ABSTRACT
SCHUCHARD KARL. Computational and Experimental Characterization of\8&t blowing
ProcessStructureFunction Interrelationships for Tissue Engineerjdgder the direction of Dr.
Rohan A. Shirwaiker).

Biofabricationis a multidisciplinaryresearctield wherebiomaterids, cells,
biofunctionalcues and manufacturing processes are combined to fabricate tissue and organ
substitutes in labs. Applications of these biological substitutes range from novel therapeutics,
regenerative implants, drug and disease screening phetfonicrophysiological systems, and
more. A central pillar of this research domain, 3D scaffolds are constructs winiit the
multiscale architectures and biofunctiopabperties of native tissue matric#gith the right
cues, chs adhere tascaffold proliferate, andecrete newly formetissue, mimicking native
tissue analogs in the human bodlg date, saffold manufacturing hagpically focused on
developingoneof pratotypesused for laboratorgcale studies. Currestaffold fabrication
processs argyenerally limited in their scalability, cesffectiveness, or ability to recapitulate
the multiscale architectures of native tissues. These aspects thieidelinical translatability
and commercialization positioffhus, a gap exister efficient and scalable manufacturing
processes capable of producing scaffolds withtiscalebiomimeticarchitectures.

To address this gafhis dissertation focuses on engineering a pegcess for
biomimetic scaffold manufacturing, 3Melt blowing (3DMB). 3DMB synergistically unites a
nonwoven fiber formation process with an addimeanufacturing inspired collection system.
The processglatform harnesses melt blowingh@gh throughpufiber fabrication process
wheren high-temperature air jets elongate codyxalymer streams via frictional forces to form
biomimetic fibers The fibers travel towards a higipeed rotating collector, positioned by a

computernumericallycontrolledindustrial 6axis robotic armthe motion of which then



elongates and aligrike fibers.Fibers continuously deposit layby-layer as the collector moves,
aggregatingn organized scaffothose morphologyecapitulats native fibrous
musculoskeletal tissue microarchitecture, macrogeometrynactanicaproperties3DMB

offers 100 tmes morehroughputpernozzle than electrospinning common fibrous scaffold
manufacturing process, while processingide variety of biopolymers and additiv@$ie
resultant scaffolds possess multiscale attribrglevant to musculoskeletal tisseiegineering
Though this process is promising for fabricating tissue scaffolds, comprehensive process
characterization is needed to engineer biomimetic scaffolds with specific critical quality
attributes. Thus, the ovetding goal of this dissertation is to characterize the prestessture

function relationships of this new manufactursygtemthrough threembjectives:

1. Elucidate the fundamental physical mechanisms governing 3DMB fiber formation
and collection using eoputational modeling.

2. Characterize experimental relationships within the 3DMB prestasture design
space for poly(caprolactone), a biopolymer widely utilized in tissue scaffold
manufacturing.

3. Evaluatebiofunctionalizatioraspects pertaining to 3ADMB gt@ds in vitro,
especially relationships between scaffold morphology, cellular responses, tissue

maturation and resultant scaffold biomechanical properties

This systematic procedmsed approach comprises a holistic investigation into the
fundamental dationships between key process parameters, scaffold morphological and
mechanical attributes, and responses of aeNstro. The primary contributions of this work
include: 1) comprehensive computational models of the 3DMB fiber formation and collection,

which can baisedto study the 3DMB parameter design spiacgilico, 2) Empirical process



structure relationships that can be utilized in the generative design of tissue scaffolds and lay the
groundwork for enhanced process control systems, and 3) bimfalization schema for

3DMB scaffolds and comparison with other additively manufactured scaffolds.
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Chapter 1: Background and Motivation

Biofabricationis a highly multidisciplinary field focused ageneratingpiologically
functional products from living cells, bioactive molecules, biomateraidsubsequent tissue
maturation processe@Figure 1.1). Many promising solutions foin vivoreplacement or repair
of damaged or diseased tisstiesoxicology modeling of drugs and vaccifi@smodeling of
diseases such as carfg@nd microphysiological systefrisaveemerged due to research in this
domain. Significant progress has been made over the past three decades in the fundamental
science underlying these applicatipasdin doing so, a breadtf tissues and organs have been
engineered, including dermal tis§ploné, hepatic tissud, musculoskeletal tisstie nerve
tissué?, cardiac tissué, vasculatur¥, and more. As these therapies advance towards clinical
translation a shift fromlaboratoy-scale prototypindo scalable manufacturimgust occut®. As
such, here is a growing demand for biofabrication processes capable of reliable, repmduci
and scalable manufacturing of tissue engineering constHtsin, we introduce a new
manufacturing process, 3Melt blowing (3DMB), for scalable tissue engineering scaffold

fabrication.
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Figure 1.1: Schematic of biofabrication considerations



1.1 Clinical motivation

Musculoskeletal tissues play essential roles in supporting the function of human joints.
Ligaments, tendons, cartilage, and menisci comprisebdeadng soft tissues found in the knee
joint, a highly evolvediomechanical interfacg-igure 1.2). These tissues were present in
hominids millions of yearagq while theevolution of thekneejoint to its current forms in
support of dedicated bipedalism can be traced back nearly&drfahe modern era, such
tissues support innumerable activities of our everyday lives. One critical duty assigned to these
tissues is maintaining joimhechanicahomeostasisafeatperformedoy simultaneously guiding
movement, stabilizing the joint under loading, and limitingitomsal extrema” 2°. In doing so,
tissues of the knee synchronize to dissipate and transfer biomechanical forces generated by
seemingly unremarkahleverydaymovementsActivities like walking, standing up, and
climbing stairs are generally immemorable to those with healthysjdiowever each applies

loads of 206850% body weight to the kn€e
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Figure 1.2: Superior view of the right tibial plateau, showing ligaments, cartilage, and menisci



Musculoskeletal tissues are prone to injury and disease because of thedoad role
they unwaveringly plad#?> Damage to these tissues is common across sedentary and active
populations, though older populations, d@ndsewith physically demanding occupations such as
active duty military members, are at significanttgater risk*. Healing ofsuchmusculoskeletal
tissue damage is largely dictated by the pathophysiology of the injured tiesexetent of
damage, and the treatment modality. Due to reduced metabolic rates, oxygenation, and
vascularization, tissues like tendons and ligaments generally have prolonged healing®periods
For exampleinjury caused by mildly overloading a tendon can favorably heal with appropriate
rest over several weeks or result in degeneration and clitamiagef load-bearing activity is
resumed too quickRy. In the meniscus, tissue vascularization is zonally heterogeneous,
comprising lighly and moderately vascularized zones and an avascular Yediealing
responses depend upeasculature to supply reparative biofunctional mothisis healing
capacity is alsaonally-dependenin the meniscusThe vascularized zone$ the meniscusan
often promote healing when injured, lending these injuries to fawogableclinical outcomes
However,healing is limited if the avascular region is damagedessitang a sugical
interventiort®,

While orthopedic surgeries treating musculoskeletal injuries are commonly performed in
the US, their clinical outcomesspecially in the longer terroan beunsatisfactory. For example,
the meniscus tear is the most common knee injury in theahibhe meniscectomy, comprising
either full or partial removal of a damaged knee meniscus, is the most commonly performed
orthopedic surge®?”. The benefits of meniscectomy have been widely debBR&uovng the
damaged tissugenerally alleviates the pain asldortterm biomechanicalygfunction resulting

from the injury Still, the procedure ikighly associated witltong-termosteoarthritis of the local



articular cartilag€. The source of increased incidence of cartilage degradatiypdthesized
to betwo-fold. First, reluctions in intraarticular cartilage contact aadthusincreases in peak
load contact stresare directly related to the amount of meniscus remdwechdaveric tests,
removning the entire meniscus resulteda2% decrease in contact area ar&85% increase in
stress, whereas partial removal resulted 10% decrease and 65% increase, respectively
These results support the supposition that the meniscus protects the underlying bartilage
dissipatingcompressivéoads along its circumferentially aligned fibevkile modulating and
redirecting biomehanical loads through the knee joitide from a biomechanical roléhe
healthymeniscus takes a physiological role within the knee joint by nourishing and lubricating
the local cartilaggproviding holistic biofunctional motifs that promote heatfitd Therefore,
removng meniscus tissue not only overloads the articular cartilagal$aundermineghe
healing of subsequent articular cartilage damage.

Another treatmenmodalityfor severe musculoskéd#d tissue injuries ithereplacement
of the damaged tisswath an implant. The implant coukdke the form ofin allograft from a
samespecies dond?3% axenograft from a different speci8s® a nonresorbablatificial
construct*® or an autografromt he pat i e n¥ Besvregavement strategscam s
completely restoréhe originalfunctionality and homeostasis of the nagiemt, though each has
advantages and limitations. Allograft transplants benefit from biofunctional schema similar to the
reci pient ds n thésizesfd, artd biemechanical grapestiesgntust befcdly
matcheda consideratiocomplicating suitable donor availabiff§?°. Furthermore, doubts have
been raised regardirige efficacy oimeniscus allograft transplantationpreventing the onset of
knee osteoarthritis, likely due patientspecific physiology and th@le a native meniscus plays

in nourishing the underlying cartilatfé® While more readily sourced than allografts,



Xenograftgpose similar anatomicaind biomechanical considerations, though with the added
challenges of stronger hastmunogeniaesponsedue todissimilar exogenous biomolecular
component®. Nonresorbablartificial implants can recapitulate some natiwasculoskeletal
tissuebiomechanical properties, though they are often limited in lifespan due to fatigue and their
non-regenerative naturd his necessitatesitther researcto formulaie a biomimetic

combination of material properties, geometry, and stability boundary conditions to replace a
tissue like the menisctfs Finally, while autologous tissue sources are often suitable for
applications in tendon or ligament rep3ithis strategy proves challenging for meniscus

replacement due to its unique biomechanical, biofunctional, and physiological 4&fema

1.2 Musculoskeletal tissue engineering and biofabrication
Aside from traditional surgical approaches detailed above, the multidisciplinary fields of
tissue engineering and biofabrication have presesteztgingsolutions for musculosketal
tissue regeneration. These range from cellular thertipaégs r o mot e and support t
native tissue healing cascégjenjectable hydrogels which can deliver growth factors and
bioactive cues, or regenerate tissimesitu*4, and 3Dtissue manufacturing approaches utilizing
allo- or xenogenic decellula@éd biomatrice’S, bioprinted construct§ or artificial scaffold$’.
Scaffold-based tissue engineeritrgditionally comprises approacheatdizing a 3D
substrate thagerves as a functional blueprint for tissue maturétidihe scaffold actasa
framework upon which cells adhetkendirecs cellular proliferation and extracellular matrix
secretion(ECM) during tissue mtaration'!. Ideal scaffold morphology depensignificartly
upon the intended application, though there are some general properties that scaffolds must

possess for desirahie vitro andin vivo performance. Scaffolds should be biocompatible,



bioresorbable, and support favorable cellular responses such as adhesion, proliferation,
differentiation, andECM secretiofi®*°, Ultimately, scaffolds and mature constructs should
possess mechanical and physical properties that recapitulate the multiscale architecture and
biomechanical function of the comparable native tissue afalog

Multiscale tissue schema platitical roles in modulating scaffold functionality. Native
tissues are inhently multiscale constructs that harmonize across the macro, micro, and
nanodomains, whose functional properties support the biomechanical and physiological roles
they play®. For example, highly organized bundles dfamen molecules constitute a multiscale
hierarchy within the ECM of tissues such as ligamdatslons and meniséf>L The
coalescence of nanosedilbrils, microscale fibers, and macroscale fascicles pradigh
mechanical anisotropy, with greatiffness and strengtidlong the axis of loadinigp ligaments
and tendonssupporting their rolen regulating joint and skeletal movemenhe circumérential
alignment of meniscus collagen transfers compressive loads into hoop stresses along its
circumferencé. At the cellular level, interactions of multiscale structural and biochemical cues
presented by the ECM modulate cellular alignment, protifevaand further ECM production.
At the submicron scale, topography and specialized molecules such as amino acids, proteins,
ligands, and vesicles regulate cellular filopodial extension, receptor binding, adlesion
intercellular communicatiod °%. Even in an avascular tissue like cartilage, comprising only a
single cell tpe, the multiscale constitutipand interplay of finely tuned biofunctional motifs
such as heterogeneous arrangements of collagen throughout the tissuejikadigeslinked
proteoglycan matrix, synergistically produce resilience to compressive thamieal loads and
flexibility to dissipate therf. Hence, in engineering tissue substitutes, it is essential that the

scaffold enablerecapitulation of tissue multiscale form and features.



Accordingly, a breadth of processes and biomaterials have been implemented in
manufacturing engineered musculoskeletal tissues and their subcomperérithese
biofabrication processes can generally be categorized by their fundamental mechanisms. While
few processes are independently capable of achieving biomimatitus&function properties
simultaneously across the nano, micro, and macro domains, each process has inherent
advantages and limitation®sulting in process tradeoffs. For examplefacemodification
processes provide highfiexible platforms for im@rting micro and nanpatterngo construct
surface¥’, though seldom can these processes enaidatone macroscale construct
fabrication. Fiber and fabric forming processes produce micro and nanoscale fibers or highly
organized fabrics that mimic the architectures found in many tissues, but these lag in
recapitulating complex macrogeometry fidefftyAdditive manufacturing processes, such as 3D
printing, have garnered significant interest as they are easily implemented, fast, affordable, and
have excellent control over biomaterial placement and macrogeometryfimiaheonstruct
However these processes are often limibedecapitulating multiscale architectutésRemote
fields-based processesich as acoustophoresis, aighly effective at organizing micro and
nanoscale particles and cells into patterns within constidotseverthey must be hybridized
with another process for material placeni®rraditional processes, such as solvent casting
particulate leaching and freedeying, can efficientlyproduceconstructs wittspontaneously

formed multiscale architectures but are often limited in direct controlsmatr featurés.



1.3 Fiber forming processes for tissue engineering and biofabrication

Within the broader categories of biofabrication processes, fiber and fiatming
processes have received steadily growing interest over the last three decades for tissue
engineeringdFigure 1.3). Biocompatible fibergheir fabrication processeand processassing
them tomanufactue multiscale constructisave garnered significant attention due tarthaique
properties such as high surface area to volumesydtigh constructpore densityand
interconnectivity, andheir capacity to mimic nativenusculoskeletaissue extracellular
matrice$®52:53 While structures comprising such fibers have been advantageousa tisseie
engineering applications, advancement tasarinical translatability of these applications
depends odevelopingcosteffectivemanufacturing systemaith high processing efficiency,

repeatability, and reliability.
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Figure 1.3: Usage of terns "tissue engineering a n di fidue engineerdimagomwde itheXifi bed
in publication titles, abstracts, and author keywords, 1992020, generated using the Web of Science Core

Collection.



