size matching issues, incomplete
cellular integration, and other concerns [17,18,132]. Alternative treatment strategies, including
tissue engineering, aim to stimulate the generation of new, functional tissue.

Fibrous scaffolds are key to tissue engineering-based approaches as they guide initial
structural and mechanical properties and serve as templates for the formation of nascent tissue.
Electrospinning and extrusion-based 3D printing are commonly used to fabricate musculoskeletal
soft tissue scaffolds because they inherently produce fibrous structures. Electrospinning generates
ensembles of fibers with diameters ranging from hundreds of nanometers [129,133] to microns
[134,135]. Alignment of electrospun fibers can be somewhat controlled by collecting the fibers
onto a rotating cylindrical surface, though orientation angle with respect to the long axis of the
fibrous sheet can vary as much as +13° [1,133]. In contrast, conventional extrusion-based 3D
printing methods such as fused deposition modeling [57], 3D fiber deposition [64,65,69,136], and

bioprinting [68,137] offer greater control over scaffold architecture and geometry, but struggle to
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produce fibers smaller in diameter than 100-150 pm, an order of magnitude larger than collagen
fiber diameter.

In order to control fabrication at both the macroscopic level and the level of individual
fibers, melt electrowriting (MEW) has been developed as a scaffold production method
[5,138,139]. MEW combines aspects of both electrospinning and 3D printing, using an electric
potential to draw fine fibers from a polymer melt toward a grounded translating collecting surface
(Figure 3.1A), allowing control over the placement of single fibers with diameters closer in scale
to those of native collagen fibers, typically 1-50 um. Several groups have systematically
investigated fiber diameter as a function of MEW process variables, including melt extrusion
temperature, accelerating voltage or electric field, applied pneumatic pressure, stage translation
speed, working distance between the nozzle and stage, nozzle diameter, and composition of the
collecting surface [7,80-82,140]. More recently, advances in the throughput and sophistication of
MEW methods have enabled a high degree of control over fiber morphology and deposition [141-
144].

Yet there are few investigations of the mechanical properties of MEW structures with high
aspect ratio macroscale geometries relevant for musculoskeletal tissues, which often have length
to width ratios of 5:1 or higher and dimensions on the order of millimeters [133,145]. One such
study performed mechanical testing on MEW poly(g-caprolactone) (PCL) structures with varying
fiber alignment angles [82] using rectangular (20 mm x 5 mm) tensile specimens. However, these
specimens were not fabricated at this 4:1 aspect ratio, but rather cut from larger structures. This
extra post-processing step could affect scaffold tensile behavior by disrupting fiber continuity, in
addition to adding variability and leading to waste of potentially expensive polymer or other

reagents. Another study assessed the tensile properties of rectangular scaffolds (aspect ratio of 5:1)
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made from a bioactive polyester [146], but these samples presumably were also cut from larger
structures. Therefore, this study focused on MEW structures with high macroscale aspect ratio and
continuous fibrous architectures. Our objective was to determine whether the morphological and

mechanical properties of these structures could be controlled by varying MEW process parameters.

4.2. Methods
4.2.1. Scaffold Fabrication

A desktop fused deposition modeling 3D printer (Lulzbot Mini, Aleph Objects, USA) was
adapted to be capable of MEW. Briefly, the extruder component of the printhead was replaced
with a custom adapter that holds a 5 ml glass syringe (Cadence Science, USA) fitted with a metal
nozzle with 159 um inner diameter (Subrex, USA), connected to regulated pneumatic pressure,
and surrounded by a PID-controlled heating element (New Era Pump Systems, USA). A high
voltage power supply (Gamma High Voltage Research, USA) was used to create an electric
potential between the nozzle and a grounded collecting surface of glass microscope slides (Thermo
Fisher Scientific, USA). Three process variables — stage translation speed (1, 3, or 5 mm/s), melt
extrusion temperature (70, 80, or 90°C), and working distance between the nozzle and stage (1.5,
5, or 10 mm) — were investigated by systematically varying one while holding the other two
constant (Figure 4.1B). All data presented below for the combination of 3 mm/s stage speed, 80°C
melt temperature , and 1.5 mm working distance represent the same experimental group. For all
groups, accelerating voltage was kept at 5 kV, while applied pressure was maintained at 10 psi
(~70 kPa). G-code representing printer toolpaths was generated using a custom MATLAB
(MathWorks, USA) script, imported to the interface software, and used to print 12 mm x 12 mm

(square) or 35 mm x 5 mm (rectangular) scaffolds (Figure 4.1C) consisting of alternating layers
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of PCL (43 kDa, Polysciences, USA) fibers oriented in the longitudinal (0°) or transverse (90°)

directions and spaced 0.2 mm apart (2 or 10 layers total).

a b Initial Experimental Groups
Ap|p|i6d é N/ Stage Speed Groups s =1, 3, or 5mmls; constant t (80°C)and d (1.5 mm)
voltage
Melt Temperature Groups | t=70, 80, or 90°C; constant s (3mm/s) and d (1.5 mm)

Molten
polymer at Working Distance Groups | d=1.5,5.0, or 10 mm; constant s (3 mm/s) and t (80°C)
temp., t

Working

distance, d c Scaffold Geometry

_l— Square Rectangular
12 mm 35 mm
—
g FEF e oo

Interfiber spacing = 0.2 mm

Collecting stage translating
at speed, s

Figure 4.1 (A) Melt electrowriting was used to create scaffolds at (B) varying stage speed, melt
temperature, or working distance, with either (C) low (square) or high (rectangular) aspect ratio

macroscale geometry.

4.2.2. Imaging

5 mm x 5 mm specimens were cut from the end of each scaffold, sputter coated with Au/Pd
(60:40) alloy, and imaged using scanning electron microscopy (SEM, S3200N, Hitachi, Japan),
with an accelerating voltage of 20 kV. Two-layer square scaffolds were imaged but not quantified
(n=1/group). ImageJ (NIH, USA) was used to quantify fiber diameters (10 fibers per image),
interfiber spacings (30 per image), and transverse fiber angles (6 fibers per image) from a single
SEM image (Figure 4.2) of the central region of each 10-layer square (n=3/group) or rectangular
scaffold (n=3/group). Spacing was determined by measuring the length and width of the
rectangular, interfiber regions formed by two adjacent vertical fibers and two adjacent horizontal

fibers. Length and width were measured at the midpoints of two adjacent fibers. Thirty distinct
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interfiber regions within a given plane were measured for each image (one plane per image).
Transverse fiber angle was measured as the angle between the longitudinal axis and the axes of
individual transverse fibers. Based on images of two-layer structures, 10-layer scaffolds in the
working distance groups were excluded from quantification, i.e. only scaffolds from the stage

speed and melt temperature groups are presented below.

Figure 4.2 Measurement of fiber diameter, interfiber spacing, and transverse fiber angle from

SEM images (scale bar = 500 pum).

4.2.3. Mechanical Testing

The width and thickness of rectangular scaffolds (n=6/group) were determined by
averaging three measurements made with calipers for each dimension. Uniaxial tension was
applied to each scaffold in a universal testing system (5944, Instron, USA) with a clamp-to-clamp
length of 20 mm and a rate of displacement of 0.1 mm/s until failure. To track local strains more
accurately, videos of each tensile test were recorded using a digital camera (Logitech, USA). Each
video was converted to a series of images using Photoshop (Adobe, USA) and input into the open-
source MATLAB-based 2D digital image correlation program, Ncorr [147]. From the Ncorr-
calculated displacements for each image in a given series, a custom MATLAB script was used to

determine a mean strain representing the middle 50% of the rectangular scaffold geometry in order
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to avoid any skewing of the data related to clamping effects. Apparent stress was calculated from
the load-displacement data as load divided by scaffold cross-sectional area (width x thickness).
Values were sampled from each stress dataset to match the number of calculated strains for each
scaffold and stress-strain curves were plotted. The elastic region of each stress-strain curve was
identified by fitting via linear regression and verified if R? > 0.9. Apparent tensile modulus was
then calculated as the slope of the elastic region of each stress-strain curve. Using this modulus
value, a 0.2% offset line was generated. Yield strain was then determined as the x-coordinate of

the point at which the 0.2% offset line intersected with the stress-strain curve (Figure 4.3).
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Figure 4.3 Yield strain was determined from the 0.2% offset yield point using apparent stress-

strain curves. This example was taken from the 1 mm/s stage speed group.

4.2.4. Statistical Analysis

Statistical analyses were performed using JMP (SAS Institute, USA). Normality of datasets
was evaluated using the Shapiro-Wilk test. For fiber diameter, interfiber spacing, apparent tensile
modulus, and yield strain, nonparametric one-way Kruskal-Wallis tests were performed using

stage speed, melt temperature, working distance, or scaffold geometry as the independent variable.
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For each test, multiple post-hoc comparisons were made using Dunn’s tests. Significance was set

at o= 0.01 to account for multiple comparisons.

4.3. Results
4.3.1. Two-Layer Structures

Fiber deposition was highly consistent at the macroscale in all two-layer structures except
for the 5 mm and 10 mm working distance samples, which each contained several whole, unbroken
fibers arranged in an irregular architecture (Figure 4.4A). SEM images revealed accurate,
repeatable fiber organization at higher magnification for all samples excluding the 5 mm and 10
mm working distance groups (Figure 4.4B). As a result, 10-layer scaffolds in the working distance
groups were excluded from further analysis. Mean thickness values for 10-layer scaffolds are listed
in Table 4.1, while SEM images of fiber intersection points for 10-layer square scaffolds reveal

generally consistent fiber stacking (Figure 4.5).
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Figure 4.4 The influence of stage speed, melt temperature, and working distance on fiber

Working Distance

b Stage Speed

Melt Temperature

architecture in MEW structures is evident in representative (A) macroscopic (scale bar =5 mm)

and (B) SEM images of two-layer square specimens (scale bar = 500 pm).

Table 4.1 Mean thickness of scaffolds for each stage speed and melt temperature group. Data are

presented as mean + standard deviation.

Group (n=6) Mean Thickness (mm)
1 mm/s 0.73+0.43
Stage Speed Groups 3 mm/s 0.66 + 0.58
5 mm/s 0.35+0.15
70°C 0.40 + 0.09
Melt gerg‘j’gat”re 80°C 0.46 + 0.10
90°C 0.66 + 0.15
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Figure 4.5 Representative SEM images of fiber intersection points for 10-layer square scaffolds
from the stage speed and melt temperature groups. The ‘*’ indicates the same image due to

experimental group redundancy. The scale bar is 100 pm.

4.3.2. Scaffold Characterization — Stage Translation Speed

The effects of each process variable and scaffold geometry were then assessed within 10-
layer three-dimensional scaffolds. Stage speed and geometry had a clear effect on fiber diameter,
interfiber spacing, and fiber angle (Figure 4.6). For square scaffolds, overall architecture was
repeatable, as visualized in SEM images (Figure 4.6A). In contrast, rectangular scaffolds featured
less consistent organization, with angled fibers in the transverse direction. Quantitatively, in both
square and rectangular scaffolds, fiber diameter decreased with increasing stage speed (Figure
4.6B, Table 4.2). Median values for square scaffolds decreased from 80 pm at 1 mm/s to 42 um
at 3 mm/s (p<0.01 vs. 1 mm/s) and 25 pum at 5 mm/s (p<0.01 vs. 1 mm/s), while median values
for rectangular scaffolds decreased from 73 um at 1 mm/s to 37 um at 3 mm/s (p<0.01 vs. 1 mm/s)
and 32 um at 5 mm/s (p<0.01 vs. 1 mm/s). Differences between square and rectangular scaffolds

were only statistically significant at a stage speed of 5 mm/s (p<0.01). In terms of interfiber
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spacing, high variability was observed in the 1 mm/s group for both square and rectangular
scaffolds, which displayed 84% and 43% error of the median relative to the intended spacing of
200 um, respectively. Furthermore, there was a 29% difference in median spacing between
geometries at 1 mm/s (p<0.01). For both square and rectangular scaffolds at 3 mm/s and 5 mm/s,
median values decreased (p<0.01 vs. 1 mm/s) and approached the intended spacing. For transverse
fiber angle, all square scaffolds had median values near the expected angle of 90° (88.9° — 91.8°),
with decreasing variability as stage speed increased to 5 mm/s (p<0.01 vs. 1 mm/s). In comparison,
fiber angle for rectangular scaffolds was more variable. For example, median fiber angle at 1 mm/s
(100.2°) deviated from the expected value the most of any group, resulting in a 9% difference
between geometries at this speed (p<0.01). Fiber angle was closer to the expected value for 3 mm/s
(p<0.01 vs. 1 mm/s) and 5 mm/s, though overall variability remained high.