Severalfiber formingprocesses have been utilized for tissue engine€Tigle 1.1).
Examples include electrostatic fiber formation (EFRyure 1.4A), solution blowing(Figure
1.4B), melt spinning(Figure 1.4C), andmelt blowing(Figure 1.4D). These processes utilize
contrasting fundamental fiber formation principlessuling in applicationspecific advantages
and limitations. Eectrospinning, a central EFF technology, achieves fiber formation by injecting
viscoelastic polymer through a fine capillary to continuously feed a droplet at the nozzle tip. An
electrical potential g@ied between the nozzle and collecting substrate generates electrostatic
repulsion forces within the polymer droplet, resulting in the formation of a Taylor cone and
emission of a continuous polymer jet, which accelerates towards the substrate. Tusrjgoes
a vigorous bending and whipping instability, which causes a substantial reduction in its diameter,
forming micro and nanofibers as the solvent evaporates. EFF technologies are generally capable

of producing such fibers at polymer throughputs sringe of 0.001 gram/nozzle/rfike,

Table 1.1: Brief overview ofkey fiber formation processes for tissue scaffold manufacturing

Process Process resoltion  Typical polymer throughput Reference
Electrospinning >100 nm 0.001 g/nozzle/min 58
Solution blowing >500 nm 0.01 g/nozzle/min 69
Melt spinning >300 nm 1 g/nozzle/min 58
Melt blowing >500 nm 0.4 g/nozzle/min 58

Solutionblown fiber formationis achievedy injecting a visoussolution of polymer
dissolved in a solvent through fine capillaries arranged in a fibecaidinuously feethg a

droplet at the tip of each nozzléoaxial highpressure gas jetdaw apolymerjet from the



nozzle Thepolymer jetundergoes a vigorousending and whipping instabilignda substantial
reduction in its diametatue to thedrag andrictional forces imparted by the coaxgdsjet. The
solvent evaporates from this jet under ambient or heated conditions, producio@r
nanofibers whichiravel towards a collector and overlay to fdibrous constructsThis process
can producdibers intherange 020 nm to several microns, at polymer throughputs in the range
of 0.01 gram/nozzle/mjran order of magnitude greater than electrospirififig

In melt spinningfiber productionis accomplished bgxtrudingmolten polymer
filaments through capillaries mspinneretand subsequentinto atemperaturecontrolledgas
The filament is wound around &h-speed takeip roll system The takeup rollsmechanically
draw the fiber, furtheredudng its fiber diameterConventionamelt spinning processes can
producemicrofibersand yarns at polymer throughputs near 1 gram/nozzIl&imModified
approaches such as siséand conjugated melt spinning with a solvent system can produce true
nanofiberg®"”.

In comparison, melt blowing is@ocessvheren a viscous polymer melt is extruded
through fine nozzles arrangjvithin a fiber diePolymerexiting the capillariess then drawn
away from the die via frictional forces imparted by hggeedair jets athigh temperature
forming a micro or nanofiber. Fibessibsequently cool under ambient conditiandtravel
towads the collectgrwhere theyform webs as they overlay one another and fuse together. Melt
blowing is typically capable of producimgicro and nanofiberaith polymer throughputs near

0.4 gram/nozzle/mirsignificantly greater than electrospinnifi§’.
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Figure 1.4 Schematic diagrams of (A) EFF, (B) solution blowing, (C) melt spinning, and (D) melt blowing,

specifically 3D-Melt blowing .

Each of thgproceses mentioned aboygoves advantageous in various applications

while limited in othersMelt spinning, owing to its capacity to produce strauntinuous

11



polymer filaments and yarns, is widely used in the indussdale manufacturing aurgical
suture&'. However, due to its inhereluw dimensionality the melt spinning procegsgenerally
disfavoredfor tissue engineeringpplications requiring net 3Bhacrogeometrieshough some
have modified the process to produce geometries like®tfeBlectrospinning is particularly
well suited to the fabrication oftftous tissue engineering scaffolisthese construatemprise
porousmicro and nanoarchitectures with similangthscale as the underlying architecture of
native tissues, providing a scaffold for cells that supports cellular metabolic activity and
extracellular matrix secretidf Like many mekbased processes, melt electrospinning is
generallylimited tothermoplasticsin contrastsolution electrospinning is limited tmlatile
polymersolvent systemsvhich can lave harsh residuals entrapped within the fabricated
constructs. While excelling in reproducing native tissue microarchitecture, EFF processes
typically lag in recapitulating the 3Bhacrogeometry of anatomical constructs and face
scalability issuesvhereinthe design of industrisdcale systems becomesnvoluteddue to the
electrical field interference of multiple nozzl&8hile needleless electrospinning generally
improves EFF system polymer throughptitypically lags in precise digeometriesesultingin
inconsistent polymer feed rates and heterogeneous fiber diameter distribtitions

Solution blowing enables inherently scalable miemad nanofiber production and has
pernozzle polymer throughputs that are an order of magnitude greater than electrospinning.
Sdution blowing, like electrospinning, is particulaflgxible in processing a wide range of
materials, particles, and various biomededdlitives whose thermolabilifgreventgheir use in
other fiberforming processes relying on polymer meRsrthermoe, fabrication of industrial

fiber dies becomes less convoluted than electrospirthiego the facile nature of the polymer
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fiber jet formation and fiber collecticend islimited only byavailabledie size and accelerating
gasand polymer solution avaibility.

Of these processesgihblowingis relatively underexplored for tissue engineering
applications compared to EFF processes, despite its potential in scalable fibrous scaffold
fabrication. Melt blowing igarticularlywell suited to these applicatiobscause of its capacity
to fabricatemultiscale fibrous constructs with biomimetic fibrous microarchitectures like
electrospinning, comprising attributes suclhigdh surface area to volume ratensd high pore
densitiesMelt blowing is also inherently scalable and utilizes per ngzalgmer throughputs
several orders of magnitude greater than electrospinning-nuzitie dies, and can process

thermoplastic biopolymers similar to melt elctrospinfitng

1.4 Research objedtes

Based omelt blowing and additive manufacturing principle& recently developed a
new fibrous tissue scaffold manufacturing process, 3BMB this process, the fibers are
produced by a conventional melt blowing process with annular nozzles, whighisem
polymer capillary with coaxial surrounding air outlet, and are aggregated by a novel 3D collector
system Figure 1.5. The 3DMB collector comprises a higpeed rotating mandrel positioned
beneath the die by an industriahgis CNC robot, allowingrecise control over mandrel
position, fiber deposition location, and surface speed. The mandrel can comprise different
geometries like 3D printed cavities biomodeled from patspetcific medical imaging=gure
1.5A) or other attachmentske a flat pldae (Figure. 1.5B). This dissertation characterizes the
new processtructurefunction relationships engendered by this novel manufacturing platform

for tissue engineering.
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Our 3DMB systencanprocess thermoplastic biopolymers such as polycaprolactone
(PCL) and polylactic acid (PLA)o produce biomimetic multiscale fibrous scafféfiFhe
3DMB system camlsobe hybridized to concurrently manufacture polymer scaffolds coated with
bioactive hydrogefS. Preliminary studies witPCL have demonstrated that scaffold critical
guality attributes (CQA) such as fiber diameter, fiber alignment, porosity, and mechanical
properties are modulated by 3DMBIlectorprocess parametefsig. 1.5C),includingthe
distance from the die to the calter as measured from the die face on a plumb line to the
collector surfac€DCD), fiber depositioroffset(FDO), or locationrelative to the edge of
collector rotatiorexpressed as a percentage of collector diaratdthe surface velocity of the
colledor (SVC}®.

Comprehensive investigation of the interrelationships between 3DMB process
parameters, fibrous scaffold morphology, mechanical attributes, and ultirnetielgctional
considerations such as cellular responses and biofunctional critical gttalitytas is needed.
Accordingly, this dissertatiooharacterizethese processtructurefunction relationships using

computational modeling, designed experiments, multimodal analyses, and statistical approaches.
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Figure 1.5: 3DMB collection systemschematics (A) biomodeled cavity collector (B) 3DMB flat plate collector
(C) 3DMB drum collector, and schematic of 3DMB collector parameters: dieollector-distance (DCD), fiber

deposition location (FDO), surface velocity of the collector (SVC).

Researclobjectives O) andsubtasks$T) of this dissertation are outlined below.

O1: Elucidate the fundamental physical mechanisms governing 3DMB fiber formation and
collection using computational modeling.
ST 1.1: Develop a 20computational fluid dynami@CFD) model of annular melt
blowing to characterize effects of parameters relatéldetpolymerair interfaceof

3DMB on polymer jet velocity, whipping instability, and fiber diameter.
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ST 1.2 Simulate fiber motion ithe 3DMB collection proceds characterize the effects
of 3DMB parametersn fiber alignment.
ST 1.3:Model thenonisothermalinteraction of multipleSDMB air jetsand the 3DMB
collectorusing a 2D CFD model.
0O2. Characterize processructure relationships associated with the 3DMB process and
fabrication of fibrous tissue engineering scaffolds using desigrpdriments (DOE), with PCL
as a model biopolymer.
ST 2.1: Characterize the effects of key 3DMB process parameters (DCD, FDO, SVC) on
the fiber diameter and fiber alignment of scaffolds.
ST 2.2: Characterize the effects of key 3DMB process parameters (BDD, SVC) on
2D and 3D porosity of scaffolds.
ST 2.3: Characterize the effects of key 3DMB process parameters (DCD, FDO, SVC) on
scaffold tensile and compressive mechanical propddigbe full design spacandthe
effects of fatigue on mechanicabponses of contrasting morpbgies
03. 3. Evaluate biofunctionalization aspects pertaining to 3DMB scaffolds in vitro, especially
relationships between scaffold morphology, cellular responses, tissue maturation, and resultant
scaffoldbiomechanical properties.
ST 3.1: Study the effects of 3DMB scaffold surface modification by alkaline etching on
fiber morphology.
ST 3.2:Assess the effects afkaline etching on scaffold tensile and compressive
mechanical properties for the design spaic8T 2.3and the effects of fatigue on

mechanical responses of contrasting morphologies
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ST 33: Characterize the effects of different 3DMB scaffold cell seeding strategies on
viability andadhesion, using contrasting scaffold morphologies.

ST 3.4:Chamcterize relationships betweeontrasting3DMB scaffold morphologies
from O2and cellular viability and metabolic activity ovemzeks in dynamicell

culture.

ST 3.5 Evaluate 3DMB structurunction relationship$or the two most contrasting
scaffold norphologies from the O2 design spaespecially those relationshipertaining
to markers of chondrogenic differentiation, extracellular matrix formatiod

biomechanical responsasa 6-weekdynamic culture.
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Chapter 2: Modeling Annular Melt Blowing and 3DMB Processes
2.1 Chapter introduction

Melt blowing processeéFigure 2.1), owing totheir ability to manufacture a wide variety
of microfibrous morphologies efficienthhavebeen utilized irdiverseapplications ranging from
tissue engineeringcaffold$®8 adsorkent medi&” &, andfiltration medi&®°L The architecture
of meltblown webs andheir fibrous critical quality attributebke fiber diameter, fiber
alignment, ad pore morphologjnterplay with theirapplication&®#%°2 Thesecritical quality
attributes are modulated byet interrelationships between melt blowing process paransatdrs
the resultant air and polymer jet respons@sch must be engineered toanufatureuseful

articles fortheir application

[] polymer [ air

Figure 2.1: Melt blowing schematic with a crosssection of annular melt blowing die
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Unfortunately the polymerand air jets' attributas both 3DMB fiber formation and
collectionare challenging to empiricallgsolveonlineduring manufacturing-irst, thesize
scale at which the polymer jet exists is relatively small, while simultaneoushelthaty scale
at which the polymer jet m@g is quite large, making resolution of jet motion difficult, even for
modern equipmenBtrategies like higispeed, highresolution photograpliyor laserDoppler
vibrometry(LDV)%* have been used to characterize melt blowing polymer jet attribithes
parameter design space usediaustrial melt blowing ofteproduces fiber jet motion with size
and velocity scales that these methods cannot résofugther, seeding the polymer for LDV
poses many challenges on its own, making this strategy suboptimal. Other stratepiasvilee
anemometr$f or particle image velocimettyhave been utilized toharacterize melt blowing
air-jet attributesHowever, the resuldepend highlyon the localized melt blowing conditions
and the on®f-a-kind melt blowing equipment used. Further, in characterizing attributes of either
jet, any device placed under the melt blowingwiaeild be contaminated with molten polymer;
thus, such approachesust necessarily neglect the polymer jet's preséhanso, successful
implementation ofiny ofthesestrategieso study melt blowing online during manufacturing is
not cheap or easy, requiring both higbst equipment and specialized training.

Modern computing hgzrimarily drivenadvancemernin the formulation and solution of
melt blowing simulationdnitial approaches centered upon gnwo-, and threadimensional
(3D) series of beads connected by viscoelastic sqtamgper elements representing a fiber and
successive approximation of solutgto systems of equations describing fundamental melt
blowing aerodynamics and rheological dynamics with no terminal boundary cofftfttion
Meanwhile, the development GFD simulations was ongoing. Strategies employing CFD

simulations initially approximatettheair jet's flow and temperature fieldger the melt blowing
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domain and subseguot numerical approximation of the fiber jet dynaniicauxiliary
model$®1%2 Such models neglesdthe polymer jet's fundamental interactiwith the air jet,
given that the air jet flow fielts solved independently and then used to approximate the polymer
jet attributes in a separateodel.With this method,He interrelationships between thelymer
jet's motionand the air jearelost. OthertCFD modelshave utilized a fixed domain boundary
condition to represent the axisymmetric flow of polymer for approximating the interaction
between polymer and air jé¥& Thepolymer jet and aifet share anovingfree surface
interface; thus, the effects of the polymergetthe air jet and vieeersa in those models were
diminished Even recatly, many models of melt blowing are based on the fundamentals
mentioned above, comprising a series of b¥4ds 3D numerical moels with stochastic
component¥®. The formulation ad solution of these systems of quasilinear boundary value
problems formulated with partial differential equati@nenontrivial, requiring complex
mathematical formulations and equally complex numerical approximation schema.

These same models are getigramployed in modeling melt blowing fiber collectidit
with added terminal boundary conditid?fs!%” These boundary conditions generally comprise
specifying the translational velocity of the collector andZieg the fiber motion upon reaching
the collector surface either entirely or in all directions except the direction of collector motion.
These added specifications allow for studying the collected fiber laydown patterns and fiber mat
attributes such as hasveight. One shortcoming of such models is that they generally neglect
the accelerating atollector surface interaction. The complex air flow dynamics caused by the
collector are thus losHowever this flow field determinesritical local environmerél

conditions that the fiber would experience and could affect fiber coalongling and thus
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morphology. Understandably, it would be challenging to resolve the bluff body problem of the
high-speed air flow across the 3DMB collector using these models.

As such, two gaps exist modelingmelt blowing. The first gap exists for a fiber
formation model that is easily implemented, accurate and resolves the critical interaction
between the polymer and air jets. To address this gap, here we dewelw@pprachto model
annular melt blowing. Unlike thenodels mentioned aboythis model can resolve timeoving
interfacebetween the polymer and attenuating air$etch multiphasenodelng develops a
moreaccurate representatioftheair and polymejets' motion because the free surface
interface between the fluids is incorporated into the model formulation. This is to say that the
air's effect on the polymer and vice versa is captured in this mdddeling this effect is
essential foaccurately rpresentinghe polymer jet's whipping instability and estimating the
resultant fiber diameter.

To do so, we first developraodelthatcouples multiple fluids through free surface
interfacedo represent the flows of the polymer and the air in the naltiby process. Once the
multiphase model is formulated, we assign relevant boundary conditioapprakimate
solutions tahe multi-fluid transport equations across a discretixexsh ofcomputeraided
design geometrysing a commercial software packag®lSYS Fluent (ANSYS, Canonsburg,
PA). The approximated solutissimulatesannular melt blowing using relevant fiber formation
parametersuch agpolymerviscosity, polymer throughput, and attenuating air throughput. The
effect of these parameters @iber motion, whipping instability, and fiber diameterere
computationally characterized. Then, the relationships between these parameters and fiber

diameter were also experimentally validated
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The second gap exists for modeling 3DMB fiber collection. No single model can capture
the entire dynamicdiber collection systemso to address this gap, we synergistically utilize
three separate models to study the fundamental components of the 30&tB@okystenand
the effect of processing conditions on fiber moti@reliminary studies with the 3DMB system
have demonstrated that collection processing conditions affect the fiber alignment and laydown
patterns Thus it is essential to elucidate taggocesstructure interactionis silico and validate
themempiricallyin Chapter 3.