Mechanical analysis of the effect of stage speed revealed changes not only in stress-strain
behavior of the scaffolds, but also in apparent tensile modulus. Stress-strain curves typically
exhibited a small toe region (Figure 4.7A), followed by a linear region, yield, and failure. Apparent
modulus within the linear region decreased with increasing stage speed (Figure 4.7B, Table 4.3).
Specifically, median values decreased from 22 MPa to 7 MPa when stage speed was increased

from 1 mm/s to 5 mm/s (p<0.01). Yield strain was independent of stage speed (p>0.01).
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Figure 4.6 The effect of varying stage speed on MEW fiber morphology and architecture was
clear in (A) representative SEM images of both square and rectangular scaffolds. As shown in
(B) plots of scaffold characteristics versus stage speed, fiber diameter and interfiber spacing
generally decreased with increasing speed, while the influence of scaffold geometry on
transverse fiber angle was apparent at all speeds. Scale bars = 500 um. Data are presented as
median with interquartile range (box) and outliers (whiskers). The dashed lines in the spacing
and fiber angle plots indicate the intended spacing of 0.2 mm and the transverse axis angle,
respectively. “*’ indicates a statistically significant difference from the 1 mm/s group (p<0.01),
“**> ndicates a statistically significant difference from the 1 mm/s and 3 mm/s groups (p<0.01),

and ‘A’ indicates a statistically significant difference between geometries (p<0.01).
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Table 4.2 Fiber diameter and interfiber spacing for square and rectangular scaffolds at varying

stage speed and melt temperature presented as median with interquartile range (IQR). =

indicates the same dataset due to experimental group redundancy (see Methods for details). “*’

indicates statistically significantly difference from 1 mm/s for stage speed groups or 70°C for

melt temperature groups. ‘**’ indicates statistically significantly difference from 1 and 3 mm/s

for stage speed groups, or 70 and 80°C for melt temperature groups.

Fiber Diameter (um)

Interfiber Spacing (um)

Transverse Fiber Angle (°)

Square Scaffolds Median IQR Median IQR Median IQR
1 mm/s 80 64-87 286 258-317 91.8 89.2-94.2
Stage Speed 3 mm/s® 42* 37-54 262* 175-296 90.6 89.8-91.3
5 mm/s 25%* 20-30 201* 159-251 88.9 88.3-89.3
70°C 31 23-35 171 139-233 91.0 90.3-91.5
Melt Temperature 80 °C 42* 37-54 262* 175-296 90.6 89.8-91.3
90 °C 54+ 48-60 282** 254-310 88.4 87.4-89.2

Median IQR Median IQR Median IQR

Rectangular Scaffolds

1 mm/s 73 62-84 367 263-502 100.2 96.5-108.3
Stage Speed 3 mm/s® 37* 28-45 209* 150-299 88.7 83.9-91.3
5 mm/s 32* 26-42 193* 152-241 89.4 85.3-97.8
70°C 28 24-29 157 143-179 90.4 89.5-91.7
Melt Temperature 80 °C 37* 28-45 209* 150-299 88.7 83.9-91.3
90 °C 32 30-38 172 125-233 90.7 89.0-91.8
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Figure 4.7 (A) Representative stress-strain curves for rectangular samples made with varying
stage speed and (B) corresponding apparent tensile modulus and yield strain plots show a
decrease in modulus with increasing stage speed (n=6). Modulus and yield strain data are
presented as median = 95% C.I. “*’ indicates a statistically significant difference (p<0.01)

between groups linked by a black bar.

Table 4.3 Apparent tensile modulus and yield strain for rectangular scaffolds at varying stage
speed and melt temperature presented as median with interquartile range (IQR). ‘= indicates the
same dataset due to experimental group redundancy (see Methods for details). “*’ indicates

statistically significantly difference from the 1 mm/s group.

Apparent Tensile
Yield Strain (%)
Modulus (MPa)

Rectangular Scaffolds Median IQR Median IQR
1 mm/s 21.9 18.9-22.5 4.0 3.4-5.0

Stage Speed 3 mm/s™ 11.6 10.6-13.9 4.2 3.5-5.0
5 mm/s 7.5% 6.6-9.9 4.1 3.5-5.0
70 °C 20.2 19.4-20.8 2.9 2.8-3.8

Melt Temperature 80 °C 11.6 10.6-13.9 4.2 3.5-5.0
90 °C 11.7 8.6-14.8 4.0 3.3-4.7
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4.3.3. Scaffold Characterization — Melt Extrusion Temperature

When stage speed and working distance were held constant, varying melt temperature also
affected fiber diameter and interfiber spacing (Figure 4.8). The effect of geometry was more subtle
for these groups of scaffolds. SEM images again revealed consistent, repeatable structures for
square scaffolds (Figure 4.8A). Relative to the effects of stage speed, fiber architecture in these
groups was more consistent, with fewer angled transverse fibers. Quantitatively, fiber diameter in
both square and rectangular scaffolds generally increased with melt temperature (Figure 4.8B,
Table 4.2). Median values in square scaffolds increased from 31 um at 70°C to 42 um at 80°C
(p<0.01 vs. 70°C) and 54 um at 90°C (p<0.01 vs. 70°C), while in rectangular scaffolds, median
values increased from 28 um at 70°C to 37 um at 80°C (p<0.01 vs. 70°C). Furthermore, at 90°C,
rectangular scaffolds had 41% lower diameter (p<0.01). For interfiber spacing, median values in
rectangular scaffolds were generally closer to the intended spacing than were median values for
square scaffolds, although at 80°C and 90°C, overall variability was higher for rectangular
scaffolds. In square scaffolds, median spacing was increased at both 80°C and 90°C (p<0.01 vs.
70°C), while spacing in rectangular scaffolds was increased only at 80°C (p<0.01 vs. 70°C).
Moreover, there was a 39% difference in median spacing between geometries (p<0.01) at 90°C.
Similar to findings for the effect of stage speed, transverse fiber angle in square scaffolds was
consistent and near the expected angle of 90° at all temperatures. Median values were significantly
different when temperature was increased from 70°C to 90°C (p<0.01) and from 80°C to 90°C
(p<0.01). Fiber angle in rectangular scaffolds was more variable, though there were no statistically
significant differences between temperature groups or between geometries at any given

temperature (p>0.01).

66



Mechanical analysis revealed changes in stress-strain behavior and apparent modulus with
melt temperature as well. This group of scaffolds also exhibited small toe regions followed by a
linear region (Figure 4.9A), with the 70°C group displaying the highest median modulus (Figure
4.9B, Table 4.3). Median values decreased from 20 MPa at 70°C to about 12 MPa for both the
80°C and 90°C groups, though the differences were not statistically significant (p>0.01). Yield

strain was independent of melt temperature (p>0.01).
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Figure 4.8 Varying melt temperature also influenced architecture and fiber morphology, as
shown in (A) representative SEM images of square and rectangular scaffolds. (B) Plots of
scaffold characteristics versus melt temperature showed an increase in fiber diameter and
interfiber spacing with temperature in square scaffolds, but smaller changes in rectangular

scaffolds. Transverse fiber angle was more variable for rectangular scaffolds, especially at 80°C.
Scale bars = 500 um. Data are presented as median with interquartile range (box) and outliers
(whiskers). The dashed lines in the spacing and fiber angle plots indicate the intended spacing of
0.2 mm and the transverse axis angle, respectively. ‘*’ indicates a statistically significant
difference from the 70°C group (p<0.01), “**” indicates a statistically significant difference from
the 70°C and 80°C groups (p<0.01), and ‘A’ indicates a statistically significant difference

between geometries (p<0.01).
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Figure 4.9 (A) Representative stress-strain curves for rectangular samples made with varying

melt temperatures and (B) corresponding apparent tensile modulus and yield strain plots show

that the 70°C group typically exhibited the highest modulus and least elastic deformation (n=6
for 70°C and 80°C groups, n=4 for 90°C). Modulus and yield strain data are presented as median

+95% C.1.

4.4. Discussion

To create biomimetic MEW structures that aim to reproduce the architecture and
mechanics of native collagen networks within musculoskeletal tissues, a thorough understanding
of the influence of process parameters in scaffolds with high aspect ratio macroscale geometries is
needed. Evaluating arbitrary geometries can be useful for characterizing general scaffold
properties and basic cellular interactions with scaffolds, but studying high aspect ratio geometries
is more relevant for engineering musculoskeletal soft tissue, for which anisotropic mechanical
behavior is critical. Our results reveal marked differences in architecture between square and
rectangular structures. Angled transverse fibers were found almost exclusively in rectangular

scaffolds that likely contributed to the overall tensile response. Transverse fiber angle improved
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with increasing stage speed for rectangular scaffolds, but variability remained higher than the
square scaffolds. Fiber diameter and spacing generally increased with melt temperature in square
scaffolds, but changed little with temperature in rectangular scaffolds. These results highlight the
need to choose MEW process parameters carefully in order to consistently generate specific
structural and mechanical properties. Our system is capable of fiber deposition across all stage
speeds and melt temperatures tested, but consistency tended to be greatest with high speed and low
temperature.

Our findings for the dependence of fiber diameter on process parameters are comparable
to those from other published studies. As demonstrated herein, the role of translation speed is
crucial in determining fiber morphology and consistency of deposition. This relationship has been
explored in prior studies that established the concept of a critical translation speed required to
avoid fiber coiling during deposition (for the MEW system described in these studies, the critical
speed was 280 mm/min, or about 5 mm/s) [7,78,81]. These studies found that increasing speed
generally decreased fiber diameter due to a mechanical drawing effect. Our findings reinforce this
conclusion. In addition, we found that diameter increases with melt temperature in the 70-90°C
range for both square and rectangular scaffolds, which is in agreement with a report [78] that
investigated the same temperatures used in our study, but is not supported by another study [82]
that evaluated slightly elevated temperatures (80-100°C) and found no dependence of diameter on
melt temperature. As for working distance between the nozzle and collecting surface, there is likely
a range of values useful for consistent fiber deposition. Values ranging from 170 pum to 30 mm
[7,78,80-82,140] have all been shown to create repeatable fibrous structures, although at our given
set of conditions, we were unable to consistently produce coherent structures at working distances

of 5 mm and 10 mm. Overall, it can be gleaned from these findings that fiber diameter can be
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controlled through the variation of MEW process parameters, even in scaffolds with high aspect
ratio macroscale geometry.

For interfiber spacing, most groups displayed accurate architectures. However, SEM
images revealed excessive interfiber distances approaching 400 um in certain groups, including
square scaffolds at stage speeds of 1 mm/s and 3 mm/s and at a melt temperature of 90°C. This
observation is apparent when comparing to scaffolds in the 5 mm/s stage speed and 70°C melt
temperature groups, which exhibit more accurate spacing. These excessive interfiber distances
may be caused by a phenomenon where the “paths” of two adjacent but separate fibers occasionally
fuse, forming a single, large fiber. This effect is most clearly seen near the bottom edge of the SEM
image of the 70°C group of square scaffolds (Figure 4.8A), though it is not limited to this group
alone. It is possible that as printing progresses and more electrically insulating material is
deposited, the electric field driving fiber formation is altered, and incoming fibers are more highly
attracted to adjacent, previously deposited fibers, rather than the more distant collecting surface,
causing a “track switching” effect. Greater control of the electric field, by adjusting the
accelerating voltage in real-time during printing for example, as was demonstrated recently [142],
may limit this phenomenon.

Transverse fiber angle was measured as a way to quantify the deviation of transverse fibers
from the 90° axis. Square scaffold fibers displayed very little deviation from 90°. In contrast,
rectangular scaffold fibers, especially in the stage speed groups, varied widely in transverse angle.
These angled fibers were present in many groups (the rectangular scaffolds in Figure 4.6A, for
example), and likely arose from viscoelastic “lag” that occurred during printing between the
position of the nozzle and the actual position of the fiber as it contacted the collecting surface. This

caused fibers to form angled loops near the edges of both scaffold geometries, an effect that was
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compounded in rectangular scaffolds by rapid changes in nozzle direction dictated by the high
aspect ratio geometry. This side-effect of printing with viscoelastic polymers has been observed
[78] and addressed [7] in previous MEW parametric studies. Nevertheless, it may play a role in
determining whole scaffold mechanics.

In terms of tensile mechanical properties, our scaffolds are comparable to similar MEW
structures and native tissue values. For example, yield load and stiffness values recently reported
for fibrous MEW PCL architectures [82] ranged from 0.5 — 0.8 N and 0.2 — 0.8 N/mm,
respectively, although tension was not applied along the axes of orthogonally oriented fibers, as
was done in our study. In addition, these 20 mm x 5 mm tensile specimens were cut from larger
MEW structures instead of being directly fabricated at an aspect ratio of 4:1. Because MEW fiber
deposition is a continuous process, cutting tensile specimens from larger samples likely disrupts
fiber continuity, potentially affecting the scaffold’s overall tensile behavior. Nevertheless, our
scaffolds feature similar yield loads of 0.5 — 1.5 N and stiffnesses ranging from 0.6 — 1.8 N/mm.
In another study, tensile modulus for MEW poly(hydroxymethylglycolide-co-g-caprolactone)
structures (aspect ratio of 5:1) typically ranged from 2 — 2.5 MPa [146], though here the focus was
on comparing mechanics between rectangular and hexagonal microstructures. These specimens
presumably were also cut from larger MEW structures. In contrast to these two studies, fiber
continuity in our scaffolds was only compromised on one end, from which SEM specimens were
cut. This end was then clamped in the tensile fixture, masking any effects fiber discontinuities may
have had on scaffold mechanical behavior. Finally, in terms of matching the tensile properties of
native tissues, our scaffolds also compare favorably. For example, the tensile modulus of meniscus
fibrocartilage in the circumferential direction ranges from 50-200 MPa and from 2-60 MPa in the

radial direction [148], while the circumferential tensile modulus of the outer zone of the annulus
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fibrosus ranges from 3-32 MPa [10]. Notably, one limitation to calculating modulus in this manner
is that the calculation assumes tension is applied to a homogeneous cross-section. In reality,
because the fibers are arranged in a three-dimensional logpile structure, cross-sections are
heterogeneous and contain void space. To calculate a true modulus, the cumulative void space
within scaffold cross-sections should be accounted for. It follows that local fiber modulus values

are likely higher than those shown here.