First, we utilize a basic sprirdamper model to study the effects of 3DMB collection
process parameters on fiber motion. This model utilizes a series of viscoetastnt hanging
in space and fixed at one end, representing an already formed fiber, and imparts acceleration on
the terminal viscoelastic element to simulate acceleration the fiber would experience when
interacting with the collector. The second model enpénts CFD simulation to study the effects
of 3DMB fiber collection parameters on a highly dispersed discrete particle phase, representing
the polymer jet and its interactiotteougha moving boundary condition, simulating the rotating
collector. Lastlywe develop a rotating bluff body CFD simulation to study the effects of fiber
collection process parameters on the thermal flow field caused bygtiReemperature air jet.
With these three modelw/e can predidhe expected fiber mat attributes sucliilaer alignment

and fiber mat porosity.
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2.2 Annular melt blowing fiber formation CFD modeling
2.2.1 Model andmethods
2.2.1.1Multiphase CFD model

Fiber formation in theneltblowing process fundamentally relies on coalescent flows of
two fluids: a molten polymer and higtelocity air. The melt blowing nozzle geometRiqure
2.2) governs these fluids' initial interactions. The annular nozzle, a common melt blowing nozzle
configuration, comprises a capillary through which the molten polymer is extruded and a
surrounding coaxial opening through which hyglessure air flows, drawing the polymer from
the capillary tip. In this study, the CFD model utilized a-tlimensional (2D)epresentation of
an annular die witgeometry The airwassupplied from two parallel rectangular inlets
reflecting a crossection of the annular air gap. In contrésgé polymemwasprovided from a
singlerectangular inlet, centered between the datgreflecting the polymer capillary cress
section The coaxial attenuating air flows from the respective inlets at high velocity, while the
polymer flows from the separate inlet at low velocity. Near the polymer capillary tip, the
attenuating air accelated the polymer via frictional drag forces, forming a fine jet that traveled
through the remaining domaifihe CFD domain was set ag@ rectangular planar geometry
reflecting the area directly beneath the fiber die where the fiber diameter is prireduted
and providing sufficient space to observe the whipping instability of the polymer jet.

A CFD model formulation comprisg oftwo Eulerianfluid flows was chosen for its
ability to model separate and nonpenetrating phases and a sharp interfaantbam. This
was applied to simulate the air and polymer jets as gptvase flow using a volume of fluid
method. In this method, a sharp, Adiapersive boundary was assigned between the fluids and

allowed for the formulation of individual phase vel@stand temperatures. The volume fraction
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of a phase was defined as the proportion of space occupied by that phase in a computational
domain element. The volume fraction, when mapped across the geometry, tracked the interface
between the two phases.

The laws of conservation of mass and momentum were applied to each phase individually.

The volumd ghase), Vg, was then defined by eq. (1):

® | Qw 1)

whergl  wasthe volume fraction of phase
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Figure 2.2 (A Bottom-up photograph of an annular melt blowing nozzle; (BD) schematics (bottoraup view,

crosssectional view) and dimensions dhe annular nozzle used irthis study.
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The following continuity, eq. (2) must be satisfied such that the sum of the véilartien of the
n phases in each element is 1.
ln P 2
npe
The effective density of phasg” hwas defined by eq. (3):
o 3)
where” wasthe physical density of phage

Fluid transport in the domain, as the volufmaction, was approximated by the solution of a

continuity equation, eq. (4):

P . . . .
— | 7 t] " ® a a 4
5 (4)

T o
where” wasthe phase reference density, or the vokaweraged density, of thg phase in
the solution domainp the velocity of phasg, andd the mass transfer from phgséo g, and

vice-versad the mass transfer from phagto p. Because the fluids were treated as immiscible

and inert, no mass was transferred between themomentum conservation equation further
governed the flow, ed5):

Ly

- ) nt| ” dDw npy nt )
% | | nn o

O ® ® A ® 6 (5)

O Oy, Oy Oy Oy

25



wherep wasthe pressure shared by all pha&&eacceleration due to gravity, an interphase
momentum exchange coefficieri® an external body forcé® | a lift force, ® ; a wall

lubrication force® |, a virtual mass forcé® j a turbulent dispersion force, atiftheq™ phase
stressstrain tensor igen by eq. (6) with and_ as the shear and bulk viscosity of phgsho
lift, turbulent dispersion, or wall lubrication models were modified from default. Virtual mass
force modeling to study the accelerating polymer phase was included and fienfvdim the

default option.
L L % ST X )
The overall turbulence model for melt blowing simulatishsuldbe chosen based upon
the amount of expected turbulent kinetic energy in the system. Less complex modeling schema
are needed when an annular die is implemented as the directions ofdlrge2Elows are
parallel. Thusturbulent kinetic energy and tudlemt mixing are lower than inset dies, where the
air flows are significantly directed towards each other. Fepdilon model has shown to be

sufficient for modeling the turbulent regimes of annular melt bloWfhthereforewe chosette

two-equation kepsilon mixture turbulence model as defined by eqsarid 8):

TT_o” Q nt” ®Q i ¢+ L a0 op " - A @)

(8)

wherek wasthe turbulence kinetic energythe rate of turbulence dissipationy the turbulent

viscosity for the mixtureand, and, the turbulent Prandtl numbers. Tla, term represented
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the generation of turbulence kinetic energy for the mixture, A were additional source terms
for turbulence between phases, and constants 1.44,0 =1.92
The terms” , the mixture density,’ , the molecular viscosity, ané , the mixture

velocity, were calculated from eqs-19):

: ’ ©)
‘ ‘ (10)
‘ B | " (11)
® B |
where| ,” ,*‘ , ® werethe volume fraction, density, viscosity, and velocity of itAehase

respectively

2.2.1.2Simulation study

The CFD model was set up in ANSYS in a multistep procedure to capture the process
physics describedbove First, the 2D annular melt blowing nozzle geometry was defined. The
remaining spatial domain was then defined wherein the pojyandair-jet motionwould
typically exist. A structured mesh was applied across this space, and relevant boundary
conditions were specified. Subsequently, solutions to the multiphase fluid flow governing

equations irSection2.2.11 were approximated to model the fiber formation process.

27



2.2.1.3Model geometry and mesh generation

The annular die geometry fromBiax die (Biax Fiberfilm, Waterloo, W(Figure 2.2),
commonly used in melt blowingvas utilized. The CFD domain wastss &D rectangular
planar geometryl0 x 50 mm Eigure 2.3A). The 2Dnozzle geometry and specificationsre
translated to DesignModeler, the baiit CAD packagen ANSYS (Figure 2.3B). A
guadrilateral structured mesh with a specified element si@el ahm was generated across the
computational domain, providing high spatial efficiency discretizatagufe 2.3C). The

resultant 100,000 element mesh was significantly refined compared to previou¥tworks
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50 mm

Figure 2.3: CFD model geometry (A) computational domain and geometry with walls (black) and pressure
outlets (orange) (B) close up view of annular melt blowing nozzle with air inlets (blue) polymer inlet (green)

(C) nozzle geometry with 0.1 mm quadrilateral mesh

2.21.4Model boundary conditions

Three melt blowing process parameters: polymer viscosityreass throughput
(calculated as velocityand theattenuatingair velocity, wereconsidered andaried in afull
factorial desigrwith PCL (Mw 43,000) as the modelaterial PCL is a thermoplastic that is
widely utilized in medicahpplicationsusing a variety of processéscluding melt blowin§".
The parameter level3 @ble 2.1) were determined based upon estimated PCL density of 1.145

g/cn?, and dynamic viscositidsracketing those of PCL melted 120°C%. The polymer
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velocity boundary condition was calculated bagedassthroughputrates utilizedn melt

blowing PCLwith the Biaxdie. Gravity was specified a9.8 m/< in the ydirection. The

polymer inlet was set as a velocity inlet with initial volume fractions of polymer = 1 and air = 0.

All material parameters for the air were standard material properties from the ANSYS materials
database. The air inlets were seve@l®city inlets,with initial volume fractions of polymer = 0

and air = 1. Surface tension modeling between the viscous polymer fluid and the air was
included but not modifiedyherein thesurface tension coefficient was approximated as 0.1

N/m* The left, right, and bottom boundaries were set as pressure outlets with ambient pressure

= 0 Pawhile all other boundaries were defined as walls.

Table 2.1: Fiber formation model boundary conditionsmatrix for polymer and air parameters

Polymer Viscosity (Pas) Polymer Velocity (m/s) Attenuating Air Velocity

(m/s)
8 0.01 30
10 0.02 97
12 0.03 135

2.2.1.5Solution method

Simulations were built and executed oR@ Qell PrecisionTower781Q Dell, Round
Rock, TX)running a Windows 10 68it operating system. The PC utilized 40 processing cores,
2.2 GHz each, with 64 GB RAM. ANSYS Fluent was run ind@iuble precision, sing all 40

cores of the PC.
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Finite-element discretizatiowas usedo approximate sotions to fluid flow governing
equations. To do so, Fluent util&zseveral discretization schentirst, a phaseoupled
SIMPLE algorithm was utilized for pressewvelocity coupling, wherein the velocities are
coupled by phases in a segregated fashionlédstsquares celbased spatial discretization for
gradient evaluation was implemented, as was the Pressure Staggering Option (PRESTO!)
pressure discretization scheme. Other discretization meiicddedfirst-order upwind for
momentum, compressive faolume fraction, firstorder upwind for turbulent kinetic energy,
andfirst-order upwind for turbulent dissipation rate. Fostler implicit was utilized for the
transient formulation. Naigh-order term relaxation was utilized.

An automatic hybrid methd was utilized for model initialization. Airflow fields were
initially solved to convergecein a singlephase modelsing avelocity-specific time step size,
1000 time steps, and a maximum of 10 iterations per($tdge 2.2). Heterogeneous time step
sizes were necessary to ensure low Courant number and numerical stability while minimizing
computational expense, as defined by eq.:(12)

.,  LWO
o  O—. (12)
0w 0

wherea wasthe fluid velocity,w Avasthe time step sizendw cwasthe distancéetween mesh

elements.
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Table 2.2: Initial air flow field solution time step sizes

Air Velocity (m/s) Time Step Sizg(s)

30 le4
97 le5
135 le5

After the air flow approximation, the secondary phase polymer flow was initialiigsl.
is not to suggest that the polymer and air flows were solved sepaidtelgirflow regimes are
highly transient due to the initial impulse of high velocity from the jnlets it wasfirst
necessary to establish convergent air respdreseseintroducing the lowvelocity polymer and
modeling the multiphase interactions. \Aersa, if the polymewasintroducedbeforethe
attenuating ajrthe surface tension of the ftLiwould dominate and lead to unstable fluid
aggregation anchpidmodel divergence. In essence, once a convergent air flow field was
established, the polymer phase was initializefdim themultiphase model. Multiphase model
solution convergence was aeted using a polymer velocity specific time step size, number of
time steps, anteniterations per step, to rapidly achieve #1®nvergence of all residual
variables as detailed ifable 2.3 Again, heterogeneity was utilized to maintain low Courant

number, improve numerical stability, and minimize computational expense.
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Table 2.3: Multiphase solution time step sizes and number of steps

Polymer Velocity (m/s) Time Step Size (s) Number of Steps
0.01 le3 200
0.02 le4 1000
0.03 le4 1000

2.2.1.6Model validation

Two approaches were utilized validate this modelFirst, we used an existing melt
blowing apparatus to manufacture PCL fibarselect parameters using the die geometry shown
in Figure 2.2. Briefly, PCL (Mw 43000, Polysciencdsc, Warrington, PA was melted to
120°C and extruded at 0.1 gram/nozzle/min through the Biax fiber fabrication die utilizing a
custom 3D melt blowing systéfh High pressure, 140°C attenuating air was provided by an
industrial airprocess heater (Backer HotitydDanvers, MA) and forced through the Biax die at
various volumetric throughputs. Digital micrographs were obtained from these samples, and the
average fiber diameter and standard deviation for @acbdetermined by measuring at least 10
fibers utilizing ImageJ software.

To furthervalidatethis mode] acommon annular melt blowing geoméef***(Figure
2.4) was sourced from literature and utilized to construoudtiphase model followin@ection
2.2.1.1 Boundary conditionsvere drawn from literature as folloWs$'? polymer density =
0.598 g/cm, polymer viscosity 38.37 Ps initial polymer velocity = 0.049 m/s, attenuating air
velocity = 110 m/sandsurface tensio coefficient = 0.7 N/m. The solution to this multiphase
flow model was approximated as$ection 2.21.5. Polymer velocity streamline data was

isolated toestimate thdiber diameterwhich was compared to thampirically observed in
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literature. A linearegression was fit to the predicted vs. actual fiber diameter data for both

validation methods.

Dimensions
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Figure 2.4: Computational validation annular melt blowing (A) geometry and (B) dimensions

2.2.1.7Multiphase multi-nozzle model extension

Themodelsmentioned aboveomprise single melt blowing nozzle geometries and
relevant domains. These models are adequate to study fundamental processing cohttidons
melt blowing processowever very few melt blowing die systems comprise single nozzles in
prectice. More typicallythese systems comprise multiple nozzles arrangkaeiar arraysAs a
proof of concept, the single nozzle multiphase melt blowing model above was scaled to include a
geometrically accurate crosgction of a 3x30zzleBiax Fiberfim die.

Briefly, the die comprised three melt blowing nozzles, each comprising a polymer
capillary surrounded by a concentric air outlet. A dead nokzelganozzle withno polymer
capillary,bracketedhe row of melt blowing nozzlegigure 2.5). As in previos simulations,

this geometry was translated to ANSYS DesignModelersapgliedwith a30 x 115 mm
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rectangular domairbue to the larger domain, as compared to the single nozzle multiphase fiber
formation model, a larger element size was chosen to ensmgutational tractability and

solution feasibility.The resultant model was meshed with a 0.2 mm quadrilateral mesh with
threeiteration refinement along the melt blowing die face resulting in an approximately 0.05 mm

guadrilateral mesh element size inttfegion.
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Figure 2.5: Multinozzle die geometry (A) bottomup micrograph (B) schematic
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2.2.2 Results andliscussion
2.2.2.1Simulated multiphase jet characteristics

CFD simulations were employed to model the multiphaseaant polymer flow fields
through a representative 10 x 50 mm melt blowing domain. Air jet velocity contours
(representative exampleshigure 2.6) were isolated from multiphase models for each
combindion of attenuating air velocity, polymer velocity, and viscosltglle 2.1). In all
simulations, the air was issued from the inlets at the respective boundary condition velocity and
traveled along the polymer nozzle. The air jets displayed varying degireenvergence below
the nozzle, with littlenearnozzleconvergence observed in the lowest air velodtigifre 2.6A).
Increasing air velocity produced greasérjet convergence and impingement of the polymer jet
beneath the nozzl&igure 2.6B, C). Thisis criticalfor melt blowing fiber formation because
polymer jet deformation and acceleration are primarily modulated by drag forces imparted by the
attenuating air. The modeled air jets were asymmetric about an axis through the polymer nozzle
from the polymer and air jets' convergence point to the bottom outlet, resultant from polymer jet
interaction. Such interactions between the polymer jet and the airflow field were noted in each
simulation, which highlights the importance of using a multiphasgeito analyze the process.
While native and inherent to the multiphase model, these interactions would otherwise be
challenging to fully capture in other models such as the spliangper model. In the spring
damper modekhe air flow field is solved vi€FD, exported, and used to model the fiber motion

through a numerical model, neglecting to capture the effect of the polymer fiber on the air flow.
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Figure 2.6: CFD air jet velocity contours near the melt blowing nozzle with initial polymer velocity, visosity

=0.02 m/s, 10 P&

Polymer jet velocity streamlines (representative examplEgyure 2.7) were isolated
from multiphase models for observation and further analysis. The polymer was issued from the
respective inlet and, to various degrees, sulesaity accelerated across tth@maindependent
upon the processing conditions. Velocity decompositions were isolated from the polymer
velocity streamlines in the principal dnd Y-directions. Various degrees of whipping instability
were observed in Xelocity plots, wherein the values oscillated between positive and negative
across the domain. Positivevelocity corresponded to movement along the posithaxis and

vice-versa. Given that the polymer material was issued through the nozzle at a constaautef|
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and assumed constant density, mass balance can be applied to estimate the polymer jet diameter
at a given position by rearranging etf3)¢

o) .
“ T ") V) (13)

whereD wasthe polymer jet diameteY, wasthe polymer velocity, an@ wasthe polymer flow
rate. This equation was solved for polymer jet diameter based on the maximum polymer
streamline Yvelocity in the region 20 mm below the polymer nozzle, the region of polymer jet

acceleration and charactegil by polymer jet isothermal stabifity

\

0 15 30 45 60 75 (/s)

Figure 2.7: Representative polymervelocity streamlinesfor three levels of air velocity with initial polymer

velocity, viscosity = 0.02 m/s, 10 Pa
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2.2.2.2Effect of processing conditions on simulated polymer jet whippingstability

As previouslymentioned, polymer jet whipping instability is a fundamental phenomenon
in the melt blowing process that affects fiber entanglement and microarchitecture of the final
melt blown web. In theory, the critical velocity;, requiredto produce perturbation of

coalescent free liquid jets and initiate whipping instability is defined by4q (

- |
Y Cary (14

whereUwasthe jet surfacgension coefficient; wasthe air density, anc wasthe radius of

the unperturbed jet. For this studywas approximated for PCL at IP0as 0.1 kg/mt®” =

1.225 kg/nd, andé® = 0.15 mm, the radius of the polymer nozzle in this stidyfor this

systen was calculated to be 23 m/s, suggesting an increasing magnitude of whipping instability
for attenuating air velocities above this value.

Figure 2.8 summarizeshe polymer jet Xvelocities for processing conditions comprising
polymer viscosity (8, 10, 1Ras), initial polymer velocities (0.01, 0.02, 0.03 m/s), and
attenuating air velocities (30, 97, 154 m/s). Whipping instability was observed in these
simulations as the oscillation of polymer streamlineefocity, taking on positive and negative
values.Various degrees of whipping instability were observed across the ranges of processing
parameters. Parameter combinations with 30 m/s attenuating air velocity produced the least
whipping instability in the study, aligning with the theory thaited whipping instability would

be observed for air velocities nédt, 23 m/s as previously calculated.
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Figure 2.8: Simulated polymer jet X-velocities grouped by processing conditions

Accordingly, increasing Xrelocity whipping amplitude was observediformly across
all processing parameters as the attenuating air velwagyncremented from 30 m/s to 97 and
154 m/s Figure 2.9). This trend can be attributed to the increase in drag forces imparted by the
attenuating air due to increasing velocitffeliential between the air and polymére result of
which is increased whipping instability as velocity increases abbvMinor differences in the
primary whipping region's length were observed in simulations with appreciable whipping

instability. Lower viscosities produced longer whipping regions as the rheological forces
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resisting deformation decrease with decreasing viscosity, particularly for simulations with initial
polymer velocity = 0.02 m/s. However, these effects were generally mixed whsiichdli
considering all simulations. Future sensitivity studies may model more contrasting levels of
polymer viscosity to study the effect of this parameter on whipping region length. Initial polymer
velocity did not appear to affect the resultant polyjaewhipping instability. This suggests that
this parameter did not modulate the primary drag forces between the air and polymer jets,
confirming that the primary processing condition driving the onset of whipping instability is the

air jet velocity.
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Figure 2.9: Maximum peak-to-peak X-velocity whipping amplitude for all simulations
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2.2.2.3Effect of processing conditions on estimated fiber diameter

Figure 2.10displaysthe estimated fiber diameters, as calculated from1&y, fhapped
across the polyer viscosities (8, 10, 12 P&, initial polymer velocities (0.01, 0.02, 0.03 m/s),
and attenuating air velocities (30, 97, 154 m/s). From this plot, the initial polymer velocity
through the polymer capillary and the attenuating air velocity were thergrfa@ors governing
the resultant fiber diameter. Reducing the polymer velocity (i.e., decrementing the polymer mass
throughput through the capillary) produced finer fiber diameters for a given air velocity due to
the same drag force from the air actimgaodecremented fiber madise result of which was
greater drawing and diameter reduction. Likewise, increasing the accelerating air velocity (i.e.,
increasing the attenuating air throughput) produced finer fibers, an effect attributable to the
incrementin the drag forces upon the polymer jet with increasing velocity differential between
air and polymer. The result of this was greater polymer acceleration and more diameter
reduction. Accordingly, the largest fiber diameters were observed at the higle¢sf iaitial
polymer velocity, 0.03 m/s (0.15 gram/nozzle/min), and the lowest level of attenuating air
velocity, 30 m/s (35 I/min). The finest fibers were produced in a similar vein at the lowest
polymer velocity, 0.01 m/s (0.05 gram/nozzle/min), aredhighest attenuating air velocity, 154
m/s (175 I/min). No observable trends in fiber diameter were attributable to changes in the
polymer viscosity, but future studies may consider levels of this parameter with greater contrast

to elucidate such effects.
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Figure 2.10: Estimated fiber diameters for all processing conditions

2.2.2.4Model validation

As previously described, two differeabnulardie geometries one from our
experimental setug-{gure 2.2) and one from literaturd-{gure 2.4) i were used for validation
to show the versatility and robustness of the multiphase nféideke 2.11 shows the predicted
vs. actual fiber diameters for both die geometries. Empirically observed trends show decreasing
fiber diameter with increasing attigating air velocity and decreasing polymer velocity, which
correlated overall with the observed trends in simulation &atgolymer velocity = 0.02 m/s
and viscosity = 10 Rg, thefiber diametes were estimated by the multiphase model to be 5.8 um
and7.2 um at attenuating air velocities of 97 and 154 m/s, respectively. Empirical measurements
of PCL fibers manufactured at these parameters yielded corresponding fiber diameters of 5.7 +

2.6 um and 7.5 £ 0.75 um. At polymer velocity = 0.03 m/s, viscesity Pas, and attenuating
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air velocity = 30 m/s, the fiber diameters estimated by the multiphase model and as measured
empirically for meltblown PCL fibers were 4um and 52 + 10 um, respectively.

Utilizing the annular melt blowing die geometry and @ssing conditions sourced from
literature, the multiphase model predicted the fiber diameter to be 22.6 um, while empirically,
these processing conditions produced fibers with an approximate diameter ot*19Qurerall,
the simulation results matched closely with empirical data for various processing conditions and
two different die geometries, witi?R 0.9561. This Rindicaiedthat the model outcomes

correlated closely with the experimental outcomes.

707 R? = 0.9561

@® 10Pa-s, 0.03m/s, 30 m/s
60 - 10 Pa-s, 0.02 m/s, 97 m/s
10 Pa-s, 0.02 m/s, 154 m/s
50— @ 39Pa-s,0.049m/s, 110m/s

40—

30+

Actual Fiber @ (um)

20+

10+

0 T T T T 1
0 10 20 30 40 50

Predicted Fiber 6 (pm)

Figure 2.11: Predicted vs. actual fiber diameter for select simulations (error bars show 1 standard deviation,
standard deviation was not available for the 39 P&, 0.049 m/s, 100 m/s data point which was sourced from

literature)
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2.2.2.5 Simulated multinozzle jet characteristics

CFD simulation vasemployed to model the multiphase air and polymer flow fiefds
representative crossection of thenultinozzle3ADMB die through a@ x 115mm domain. Air
jet velocity contoursKigure 2.12) were isolated from multiphase mod#ds the relevant
boundaryconditions. e air was issued from the inlets at the respective boundary condition
velocity and traveled along the polymer noszlas was observed in the singlezzle simulation
Herein, hemodeled air jets maintained similar velogiyofilesto thesingle nozzle simulation
throughout the domain. The dead nozzles on either end of the die geometry were observed to
have higher velocity than the inner nozzles due to the absence of the polymer jet, the acceleration
of which is an energy sink. The air jétesm the dead nozzles also essentially shield the inner
nozzles from the ambient environment, while the inner jets draw the polymer away from the die.
Throughout the domain, theodeled air jets were asymmetric about an axis through the polymer
nozzledueto the characteristic whipping instability of the polymer jets, as was observed in the
singlenozzle study. This agalmghlights the importance of using a multiphase model to analyze
the process.

Usingeq.(13)and similar assumptions fro8ection 22.2.1, the fiber diameter was
estimated. To briefly recap, the polymer jet velocity was calculated in the 20 mm region near the
die, a zone wherein general polymer isothermal stability is obseamddhen wagsed to solve
for the estimated fiber diameterdesml on a constant mass throughput of polymer at an assumed
density. The estimated fiber diameter for this simulation was 7.14 um, matching closely to the
fiber diameter observed for similar parameters in the singkzle melt blowing fiber formation

simulation. Thisshows that while the multiozzle simulation isnore representative of the actual
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melt blowing system, the singt@zzle simulation is equally sufficient for modelimglt-blown

fiber diameters.

imuvnr

Figure 2.12: Multiphase multi-nozzle (A) air flow field contoursand (B) polymer velocity streamlines

46



2.3 Numerical smulation of fiber motion in the 3DMB collection process

As previously mentioned, the melt blowing system relies on two subsystems: fiber
formation and fibecollection The polymeffiberis a high aspect ratio and heterogeneously
viscoelastic mechanicalystem Modeling this material using standard finite element analyses is
particularly challengingThe large size scale of the macdomain in which the lengtbf the
fiber exists (~180 cm) and the micrdomain in which the diameter of the fiber existsLQL
pum) makesresolving the macrdomain with a microfscale mesh computatiohainfeasible
Furthermore, materials in CFD are viscous, though not elassmgchallenges in
programming materials with a combination of each property.

Another strategy in modeling viscoelastic materials is to treat them as a network of
masses connected by sprdgmper elements. This method has been utilized to model soft or
viscoelastic objects for a variety of simulation applicatibhg®, includingmelt-blown fiber, as
previously discussed. Herein, we simulate an already formed fiber hanging from the filer die
modeling a springlamperseriessystem fixed at one poinfigure 2.13A) andhangingin space
as themelt-blown fiber would be fixed at the fiber die and existing in the space between the die
and collector. We then qualitatively model the effect of additional directional velocities applied
to the terminal mass and study the resultant motion of the systemat &srtle is transmitted up
through theseries of springs and dampefée directional velocities are applied in such a way to
simulate the tangential collector velocity as determined by the 3DMB fiber deposition offset and

surface velocity of the collectdFigure 2.13B).
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Figure 2.13 (A) Schematic representation of springdamper model and (B) collector velocity decompaosition

by FDO

2.3.1 Model and methods
2.3.1.1 Numerical model
First, the mass elements are given kinematic and mechanical initi@iticos as in eq.
(15):
G, 0, AKEOOODEE (15)
wherei indexal the set of masseg) andw werethe initial x and y positions of thi¢gh mass

element, and likewise and0 weretheith initial x and y velocities, the spring coefficient, k,

and damping coefficient, d, ardé ¢ were constants. The values of the spring constant and
damping coefficient, while representing the viscoelasticity of the fiber, have less significance
guantitatively due to the complex nature of the fiber rheological properties, crystallinity, and
dynamics, though suffice to qualitatively model the kinematics of a viscoelastic material.

Then, the total force experienced by itiemass is given by eq.&t
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0=0 0 O ° O (16)

where’O and’O  werethe forces experienced by tlie mass from the neighboring springs:
above and below, respectively. Likewis® and’O werethe damping forces experienced by
theith mass from the neighboring dampé@ .wasthe force of gravity. For the terminal mass
thei+1th forceswere considered zero.
Theith springforce,”O , and damping forceO ,werec al cul at ed usi ng HooO

velocity-based damping as given by eq4)(@nd(18) respectively:

"0 Qo (17)

O Q) A (18)

whered wasthe distance between tith andi+1th masses, and, the velocity of theth

mass.

2.3.1.2Solution procedure

Kinematic and mechanical initial conditions were specified for each mass, taking the
spring constant, k = 1, and damping coefficient,d A finite differences method was adopted
to approximate the kinematic equations of motion of the mass elements. Briefly, the time domain
was discretized witky 6= 0.1s. The total force on each mass, as described bye@gvék
calculated for the tim step.

The acceleration of théhmass, was resolved directionally
law, egs. (9) and(20) respectively:

O aw (19

0O an (20
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The velocity of theth mass was resolved directionally as in 2§ and @2):
0 0 W Wo (21)
0 0 ® WO (22)
The velocity of the terminal mass, , wasdetermined in such a way thatiaisproportional
in magnitude to the collector surface velocity while its principand ycomponentsvere
determined by the fiber deposition offset. For example, at FDO = 50%,dbmyonentvas
zero while the xcomponentvaspositive. Likewise, at FDO 90%, both the xand y
componentsverepositive, while at FDO = 16%he xcomponentvaspositive,andthe y
componentvasnegative.
Like solving for the velocity, a finite difference approximation was made for the position
of each mass given by eqs3(24):
W=w UL WO (23)
W=w UL YO (24)
Three contrasting collection process parameter combinations were séectedieling.
These combinations corresponded to collector kinematic extrema, modulating the added velocity

of the terminal mass element as giveid able 2.4

Table 2.4: FDO, SVC combinations and unit velocity vector assigned to terminal mass

FDO,SVC = 16%, 160 m/min X = 067
y=-0.75

— . X = 1

FDO, SVC = 50%, 160 m/min y=0
FDO, SVC = 90%, 700 m/min X - 052
y=0.73
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2.3.2 Results and discussion

In melt blowing, the fiber whipping motion primarily determines the laydown pattern on
thecollector. Tominimizethe whipping instability, the speed generated byctteel | ect or 6 s
drawing forces needs to match the velocities
variable,high-velocity collector. MATLAB numerical simulationsereutilized to qualitatively
modelthe viscoelastic nature of a 3DMB fiber interacting wita 8DMB cylindrical collector.

Simulated fiber motion solutions were plotted in dimensionless spapeé€ 2.14).