4.5. Conclusions and Broader Impact

This study highlighted the need to tailor MEW process parameters for continuously
fabricated fibrous structures with high aspect ratio geometry in order to produce the intended
structural features, which impact tensile mechanical properties. Previous MEW literature
demonstrated the ability to obtain mechanical properties tailored for various musculoskeletal
tissues, but none reported data on continuously fabricated, high aspect ratio geometry scaffolds.
The findings described in this chapter provide insight into the influence of MEW process
parameters in such scaffolds, enabling better scaffold design. Although the scaffolds in this study
were fabricated with musculoskeletal soft tissues in mind, they are broadly applicable to any
fibrous tissue. While this chapter focused on scaffold mechanical properties, the following chapter
explores the potential of MEW scaffolds to mimic microstructural features of collagenous tissues,
namely collagen crimp. It is possible that fiber crimp can direct cell morphology and extracellular
matrix synthesis, so determining whether MEW can be used to produce scaffolds with crimped
fibers could be a step forward in improving scaffold-based musculoskeletal soft tissue engineering

strategies.
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CHAPTER 5
Impact of Sinusoidal Fibers Produced Via Melt Electrowriting on Mesenchymal Stem Cell

Morphology

The preceding chapters described the ability of 3D printed scaffolds to (1) direct aligned
collagen fiber formation in a preclinical model and (2) to approximate the mechanical properties
of musculoskeletal soft tissues when possessing high aspect ratio geometry featuring continuous
fibers. It remains unclear, however, if these characteristics are sufficient for engineering functional
tissue. One feature of musculoskeletal soft tissue not often replicated in scaffold-based tissue
engineering strategies is collagen crimp, which plays a key role in the mechanical behavior of
collagen-rich tissues. To date, efforts to reproduce crimp in fibrous scaffolds have been limited in
their ability to control crimp dimensions and uniformity. As an additive manufacturing technique,
melt electrowriting has the potential to control scaffold architecture at the level of individual fibers.
Therefore, the goal of this chapter is to explore the ability of melt electrowriting to create scaffolds

with biomimetic sinusoidal fibers and any impact these fibers may have on cell morphology.

5.1. Introduction

Musculoskeletal soft tissues are essential load-bearing connective tissues within our joints.
Despite a wide range of microstructure and mechanical functionality, these tissues share the
common feature of being composed of highly oriented networks of collagen fibers. The precise
arrangement and architecture of these fibrous networks are responsible for each tissue’s
specialized mechanical properties. For example, the meniscus is made of fibers primarily oriented
in one of two orthogonal directions, either circumferentially or radially. This architecture allows

it to withstand multidirectional loads and facilitate proper joint motion.
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Due to limitations in current treatment strategies for musculoskeletal soft tissue injuries,
tissue engineering approaches based on regenerative scaffolds are appealing. Fabrication methods
that create fibrous structures are especially suitable for engineering musculoskeletal soft tissues.
Electrospinning, for example, is capable of producing meshes of nanometer-scale fibers with
varying degrees of fiber orientation. Unfortunately, prohibitively small pore size that limits cellular
ingress into the construct and the difficulty in repeatably creating three-dimensional structures with
tissue-level dimensions hamper progress in electrospun tissue scaffolds. In contrast, 3D printing
techniques such as 3D fiber deposition are capable of reproducibly forming complex, porous
geometries with appropriate dimensions. However, preclinical models employing 3D printed
scaffolds suggest that the newly formed tissue within the scaffolds does not recapitulate native
tissue architecture.

It is possible that making tissue scaffolds more biomimetic and representative of the
collagenous networks cells naturally reside in would enhance the ability of resident cells to form
more functional extracellular matrix. One approach for 3D printed scaffolds is to include smaller
constituent fibers closer in scale to native collagen fibers (10-50 um). Melt electrowriting (MEW)
is a fabrication process that not only allows for the level of control over scaffold microstructure
afforded by conventional 3D printing methods but also the production of smaller fibers. For
detailed descriptions of the technique and critical process parameters, the reader is referred to the
following papers [78,149]. Briefly, it is similar to typical extrusion-based processes in that it melts
a reservoir of polymer. The melt is then extruded through a small nozzle via pneumatic pressure.
An electric potential between the nozzle and a grounded collecting surface created by applying
voltage to the nozzle then drives the formation and emission of fibers, which are collected by the

automated translating surface. Many groups have characterized the viable window of processing
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parameters, adapted the technique to various materials, and demonstrated biocompatibility with
different cell types [7,81,83,142,150-152]. The previous chapter also describes a study that shows
MEW can be used to create fibrous scaffolds with geometric and mechanical properties relevant
for tissue engineering.

As additive manufacturing technologies become more sophisticated, the potential to further
enhance the biological properties of 3D printed scaffolds should be explored. For musculoskeletal
soft tissues, one structural feature that is known to be important for functional mechanical behavior
is collagen crimp. A crimped microstructure allows collagen fibers to briefly straighten out upon
being loaded in tension before entering their elastic deformation regime, essentially allowing them
to reach higher strains before permanent deformation. Collagen fibers naturally develop this
microstructure over the course of growth and maturation, and it is possible crimp plays a role in
the synthesis of nascent tissue. To increase the level of strain scaffolds can withstand before
yielding and provide geometric boundary cues for cells that are potentially more representative of
those found in native tissue, fiber crimp should be incorporated into scaffold design.

Prior studies have introduced crimp into fibrous scaffolds with some success. Mild,
tangential air flow has been used to curl the electrified polymer jet in electrospinning [153] and
deposit crimped fibers, while entire electrospun meshes have been subjected to heat treatments
just above the polymer’s glass transition temperature [84—86] or ethanol washes [87] to generate
crimp. Because these approaches are applied to entire processes or scaffolds, the ability to control
crimp uniformity or dimensions is limited, however. A physical crimping method in which
collagen microfibers were extended along their long axis, compressed using a micropatterned
elastomer substrate, then relaxed with the substrate in place, was shown to generate uniform crimp

patterns that altered the tensile stress-strain behavior compared to straight fiber controls [154].
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However, this process, which also involves freezing the collagen in its crimped state and cross-
linking for 24 hours, is time- and labor-intensive.

3D printing has also been leveraged to directly form wave-like polymer fibers. Polymer
solution-based electrowriting was used to directly print saw-wave like fibers that were rolled into
a tubular scaffold [88]. The resulting structure exhibited a nonlinear toe region not present in
straight fiber controls and were able to sustain human tenocytes over 14 days of culture. There
have also been efforts to use MEW to form fibers with crimp-like structure. One study investigated
the ability of sinusoidal, out-of-plane poly(caprolactone) (PCL) fibers to mechanically reinforce
the shear properties of hydrogels [155]. In another study, sinusoidal PCL fibers were directly
printed and combined with a gel formulation consisting of alginate, gelatin-methacryloyl, and
poly(ethylene glycol)-diacrylate to form composite material scaffolds with potential for various
applications [141], though it is unclear what the spacing between adjacent fibers was, which is
important for scaffold pore size, and how thick resultant scaffolds were. Another group used MEW
to print photopolymerizable copolymers below the critical stage translation speed required for
laying down straight fibers [89]. As a result, fibers adopted a sinusoidal geometry due to fiber
buckling phenomenon when being deposited below the critical translation speed. Similar to
findings from other groups, these fibers had altered tensile stress-strain curves when compared to
straight fiber controls. It will be interesting to determine whether these structures can be built into
entire scaffolds.

The goal of this study was to explore the feasibility of repeatably printing sinusoidal fibrous
scaffolds with interfiber spacing and overall construct height suitable for evaluating cell-scaffold

interactions. Demonstrating the ability to create such structures and their influence on cell behavior
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would be a crucial step toward the use of MEW in fabricating implantable scaffolds or

experimental testbeds for musculoskeletal soft tissue engineering applications.

5.2. Methods
5.2.1. Melt Electrowriting System

A desktop fused deposition modeling 3D printer (Lulzbot Mini, Aleph Objects, USA) was
adapted to be capable of MEW, as described previously (Figure 5.1A). Briefly, the extruder
component of the printhead was replaced with a custom adapter that holds a glass syringe fitted
with a 159 um-inner diameter nozzle (Subrex, USA), attached to regulated pneumatic pressure,
and surrounded with a PID-controlled heating element. A high voltage power supply was used to
create an electric potential between the nozzle and a grounded collecting surface. G-code
representing printer toolpaths were generated using a custom MATLAB (MathWorks, USA)

script, imported to the interface software, and used to print fibrous structures.

5.2.2. Sinusoidal Fiber Fabrication

For microstructural characterization (Figure 5.1B), sinusoidal fibers were fabricated using
a melt temperature of 75°C, a stage translation speed of 15 mm/s, an applied voltage of 5 kV, a
working distance between the nozzle and stage of 10 mm, and pneumatic feed pressure of 15 psi.
Single layer specimens consisted of unidirectional, sinusoidal PCL (43 kDa, Polysciences, USA)
fibers with amplitudes of 0.05, 0.1, 0.15, 0.2, or 0.25 mm and wavelengths of 0.2, 0.4, 0.6, 0.8, or
1 mm, respectively, and spaced 0.1 mm apart. For the 0.2 mm amplitude / 0.8 mm wavelength
specimens, 5- and 20-layer structures were also created. The values for amplitude and wavelength

were chosen by starting at maximum values known to be achievable for this MEW system (i.e.
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0.25 mm amplitude and 0.8 mm wavelength), then incrementally decreasing until reaching a lower
limit for consistency of deposition. All structures were 60 mm x 5 mm in overall dimension.

For in vitro evaluation, sinusoidal fiber scaffolds were fabricated using a melt temperature
of 80°C, a stage speed of 5 mm/s, an applied voltage of 6 kV, a working distance of 5 mm, and a
feed pressure of 15 psi. These values were chosen following parameter optimization studies not
reported here. 20-layer scaffolds consisted of alternating horizontal and transverse layers of fibers
with either sinusoidal waveform (longitudinal axis) or straight geometry (transverse axis).
Longitudinal interfiber spacing was 0.8 mm, while transverse interfiber spacing was 5 mm.
Scaffolds possessed the following amplitude / wavelength combinations: 0.5 mm / 2 mm (high
amplitude and high wavelength; the HAHW group), 0.25 mm / 1 mm (low amplitude and low
wavelength; the LALW group), 0.5 mm /1 mm (high amplitude and low wavelength; the HALW
group), or 0.25 mm / 2 mm (low amplitude and high wavelength; the LAHW group). A non-
sinusoidal control group (NS) consisted of straight fibers. A conservative value of 0.25 mm was
chosen for “low amplitude” groups because it is well above this MEW system’s lower limit for
amplitude (0.15 mm) determined in the single-layer structures. Doubling this value yielded 0.5
mm for “high amplitude” groups. A wavelength : amplitude ratio of 4 was maintained for the
HAHW and LALW groups because polarized light images of porcine meniscus collagen (detailed
in Chapter 3 but not reported here) suggested collagen crimp approximated this ratio. The values
were then swapped to form the HALW and LAHW groups. All scaffolds were 60 mm x 5 mm in

overall dimension.
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5.2.3. Electron Microscopy

Specimens were sputter coated with AuPd (60:40) alloy and imaged using scanning
electron microscopy (SEM, S3200N, Hitachi, Japan) at an accelerating voltage of 5 kV
(n=3/group). ImageJ (NIH, USA) was used to quantify fiber diameter (5 fibers per image) and
sinusoidal amplitude (3 per image) and wavelength (3 per image). Amplitude was determined by
measuring the transverse distance between adjacent peaks and valleys and dividing by two.
Wavelength was determined by measuring the longitudinal distance between adjacent peaks or

valleys.

5.2.4. Mechanical Characterization

The width and thickness of 20-layer sinusoidal fiber scaffolds with 0.8 mm longitudinal
fiber spacing were measured using calipers. Uniaxial tension was applied to each scaffold (Figure
5.1B) in a universal testing system (5944, Instron, USA) with a clamp-to-clamp length of 20 mm
and a rate of displacement of 0.1 mm/s until failure or a crosshead displacement of 60 mm (300%
strain). Six specimens per group were tested with the exception of the LALW group, of which
three specimens were structurally compromised during preparation for testing. Stress was
calculated from the load-displacement data as load divided by scaffold cross-sectional area (width
x thickness). Strain was calculated as displacement divided by initial clamp-to-clamp length.
Stress-strain curves were plotted. The elastic region of each curve was identified via linear
regression and verified if R? > 0.9. Tensile modulus was then calculated as the slope of this elastic
region. Using this modulus value, a 0.2% offset line was generated. Yield strain and yield stress
were then calculated as the x- and y-coordinates, respectively, of the point at which this line

intersected with the stress-strain curve.
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5.2.5. Cell Culture and Seeding

Scaffolds were sterilized by washing in 100% ethanol with agitation for 30 minutes, then
rehydrated by washing in serially decreasing concentrations of ethanol (70%, 50%, and 30%).
After a final wash in sterile PBS, scaffolds were transferred to custom seeding plates containing
individual wells (65 mm x 8 mm x 5 mm in dimension) for each scaffold (n=3 scaffolds/group).