FDO = 50% Il FDO-16%

SVC =160 ] SVC =160
m/min m/min

m/min

Figure 2.14: MATLAB fiber collection numerical simulation results for simulated parameter combinations
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The simulated fiber motion was lalg dependent on the 3DMB collection parameters.
Across all simulations, the fiber was drawn in the direction of collector rotation. The directional
changes experienced by the fiber depended on both the FDO and SVC parameters. Specifically,
the FDO modulagd the directional velocities imparted by the collector, the magnitudes of
the % and yvectors comprising the decomposition of the tangential velocity vector at the
deposition location on the collector surface. TFmrponent of the tangential aedtor velocity
was greater at FDO = 50%.\=DO = 16%, suggesting the fiber deposited at the 50% level
would be pulled significantly more in thedirection. In the simulations, the fiber was drawn
more in the xdirection at FDO = 50% than at FDO = 16%ldiog the SVC constant at 160
m/min. Further, the FDO = 16% position resulted in fiber drawing that exceeded the boundary of
the collectorsuggesting that while significant fiber alignment could be produced at this Igcation
the added forces of collectianay make collection at this point challenging

In comparison, the FDO, SVC = 90%, 700 m/min simulation produced significantly more
drawing in the »direction when compared to FDO, SVC = 50%, 160 m/min simulation,
suggesting that significant fiber alignmewould occur at this combination. Furthermore, the
deposition point was well within the boundaries of the collector, meaning that fiber collection
should not be challenging at this point. This demonstrates that while the ratios -o&tiueyx
component®f the SVC are governed by the FDO, their magnitudes are governed by the SVC,
highlighting the synergistic relationship between these two parameters in modulating fiber
motion. This is to say that the FDO neddtb be sufficiently high to produce fiber gfiment and
support fiber collection, while the SVC deterndriee amount of fiber alignment produced at

each FDO level.
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24 Discrete phaseCFD modeling of 3DMB fiber collection

While the 3DMB systencomprisedwo continuous phases as described in the fiber
formation modelcontinuous multiphaseodelng of the interaction of the continuous polymer
phase with the rotating collector proved challenging due to the low volume fraction of the
comprehensive model domaoccupied bythe polymer fluid and highly dispersed nature of the
micronscale fiber. Enhancing the mesh to resolve the polymer jet was computationally
infeasible due to the large domain siEke numerical model more realistically captlitiee
viscoelasic properties of the polymer buiasdifficult to implement due to the coding of custom
fundamental physical equations, as compared to a CFD modeldaaedmmercial solver
such ag-luent. Furthermore, the parameterization of the numerical maaihallenging
because many assumptions and simplifications were made to keep the equations tractable; as
such the spring and damping constants of the systadiimited physical translatability.
Because of these limitatiordiscrete phase modeling (DPMpaschosen for itability to model
a highly dispersed jet of discrete particles within a continuous phase and track their motion.
While the polymer jet is technically continuous, it is similarly highly dispersed within the
domain and occupiessamilarly low volume fractionHere, we assume that the trajectory of the
discrete particle jet will suffice for modeling the responses of a continuous but highly dispersed
polymer jet. The application of DPM alatiows for enhanced wallluid interactions pertaining
to fluid accretion and acceleration, providing more realistic modeling of the 3DMB collection

process.
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2.4.1 Model and methods
2.4.1.1 Discrete phase model

The continuousir phase mass balaneasgiven byeq. @5):

T— t"® Y (25)
T o

wheret was timej was the fluid sourcg, was the fluid density, an@was the fluid velocity

vector. The discrete phase patrticle trajectories were determined 28xeq. (

N) “O ) ) '@ ” ” (26)
A‘) ® ® ”

where® was the particle velocity,O was the drag force imparted by the fluid upon the
particles,” was the particle density, affilwas gravitational acceleration. Turbulence modeling
in this system followethe kUmixture turbulence model describedeis. (3 and ).
Furthermore, rotating reference frame modeling was adopted to resolve the complex interface of
the rotating collector with the continuous and discrete phase. The motion of the steadily rotating
reference framwvasdescribed by eq27):

B SA (27)
wherg b was thesteady angular velocity relative to the adjacent ambient cell zone reference
frame] wasthe magnitude of angular velocity aAdvasa unit vector in the direction of
rotation. Momentum balance of fluidteracting with the rotating reference frame was

accomplished with eq28):

—"0p NnNf"0RP "CB Up » H» O nonit o (28)
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whereubpwasthe relative velocity of the fluid compared to the collecfovasthe viscous

stresscalculated using the relative velocities, &as other additional body forces such as

gravity.

2.4.1.2Model geometry and mesh generation

The CFD domainwassetas a2D rectangular planar geometnyith dimensionst00x
400mm (Figure 2.15A). Theannular die geometry from the 3DMB system was utilized and
translated to CAD geometry in DesignModeler. The polymer inlet and the air inlets protruded
approximately 0.3 mrfrom their respective neighboring faces to prevent boundary condition
translation errorswhen sending the geometry to the solver due to their small size compared to the
domain Figure 2.15B). A quadrilateral structured mesh with a specified element size equal to 1
mm was generated across the computational domain, providing high sffaii@ncy. The
collector was modeled as a circular rotating zone in 2D (g 208 mm) and was positioned beneath
the fiber die. This is representative of a collector geometry that is commonly used in the 3DMB
system. The position of the 2D collector withire model geometry was dictated by the DCD
and FDO parameters, while the angular velocity of the rotating reference frame zone was

governed by SVC.
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Figure 2.15: Exemplar comprehensive 3DMB CFD model (A) computational domain and geometry with walls
(red) and pressure outlets (yellow), DCD = 150 mm, FDO = 90%and (B) dashed inset of A, close up view of

annular melt blowing geometry with 1) air inlets 2) polymer inlet.

2.4.1.3 Model boundary conditions

Two contrasting feasible 3DMB collection parameter combinations were chosen for
modeling. Boundary conditions largely follow&dction 2.2.14 and are listed ifable 25.
Briefly, relevant gravity, PCL material viscosity, and density were specified for the discrete
phase particles. All parameters for the air material were as standard material properties from
ANSYS materials database. The air inlets were initialized with 97 m/s. The polymer inlet was
initialized with a 0.024 m/selocity particle injection comprising 2X.10® mm diameter

particles. The angular velocity of the rotational mesh zone was set according to the 3DMB SVC
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parameter. The left, right, and bottom boundaries were set as standard pressure outlets. All other

boundaries were defined as walls.

Table 25: ComprehensiveCFD model boundary conditions for polymer; air, and collectorvariables

Polymer viscosity 8 Pas
Polymer density 1.145 g/cr
Polymer throughput 0.1 g/nozzle/min
Air throughput 1101/min

150mm, 50%, 160 m/min
DCD, FDO, SVC

150 mm, 90%, 700 m/min

2.4.1.4 Solution procedure

As nointeractionwas assigned between the discrete phase and the continuous phase, the
models were solved simultaneously. Simulations were run asdépendent. A coupled
pressurevelocity algorithm, GreetGauss cetbased spatialiscretizatiorfor gradient, standard
pressure discretization scheme, fiostler upwind for momentum, turbulent kinetic energy, and
turbulent dissipation rate schema were used.-Bidgtr implicit was utilized for the transient
formulation. Nohigh-order term relaxation was utilized.

An automdac hybrid method was utilized for modaeitialization. Airflow fields and
particle trajectories were solved3g20Qteneher .
steps, and a maximum of 10 iterations per step. Due to the transient natureatdutadion and
particle accretion, the convergence of residual variables was nédturther time step and

mesh optimization may improve convergence in the future.
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2.4.2 Results and discussion

Discrete phase modeling was employed to study the effeBIBMB parameters on fiber
motion. Model convergence was achieved over approximatelyi30f simulation rurtime. As
a model of the interaction of polymer and collector, two contrasting combinations of FDO and
SVC were utilized to study design space exteThe first: DCD, FDO, SVC = 150 mm, 50%,
160 m/min, and the second: DCD, FDO, SVC = 150 mm, 90%, 700 nfohiematic collector
velocity vector decompositions are showrFigure. 2.16A,B respectively It was observed that
the FDO, SVC = 50%, 160 m/mgurface velocity vectday only in the xdirection,which
agreel with the previoushdiscussed numerical collection model. Thus,abidity of the SVC to
influence fiber velocity at this FD@asonly in that plane, meaning that sufficient SW@s
required tominimizethe whipping instability of the fiber. This suggests tihatnormal force
resisted fiber yelocity at this FDCat the collector surface. In contrast, the FDO, SVC = 90%,
700 m/min velocity vector comprised significantand ycomponents,ggesting that at this
FDO, the collector interagtiwith the fiber in both xand ydirections. These observations
suggestdthat the FDO, SVC = 90%, 700 m/min fiber collection parametmaccelerate the
polymer jet in x and ydirections more than tH&%, 160 m/min parameters, and thus balance

the polymer yvelocity with a combination of surface speed and collector normal force.
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Figure 2.16: Schematic of collector velocity vector decompositions for (A) FDO = 50%, SVC = 160

m/min (B) FDO = 90%, SVC = 700 m/min

Figure 2.17 displaysthe velocity pathlines of the discrete polymer phase for each fiber
collection parameter set, decomposed in ttend ydirections. As the polymer stream approached
the collector, its path deviaesignificantly from the vertical plane containing the polymer nozzle
and point on the collector directly beneath the die. This phenomenon was also observed in the
numerical collection model and demonstrates that the rotation of the collector influeaces th
surrounding airflow fields and thus the trajectory of the polymer through space, even away from
the actual collector surface. This effect is further compoundechuse particle-particle
interactionswere not includedin the discrete phase model, meanthgt this effect is entirely
attributable to the turbulérair flow fields caused by the collector rotation. In contrast, the
numerical collection model neglected the air flow fields in the system, studying only a continuous

viscoelastic element essentyaih a vacuum, highlighting the role of collector motion on the
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deposition point deviation. This suggests that both the air flow fields and the collector motion
dictate whether collection is feasible at a given parameter combination. We expect thabeollect
at low levels of FDO will prove challenging because any deviation in the positlirection will
result in the fibers missing the collector surface entirely.

Figure 2.17A shows the welocity of the polymer as it was deposited at FDO, SVC = 50
mm, 16 m/min. Particles emitting from the die took on minimaletocity. As the polymer
reached the collector, itsvelocity matched the SVC, suggesting the normal force of the collector
surface was sufficient to collect the particles. Thaswexpected asahinteraction between the
modeled polymeand air jets was no longer a single continuous interface, the modeling of which
would not capture the characteristic whipping instabilityr@&fit-blown fiber. Such tradeoffs in
model resolution and macroscale reymmtation of the systemndthus themodel's fidelityin
capturingcontinuous fiber behaviovere acceptedn Figure 2.17B, the polymer yelocity for
this parameter combination showed a large negative value as the particles were drawn away from
the die, as was expected due to the frictional and drag forces impartedightiielocity air. The
y-velocity of the particles @dually became more positive, slowing as they traveled towards the
collector, as the direction of the positiveayis wasopposite the trajectory of the particles. This
wasbecause the drawing forces of the air dimiadds the distance from the die inasel. At the
collector surface, the particles reached a small neggtwetocity value as they were accelerated
in the direction of collector rotatiaifue to the deviation from the t@f@adcenter deposition point.
Thishighlightsthat the motion of thegtymer fiberwasinfluenced by the direction and magnitude
of the surface velocity of the collector, j.¢he FDO and SVC modulate fiber motion and

collection.

60



x-velocity y-velocity

250
g 700
o -420
% E 300 1000
o 250
RN -1800
p—
8 I 0 m}zs_oo
= O (1/min) (m/min)
>
n Y Y
X I X
C g 900 D g 900
= 700 250
e & 420
35 ‘é 500
S S \
IS 250
~
8 1 'y
T U (m/min)
>
wn Y
L

Figure 2.17: x- and y-velocity contour plots from comprehensive CFD modeling of (A,BDPCD, FDO, SVC =

150 mm, 50%, 160 m/min (C,D) DCD, FDO, SVC = 150 mm, 90%, 700 m/min

Figure 2.17C shows the velocity pathlines of the discrete polymer jet for FEOXC =
90% 700 m/min. Polymer welocity was observed to take on increasing positive vasdhe
particles approached the collector. Once near the collector, the polymer was further accelerated
along the xdirection, reaching a maximum magnitude at the deposition point near 700 m/min.
While this deviated from the basic trigonometric decompmsivif collector xvelocity, this is not

unexpected when considered with the numerical collection model results. In the numerical
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collection model, the deposition point of the polymer deviated significantly from the expected
deposition point directly belowthe fiber die. InFigure 2.17D, the polymer welocity
demonstrated a large negative value as the polymer was drawn away from the die and then
gradually became more positive as it traveled towards the collector. Upon reaching the collector,
the fiber waslgghtly accelerated in the positivedirection to nearly 0 m/min. This suggedthat

the force of the collector at this ponvasprimarily in the xdirection, again, as was observed in

the numerical collection model. This model highlights the interpityveen the SVC and FDO,

as the numerical collection model did, but also demonstrates the effects of the collector surface on
the airflow near the die and the resultant effect on polymer jet motion. The net effect demonstrated
by this model is that the fdss are pulled into orientation along the collector surface as the FDO

and SVC increase.

2.5 Modeling multi -nozzlenon-isothermal airflow

Fluid flows around bluff bodies have been studied extensivelyndamental and
applied research. Thauftd flow patterns depend on the fluid characteristics such as turbulence,
velocity, viscosity, angle of attack, anbaracteristics of the bluff body such as size, shape,
orientation, and movement in rotation omsation. Even simple and static bodies such as a
sphere produce complex flow patterns in these scenarios. The study of such interactions has
wide-ranging applications in aerospace engineering, projectile motion, vehicle design,
geophysical design, architiere, and oceanography, to name a few.

Bluff body problems, and their foundation in aerodynamics, have been investigated
mathematically, computationally, and experimentally. The concept of air resistance or drag can
be attributed experimentally to bothigtotle in the classical period and Galileo in the 1500s.

Since then, fluid flows around objects have been modeled mathematically by Newton in the
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1600s, Kirchoff in the 1800s, and more. As mathematical models progressed, so did numerical
and computationanethods, leading t&€FD simulations, especially those concerning basic
shapes such as circular cylinders and rectangular prisms. As such, there is a depth of historical
precedent and literature surrounding modeling fluid flows past these bluff bodie®tation.

Even so, the literature focuses primarily on bluff bodies fully immersed inighevelocity

primary fluid, for examplga projectile traveling at high velocity towards a target, a vehicle
driving, etc.

In 3DMB, the airflow pattern is goverdenot only by the fiber fabrication parameters but
also the collector boundary conditions such as shape and surface velocity. Studying the resultant
flow field is central to investigating the characteristics of the resultant fiber mat. In partieeilar
hypothesize that fiber cooling plays a key role in modulating the scaffold morphology and is
primarily modulated by the collector processing conditions. Thus, it is critically important to
study the thermal flow fields resultant from the collector bluff bpayblem for this system.

Given the uniqueness of the 3DMB system, there is a gap in modeling thepleiggth
rotating collector system as a rotating cylindrical bluff body immersed in a primary fluid but also
with a directionally specific high velocity pnary fluid jet aimed athe collector surfaceThis is
complex in that the neisothermal interactions are now thiiedéd: the jet with the ambient

environment, the bluff body with the ambient environment, and the jet with the bluff body.
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2.5.1 Modeland methods
2.5.1.1 Bluff body CFD model

Herein, we simulatd the temperature flow field through the 3DMB domain and its
interaction with the rotating collector using computational fluid dynamics. Firstspeefiedthe
simulation domain in 2D. High tempeure and velocity aiwas supplied by a dimensionally
accurate 2D crossection of the 3DMB fiber dighemass balancerasgiven byeq. 9):

[ PR 29)
T o

wheret wastime,i was the fluid sourcg, was the fluid density, an@was the fluid velocity
vector.

The general momentum conservation was then given b3@q. (

= "B i "o nnponif e 30
=" ) n ntf {2) (30)
Wherep wasthe pressureftheacceleration due to gravitythe external body forces or model
dependent source terms. The stress tehisogiven by eq.31):

f e %fl't'ﬁn"o 31

where’ is the molecular viscosity,is the unit tensor.

The fluid thermal energy wamodeled with eq.32):

TT—b" 0O f®”0nq i Q v o f id Y (32)

whereQ wasthe effective conductivity of the fluid® is the diffusion flux of the fluid j, and

the righthand side represents the energy transfer due to conduction, species diffusion, and
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viscous dissipation, witfY the heat of chemical reaction or other additiarssrdefined heat
sources.