Juvenile bovine mesenchymal stem cells cultured up to passage five in basal medium
(Dulbecco’s Modified Eagle Medium, DMEM, supplemented with 10% fetal bovine serum, FBS,
and 1% penicillin/streptomycin/fungizone, PSF) were trypsinized, counted, and combined at a
concentration of 16 x 10° / ml with 12 ml of type | collagen hydrogel (3 mg/ml) prepared using
Collagel® kits (Flexcell, USA). 400 ul of cell / hydrogel suspension was then pipetted directly
into each scaffold-containing well within the seeding plates (Figure 5.1C). The plates were then
incubated (37°C and 5% CO>) for 90 minutes to allow for gelation. Scaffolds were then placed in
custom polysulfone fixtures, as described in a previous study [145], to minimize cell-mediated
contraction of the hydrogel over the culture period. The scaffold-loaded fixtures were immersed
in chemically defined medium (DMEM supplemented with 1% PSF, 0.1 uM dexamethasone, 40
pg/ml L-proline, 100 pg/ml sodium pyruvate, 6.25 pg/ml insulin, 6.25 pg/ml transferrin, 6.25
ng/ml selenous acid, 1.25 mg/ml bovine serum albumin, 5.35 pg/ml linoleic acid, 50 pg/ml
ascorbate 2-phosphate, and 10 ng/ml TGF-B3) and cultured for 21 days, with medium exchange

twice per week.

5.2.6. Cell Viability and Morphology
On day 21, 5 mm x 5 mm specimens were excised from each scaffold. Specimens were

washed in PBS, then immersed in a working solution of 2 uM calcein-AM and 4 uM ethidium
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homodimer (EH) in PBS (ThermoFisher, USA) and stored away from light for 30 minutes.

Specimens were then washed once more in PBS and transferred to well plates for imaging.

Specimens were imaged using fluorescence microscopy (1X83, Olympus, Japan).

5.2.7. Statistical Analysis
Statistical analyses were performed using JMP Pro 14 (SAS Institute, USA). Normality

of each dataset was evaluated using the Shapiro-Wilk test. For modulus, yield strain, and yield
stress, a one-way ANOV A was performed with sinusoidal geometry as the main effect. Tukey’s

HSD post-hoc tests were then performed, with significance set to oo = 0.05. Data are presented as

mean * standard deviation.
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Figure 5.1 (A) melt electrowriting was used to (B) optimize and fabricate scaffolds with
sinusoidal fibers. Scaffolds were then (C) infused with either cellular or acellular collagen

hydrogels and cultured for 21 days in chondrogenic medium.
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5.3. Results
5.3.1. Sinusoidal Fiber Characterization

For single layer structures, mean fiber diameter ranged from 12-14 um across the 0.15, 0.2,
and 0.25 mm amplitude groups (Table 5.1). SEM images revealed fibers in these groups to have
smooth surfaces and uniform diameters (Figure 5.2). In contrast, fibers in the 0.1 and 0.05 mm
amplitude groups were larger (24-28 pm on average), less uniform in diameter, and displayed a
flatter, more spread morphology. Error in sinusoid accuracy generally increased with decreasing
amplitude and wavelength (Table 5.1). Relative to intended values, % error in wavelength was
smaller than % error in amplitude across all groups. For amplitude, % error did not exceed 34%
for any groups, while % error did not exceed 23% for wavelength. SEM images show sinusoidal
fibers with generally consistent amplitudes and wavelengths across the 0.15, 0.2, and 0.25 mm
groups (Figure 5.2). However, these fibers also display poor spatial organization. When amplitude
and wavelength are decreased below 0.15 mm and 0.6 mm, respectively, sinusoidal integrity and
spatial organization are altered considerably. Images for the group with the smallest sinusoidal
waveform reveal little resemblance of the printed fibers, which are largely straight, to the intended
sinusoidal design. When the number of layers was increased to 20, sinusoidal fibers were
indistinguishable with the possible exception of fibers in the initial layers (Figure 5.2). Instead,

walls of largely straight fibers were deposited.
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Table 5.1. Fiber diameter, sinusoidal amplitude, and sinusoidal wavelength for each group of
single-layer fibers presented as mean + standard deviation with (% error, relative to intended

value) (n=3/group)

Intended Amplitude /
Fiber Diameter (um) Amplitude (mm) Wavelength (mm)
Wavelength (mm)

0.25/1 143+1.2 0.19 + 0.03 (25%) 1.07 £0.11 (7%)
0.2/0.8 13.5+1.7 0.14 + 0.03 (30%) 1.02 + 0.09 (2%)
0.15/0.6 11.6+1.6 0.10 + 0.02 (34%) 0.66 + 0.06 (10%)
0.1/0.4 28.1+4.38 0.07 £ 0.02 (31%) 0.49 £ 0.06 (23%)
0.05/0.2 24.2+6.9 N/A N/A
0.25 mm amplitude 0.2 mm amplitude 0.15 mm amplitude 0.1 mm amplitude 0.05 mm amplitude 0.2 mm amplitude
. 1 m.m vws.ave.;lepg.th . 0.8 mm wavelength 0.6 mm wavelength 0.4 mm wavelength 0.2 mm wavelength 0.8 mm wavelength

Figure 5.2 For microstructural characterization, MATLAB-generated toolpaths (top) were used

to create single layers of sinusoidal fibers with an interfiber spacing of 0.1 mm. Representative
SEM images (bottom) reveal accurate sinusoidal dimensions, albeit with poor spatial
organization, until a marked decrease in accuracy below an amplitude and wavelength of 0.15
mm and 0.6 mm, respectively. In addition, beyond the initial layers, fibers in 20-layer structures

failed to maintain geometry and organization.
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Because 20-layer structures were not repeatable at an interfiber spacing of 0.1 mm, spacing
was increased to 0.8 mm. For 20-layer scaffolds with this spacing, mean fiber diameter ranged
from 24-36 um (Table 5.2). All fibers in this set of scaffolds possessed smooth surfaces and
uniform diameters, as visualized in SEM images (Figure 5.3). In terms of sinusoidal accuracy, %
error in amplitude was generally less than that of single-layer structures (Table 5.2). The % error
in wavelength for these fibers, however, was comparable to that of single-layer structures. Again,
sinusoidal wavelength was generally more accurate than sinusoidal amplitude. Qualitatively, both
sinusoidal and straight fiber scaffolds largely resembled the intended designs, as shown in Figure
5.3, with the occasional stray fiber, with the exception of the HALW group. Although sinusoidal
accuracy for this group was reasonable, adjacent rows of sinusoids appear “out of phase” compared
to the intended design. As a result, some peaks and adjacent valleys are in physical contact.
Overall, these scaffolds are more reproducible compared to the single-layer and 20-layer structures

produced with an interfiber spacing of 0.1 mm.

Table 5.2. Fiber diameter, sinusoidal amplitude, and sinusoidal wavelength for each group of 20-
layer scaffolds presented as mean + standard deviation with (% error, relative to intended value)

(n=3/group)

Experimental Group Fiber Diameter (um) Amplitude (mm) Wavelength (mm)
High Amp. / High Wave. (HAHW) 29.0+3.0 308 + 69 (39%) 2122 + 61 (6%)
Low Amp. / Low Wave. (LALW) 248+4.8 253 + 35 (1%) 1094 + 44 (9%)
High Amp. / Low Wave. (HALW) 36.4+7.8 384 + 49 (23%) 1121 + 41 (12%)
Low Amp. / High Wave. (LAHW) 24.1+53 221 + 33 (12%) 2102 + 60 (5%)
Non-sinusoidal (NS) 24.1+4.7 N/A N/A
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Figure 5.3 For in vitro evaluation, MATLAB-generated toolpaths (top) were used to create 20-
layer scaffolds consisting of alternating layers of longitudinally oriented sinusoidal fibers and
straight transverse fibers. Longitudinal interfiber spacing was 0.8 mm. Representative SEM
images (bottom) show the sinusoidal segments for the HAHW, LALW, HALW, and LAHW
groups and a segment with transverse fibers for the NS group. Along with the findings from the
single-layer specimens, these results suggest there is a minimum value of interfiber spacing

below which repeatability for sinusoidal structures is difficult.

5.3.2. Mechanical Characterization

The Shapiro-Wilk test revealed non-normally distributed data for modulus values in the
HAHW group and yield strain values in the HALW and LAHW groups, as well as their logarithmic
transformations. However, given the limited sample size and the relatively high p-values of the
Shapiro-Wilk test for the latter groups (0.032, 0.038, and 0.045, respectively), normality of each
dataset was assumed, and parametric testing performed. Mean tensile modulus in two of the five
groups tested, the LALW and LAHW groups, displayed considerable variability, with standard
deviations 93% and 107% of the respective group mean (Figure 5.4, Table 5.3). The HALW
group possessed the highest mean modulus at 3.2 MPa, while the HAHW group had the lowest

mean modulus at 0.9 MPa. Mean yield strain was approximately 30% for the HAHW, LALW, and
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LAHW groups, though again, variability for the LALW and LAHW groups was high, with
standard deviations 67% and 103% of the respective group mean (Figure 5.4, Table 5.3). Mean
yield stress ranged from 0.09 MPa for the NS group to 0.28 MPa for the LAHW group.

Due to the difficulty in choosing a representative curve from each experimental group,
sample stress-strain curves from each group are depicted in Figure 5.5. Extended, nonlinear toe
regions were present in most sinusoidal specimens, with the exception of the HALW group. In
fact, this group consistently displayed the smallest toe regions of any sinusoidal group, and the
most similar tensile behavior to that of the NS control group. All specimens displayed elastic
deformation regions before reaching a yield point then continuing to plastically deform. All
specimens outside of the HALW and NS groups did not reach an ultimate failure strain within the
testing window. For the HALW group, four of the six specimens failed before reaching 300%

strain, while two of the six NS specimens failed prior to 300% strain.
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Figure 5.4 Mean tensile modulus was highest in the HALW group and highly variable in the
LALW and LAHW groups. Mean yield strains in the HALW and NS groups were comparable
and lower relative to other groups. Mean yield stress was significantly different from the NS
control group in all but one group, the HALW scaffolds. ‘*’ indicates a statistically significant
difference in modulus between the groups linked by the black bar (p<0.05). ‘a’ indicates a
statistically significant difference from the NS group (p<0.05) and ‘b’ indicates a statistically

significant difference from the LAHW group (p<0.05).
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Figure 5.5 Sample stress-strain curves (left) from each scaffold group with the boxed region
enlarged (right) show a more pronounced toe region in most sinusoidal specimens compared to
the straight fiber control group (NS), with the exception of the HALW group, which exhibited

tensile behavior similar to the NS group.
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Table 5.3. Modulus, yield strain, and yield stress for each group presented as mean + standard
deviation. n=6 samples/group except for the LALW group for which three specimens were

structurally compromised during preparation for testing.

Yield Strain
Experimental Group Modulus (MPa) Yield Stress (MPa)
(mm/mm)
HAHW 0.86 £ 0.22 0.32+0.08 0.17 £ 0.02
LALW 1.35+1.26 0.34+0.23 0.22 £ 0.05
HALW 3.16 £ 0.64 0.06 + 0.02 0.15 + 0.05
LAHW 2.15+2.30 0.29 +0.30 0.28 +0.09
NS 1.44 +0.80 0.09 £ 0.02 0.09 +0.04

5.3.3. Cell Viability and Morphology

Brightfield images of the scaffolds harvested on day 21 show considerable contraction of
the collagen gel across all groups, often forming gaps among the sinusoidal architecture. In
addition, the images reveal a level of disorganization of the sinusoidal fibers (Figure 5.6) across
all groups not present before handling the scaffolds and seeding. Scaffolds from the NS group
were not stained nor imaged due to insufficient infusion with cell / collagen suspension.

Fluorescence images of the calcein-AM- and EH-stained specimens revealed both robust
cell populations distributed evenly throughout the regions covered by hydrogel and extensive EH
signal in all imaged groups (Figure 5.6). Qualitatively, cells were observed in various
morphologies, though most appeared to adopt spread, fusiform shapes. No apparent pattern of cell
alignment indicated by elongated morphologies was distinguished. In the representative images in
Figure 5.6, some fiber paths were visualized by outlining in yellow. Cells with elongated shapes
near the outlined fibers, potentially indicating directional alignment, are indicated by yellow

arrows.

89



&=

tfield

¥ Brigh

Figure 5.6 Representative brightfield images (top) of scaffolds after 21 days of culture suggest

fiber geometry is somewhat compromised during seeding or over duration of culture.
Representative composite fluorescence images (bottom) of scaffolds stained with Live/Dead
reagents show little alignment of cells along sinusoids. Yellow dotted lines indicate fiber paths.
Yellow arrows indicate cells that are potentially aligned along fibers. The NS group was not

evaluated due to insufficient infusion of fibers with cell / collagen suspension.

5.4. Discussion

The goal of this study was to determine whether melt electrowriting is a viable method for
the reproducible fabrication of porous scaffolds composed of physiologically-sized sinusoidal
fibers in order to mimic the environment cells naturally reside in. Although a sinusoidal amplitude
as small as 0.15 mm is possible with the custom melt electrowriting system described here, such
structures are not repeatable, as evidenced by the frequent overlap of adjacent fibers and irregular
deposition patterns (Figure 5.2). Furthermore, at the chosen fiber spacing of 0.1 mm, these
structures are limited to 1-5 layers. Assuming uniform fibers with diameters of 20 um, this means
a maximum of 100 um tall constructs, which is insufficient for repairing or replacing severe soft
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tissue defects. At 5 layers and beyond, fiber geometry and organization is compromised, an effect
that is magnified in even taller scaffolds, such as the 20-layer structure shown in Figure 5.2. The
value of 0.1 mm for fiber spacing was chosen because findings described in Chapter 3 suggested
this value in 3D printed scaffolds resulted in the fastest formation of aligned collagen networks by
infiltrating cells compared to greater spacings. When increasing the spacing between adjacent
fibers to 0.8 mm, fabrication becomes more repeatable (Figure 5.3), as evidenced in the SEM
images of organized sinusoidal fibers up to 20 layers, despite having amplitudes and wavelengths
comparable to those of the single-layer structures. These results suggest a trade-off between
reproducibility and fiber spacing. It would be interesting to determine the optimal spacing for
producing the tallest, organized constructs in a repeatable way. A spacing greater than 100 um
may be acceptable, since Chapter 3 also demonstrated that larger fiber spacings still allowed for
aligned collagen formation, albeit at a slower pace. Alternatively, real-time adjustments to the
fabrication process to ensure a precise balance between electrostatic and physical forces acting on
the polymer jet is struck could enable improved fiber deposition. For example, a recent study
demonstrated real-time adjustment of the applied voltage could lead to melt electrowritten
constructs 7 mm tall [142].

A secondary aim of this study was to explore whether sinusoidal fibers have any impact on
cell behavior or morphology. A key limitation to keep in mind is the dimensions of the sinusoids
printed within these scaffolds. Wavelengths of 1 mm were repeatably created, but crimp
wavelengths in native collagen fibers range from 10-70 um [156,157]. Thus, these sinusoids are
more than an order of magnitude larger than native crimp wavelengths. Nevertheless, the influence
of geometric and topographical cues in 3D environments is well-known [70,71], and sinusoidal

fibers may well interact with cells in a manner different from straight fibers. Regardless of sinusoid
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dimension, no clear evidence of cells aligning along fiber waveforms was found. It is possible that
cells would orient along fiber axes given enough time, as a similar effect was seen in the scaffolds
with 400 um fiber spacings described in Chapter 3. In these constructs, aligned collagen was
formed, but the levels of aligned collagen did not match those found in the small spacing scaffolds
until after 12 weeks of implantation. This suggests resident cells took longer to react to boundary
cues (i.e. fibers) and modulate their behavior.

One complicating factor for this study was the breakdown of fiber organization, which can
be observed in the brightfield images (Figure 5.6). With these results, it is unclear when this
breakdown occurred; during physical handling of the scaffolds, during cell seeding, or over the
duration of culture. It is possible the cells themselves are the cause of this fiber separation or
delamination, either as a result of contracting the collagen gel and consequently the embedded
PCL fibers, or as a natural result of matrix remodeling processes. Ongoing work involves
characterizing the fiber structure of the acellular gel/PCL scaffolds, which would reveal whether
the cells play a role in altering fiber organization. Regardless of the source, this lack of fiber
organization meant that cells were likely proximal to several different fibers oriented in varying
directions, potentially preventing cells from sensing clear boundary cues and orienting
accordingly. A future direction might involve enhancing the stability of organized fiber networks
to resist breakdown during physical handling or over the duration of culture. For example,
increasing melt temperature during fabrication to make sure incoming polymer fibers are warm
enough to meld with previously deposited fibers instead of simply physically resting on them could
make these scaffolds more robust.

While scaffolds with multiple layers capable of surviving implantation may not be

reproducibly made using melt electrowriting, the secondary aim of this chapter may still be
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feasible. As was shown for the production of the single-layer constructs, general sinusoid accuracy
was acceptable despite the poor spatial organization. Cells could be seeded on these single layers
rather than thicker scaffolds and after the same duration of culture, the same assays could be used
to determine if sinusoidal dimension has any effect on cell behavior. This could serve as a 2D
model that could inform future 3D in vitro and even in vivo models.

A major limitation of the mechanical analysis performed concerns the low tensile modulus
values of the scaffolds. Musculoskeletal soft tissues such as ligaments and the meniscus often have
tensile modulus values of hundreds of MPa. The melt electrowritten scaffolds described in the
previous chapter had tensile moduli of approximately 20 MPa, which are suitable for certain tissue
engineering applications. Modulus values of 3.2 MPa or less suggest these scaffolds might be
insufficient for implantation. However, because modulus is determined from stress-stress curves,
it is dependent on cross-sectional area, from which stress is calculated. The use of calipers in this
study to measure the dimensions of specimens less than 0.5 mm in thickness is difficult, which
becomes problematic for calculating cross-sectional areas and subsequently modulus values. This

approach would allow a more accurate representation of the tensile test results.

5.5. Conclusions and Broader Impact

This study explored the utility of melt electrowriting as a technigue to produce sinusoidal
scaffolds. The repeatable fabrication of such structures up to 20 layers was demonstrated, but it
required interfiber spacings that could be excessive if the goal is to influence cell behavior by
providing instructional boundary cues. Despite significant progress in the development of this
technology, no group has reported the repeatable fabrication of scaffolds with interfiber spacings

smaller than 100 um. A recent study with orthogonally arranged melt electrowritten PCL fibers
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used a spacing of 300 um within a single layer but applied a spatial offset in successive layers
[82]. This frequently produced interfiber gaps 50 um or less, but overall organization was still
difficult to control. Another high throughput fabrication technique based on melt blowing recently
adapted for use with biomedical polymers could potentially address this limitation by producing
smaller interfiber spacings while still maintaining physiological fiber sizes and fiber alignment.
Finding the optimal combination of fiber spacing and fiber size, which may not be possible by

other means, could lead to improved tissue engineered constructs.
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CHAPTER 6

Structural and Mechanical Anisotropy in 3D Melt Blown Fibrous Scaffolds

Despite remarkable advances in the development of 3D printing technologies for tissue
engineering applications, there is still a need for a fabrication method capable of reproducibly
creating 3D structures with (1) physiological constituent fiber size, (2) anatomically relevant
dimensions, and (3) pores or interfiber distances adequately sized for cell-mediated synthesis of
functional extracellular matrix. In Chapter 3, 3D fiber deposited scaffolds were shown to satisfy
the latter two requirements, but not the requirement of possessing fiber diameters similar in scale
to those of collagen fibers. Chapters 4 and 5 described methods to reproduce specific mechanical
properties of native musculoskeletal soft tissue using melt electrowritten scaffolds. This approach
to scaffold fabrication, however, may be limited in its ability to control pore sizes on a scale that
allows fibers to serve as instructional cues for cell behavior. This final research chapter explores
another technique, 3D melt blowing, that has the potential to address all three of these key
requirements. Furthermore, the compatibility of this method with biomedical polymers has not
been explored. Therefore, the goal of the study described herein was to demonstrate the ability to
tailor the structural and mechanical properties of 3D melt blown fibrous scaffolds made of poly(e-

caprolactone) toward musculoskeletal soft tissue engineering applications.

6.1. Introduction
Musculoskeletal soft tissues are load-bearing connective tissues essential for proper joint
function. Their specialized mechanical properties are the consequence of the highly organized

collagenous architecture found in their extracellular matrix. For example, collagen fibers in the
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meniscus are arranged primarily in one of two orthogonal directions, making the tissue
mechanically anisotropic. Circumferential fibers oriented along the circumference of the crescent-
shaped tissue and radially oriented fibers serve to resist hoop stresses transferred from axial
mechanical loads. Unfortunately, musculoskeletal soft tissue injuries such as meniscus tears are
frequent. A widely used treatment strategy involves tissue resection and replacement with an
allograft. While this approach can alleviate symptoms and restore the quality of life for patients in
the short term, significantly altered joint mechanics can lead to accelerated development of
osteoarthritis. For this reason, regenerative medicine and tissue engineering strategies are
appealing.

Various techniques have been explored as candidates for the fabrication of scaffolds for
engineering new tissue. Electrospinning is attractive for its ability to create meshes of small fibers
with diameters similar in scale to collagen fibrils. It can also be used to create aligned, anisotropic
arrangements of these nanofibers to mimic the structural anisotropy seen in native tissues.
However, issues with poor cell infiltration due to prohibitively small pore size and difficulty in
scaling up to create structures with tissue-level dimensions hamper its utility. Additive
manufacturing techniques such as 3D fiber deposition and melt electrowriting are promising in
that they are able to repeatably create highly organized, porous 3D structures with anatomically
relevant dimensions. However, the former cannot produce fibers smaller than 100 um, which is up
to an order of magnitude larger than the collagen fibers that make up the extracellular matrix cells
reside in, which potentially means these fibers are serving as instructional boundary cues not
representative of those that naturally guide cells. The latter technique can easily form fibers in the
10-50 um range, as was demonstrated in the previous two chapters, and can produce constructs

several mm in height [142]. However, it is unclear whether pore sizes or interfiber distances of
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100 um or less, can be formed repeatably using melt electrowriting. This critical pore size may be
a determining factor for whether cells are guided to form functional collagenous networks or if
they simply form disorganized fibrous scar tissue.

Other textiles-based fabrication techniques have also garnered attention for their inherent
ability to create fibrous structures with biocompatible materials and scalability. Spunbonding, in
which polymer melts are extruded through dies, attenuated using high speed air flow, collected,
and thermally bonded, has been used to produce bicomponent fibers with an islands-in-the-sea
microstructure [48]. Either the “island” or the “sea” component can be removed by mechanical
means such as hydroentangling or by chemical means via dissolution, leaving behind hollow fibers
suitable for tissue engineering applications [49]. A similar, recently developed technique, 3D melt
blowing, involves a modification to the conventional melt blowing process in which the collecting
surface for incoming fibers is a rotating mandrel mounted on a robotic arm capable of controlling
translation in three axes. With this method, organized mats of 2-10 um diameter fibers should be
attainable. In addition, its rate of production greatly exceeds that of electrospinning or conventional
3D printing methods, so forming structures with tissue-level dimensions is more efficient. Finally,
as melt blowing is a textiles-based manufacturing technique, its compatibility with biomedical
polymers has not previously been explored. Because these materials, such as poly(caprolactone)
(PCL), are relatively high in cost, and because smaller amounts of material are required for scaffold
fabrication compared to industrial textiles processes, the 3D melt blowing process described here
is a scaled-down version of typical melt blowing systems.

The goal of this study was to demonstrate the compatibility of 3D melt blowing with PCL
and its capacity to control key scaffold characteristics including fiber diameter, orientation, and

mechanical properties by varying process parameters. By adjusting these fabrication parameters,
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it was hypothesized that highly anisotropic fibrous scaffolds could be created that possessed fiber
diameters similar in scale to collagen fibers. Such scaffolds could represent a step forward in the

development of biomimetic fibrous structures for musculoskeletal soft tissue engineering.

6.2. Methods
6.2.1. 3D Melt Blowing Process

Poly(caprolactone) (PCL) pellets (43 kDa, Polysciences, USA) were fed into a vertically
positioned single screw extruder (Figure 6.1). The heated extruder barrel maintained a pressure of
2000 psi (14 MPa), forcing molten polymer at a rate of 0.08-0.09 grams per nozzle per minute
through a die featuring a 3x3 array of 0.38 mm-diameter capillary nozzles. Each nozzle was
surrounded by annular, coaxial inlets to attenuate the extruded polymer with high velocity, high
temperature air. The extruder barrel and die were heated to 130°C, while air heaters were set to
150°C. Attenuated extruded fibers were then collected continuously for 12-13 minutes on a
rotating mandrel (radius of 185 mm) mounted on a six degree-of-freedom robotic arm. Nine
experimental groups of fibrous sheets were produced ranging from low to high fiber diameter and
low to high fiber orientation (Table 6.1). Combinations of the non-constant process parameters

used to create each group are listed in Table 6.2.
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Figure 6.1 The 3D melt blowing process used in this study extrudes molten polymer through a
die containing a 3x3 array of small capillary nozzles, allowing for nine simultaneous fiber
streams and increasing throughput relative to conventional electrospinning and 3D printing

methods. Adapted from [9] with permission from Elsevier.

6.2.2. Image Processing

5 mm x 5 mm samples were excised from fibrous sheets (n=3/group). Samples were sputter
coated with AuPd (60:40) alloy and imaged using scanning electron microscopy (SEM, Hitachi,
Japan) at an accelerating voltage of 5 kV. ImageJ (NIH, USA) was used to quantify fiber diameters
(10 fibers per image). To quantify fiber orientation, an image processing plug-in for ImageJ,
OrientationJ [122], was used. OrientationJ generated distribution plots of the angles of fiber
alignment in each image. Using a custom MATLAB script, the degree of orientation was assessed
by calculating orientation index (O.1.), which was defined as the middle 50% of the distribution of

fiber angles; a low O.1I. value indicates a narrow distribution and greater degree of fiber orientation.
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Table 6.1 Fiber diameter, orientation index, and basis weight of each group presented as mean +

standard deviation. A lower orientation index indicates a greater degree of alignment.