Model turbuence again plays a key rolesmulating fluid flow. In this instance, the
1 shear stress transport (SST) model was chosen. This turbulence formulation is a
combination of th& - and’@] turbulence models. In this model, the fistB2am conditios,
or those upstream of the bluff body, are independent of the surface of interest. To model the fluid
flows in this region, th&x - model is sufficient!®. Meanwhile, modeling the interasti of the
fluid with the bluff body requires a robust fluwdall turbulence formulation. To model this
interaction, typicallythe™@] model would be chosé®. The' @] SST turbulence formulation
is an ideal combination of these two models: freestream conditions are modele@usagl
wall interactions are modeled wify] , and the models are coupled with crd&fusion, as

defined in eq.33) and @4):

wi— O & (33)

O w © (34

where’O and"O are the generation of turbulent kinetic energy due to mean velocity gradients,
and the generation of the specific dissipation of turbulent kinetic energy] Hdetermines the
scale of the turbulence, whikedetermines the energy of the turbulenceaMehile, andw
represent the diffusivity df and) respectively, whil& andd represent the dissipation lof

and due to turbulence itsel® is a crosdliffusion term between th& - and™@] models.
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2.5.1.2Geometry andmesh generation

The CFD domainwassetas atwo-dimensionatectangular planar geometmth a sizeof 400x
400mm (Figure 2.15A). Multi-nozzle geometry based on 2D cragstion of the multhozzle
3DMB die was utilized and translated to CAD geometrp@signModeleras inFigure 2.5.
Thecollector was modeled as a circular rotating wall in 2D (g 208, msinFigure 2.15A. The
position of the 2D collector within the model geometry was governed by the DCD and FDO,
while the angular velocity of the roiag) collector surface was governed by SVC. A triangular
structured mesh with a specified element siz& mm was generated across the computational
domain, providing high spatiahd computationafficiency, with 3iteration refinement near the
melt blowing die face and collector surfamsulting in0.75 mmmesh e¢ment size inhose

regions Figure 2.18).

Figure 2.18: Thermal CFD model mesh

66



2.5.1.3Boundary conditions

Model parameters for the air material were taken as standard material properties from
ANSYS materials database. The air inlets were initialized at 97 m/s and 140°C, corresponding to
110 I/min air throughput at that temperature. The surrounding die facgiwersatemperature
boundaryconditionof 140°C. The left, right, and bottom boundaries were set as standard
pressure outlefgnd all other boundaries were defined as waitsalized with ambient
temperature of 27°C. Five contrasting 3DMB collectiorapaeter combinations were chosen for

modeling, which showcased the positional and rotational design space extrema of the system.

Table 26: 3DMB multi-nozzle thermal modelboundary conditions for air and collector

Air throughput 110 I/min

Air temperature 140°C

150mm, 16%, 160 m/min

150 mm, 50%, 160 m/min

DCD, FDO, SVC 150 mm, 90%, 160 m/min

150 mm, 90%, 700 m/min

200 mm, 50%, 160 m/min

2.5.1.4Solution procedure

Airflow and temperature fields were solvsithultaneously within ANSYS Fluent
Simulations were run as tirtependentThe semiimplicit method for pressurlinked equation
pressurevelocity algorithm|east squaresell-based spatial discretization for gradigorgssure

staggering optiopressuraliscretization scheme, firsirder upwind for momentum, turbulent
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kinetic energy, and turbulent dissipation rate schema were useebrdiestimplicit was utilized
for the transient formulation. Nmgh-order term relaxation was utilized.

An automatic hiprid method was utilized for model initialization. Convergence was
achi eved s l000timestepss and &maximum2diterations per step.
Convergence of residual variables was neat. Rirther time step and mesh optimization may

improve convergence in the future.

2.5.2Results and discussion

Singlephase nofisothermal CFD modeling was employed to study the effects of 3DMB
parameters on the resultant thermal flow fields surrounding the 3DMB collEster3DMB
collection parametr combinationsvere chosen for modeling to highlight the basic relationships
between DCD, FDO, SV@&nd temperatures at the collector surf@gewas issued from the
fiber die at a throughput of 110 I/min and temperature of@Q4Md traveled through spa
towards the collector. A zone of high temperature was obsentbd upstreantefore
interaction with the collectoproduced by the inner three melt blowing nozzlés cooler air
along the periphery of the jegsultingfrom theinteraction of thalead nozzlair jetson either
endof thedie with the ambient temperature environm@fgure 2.19). Based on this
simulation, it is highly eviderthat the dead nozzles shield the inner nozzles from the ambient
temperature environment, maintainiting high temperaturaside this air curtaifor a greater
length of the domaithan would be observed without thefimedead nozzlethuslyplay an

essential role in regulating the conditions of the inner melt blowing nozzles.
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Figure 2.19: Representativeupstream 3DMB thermal airflow field

Downstreamgt spreadin@roundthe bluff bodywasgovernedoy the deposition point
upon the 3DMB collectot,e.,the FDO parameter. We observed thigth and low FDOs
produced asymmetric je¢mperaturspreading, witlthermal flowpredominantly along the
periphery or localizededge of the collectoFigure 2.20A, C). The result is that thexgas
significantly less collector surface area (and thus fiber mat) exposedHhigthemperature jet
at high and low FDQreducing thermal energy transfer from the aithimmelt-blown fiber

enhancing fiber coolingMearwhile, deposition at FDO = 50% produced generally symmetric
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temperaturdlow fields across the collector surfafléigure 2.20B) with anearly symmetric

high-temperature fieldvhich would largely hinder fiber cooling

T
I |

95 116  140°C

Figure 2.20: Temperature flow fields for simulations with DCD = 150 mm,SVC = 160 m/min, FDO = (A)

90% (B) 50% (C) 16%

In comparison, increasing the SVC from 160 m/min to 700 m/min at FDO = 90% had a
minor but observable effect on the spreading characteristics of the &igjate(2.21). The
temperaturdlow field was generally asymmetrias previously describetill, there was more
spreading in the direction of the collector rotatiban at thesame DCD, FDQvith low SVC,
and less spreading along the collector surface on thededaderiphery. This is indicative of the
coll ector 6s ef f e c tncremsing thenSV/C imdreasid the Wictianaldragn d i t

experienced by the fluid flowing across the surfattectingthe jet spreading
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Figure 2.21: Temperature flow field for DCD, FDO, SVC = 150 mm, 90%, 700 m/min

In comparisonchanging the DCD from 150 mm to 200 mm had little effect on the
observed jet spreading of the temperature flow fiEldure 2.22). However, the peak air
temperature at the collector surface wasiced from approximately 160G to approximately
70°C, though the overall temperature profile remained generally sinfilas observable
decrease is attributable to tb@oling produced by additional flight time of the it and

exposure to the ambient environment in reaching the surface.
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Figure 2.2: Temperature flow field for DCD, FDO, SVC = 200 mm, 50%, 160 m/min

The aforementionettmperature flow fielédimulations were used terive numerical
plots of the tempetare near the collector surfafeigure 2.23). From these plofsve observed
that the greatest temperatures and longest exposurehigthemperaturairflow was produced
by the FDO = 50% simulations, especially at DCD = 150 mrthérDCD, FDO, SVC =30
mm, 50%, 160 m/migimulation the air temperature near the collector surface was
approximately 100C for almost the entirety of the collector circumference. In comparison, at
DCD, FDO, SVC =200 mm50%, 160 m/minthe temperature near the collectorface was
between 70C and 80C, a significant reduction. In contrast, the temperature near the surface was
the lowest at FDO = 16%, ranging betweef&nd 50C, meaning the fiber there would
experience significantly less residual heatiaigd thusnore coolingcaused by the continuous

melt blowing process air jgtThis could deleteriously affect the inti#oer bonding of mats
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produced at these paramet@asnilarly, at FDO = 90%the temperature was near’@for a
portion of the circumference bwas otherwise between ambient conditions ar€C60/e
concludethat changing the 3DMB collector parameters modshdelocalized environments
thecollected fiber mats experienda working with a polymer such &CL, whose softening
point is 60C, we predict that samples produced at FDO = 50% lvélcontinually heated by the
melt blowing air jets past the softening point of the mateFiak will result indense construst
thatareless porous as the fibers will melt togettosing inteffiber spaes havegreater
measurediber diameterss the fibersvill lose theirroundfibrousattributes and form more

amorphous bultike structureor films.
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Figure 2.23: Temperature flow field plots around the collector surface fomon-isothermal bluff body

simulations

74



2.6 Chapter summary

In this chapterwe modeled fiber formation in annular melt blowing and various 3DMB
fiber collection system componentsundamental equations governing each model, geometrical
considerations of the models, and relevant boundary conditions were highlighted. The results
comprisedone model that could be used to predict the fili@meterproducedn a single nozzle
annularmelt blowingprocess and then showed that it can be extended to multiple nozzles with
sufficient computing power. Twanodek synergistically highlighted the effects &DMB
collection parametersn simulated fiber motion and expected fiber alignment adigction
feasibility, while another model elucidated the effects of the processing parameters on the air
temperature flow fields around the colle¢tahich would affect the fiber mat temperature and
thusfiber matmorphology

These models gave us insighto the underlying process physics behind melt blowing and
3DMB collection Primarily, thePCL fiber diameter estimates from the fiber formation model
were in the range of ~& um at relevant, practical 3DMB boundary conditiofkis highlights
the capaltity of this procesgo produce fibers relevant to tissue engineering at scalable throughput
that wasorders of magnitudiigherthan comparable processé&sirther, this model showcased
the role of the attenuating air velocity in the melt blowing process and its effect on the resultant
fiber whipping instability that would affect fiber entanglement and laydown patteffise
numerical3DMB collectionmodeldenonstrated iat the FDO and SVC played central roles in
modulating the trajectory of the polymer gatd thus the expected fiber alignment of the product
The discrete phase 3DMB collection model highlighterdrole of FDO and SV a similar vein
andthe effect of the collector rotation on the airflow field near the collector surface. The key

finding was that spinning the collector drum faster created a layeigbivelocity air near its
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surface which impagd fiber collection at low values of FDOlhe MB thermal model
showcased the role of the collection parameters in modulating the air jet spreading and temperature
near the collector surface. Primarily, this model demonstrated that at FDO =tl&®%ir
temperatures at the collector surface would lyikbe incompatible with maintaining the
morphology of collecte@®CL fibers as it far exceedithe softening point ahe material

Overall, the centralnifying conclusiorfrom this multimodal modelingras that the FDO
and SVC primarily modulate theslationships between the polymer fiber and air jets and the
3DMB collector, while smalincrementsin DCD are unlikely toaffect the collected scaffold

morphology significant.
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Chapter 3: Experimental Characterization of 3DMB ProcessStructure Relationships
3.1 Chapterintroduction

As was observed in the multimodal modeling performe@hapter 2, the interaction of
the collector with the melblown fiber is central to the formation of 3DMB constructs. In the
3DMB system, the collector not only acts asibsérate or mold onto which the mélown
fibers are deposited, but its position and motion with respect to the fiber die affect the multiscale
attributes of the manufactured scaffolthe whipping and bucklingf the melt-blown fibers
results inmultiscale architectures with random fiber orientations. However, the fibers can be
pulled into orientation along the direction of collector rotatiotih sufficient surface speed
Furthermore, the collected fibers are sitposedo the melt blowingair jet temperaturesand
the temperature near the collector surface could be significantly greater than the softening point
of the materigldepending on the collection parameters.

Based on these models, we hypothesized that 3DMB collection process paravoetdr
modulate the morphological critical quality attributes and mechanical properties of the fibrous
constructs produced by 3DMBomputational modeling and pilot experimentation highlighted
the effects thaDCD had ornresultanfiber multiscale attribtes. From these studies, we
hypothesized that increasitiyge DCDparameter may reduce tfiber speed at the collector
whichwould then increaséber alignment for a give8VC andwould reduce the temperature of
the air at the collector surfada the pocess modeling, &observed that the FDO govedthe
interaction between the collector surface and fénelithe temperature of the collected fiber mat.
We expect that thiparametewill modulate the fibealignment andhe overall morphology of
thecollected fiber matThe computational models also highlightbdt theSVC modulated the

fiber trajectory, varying the degree to which fibers were pulled along the collector surface.
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Further, weexpectscaffolds with greater fiber alignment to produce greiatesile mechanical
anisotropy and have greater stiffness and strength relative to their weight#fads with less
fiber alignment. Preliminary experimental studies have supported many components of these
hypotheses by demonstrating that DCD, FD] 8VC collection parameters modulate the
fibrous microarchitecture of scaffolds and their mechanical properties.

This chapterfocuses on experimental characterizatiothefeffects of theskeey
parameters on scaffold critical quality attributes. A desiexperiment with fully crossed levels
of DCD, FDO, SVC wasconductedSamples of each larger scaffold were multimodally
analyzed Figure 3.1). Briefly, scaining electron microscopy (SEM) and custom image analysis
scripts were used to quantggaffoldattributes including fiber diameter, fiber alignment, and
2D porosity. Xray microscopy (nanoCT) and 3D modeling were used to quantify 3D poobsity
selectgroups Additionally, tensileand compressivstiffness and strength wecbaracterized
using a universal testing machine (UTM) and standardized test mettitutistensile and
compressive fatigue properties were also characterized for gedeigts Processstructure

relationships were analyzed with ANOV&kd regression modetirwhen appropriate
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Figure 3.1: Schematic of 3DMB processtructure experimental methods

3.2 Materials and methods
3.2.1 3DMB scaffoldfabrication and experimental design

PCL (43 kDa, Polysciences, PA) was melted to 120°C and extruded through a fiber
fabrication die (Biax FiberFilm, WI). The die comprised a 3x3 gfidozzles ( 0.30 mm each)
with polymer throughput of 0.10 g/nozzle/msurrounded by aadditionalrow of dead nozzles
with no polymer throughpubnly attenuating aifFigure 3.2). The role of the dead nozzles is to
shield in inner polymer nozzles from ambient conditj@sselucidated in the thermal bluff body
modeling inSection 2.5 The extruded PClvasdrawn with #0°C air from an air process heater
(Backer Hotwatt, MA) at a totahroughput of 10 I/min, distributed acrosall 25 air nozzles of

the die. The resulting fibers were collected on a rotating dru®@§ mm) d which the
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rotational axisand cylindrical apexverepositioned relative to the fiber fabrication die by an

industrial 6axis robot (Denso, Japathrough programmable logic control

Figure 3.2: Bottom-up micrograph of 3 x 3 melt blowing Biaxdie

A full factorial experimentTable 3.1 was designedomprisingtwo levels ofDCD,
three level$=DO, andthree levels oEVC (Figure 1.5C). As previously mentioned)CD was
measuredertically from thefiber depositioocation on the collectatirectly beneath the
central row of nozzlew a plane containinthe bottom face of the fiber fabrication dieDO was
measured frona plane tangent to the leading eddéhedrum rotation to a plane extended from
thecenter of the fiber fabrication dand related as a percentage of the collector diant&&e
was measured usingnan-contact digital photo tachometém. practice, some parameter
combinations (low FDO, higBVC) were unable to produce fibrous scaffold morphologies due

to their location on the extremities of the parameter design splaisewas not unexpected
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because similar effects were observethencomputationahodels inSections 2.32 and2.4.2,
wherein certain combinations of 3DMB parameters produced fiber motion incompatible with

fiber mat collection.

Table 3.1: Levels of DCD, FDO, SVC used in 3DMB processructure DOE

DCD (mm) 150, 200
FDO (% collector diameter) 16, 50, 90
SVC (m/min) 160, 415, 700

3.2.2 Effects of 3DMB parameters on fiber diameter
3.2.2.1SEM imaging and analysis

A biopsy kit (DePuy Synthes, Warsaw, IN) was used to collect 8 @m punches (n =
6) from each 640 mm x 150 mm fiber mat EM imaging. The six punchesere collected
from randomlocations on each fiber mat. Three of these samples were used to analyze the fiber
diameter of the outmost layer of the fiber matelaterr e f er red t o as the fAtop
and three were used to analyze the fibemeir of the layer closest to the collector surface or
Abottomo of the fiber mat.