Experimental Group Fiber Diameter (um) Orientation Index (°) Basis Weight (g-m)
Low Diameter / Low Orientation 6.1+3.0 38+2 67.6
Low Diameter / Med Orientation 6.7+3.3 32+2 67.8
Low Diameter / High Orientation 57+26 16+5 63.7
Med Diameter / Low Orientation 33.0+8.3 63+4 64.7
Med Diameter / Med Orientation 31.7+6.8 23+3 69.1
Med Diameter / High Orientation 32.8+8.8 17+2 72.1
High Diameter / Low Orientation 60.3+13.1 792 68.8
High Diameter / Med Orientation 59.9+11.0 43+ 11 69.1
High Diameter / High Orientation 54.0+6.7 27+6 69.8

Table 6.2 Non-constant, 3D melt blowing parameters used to fabricate each experimental group.

. Air Feed Volume Die-to-Collector Rotational Surface Collection Angle
Experimental Group
(L/min) Distance (mm) Speed (m/min) Offset (°)
Low Diameter / Low Orientation 175 300 415 25
Low Diameter / Med Orientation 175 300 415 55
Low Diameter / High Orientation 175 100 415 80
Med Diameter / Low Orientation 25 150 6.25 0
Med Diameter / Med Orientation 25 150 25 0
Med Diameter / High Orientation 25 150 30 0
High Diameter / Low Orientation 35 300 25 0
High Diameter / Med Orientation 35 300 100 0
High Diameter / High Orientation 35 100 100 0

6.2.3. Mechanical Analysis

A dogbone tensile punch was used to collect tensile test specimens from each sheet either
along (0°) or perpendicular (90°) to the collection axis (n=3/direction/group). The testing region
of dogbone specimens was 22 mm x 5 mm in dimension. Uniaxial tension was applied to each

specimen in a universal testing system (5944, Instron, USA) with a clamp-to-clamp length of 20
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mm and a rate of displacement of 0.1 mm/s until failure or a displacement of 60 mm (300% strain)
was reached. Load-displacement data were converted to stress-strain curves using a custom
MATLAB (MathWorks, USA) script. Tensile modulus, E, was calculated as the slope of the elastic
region from each stress-strain curve via linear regression and verified if R? > 0.9. Using this
modulus value, a 0.2% offset line was plotted. Yield strain, gy, was determined as the x-coordinate
of the point at which this offset line intersected with the original curve. To assess the degree of
anisotropy, anisotropy ratio (A.R.) was calculated as the ratio of tensile modulus in the 0° direction

to tensile modulus in the 90° direction (E / E®®).

6.2.4. Statistical Analysis

Statistical analyses were performed using JMP Pro 14 (SAS Institute, USA). Normality of
each dataset was evaluated using the Shapiro-Wilk test. For tensile modulus and yield strain, a
two-way ANOVA was performed with fiber diameter and fiber orientation as the main effects.
Tukey HSD post-hoc tests were then performed, with significance set to o = 0.05. Data are

presented as mean + standard deviation.

6.3. Results
6.3.1. Fiber Characterization

Mean fiber diameters and orientation indices for each experimental group are listed in
Table 6.1. Fiber diameters for low-, medium-, and high-diameter groups were approximately 6,
30, and 60 pm, respectively. Variability appeared to increase with decreasing fiber diameter, based
on standard deviation values. Orientation index values for low-, medium-, and high-orientation

groups ranged from 38-79, 23-43, and 16-27, respectively. These distinct trends in diameter and
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orientation can also be observed qualitatively in representative SEM images (Figure 6.2). Whereas
fiber diameter generally appeared uniform in the medium- and high-diameter groups, a range of
varying diameters can be observed in the low-diameter groups. Orientation was generally high in
the corresponding high-orientation groups, but fibers not aligned along the collection axis were
present in every specimen imaged. Fiber surfaces were generally smooth and uniform, although

fibers in the low diameter groups occasionally displayed nonuniform, “spread” morphologies.

Fiber Diam: 6.1+3.0 | ~ Fiber Diam:6:7%3.3 | — Fiber Diam: 5.7 2.6
0.4: 382 =0 |- OL: 16£5

Fiber Diam:~33.0 £ 8.3 iber Diam: 317¥68 - n. 328488
0.:63%4

F'/er Diam: 60. 2 Fiber Diam: 54.0 6.7
0.1:79+2 O.l.:27%6

Decreasing Diameter

Increasing Orientation

Figure 6.2 Representative SEM images from the nine experimental groups, categorized by fiber
diameter and degree of orientation. A lower orientation index, O.1., indicates a greater degree of

alignment.
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6.3.2. Mechanical Analysis

Representative stress-strain curves from each group are shown in Figure 6.3. Most
specimens exhibited a slight nonlinear toe region just prior to the beginning of elastic deformation.
These nonlinear regions were most pronounced in the low-diameter groups, as visualized in Figure
6.3 (bottom left). After the yield point, plastic deformation typically proceeded gradually until
failure or the end of the test. Many specimens displayed a stepwise failure mode after the yield
point where stress would drastically drop to some non-zero level followed by further elongation
until failure, or in some instances, repeated drops in stress. This effect can be observed in the curve
representing the medium-diameter / medium-orientation group (Figure 6.3, top middle). Most
specimens in the medium- and high-diameter groups did not reach an ultimate failure point, as
they had not failed catastrophically even with 300% applied tensile strain. In contrast, most

specimens in the low-diameter groups reached an ultimate failure point before 300% strain.

103



3 3p-, 3r-,
E O Low Diam / Low Orient E Med Diam / Low Orient i High Diam / Low Orient
s :fa\ [ Low Diam / Med Crient Seb ! Med Diam / Med Orient 25h 1 High Diam / Med Orient
ﬁ ‘ A Low Diam / High Orient : Med Diam / High Orient : High Diam / High Qrient
- [ [ 1
g 4 2
' '
A : :
w 1540 1580 15
W 1a Py ' '
a ,
g AT ; '
v '
%} ! Lehe \ ! | ! :
/1 \ % % i |
051 \ “L I\‘n 05 05
H ?5‘\ K “a
Bty g it L
o o
0 05 1 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 2 25 3
Strain (mm/mm) Strain (mm/mm) Strain (mm/mm)
*[ O Low Diam / Low Orient [ ©) Med Diam / Low Orient *[ " High Diam / Low Orient
[ Low Diam / Med Orient Med Diam / Med Orient High Diam / Med Orient
= A Low Diam f High Orient e Med Diam / High Orient e High Diam / High Orient

Stress (MPa)

0
0 001 002 003 004 D05 006 007 008 008 01 0 001 002 003 004 005 006 007 008 009 01 0 001 002 003 004 005 006 007 008 009 01

Strain (mm/mm) Strain (mm/mm) Strain (mm/mm)

Figure 6.3 Representative stress-strain curves from each experimental group (top), with the
boxed regions magnified (bottom), reveal a general increase of tensile properties with fiber

orientation.

Tensile modulus along the fiber direction, E%, generally increased with increasing
orientation (Figure 6.4, left), with the exception of the high-diameter / high-orientation group, for
which E% did not increase from the high-diameter / medium-orientation group. E° decreased with
increasing fiber diameter, but only for the low-orientation groups. For the medium-orientation
groups, E stayed relatively constant around 20 MPa. For the high-orientation groups, E® was
greatest for the medium-diameter specimens at 38 MPa and lowest for the high-diameter
specimens at 20 MPa. Modulus in the perpendicular direction, E®, generally decreased with
increasing orientation and increasing fiber diameter (Figure 6.4, mid). Anisotropy ratio increased
with fiber orientation (Figure 6.4, right). The most anisotropic groups were the medium-diameter

/ high-orientation and high-diameter / high-orientation groups with A.R. values of 1043 and 640,
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respectively. No other A.R. values exceeded 102 (from the high-diameter, medium-orientation
group). Yield strain was not found to depend on fiber diameter or orientation (Figure 6.5), though
it was relatively high and more variable for the medium-diameter / high-orientation and high-
diameter / high-orientation groups compared to the other groups. Table 6.3 lists all mean modulus,

yield strain, and anisotropy ratio values. All fibrous mats ranged from 0.38-0.76 mm in thickness.
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Figure 6.4 Mean tensile modulus values along the fiber direction (left) increase with fiber
orientation, but decrease with increasing orientation when tested perpendicular to the fiber
direction (mid). In addition, mean modulus in the perpendicular direction is about one order of
magnitude lower than in the fiber direction. The most anisotropic specimens belonged to the
intermediate diameter / highly oriented group of fibers, in terms of anisotropy ratio, defined as
the ratio of E%" to E®”", “*’ indicates statistically significant differences between groups linked by
a black bar. Within the orientation groups, ‘a’ indicates a statistically significant difference from
the corresponding low-diameter group (p<0.05) and ‘b’ indicates a statistically significant
difference from the low- and medium-diameter groups (p<0.05). For both E® and E®”’, the

interaction between the main effects (diameter and orientation) was significant (p<0.05).
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Figure 6.5 Mean yield strain values along the fiber direction (left) and perpendicular to the fiber

direction (right) show no overall dependence of yield strain on fiber diameter or orientation. “*’

indicates a statistically significant difference between groups linked by a black bar. For the

orientation groups, ‘a’ indicates a statistically significant difference from the low-diameter group

(p<0.05) and ‘b’ indicates a statistically significant difference from the medium-diameter group

(p<0.05). For &,°”, the interaction between the main effects (diameter and orientation) was

significant (p<0.05).

Table 6.3 Mean tensile modulus and yield strain values in the 0° and 90° directions, and

anisotropy ratios.

Experimental Group E” (MPa) &% (mm/mm)  E®%° (MPa) &% (mm/mm)  Anisotropy Ratio
Low Diameter / Low Orientation 15.0+0.7 0.05 + 3e-3 2904 0.07 £0.02 5.1
Low Diameter / Med Orientation 223+1.8 0.05+0.01 15+0.1 0.05 £ 0.02 14.7
Low Diameter / High Orientation 33.2+£3.2 0.06 £0.01 0.7+0.1 0.10 £0.02 50.7
Med Diameter / Low Orientation 6.4 1.5 0.04 +0.02 28+0.2 0.05 + 1e-3 2.3
Med Diameter / Med Orientation 202+11 0.04 + 4e-3 0.8+0.1 0.05+0.01 26.6
Med Diameter / High Orientation 386+21 0.04 £0.01 4e-2 + le-2 0.67 £0.26 1042.8
High Diameter / Low Orientation 31+17 0.05 +0.02 1.3+05 0.05 + 4e-3 2.4
High Diameter / Med Orientation 219+5.0 0.06 +0.02 0.2+0.1 0.1+1e-3 102.4
High Diameter / High Orientation 20.3+£3.8 0.05 * 2e-3 0.03 £0.02 0.3+0.3 629.8
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6.4. Discussion

In this study, a recently developed, high throughput fiber fabrication technique, 3D melt
blowing, was investigated. Specifically, the suitability of this method for creating anisotropic
structures intended for regenerating musculoskeletal soft tissues was explored through the
production of scaffolds with three distinct fiber diameters and three distinct degrees of fiber
orientation.

In terms of tensile properties, 3D melt blown structures can attain modulus values
comparable to those of electrospun [44,45] and 3D printed scaffolds, as shown in Chapter 4. More
importantly, these modulus values fall within the range of native tissue values. For example, the
tensile modulus of meniscus tissue along the direction of radial collagen fibers ranges from 2-60
MPa, and 50-200 MPa in the circumferential direction [148]. Tensile modulus in the outer zone of
the annulus fibrosus ranges from about 2-30 MPa [10]. In terms of modulus, 3D melt blown PCL
scaffolds match both of these tissues well. As musculoskeletal soft tissues are often subjected to
complex loading schemes, future work should also investigate the compressive and shear
properties of these scaffolds. In addition, while a single scaffold material was studied here, 3D
melt blowing is broadly compatible with thermoplastic materials and is therefore not limited to
PCL. Thermoplastic elastomers are also attractive as candidates for scaffold material and are
potentially suitable for engineering tissues such as ligament or tendon due to their ability to
undergo very high elastic deformation and recover from large strains. In contrast, the tensile
behavior of PCL is relatively brittle.

A key feature of musculoskeletal soft tissues is their structural and mechanical anisotropy.
Orthogonally oriented polymer fibers have been shown to guide the formation of aligned collagen

networks in vivo [90], so it follows that 3D melt blown structures, which have more physiological
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fiber sizes and smaller interfiber distances, arranged in orthogonal architectures would also
stimulate the formation of similarly anisotropic collagen networks. These data clearly demonstrate
the ability to create anisotropic structures with orientation index values comparable to those of
certain tissues. For example, O.l. values for highly oriented circumferential collagen fibers in
porcine meniscus were found to be approximately 14 [90], while tissues with broader fiber
distributions such as intestinal submucosa [126] range from 40-50. The low- and medium-diameter
/ high orientation groups produced in this study match O.l. values of the former tissue, while the
medium-orientation groups could match the range of O.1. values in the latter.

In terms of pore size or interfiber spacing, 3D melt blowing may have the advantage over
other fiber fabrication processes. From SEM images (Figure 6.2), it is clear that distances between
adjacent fibers in the medium- and high-diameter groups are frequently greater than 20 um, the
diameter of an average cell. This avoids one problem characteristic of electrospun meshes
involving excessively small pore sizes that prevent sufficient cell infiltration and migration.
Simultaneously, interfiber distances are frequently less than 100 um, which may be desirable for
fibers to serve as effective instructional boundary cues, whereas an interfiber distance of 100 um
may be the lower limit for methods such as 3D fiber deposition. Admittedly, interfiber spacing
was not quantified here, and the limited pore sizes apparent in the low-diameter groups resemble
those of electrospun meshes. But if pore size or interfiber spacing were found to be controllable,
it would be an advantage for this fabrication technique. Such structural characteristics are likely
dependent, at least partially, on processing conditions. Some process variables in this study were
held constant, but others require more systematic investigation to illuminate the relationships
between process parameters and fiber characteristics. Therefore, one possible future direction

involves a parametric study where process variables are systematically adjusted, and the resulting
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fibrous structures analyzed, in a study similar to that described for melt electrowriting in Chapter
4.

One perceived limitation of electrospinning is the difficulty in controlling fiber deposition
and creating highly ordered architectures. This likely applies to 3D melt blowing as well, as the
images in Figure 6.2 reveal frequent cross fibers that are not aligned along the predominant fiber
direction, even in the most aligned specimens. While full control over fiber deposition is desirable,
occasional unoriented cross fibers may in fact increase overall scaffold strength as these fibers
may play a role in binding groups of oriented fibers together through physical entanglements.
Nevertheless, one option to create specialized architectures with highly oriented fibers is to
combine multiple distinct 3D melt blown scaffolds with specific structural characteristics into a
single construct, which has been demonstrated for electrospinning [45,99]. Alternatively, the
rotating collecting mandrel could be made to translate in the x- and y-axes during fiber formation,
possibly improving control over deposition. It may also be possible to implement more complex
rotational collection patterns. For example, changing the direction of rotation as fibers are
deposited could allow for the collection of fibers with distinct orientations, as was demonstrated

for tubular scaffold creation via melt electrowriting [158].

6.5. Conclusions and Broader Impact

3D melt blowing is promising for creating anisotropic musculoskeletal soft tissue scaffolds.
It addresses many common limitations associated with other fiber fabrication techniques and can
be used to produce structures with (1) tissue-level dimensions and (2) constituent fiber sizes on
the scale of native collagen fibers. Tailoring structural and mechanical properties toward specific

applications should not be difficult once the relationship between process parameters and fiber
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characteristics is better understood. In addition, one appealing aspect of this method is its elevated
production rate. Fibrous mats 1-2 mm thick can be produced in a fraction of the time it would take
electrospinning or extrusion-based 3D printing methods to achieve the same output. The
development of 3D melt blowing for tissue engineering scaffold fabrication is in its early stages,
but overall the technique could become a key component of regenerative approaches to

musculoskeletal soft tissue repair.
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CHAPTER 7

Conclusions

7.1. Summary of Findings

As outlined in Chapter 2, the broad objective of the studies described in this dissertation
was to demonstrate the potential of additive manufacturing strategies to address the limitations of
current scaffold fabrication techniques. This overarching goal was divided into four specific aims
represented in Chapters 3-6 that each sought to address specific elements of current barriers to
progress in tissue engineering scaffolds.

Chapter 3 focused on 3D fiber deposition, an additive manufacturing technique based on
the extrusion of molten polymer through a small nozzle using pneumatic pressure onto an
automated collecting surface capable of translation in the x-, y-, and z-axes. Poly(caprolactone)
scaffolds made of orthogonally oriented strands were fabricated with three different interstrand
distances. It was hypothesized that the scaffolds with the smallest interstrand distances and
subsequent pore size would guide the formation of the greatest amount of aligned collagen in vivo.
Staining the harvested scaffolds for collagen after 4, 8, and 12 weeks and imaging using polarized
light microscopy allowed the visualization of collagen alignment. At 4 weeks, all three scaffold
groups were nearly completely filled with collagenous extracellular matrix, but the greatest amount
of aligned collagen was indeed formed in the scaffolds with the smallest interstrand distances. This
was also true for the 8- and 12-week timepoints. Not only was the greatest amount of aligned
collagen formed in the smallest interstand spacing group, but this collagen was also the most highly
oriented as assessed by orientation index. Interestingly, the amount of aligned collagen appeared

to peak at 8 weeks for the small and intermediate interstrand distance groups, whereas the amount
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of aligned collagen steadily increased up to 12 weeks. Similarly, collagen orientation did not
increase over time in the smallest interstrand spacing group, but appeared to increase at 8 weeks
for the intermediate spacing group and at 12 weeks for the largest spacing group. It is possible that
the smallest interstrand distance employed (100 um) guided cells to synthesize aligned matrix
more quickly than the 200 pum and 400 um groups due to being closer in size to the cells themselves
and the collagen fibers cells are naturally surrounded by. However, as the larger scaffold pores
become filled with newly synthesized collagenous matrix over time, it is also possible that cells
begin to sense their boundaries and remodel the existing collagen networks to orient along these
physical cues.

It would be interesting to compare these scaffolds to those used in other studies, in terms
of the ability of the constructs to guide aligned collagen formation. One study used 3D fiber
deposition to create anatomically-shaped poly(caprolactone) meniscus scaffolds functionalized
with microparticles containing growth factors that would be released over the course of
implantation in a spatiotemporally controlled manner [69] and stimulate the formation of
meniscus-specific matrix components, including collagen types I and Il and glycosaminoglycans.
These fascinating constructs were employed in a sheep meniscectomy model and were shown to
form meniscus-like tissue over 12 weeks with similarities to healthy meniscus in terms of
biochemical composition. Unfortunately, polarized light imaging was not performed, despite
having stained their specimens for collagen, so it is difficult to compare the degree of alignment
and orientation these scaffolds achieved in the orthotopic injury model with the findings in Chapter
3.

Regardless of the precise relationship between pore size and rate of collagen synthesis in

resident cells, these findings demonstrated the ability to influence aligned collagen deposition in a
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preclinical model, representing a crucial step in toward engineering anisotropic musculoskeletal
soft tissues.

Chapter 4 sought to investigate the feasibility of controlling mechanical properties in
scaffolds with high aspect ratio geometries relevant for tissue engineering produced via melt
electrowriting. This parametric study involved the systematic variation of three critical melt
electrowriting process parameters: melt extrusion temperature, stage translation speed, and
working distance between nozzle and stage. Starting points for the values used for each parameter
were gleaned from the literature and preliminary unpublished studies. It was found that tensile
elastic modulus, a key property representing material stiffness, could be controlled by adjusting
process parameters. While various groups have evaluated the mechanical properties of scaffolds
produced via both solution and melt electrowriting, only two investigated scaffolds with high
aspect ratio macroscale geometries [82,146]. The former did not perform tensile testing along the
fiber direction of orthogonally oriented structures, however, while the latter used scaffolds made
from a different polymer and was more focused on the mechanics of its specially designed,
honeycomb microstructure. In addition, both studies presumably cut their test specimens from
larger fabricated sheets, which disrupts fiber continuity and affects tensile mechanics, whereas the
scaffold fibers analyzed in Chapter 4 were continuous. Not only were the tensile properties of these
scaffolds controllable, they were also representative of those of native tissues. For example, the
tensile modulus values of 10-20 MPa exhibited by these scaffolds match with annulus fibrosus and
radial meniscus values. Demonstrating the ability of melt electrowritten structures with geometries
relevant for tissue engineering to approximate the mechanical properties of native tissue represents
a potential improvement over 3D fiber deposited scaffolds because these structures feature smaller,

more biomimetic fiber sizes.
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The focus of Chapter 5 was the ability of melt electrowriting to directly fabricate sinusoidal
scaffold fibers that mimic collagen crimp. This study builds upon the promise of melt
electrowritten scaffolds demonstrated in the previous chapter and by various groups [78,83,149]
as porous structures with physiological fiber size and highly ordered architectures by attempting
to introduce a biomimetic feature and exploring any impact this would have on cell behavior.
While many groups have tried to generate crimp in fibrous scaffolds [84,86,87] these approaches
are generally applied to entire constructs. Additive manufacturing techniques, however, potentially
enable the direct production of crimped structures, giving the user more control over crimp
dimensions and uniformity. The findings of Chapter 5 demonstrate the ability to directly form
sinusoidal fibers with repeatable sinusoidal dimensions, including amplitude and wavelength.
Sinusoidal architecture was maintained up to 20 layers. Similar to findings from two other studies
that (1) used solution electrowriting to create fibers with saw-wave geometry to approximate crimp
[88] and (2) operated a melt electrowriting process below a critical stage translation speed to
produce periodically oscillating fibers [89], this study found that inclusion of sinusoidal fibers
resulted in a nonlinear toe region in the stress-strain curve derived from tensile testing that was not
present in straight fiber controls. As visualized by fluorescence images of cells suspended in
collagen hydrogels infusing the poly(caprolactone) sinusoids, it was unclear whether cells aligned
preferentially along the fibers after three weeks of culture. Nevertheless, this study was able to
demonstrate the ability to create fibers with sinusoidal geometries that enhanced the tensile
behavior of the overall construct and made it more representative of the mechanical behavior of
collagenous networks.

Due to the limitations of melt electrowriting illuminated in Chapter 5, the study in Chapter

6 was instead aimed at a different additive fabrication technique, 3D melt blowing. While melt
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electrowriting combines certain advantages of electrospinning and more conventional 3D printing,
namely physiological fiber size, ability to form complex, anisotropic architectures, and pore sizes
adequately large for cellular migration, one limitation may be the inability to space adjacent fibers
close enough to represent a 3D space, or pore, that can effectively guide cell behavior. This study
concluded that 3D melt blowing potentially addresses the latter without sacrificing other
advantages. Fibrous, 3D melt blown structures were found to exhibit highly anisotropic
architectures, tensile properties in line with those of native musculoskeletal soft tissue, and
adequately sized interfiber distances, or 2D pores, albeit qualitatively for the latter. An additional
advantage of this method is its scalability, as the multiple nozzle setup greatly enhances output,
meaning its production rate exceeds that of both electrospinning and other extrusion-based 3D
fabrication processes. As a recently developed process, there are many avenues that future studies
can focus on to assess the ability of 3D melt blowing to produce musculoskeletal soft tissue

engineering scaffolds.

7.2. Limitations and Challenges

The studies described here demonstrated many positive outcomes, but outside of specific
challenges addressed in each research chapter, there are other, general improvements that could be
made for future studies involving additively manufactured tissue engineering scaffolds. For
evaluating scaffold performance in vivo, orthotopic injury models can be preferable in order to
narrow the assessment to a functionally relevant scenario. This was outside the scope of the study
detailed in Chapter 3, where the goal was to demonstrate the formation of aligned collagen

networks, not necessarily to demonstrate the formation of functional tissue. Nevertheless, future

115



studies with orthogonally oriented poly(caprolactone) strands should consider preclinical models
more appropriate for the specific tissue of interest.

A general limitation of Chapters 4-6 was the thickness of evaluated scaffolds. To be as
efficient as possible, scaffolds were fabricated with thickness sufficient for mechanical testing and
in vitro culture. However, thicknesses were often less than 1 mm, creating practical concerns when
designing preclinical studies centered around these scaffolds, where physical handling,
implantation, and even the subtle displacements that likely occur with normal motion in live animal
models threaten the structural integrity of such thin structures. In this respect, it was also a
challenge to create scaffolds with dimensions closer to the scale of tissues. For 3D fiber deposition,
individual 5 mm thick constructs took up to 8 hours to create. Melt electrowriting potentially has
an even slower rate of production, in which 0.5 mm thick constructs can take up to 3 hours. Aside
from the sheer amount of time it would take to create enough scaffolds for robust study designs,
an additional consideration for melt electrowriting was depositional accuracy in the z-axis.
Although fiber stacking is relatively repeatable up to 20 layers, as demonstrated in Chapter 5, it is
unclear whether structures with more layers would maintain depositional accuracy, which further
complicates time management when, for example, a scaffold is deposited with high accuracy for
the first 15 layers, only to lose this accuracy in the last few layers being deposited.

A broad challenge in scaffold design involves the timing of new tissue formation. While
this likely varies for different tissue systems, matching the rate of material degradation with the
rate of new tissue synthesis is a complex task applicable to all scaffold-based tissue engineering
strategies. The relationship between scaffold breakdown and extracellular matrix production may
not be linear, as the gradual, incremental changes in geometric boundaries for resident cells could

lead to altered remodeling processes. This could lead to matrix synthesis being altered at a time
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when tissue structure is not mechanically robust enough to handle physiological loads. Although
a more sophisticated material system might be required, an ideal scaffold might be capable of
adjusting its rate of degradation in response to cellular behavior or matrix production, or even be
capable of temporarily generating new material in strategic locations to enhance local tissue
synthesis. As the scaffolds described in this dissertation are composed of PCL, they are also limited
by a constant rate of degradation.