The@ 8 mmfibrous PCL samplewere sputtecoated with a 60:40 ratio of gold to
palladium for 90 s at 29 mA DC and 0.05 Torr (Denton Vac, Moorestowraidiyisualizedvia
SEMat 5 kV accelerating voltage (Phenom Pro, Phenom, Netherldiategmicrographs were
captured of eachampleat 450x magnification, at different locations, and saved as .TIF files, for

n =9 images per side, per treatment combination.
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450x micrograpk were then processed with ImageJ (NIH, Bethesda, MD). The SEM
information bar waéirst croppedrom the imageKigure 3.3A). Micrographs werg¢hen
binarized with an Otsu thresholding algoritififigure 3.3B). The Otsu algorithmsegments an
image into a mary, black and whiteanage by separating constituent pixels of the micrograph
into two classes: foreground and backgrqunydselectinga binarizing level that minimizes the
intra-class pixel intensity variance. This effectively segraeldar, infocus fibers into the white
foreground class and porous space into the black background class.

Each binarized micrograph was then used to produce a unique distangelmageJ
(Figure 3.3C). Thedistance map is an image where each foregrolass pixel has been
replaced by a pixel whose greyscale intensity is equal to the Euclidean distance from that
foreground pixel to the nearest background pixel the edge of that object. The distance map
effectively contairedthe fiber radii along th center of each fibestrandandextraneous data
relating to the fiber edges.

In ImageJeach binarized micrograph was also used to produce a unigue skeletonized
image(Figure 3.3D). The skeletonized image comprised foreground class objects which were
eraded, starting from their edges, until only sinrgigel width objects remained. The
skeletonized image&as, in essence,raadmap thaapproximatelhtraverse of the center of each
fiber in the imageCombining this image with the distance map pobusefd for approximating
fiber diameter’.

A MATLAB (Mathworks, Natick, MA) script waslevelopedo process the distance map
and skeletonized image for each micrograph. The MATLAB code extracted and stored the
greyscale intensities @ixels fromeach unique distance map only where activgrzero pixels

existed on the corresponding unique skeletonized image. In other words, this script stored only
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the distance fronthe center of théber to its edgean approximation athe fiber radius. This

script then produced a distribution of fibadii for the entire image. These values were then
converted to fiber diameters with multiplication by two and then converted to metric units using
the original SEM micrograph scale bar. The result comprised a comprehensive distribution of

fiber diameterdérom each original SEM micrograph.

Figure 3.3: Fiber diameter image analysisexample(A) original SEM image, cropped(B) Otsu binarized

image (C) distance map image (D) skeletonized image
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3.2.2.2Statistical analysis

The mean of each micrographoés fiber di amet
measure of central tendency, as that measure has been stueisivekt in electrospinnifgf®
122 |mplementation of a standard multay ANOVA by each treatment factor (DCD, FDO,
SVC) was not possible due the incomplete factorial desigmecipitated by the high SVC, low
FDO combinations wherein collection of fibrous constructs was not passislead, a onway
ANOVA by treatment combination wakevelopedo test for factor significancas ineq. @5):

A YT (35)

where®1, é, 15 3DMB parameter comii Ba2¥ B% umshofpr oduc
the ‘QGtreatment combination fiber mab was themean response of tf@@punch within the
‘Qofiber mat © was theoverall mean responseYwas theeffect of theQ@combination of
process parametefswasthe random error of th&€8®punch within the(Y6fiber mat

A custom SAS (Cary, NC) code wdsvelopedo analyze this ANOVAnodelusing
designedcontrasts to elucidate the impact of (€D, FDO, andSVC factorson mean fiber
diameterThed pha wused for determining stcaenservatitei cal s
alpha level was used to reduce the risk of a Type | Faomounting fothe assumption that the
variation between each of the three punches of a sample mat was representative of the variation
that would have been observeddparateeplicate fiber mathadbeen manufactureand
sampled

Differences in the obseed fiber diameter between the top side of samples and the
bottom side of samples were elucidated utilizing ANOVA by the side of the sample and the
parameter combination using eg6).

A (36)
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wherei=1, é, 15 padnet& combinations producing fiber mpts1,2 corresponding to
the top or bottom side of the scaffold, de 1%, 2", 39 punch of thgth side of JOtreatment

combinatiorfiber mat.d was themean response of ti@8sideof the ‘QOfiber mat * was the

overall mean responstwas theeffect of the(@Qcombination of process parametdrsvas the
effect of thgth side of thath fiber mat, was the interaction between title parameter
combination angth side,andi wastherandom error of th&th punch of J@sidewithin the 0@
fibermat U = 0.01 was utilized as above.

Etasquared was utilized as a measure of effect size for the ANOVA in eq. (17) as
defined by eq.37):

nYnY 3
- "Y"Y ( 7)

where'Y'Y  wasthe sum of squares of the effect tested, afil  wasthe total sum of

squares of all effects in the model.wasthus defined as the proportion of variance accounted
for by each factor in an ANOVA. Aalue of- nea zeromeanta low proportion of the overall
variance is associated with that effect and indicates a small effect size. A valueeair 1
indicatal a large effect size. Tukey Honest Significant Difference post hoc test was utilized to

elucidate treatm@ combinations with significant differences

3.2.2.3Regressiomanalysis
An empirical model for the prediction of scaffold fiber diamgieterms of the 3DMB
parameters (DCD, FDO, SV@GyasdevelopedA multiple linear regressiomodel was fit to th

data based orge(39):
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wherg é71 are constant8ackward selection analysis was utilized to as#essontribution
of the predictoparameter$o the overall variangeavherein parameters with p > 0.25 were
initially excluded, andequentiallythe remaining parametensgereassessed byyalue for
impact on the quality of model fiExclusion criteria ®p > 0.05was specified thereiThe
significance of the remaining parameters were evaluated after removingsgnificant
predictor.The iterative elimination of parameters continued until only significant parameters
remainedwherein thenultiple corelation coefficient (adjusted R squaseg)dregression

coefficientswereevaluated

3.2.3 Effects of 3DMB parameters on fiber orientation
3.2.3.1SEM imaging and analysis

Sample collectionpreparation, and imaging of top and botton*= 3 eachjollowedthe
same protocol fron®ection 3.22.1 Threemicrographs were captured of each punch at 200x
magnification, at different locations, and saved as .TIF files, for a totet& images per side,
per treatment combinatiothemicrographs were then analyzed in ImageJ. The SEM
information bar portiomf the image warst cropped. The OrientationJ pludfdi?*was used to
guantify the comprehensive angular coherency of fibers in each micraagdpliows Angular
coherency is a measure of imagésatropy based on the image structure tedlsgiven by eq

(39):

Le Ve e Qe Qe ADAD (39
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wherew is a nonnegative isotropic observation window centered.at due to the convolution

of U and™Qis considered a smoothed version of the following matrix, eq. (40):

0 e 0 "0 e
Qee Qe (40
The eigenvalueand eigenvectorsf (40),_ ,89 and_ ,€9 ,then carry essential

informationpertainingto the distribution of the gradient within the windewTheangular

coherency, C, is a measure of the rotational symmetbydsfined by eq. (41)

m 6 — p (1)
If 6 is close to 0 thew is rotationally symmetric with no orientation dfis close to 1 then an
eigenvector ofv is aligned with one of the gradient directionswpfandw is rotationally
asymmetric, i.e has a predominant orientatidgtilizing the gradient at each pixel andthe
intensityand orientatiorof the edges of the constituent fibarsre calculated from SEMnages.
Theoverallangular coherency of the entire image was derived from the distributiocabf
coherencieat dl pixels on a scale of 0 to 100%. Angular coherency positively corresponds to

fiber alignmentwherein greater angular coherency indicates a higher proportion of fibers

oriented along a principal directigRigure 3.4).
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Figure 3.4: Exemplarangular coherency images with (A) low angular coherencyB|) high angular coherency

3.2.3.2Statistical analysis
Statistical analysis folloedfrom Section 3.2.22. Briefly, a SAS code wadevelopedo
test custom contrasts betwesraffoldfabrication parameterombinatiors to elucidate the
primary effects of th®CD, FDO, andSVC parameters on 3DMB fibarientation The dpha
used for determining st avulii-way ANO¥A aganiwgsutilited c anc e

to detect differences between the top and bottom samplesiwits . 0 . 0 1

3.2.3.3Regression analysis

An empirical model for the prediction of scaff@dgular coherencyn terms of the
3DMB parameters (DCD, FDO, SVGyasdevelopedas inSection 3.2.23. Briefly, backward
selection analysis was utilized to assess the contribution of the premicéoneters to the overall
varianceThe iterative elimination of parameters continued until only significant parameters
remainedwhereinthe multiple correlation coefficient (adjusted R squaediregression

coefficientswere evaluated
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3.2.4 Effects of 3DMB parameters on scaffold 2D porosity
3.2.4.1SEM imaging and analysis

Sample collectionpreparation, and imaging of top dnoktom (n = 3 eachpllowed
similarly from Section 3.22.1 Threemicrographs were captured of each punch at 200x
magnification, at different locations, and saved as .TIF files, for a totet& images per side,
per treatment combinatioithe micrograhs were then analyzed in Imageie BEM
information bar was cropped out. Fibers in the foreground of the image were segmented from the
background using a binarizing threshold. Once segmented, the area of the region covered by the
fibers was calculated drsubtracted from the total area of tlieppedmicrograph. Porosity was
calculated as the remaining area divided by the total area of the micrograph and multiplied by

100 to render a percentage.

3.2.4.2Statistical analysis

Statistical analysis folloed from Section 3.2.22. Briefly, an ANOVA by scaffold
fabrication parametarombinationwas formulated. A SAS code was written to test custom
contrasts between treatment combinations to elucidate the primary effect®afh&DO, and
SVC parameters on 3DBI2D porosity Alpha used for determining statistical significance was
U = . Blultionhy ANOVA was again utilized to detect differences between the top and

bottom samples, withh = . Duke® HISD was utilized as post hoc analysis.

89



3.2.4.3Regression analysis

An empirical model for the prediction of scaff@® porosity,in terms of the 3DMB
parameters (DCD, FDO, SV@Gyasdeveloped, as iBection 3.2.23. Briefly, backward
selection analysis was utilized to assess the contribution ofédefmrparameters to the overall
variance.The iterative elimination of parameters continued until only significant parameters
remainedwherein thenultiple correlation coefficient (adjusted R squariiregression

coefficientswere evaluated

3.2.5 Effects of 3DMB parameters on scaffold 3D porosity
3.2.5.1NanoCT sample preparation, imaging and analysis

A custom g 25 mm biopgyunchwas used to collect representative punches (n =
1/treatment) of selectegtoupsmanufactured atontrasting proess parameteand resulting
fibrous morphologies.

Samples were individually mounted vertically upon g pihereinone endf the pin was
partially embedded in the sample, the other fixed in place by a proprietary (Rigiee 3.5).
The carrier was then loaded iran X-ray microscope (Zeiss, San Rafael, CA) egtdined
magnetically The X-ray beam source was setlftsmm from the axis of sample rotatiand
centered on the sampl€he Xray detector was set to 70 mm from the atisample rotation
and utilized a 4x objective lenResultant voxel resolution was approximately 1°jatrosshe
scan window1501 Xray micrograph projections were collected at 60 kV, 5.0 watt, and 8 s

exposure time, with pixel binning of 2. Nordy filter was utilized.
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X-ray source Sample Detector

Figure 3.5: nanoCT machineconfiguration

After collection, radiographs were reconstructed in proprietary Zeiss software and
exported as Digital Imaging and Communications in Medicine (DICOM) files. DICOM files
were loaded into Mataalise Mimics (Materialise NV, Leuven, Belgium) for 3D modeling.
Densitybased thresholding was used to segment the polymer fibers from the surrounding air
(Figure 3.6A,B). Samples of the 3D model were selected exyubrted as stereolithography
(.STL) files. Each .STL was analyzed using MeshMixer software (Autodesk, San Rafael, CA)
wherein the3D porosity of the sample was calculateging the bounding box and model
volumes Figure 3.6C) as ineq. (42):

DEQRaaO6aQ
0¢€0¢ WEWE GO (42

oon é€i "Qobw p
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Figure 3.6: Reconstructed nCT scarcrosssections(A) axial and (B) coronal, with highlighted subsampled

regions of interest(C) exemplar reconstructed 3D fiber model with bounding box

3.2.5.2Statistical analysis

The effect of scaffold fabrication parameter combinatiosaaffold porositywvas
analyzed with onevay ANOVA. The effect of each process parameter was elucidat€dkay
post hoc testspecificcontrastavere identifiedvherein the parameter of interest varied and the

remaining parameters were held const&igyre 3.7).
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Effect of DCD | 150 mm, 50%, 160 m/min | <> | 200 mm, 50%, 160 m/min

150 mm, 16%, 160 m/min | <> | 150 mm, 50%, 160 m/min

Effect of FDO " J
150 mm, 90%., 160 m/min

150 mm, 50%, 160 m/min | <« | 150 mm, 50%, 700 m/min

Effect of SVC

150 mm, 90%, 160 m/min | <= | 150 mm, 90%, 700 m/min

Figure 3.7: Selected nCTcontrasts to highlight the effecs of 3DMB collection parameterson 3D porosity

3.2.6 Effects of 3DMB parameters on scaffolthonotonic tensile properties
3.2.6.1Samplepreparation and testing

An ASTM D-1708 compliantnicrotensile die (Qualitest, Ft. uderdale, FL) was used to
punch dog bones with gage dimensidns22 mmat different locationsrom larger 3DMBfiber
mats.Punches were taken with the gage section parallel to the direction of collector rotation (n =
6), hereafter referred to as parakbamplesand with the gage section perpendicular to the
direction of collector rotation (n = gereafter referred to as perpendicular samples.

Uniaxial, monotonictensile testing was performed on an InsttdriM (Norwood, MA)
with a 500 N load cell. &nple gage dimensions were measured and input into the Bluehill
software (Instron), and the mass of the sample was recorded. The sample was loaded into the
UTM using metallic vice clamps. The sample waslpezled to 0.01 N and tested at a constant

displa@ment rate of 10 mm/min to failure while stress and strain were re¢étdiue elastic
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modulus and ultimate tensile strength were calculated as the slope of the linear region of the
stressstrain curve and the maximum tensile stress of the sitesia curve.

Sample tensile properties werermalized tdhe sample mass for calculations tiffisess
and strength to weight. Given that no individual sample could be tested in both parallel and
perpendicular directions due to the destructive nature of the test, resultant mechanical anisotropy
of a parameter combination was evaluated by dividiegatverage tensile stiffness or strength in
the parallel direction by the average tensile stiffness or strength in the perpendicular direction. It
followed that isotropy would yield a ratio of 1; ratios greater than 1 demonstrated enhanced

mechanical propées along the parallel direction.