Another limitation of the analyses described herein involves the choice of statistical test.
When possible, parametric approaches, i.e. one- and two-way ANOVA tests were used for datasets
with normally distributed values. If the distribution of datasets was non-Gaussian and/or sample
size was small, various transformations were applied, including taking the logarithm, natural
logarithm, or square root of the values. When re-evaluating normality of the transformed data,
some sets became normally distributed, while others remained non-Gaussian. To maintain
consistency within studies, either parametric or nonparametric statistical tests were chosen; the
two approaches were not combined. In Chapter 4, medians were reported instead of means, and
nonparametric tests were performed. In Chapters 5 and 6, the relatively high p-values (e.g. if p >
0.03) of the normality tests for groups with non-normally distributed data were used to justify the
assumption that datasets were normally distributed, allowing for parametric analyses using
ANOVA methods. Within studies, statistical testing was kept consistent, by using either
nonparametric or parametric tests only, but ideally each of the studies in this dissertation would

have sufficient sample size to avoid having to make assumptions about normality.
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7.3. Clinical and Engineering Significance

For a fabrication technique like 3D fiber deposition, which has been used in tissue
engineering studies as early as 2004 and has likely had more extensive efforts made toward its
optimization, the progress of scaffolds made using this method is naturally more advanced
compared to scaffolds made with more recently developed techniques such as melt electrowriting,
the seminal report for which was published in 2011, and 3D melt blowing which is currently still
in development stages. 3D fiber deposited scaffolds have demonstrated in vitro and in vivo success,
and the study in Chapter 3 adds to this collection of evidence of the promise these structures hold
in engineering functional new tissues. Accordingly, future studies should focus on specific
preclinical models, making sure the choice of model is rational and based on previously published
evidence, keeping in mind that the ultimate goal is to progress to clinical testing. With melt
electrowriting, 3D melt blowing, and other processes in similar preliminary stages of development,
researchers should focus on definitively demonstrating the ability of scaffolds created using these
techniques to replicate specific structural and functional elements of native tissue, or guide the
formation of functional elements of tissue, in vitro or in basic preclinical models before moving
on to targeted preclinical studies.

The work described in this dissertation also has scientific significance and implications for
future work in the field of 3D printed tissue engineering scaffolds. For quantifying the degree of
alignment or orientation of fibrous tissues or constructs, a protocol has been developed that
combines image processing methods in ImageJ with a MATLAB script that quantitatively
calculates this degree of orientation, which can be found in Appendix A. Prior work developing

the concept and initial equations of this metric, orientation index, is acknowledged [121], but the
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protocol described here has been adapted to quantify characteristics of newly formed tissue within
scaffold pores.

One of the advantages of novel additive manufacturing-based processes is the modular
nature of designing custom setups. Because a technique like melt electrowriting is in development,
there is no standardized procedure for creating custom equipment or regulatory documents guiding
its setup and use. As a result, the setups used by different groups can be highly customized. For
example, instead of assembling three linear positioning systems into a single stage and combining
it with infrastructure for producing polymeric fiber jets, the melt electrowriting system used in
Chapters 4 and 5 was made by modifying an existing, commercially available 3D printer, taking
advantage of previously optimized hardware and software components, with the addition of other
easily attainable parts. Other research groups requiring their own printer have the option to modify
existing machines or constructing one from the ground up.

Once the hardware has been assembled, and a software system capable of interpreting and
executing G-code commands and interfacing with the hardware is in place, researchers also have
options in terms of how to generate G-code based scaffold designs. In this respect, the contribution
to this end described in this dissertation is the use of a custom MATLAB program to write scripts
of G-code representing basic deposition patterns consisting of unidirectional or orthogonally
oriented linear and/or sinusoidal fibers. The script for linear scaffold fibers is presented in
Appendix A. Sinusoidal fibers can be generated by replacing the line coordinates listed under the

“forward x”, “backward x”, “forward y”, and “backward y” sections with sinusoidal coordinates.
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7.4. Future Directions

Remarkable advances in biomaterials and fabrication processes make it an exciting time
not only for musculoskeletal soft tissue researchers, but tissue engineers in general. For meniscus
and musculoskeletal soft tissue studies, highly accurate fabrication technologies combined with
cells and biologically active materials and molecules have achieved success in producing
collagenous extracellular matrix that replicates certain elements of native tissue. The foundation
of this success is the increasing understanding of the biological and mechanical principles
underlying tissue function, and the interactions of this tissue with synthetic materials and external
stimuli, without which we would not have such progress.

Efforts to enhance the biomimetic aspects of scaffolds should continue, as the wealth of
information that has accumulated regarding the complex interplay of biomaterial-mediated stimuli
and tissue development has brought us closer to designing a structure that is capable of generating
appropriate cell responses that will ultimately lead to functional tissue formation. Combining
physiological fiber size and sinusoidal fiber geometries into a single construct that has
anatomically relevant dimensions and an interconnected network of adequately sized pores seems
achievable as fabrication technologies increase in sophistication. Establishing a reliable way to
create such constructs would be a key step toward the vision of personalized regenerative implants,
in which MRI scans of an individual patient’s injury or area of damage could be used in designing
precisely shaped scaffolds to specifically fit the patient’s anatomy. The scaffolds could also be
functionalized to release the appropriate cocktail of growth factors and signaling molecules over
time in order to stimulate the formation of specific extracellular matrix. Overall, there are a
multitude of fascinating directions researchers can take toward the development of truly functional

tissue replacements.
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Appendix A
Script A.1 This executable MATLAB script, “orientation.m”, calculates the degree of orientation

of collagen fibers within a polarized light image of collagenous matrix.

o\°

orientation.m

o

This script calculates the orientation index (0.I.) from a spreadsheet
(.x1s) containing a distribution of pixel orientation angles representing
fiber orientation angles within a polarized light image of collagenous
matrix. The distribution is calculated from the image using Imaged's
Orientationd plugin. More information on this plugin may be found at
http://bigwww.epfl.ch/demo/orientation/.

o° o° o° o°

o

o

The O0.I. represents the degree to which collagen fibers are aligned. A
small value represents a narrow distribution and high alignment, while a
large value represents a broader distribution with low overall alignment.
This script outputs the distribution centroid, angular range used in the
O0.I. calculation, and the 0.I. itself. More information on the centroid
and the 0.I. calculation may be found in:

Sacks, M.S. et al. Ann Biomed Eng. 25(4): 678-89. 1997.

The distributions can be bimodal, which is why two centroids, ranges, and
0.I. values, representing two peaks, are displayed.

d° d° o° o° o° o° o°

oe

% import data using "raw = xlsread('File Name');
yraw = raw(:,2);
angles = raw(:,1);

% working range for lesser peak
L = angles(21:81);
Ly = yraw(21:81);
areal = trapz(Ly);

% calculate dist centroid for lesser peak

num = 0;

_denom = 0;

or 1 = 2:length (L)
¢ num = ¢ _num + sum((L(1)-(-90))*(0.5* (Ly(i)+Ly(i-1))))~
¢ _denom = ¢ _denom + sum(0.5* (Ly(i)+Ly(i-1)));

end

cl = (L(1)-(=90))*(0.5*Ly(1));

c2 0.5*Ly (1)

c num = c_num + cl;

¢ _denom = c¢_denom + c2;

phi ¢l = round(c_num/c_denom)

H Q Q
Il

o\°

calculate O0.I. for lesser peak
find ((L-(-90))==phi cl);
= trapz(Ly(i-1:1+1));
(1
or n = 2:1length (L)
if s < areal/2
s = s + trapz(Ly(i-n:i-n+1)) + trapz(Ly(i+n:i+n+1));

o< 0 b
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v = [v n-1];
end
end
oi rangel = 90+[L(i-max(v)) L(it+max(v))]
oi 1 = L(i+max(v)) - L(i-max(v))

% working range for greater peak
G = angles(101:161);

Gy = yraw(101:161);

area?2 = trapz(Gy);

% dist centroid for greater peak

num2 = 0;

_denom2 = 0;

or 1 = 2:1length(G)
c num2 = c_num2 + sum((G(1i)-(-90))*(0.5*(Gy(1)+Gy(i-1))));
c _denom2 = c_denom2 + sum(0.5* (Gy(1)+Gy(i-1)));

end

Hh Q Q

cl 2 = (G(1)-(=90))*(0.5*Gy (1))
cz2 2 = 0. 5*Gy( )

c num2 = c num2 + cl 2;

c_denom2 = c_denom2 + c2 2;

phi c2 = round(c_numZ/c_denom2)
% 0.I. for greater peak

J = £ind ((G-(-90))==phi c2);

ss = trapz(Gy(j-1:3+1));

vv = [];

for n = 2:1length(G)
if ss < area2/2

ss = ss + trapz(Gy(j-n:j-n+l)) + trapz(Gy(j+n:j+n+1));

vv = [vv n-1];
end
end
oi range2 = 90+[G(J-max(vv)) G(Jj+max(vv))]
oi 2 = G(j+max(vv)) - G(j-max(vv))

subplot(3,1,1), plot(angles+90, yraw)
xlabel ('Angle + 90 (degrees)', 'FontSize',9), ylabel ('A.U.")

title('Fiber Angle Distribution', 'FontSize',16, 'FontWeight', 'bold")

subplot(3,1,2), plot(L+90, Ly)

xlabel ('Angle + 90 (degrees)', 'FontSize',9), ylabel('A.U."),
Peak', 'FontSize',14, 'FontWeight', 'bold")

subplot(3,1,3), plot(G+90, Gy)

xlabel ('Angle + 90 (degrees)', 'FontSize',9), ylabel('A.U."),
Peak', 'FontSize',14, 'FontWeight', 'bold")

title ('

title ('

Lesser

Greater
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Script A.2 This executable MATLAB program, “linfibs.m” takes user inputs about desired
scaffold geometry, then generates and exports scripts of G-code designed to form grid-like patterns

of orthogonally oriented fibers.

[

% Generate G-code to print scaffolds made of linear fibers

clear
clc
clf

file=fopen('linfibs.gcode', 'w');

prompt={'Scaffold Length (mm):','Scaffold Width (mm):', 'Spacing between
longitudinal fibers (mm):', 'Spacing between perpendicular fibers (mm):','# of
Layers:', 'Print speed (mm/s):', 'Working distance (mm):','X-origin:','Y-
origin:'};

dlg title='Input Parameters';

num_ lines=1;

defaults={'15'",'15"'",'0.2"','0.2","10"',"'15",'70","'30"',"'30"};
input=inputdlg (prompt,dlg title,1,defaults);

len=str2num(cell2mat (input (
w=str2num(cell2mat (input (2)
s=str2num(cellZmat (input (3)
s2=str2num(cell2mat (input (4
lay=str2num(cell2mat (input (
ps=60*str2num(cell2mat (inpu
zorig=str2num(cellZmat (inpu
xorig=str2num(cell2mat (input
yorig=str2num(cell2mat (input

’

)))
)

) .

)

) .

1
)
)
)
5
t ; % convert mm/s to mm/min
t

o)

% 0 degrees layer

x0=[xorig xorig+len];
x0flip=fliplr (x0) ;
yO0=[yorig yorigl;

if mod(ceil (w/s),2)==
for i=0:floor (w/s)
if mod (i, 2)==0

xtotO(:,1i+1)=x0;
ytotO(:,1+1)=y0-s*1i;

else
xtotO0(:,1i+1)=x0flip;
ytotO(:,1+1)=y0-s*i;

end

end
else

for j=0:ceil (w/s)
if mod(j,2)==0
xtotO0(:,j+1)=x0;
ytotO(:,J+1)=y0-s*73;
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else
xtot0(:,J+1)=x0flip;
ytotO(:,J+1)=y0-s*73;
end
end
end

[

% 90 degrees layer

x90=[xorig+len xorig+len];
y90=[yorig-w yorigl];
y90flip=£fliplr (y90);

if mod(ceil (len/s2),2)==0
for k=0:ceil (len/s2)
if mod(k,2)==
xtot90 (:, k+1)=x90-s2*k;
ytot90 (:,k+1)=y90flip;
else
xtot90 (:, k+1)=x90-s2*k;
ytot90 (:,k+1)=y90;
end
end
else
for 1i=0:ceil (len/s2)
if mod(ii, 2)==0
xtot90(:,1141)=x90-s2*11;
ytot90(:,1i+1)=y90flip;
else
xtot90 (:,1ii4+1)=x90-s2*1ii;
ytot90 (:,1ii+1)=y90;
end
end
end

xlay=xorig;

ylay=yorig;

for jj=1l:lay
zlay(jj)=(0.01*37j) +zorig;

end

plot (xtot0, ytot0)
hold on
plot (xtot90, ytot90)

o)

% convert points to G-code

$default start sequence

fprintf (file, 'M190 S25.000000\r\nM109 S25.000000\r\nG21\r\nM107\r\nG28 X0
YO\r\nG28 Z0\r\nGl Y%3.2f F4200\r\nGl X%$3.2f F4200\r\nGl 7%3.2f F4200\r\nGl
F$3.2f\r\nM117 Printing...\r\n;profile string\r\n;Layer count: 500\r\n;LAYER:
O\r\n',yorig,xorig,zorig,ps);

%actual print commands
for kk=1l:length(zlay)
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if mod(kk,2)==0
for i1ii=1:numel (xtot90)
fprintf (file, 'G1 X%3.2f Y%3.2f\r\n',xtot90(iii),ytot90(iii));
end
else
for jjj=l:numel (xtot0)
fprintf (file, 'G1 X%3.2f Y$3.2f\r\n',xtot0(jjj),ytot0(3j3));
end
end
fprintf (file, 'G1 X%3.2f Y%$3.2f 2%3.2f\r\n',xlay,vylay,zlay(kk));
end

%default end sequence
fprintf (file, 'M140 SO\r\nG91\r\nGl E-1 F300\r\nGl Z+0.5 E-5 X-5 Y-5
F4200\r\nG28 X0 YO z0\r\nM84\r\nG90');

fclose(file);
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