3.2.6.2Statistical analysis

Statistical analysis folloed from Section 3.2.22. Briefly, an ANOVA by scaffold
fabrication parametarombinationwas formulated. A SAS code was written to test custom
contrasts between treatment combinations to elucidate the primary effect®afh&DO, and
SVC parameters on 3DMBensile propertiesStatistical significance wadetermined witlJ =

0.01

3.2.6.3Regression analysis

An empirical model for the prediction of scaffdiehsile stiffness and strength to weight
ratios,in terms of the 3DMB parameters (DCD, FDO, S\Wiasdeveloped, as iBection
3.2.23. Briefly, backward selection analysis wadined to assess the contribution of the

predictorparameters to the overall varianGée iterative elimination of parameters continued
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until only significant parameters remain&cherein thanultiple correlation coefficient (adjusted

R squarepndregression coefficientsvere evaluated

3.2.7 Effects of 3DMB parameters on scaffolthonotonic compressive properties
3.2.7.1Samplepreparation and testing

A biopsy kit was used to collect @ 8 mm puncines) random locations ieach fiber mat
(n = 6) forcompressive testingcompressive testing was performed with an Instron UTM with 2
kN load cell. Sample gage dimensions were measured and input into Bluehill software; then, the
sample was loaded between platens fixed in placedigllic vice clamps, attached to the load
cell and machine. The top platen was lowered to the height of the sample. The sample was pre
loaded to 0.01 N and tested at a constant displacement rate of 1 miob®% strainwhile
stress and strain werecarded'?9 128 The compressive modulus was calculated as the slope of

the linear region of the stresgrain curve, and the stress at 50% strainrneesrded

3.2.7.2Statistical analysis

Statistical analysifollowed largely fran Section 3.2.22. Briefly, an ANOVA by
scaffoldfabrication parametarombinationwas formulated. A SAS code was written to test
custom contrasts between treatment combinations to elucidate the primary effects of the DCD,
FDO, and SVC parameters on 3DMBmpressive@roperties Statistical significance was

determinedwittJ = .0. 01
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3.2.7.3Regression analysis

An empirical model for the prediction of scaffadmpressive stiffness and strength to
weight,in terms of the 3DMB parameters (DCD, FDO, SWEasdeveloped, as iBection
3.2.23. Briefly, backward selection analysis was uglizto assess the contribution of the
predictorparameters to the overall varianGée iterative elimination of parameters continued
until only significant parameters remain&cherein thanultiple correlation coefficient (adjusted

R squarepndregressiorcoefficientswere evaluated

3.2.8 Effectsof cyclic fatigue onscaffold monotonictensileresponses
3.2.8.1Sample preparation and testing

Sample preparation followed largely frddaction 3.2.61. Briefly, dog bones with gage
dimensions 5 x 22 mwwere punchedat different locationdgrom larger 3DMB fiber mats
fabricated with contrasting parametefsifle 3.2, with the gage section parallel to the direction
of collector rotation (n = 3).

Cyclic, wniaxial tensile fatigue testing was performed on an Ingtfoll with a 500 N
load cell. Sample gage dimensions were measured and input into the Bluehill software, and the
mass of the sample was recorded. The sample was loaded into the UTM using metallic vi
clamps.The sample was pileaded to 0.01 Nthen a load of @6 of themeanUTS for each
group,as calculated isection 3.26.1, was appliecat 1 Hz frequency fob,000 cyclesThe
extent to the which the samples were loadlad chosen as relevantoadthat normatendon
experiencef vivoin the human knee joinas has been used extensively in the fatigue testing of
ex vivotissue$?®3° while the cycle frequency was chosen to match that of a typical human

walking gait31132 After complding 5,000cycles, the sample was immediately tested in uniaxial
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monotonictensionfollowing the method irBection 3.26.1to elucidate the effect the cyclic
fatigue had orscaffoldmonotonictensileresponseBriefly, thetensilemodulus was calculated

from the linear region of the stresgain curveandultimate tensile strengtivas recorded.

Table 3.2:Fatigue testing 3DMB parameter combinations

DCD, FDO, SVC

150 mm, 90%, 700 m/min

200mm, 50%415m/min

3.2.8.2Statistical analysis
A two-way ANOVA with factors for the scaffoléhabrication parameterombination
whether the samplexperienceayclic fatigue and their interactiowasutilized withU =5.0. 0

Significant differences between groups were identified by Tukey post hoc test.

3.2.9 Effects ofcyclic fatigue on scaffold monotonicompressiveresponses
3.2.9.1Sample preparation and testing

Sample preparation followed largely frdBaction 3.2.71. Briefly, a biopsy kit was used
to collect g 8 mm punches (n = 3) from different locations from larger 3DMB fiber mats
manufactured with contrasting paramst@rable 3.2.

Cyclic, uniaxial compressive fatigue testing was performed on an Indirbhwith a 2
kN load cell. Sample gage dimensions were measured and input into the Bluehill s@ihslare
the mass of the sample was recorded. The sample was loaded into the UTM between custom

compressiomlatens Compressive load was applied up to 15% strain withecfyelquency of 1
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Hz. This level of strain was chosenits the maximundeformation that normal cartilage
experienced vivoin the human knee joit#134 while the cycle frequency was chosen to match
that of a typical human walking ga#fter completing 10,000 cycles, the sample was
immediately tested in uniaxial monotonic compression following the meth®etiion 3.2.71

to elucidate the effect the cyclic fatigue hadneonotoniccompressive properties. Briefly, the
compressivenoduluswas calculated from the linear region of the sts#sgin curveandstress

at 50% strairwasrecorded.

3.2.9.2Statistical analysis
A two-way ANOVA with factors for the scaffoléhabrication parameterombination
whether the sample underwent cycliddat, and their interactiowasutilized withU =5.0. 0

Significant differences between groups were identified by Tukey post hoc test.

3.3 Results and discussion
3.3.13DMB fiber mat characteristics

Figures 38 and3.9 displayrepresentativ€ EM micrographs and respective mean fiber
diameters and angular coherengesduced across the 3DMB process parameter design space
(Table 3.1). Sample morphologies were highly variegated, ranging from fibrous to more bulk
like porous mateails.

From these micrographs\geral trends werapparentincreasing the SVC while holding
the FDO constant typically produced scaffolds with greater angular coherencwathis
agreement with theomputational modeling resujtehich had highlightethat increasing the

collector speed to match or exceed, the fiber speedd pull the fibers into alignment.
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Increasing the FDO from 16% to 50% produtea angular coherency and greater fiber
diameters, withess defined fibrous architectureghile changng the FDO from 50% to 90%
producechighangular coherency and smaller fiber diameterspradouncedibrous
morphologies. This observation generally aligns with our expectations based on the
computational modeling that the FDO modulates the relatieetiiinal velocities of the
collector, which can modulate fiber alignment. Furthermore, the FDO modulates the temperature
flow fields around the collector, observably changing the scaffold morphologyotmeguted
temperatureestimates atDO = 50%werehigher tharthe softening point of the PCin
contrast to lower temperature estimaie46% ad 90% Changingthe DCD from 150 mm to
200 mm howeverdid produce any discernable differencedilmous morphologie$or a given
FDO and SVC combination.

Collection of fibrous scaffolds was challenging at combinations of high SVC and FDO =
16% and 50%. The result wHmatthree parameter combinations were unable to produce fibrous
constructsAt 16% FDO, the yvelocity of the collector was in the same directasthe y
velocity of the fiber, as was observed in computational modeling, thus adding drawing forces and
reducing the fiber diameter. Though because the fiber was further accelerated along its initial
trajectory, significant trajectory deviation was esjgel in the direction of collector rotation

based on the comprehensoalectionmodels.
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Figure 3.8: Representative SEM micrographs of 3DMB fibrous microarchitectures for DCD = 150 mm and

espective mean fiber diameter (FD) and angular coherency (AC)
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Figure 3.9: Representative SEM micrographs of 3DMB fibrous microarchitectures for DCD = 200 mm and

espective mean fiber diameter (FD) and angular coherency (AC)
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3.32 Effects of 3DMB parameters on fiber diameter

Figures 310and3.11 summarizehe fiber diameters of the top of the scaffold samples and
the bottomrespectively. In general, the sampéedhibited contrasting fiber diameteasross the
design spacerhe smallest fiber diametgis.9 + 0.37 umyvere observed in the DCD, FDO, SVC
= 150 mm, 90%, 700 m/min group while thkergestfiber diameterg11.2 + 0.59 um)were
observed in the DCD, FD@&GVC = 150 mm, 50%, 160 m/min group.

The effect of the FDO on both top and bottom fiber diameter was significant (both p <
0.0001).The trend was not unilateral thatincreasing the FDO from 16% to 50% increased the
fiber diameterwhereasncreasingt from 50% to 90% decreased the fiber diametetotal,
changing the FDO value towards the 50% position increases the fiber diameter. This aligns with
thecomputational modeling’herein the primary forces modulated by the FDO are, in fact, the
directional x and yvelocity of the fiber and collector. At the 90% FDO collection point, the
polymer was accelerated primarily in thelixection of the collector rotation, adding to fifeer
velocity and thus reducing its diameter. At 50% FDO, the polymer velocities were relatively
balanced by the collector normal force, with little acceleration upon initial deposktenesult
of which producedninimal additional fiber drawing.

Furthermore, the thermal bluff body modeling highlighted the role of the FDO in
modulating the temperatures near the collector surface: the temperature was the greatest and well
above the softening point of PCL, at FDO = 50% and significantly lower at FDO%0%&

Given the previous qualitative analysis of the SiaMgesin this chapter, it is highly likely that
the collector localized temperature caused by the 3DMB air jets is a significant factor in
modulating the resultant fiber diameter, despite havinfyndamental effect on the fiber

formation ordrawing mechanics.
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The SVC had a significant effect on both top and bottom fiber diameter (both p <
0.0001), wherein increasing SVC universally reduced fiber diameter. The directional velocities
of the collecto addedncreasingdrawing forces to the fiber at all FDO valuesSVC increased
beyond 415 m/mimand thus produced smaller fibehs comparing to electrospinning, this
contrasts toesults wherein increasing the surface speed of the collector didchfatrtieer fiber
drawing forcego electrospun fibersp to 415 m/min surface spééd While these two
relationships appear contradictory, the nature of the argument is highly dependent upon the
wholistic system parametersigh dictate the fiber fabrication attributes like fiber speed. What
these resulthighlightis that the surface speed must exceed the fiber speed to add drawing forces
to the fiber and reduce the fiber diameter.

The effects of th®CD on top and bottom fiber diamet&ere not significanf(p = 0.29, p
= 0.267, respectivelyfiber speed was unlikely modulated to a significant degree at the two
levels of DCD in this DOE, and any effect of the minor differeneaslargely overshadowebly
the effects of the SVC and FD®Burthermore, the differences in localized temperature fields
near the collector wembservable in the computational modeling but did not produce

significantly different fiber diameters.
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Figure 3.10: Mean fiber diameters of the top of scaffold samples
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Figure 3.11: Mean fiber diameters of the bottom of scaffold samples

104



Figure3.12s hows the plot of each samplebs top
reference identity line of y = x. If both measures of fiber diameter were identical for a sample,
the data point would lie precisely on this lifidhe ANOVA by side and treatment cornmation
showedhat the interaction of scaffold side and parameter combination on fiber diameter was
significant (p = 0.0007)This significant effecpbroduced- = 0.018, indicating the effect size
wasminimal. Furthermore, using the identity line (y ¥as the model, the coefficient of
determination for the dat&{=0.88) indicated a reasonably good fit. This suggests that the top
and bottom fiber diameters were closely correlatéepost hoc analysisighlighteda
significant difference between thept and bottom fiber diametsonly at the DCD, FDO, SVC =
200, 16%, 415 m/min parameter combination. The fibers comprising the bottom of this scaffold
(which were deposited first) were smaller than those on the top and thus experienced more
drawing force imparted by the collector. Tieluction in drawing force on fibers near the top of
the scaffold is attributable to sporadic fiber collection that would have discontinuously applied
thedrawing forcesas the scaffold aggregatgutoducing greater fiber diameterssulting in the

heterg@eneity.
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Figure 3.12: Identity plot of top vs. bottom fiber diameter, colored by parameter combination

Regression analysis highlighted and confirmed similar results as the ANOVA. The null
hypothesighat all regression coefficients were equal w8 rejected with F = 0.001. The
resultant empirical model for the 3DMB scaffold fiber diameter is48): (

&EMEAT AMAOp & v TTC'QO0 ™I MPOU T8I T¥w 6 (43
Resultant coefficients suggest that FDO, FDéhd SVQOweregood predictors of the fiber
diameter, while terms including DCD were nibhe resultant adjustec?R 0.93suggestea

good fit for the data.
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3.33 Effects of 3DMB parameters on fiber alignment

Figures 313 and3.14 display the angular coherencidglue top of the scaffold samples
and the bottom, respectively. In general, contrasting angular coherencies were observed in the
fiber samples. The lowest angular cohereficy £ 2.6%)was observed in the DCD, FDO, SVC
=150 mm, 50%, 150 m/min grouwwhile the highest angular coherer(8{L.2 + 4.4 %)vas
observed in the DCD, FDO, SVC = 150 mm, 90%, 700 m/min group. This followed the general
results of the&eomputationamodelng, where it wabserved that fibealignmentwould be
higherat high values oFDO andSVC and reduced &w SVC. The ANOVA showed that the
FDO had a significant effect on both top and bottom angular coherency (both p < 0.0001),
wherein angular coherency was reduced as the FDO appa&@¥h Given thecomputationally
observedenergy minimizing curvature of the polymer fiber, wherein the deposition point of the
fiber on the collector was significantly offset from fhresetvalue of the FDOQthe primary
acceleration affecting the fiber e 90% FDO valugvasin the xdirection This is corroborated
by the experimental results wherein the greatest angular coherency was observe&R090%
At the 50% FDO, angular coherency was éaivas thefiber whipping instability determined the
fiber laydown patterm At the 16% FDO valg, thex- andy-velocity balancecould pull the
fibers enough to align them but also accelerated them away from the cdlatéme again
supported by the fact that collection was challenging00 m/min SVC

SVC generally had a significant effect @aptand bottom angular coherency (both p <
0.0001), whereby increasing this parameg¢sultedn greater angular coherency. Increasing this
parameter increased the respecthagnitude oflirectional velocities of the collector and thus
the forces respondie for fiber alignmentThis follows other relationships observed in

electrospinning?®.
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Interesting to point out, though, is that increasing the SVC at the 16% FDO resulted in
less angular cohereney DCD = 150 mmThis is because sonfibers essentially bounced off
the collector since the directional velocities imparted accelerations to the fibers away from the
collector surface, as was observed in computational modélmgever, as those fibers
continued to deposit, some paoff the fibermay adhere to the collector. Due to the continuous
nature of the fibers, this could then aggregate some of the fiber that had prelvemrsly
deflected off pulling randonfibers from the ambient environmemhich previouslydid not
experience any interaction with the collectbhisresuledin a more random depositiomhis
effectbecameancreasingly evident as the S\iktreased an the same phenomenon
responsible for preventing scaffold collection at even higher SVC values for this FDO.

The effects of the DCBNn the top and bottom angular coheremgye not significant (p
=0.97, p = 0.27, respectivelyhhis follows that the ififerences in fiber velocity between the 150

and 200 mm DCD levels were neagible comparedo the collector velocity
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Figure 3.13: Mean angular coherencies of the top of scaffold samples
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Figure 3.14: Mean angular coherencies of the bottom acaffold samples

Figure3.15s hows t he plot of each samplebs top Vv
reference identity line of y = x. As with the fiber diameter, there is a clear, noticeable
relationshipwherein the data is primarilyrganized abouhkidentity line. With the identity line
as a model for the data, the coefficient of determinationR#a8.95, suggesting a good model
fit. Multi-way ANOVA identified the manufacturing parameter combination as significant on
fiber diameter (p < 0.0001), comprisirg = 0.98, suggesting that this factor accounted for 98%
of the total variance. Scaffold side and the interaction between sig@eardeter combination

were not significanat U= 0.01(p = 0.014 and p = 0.047, respectively)
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Figure 3.15: Identity plot of top vs. bottom fiber angular coherency, coloredby parameter combination

Regression analysis highlighted similar resulthasANOVA. The null hypothesithat
all regression coefficients were equal tads rejected with F < 0.0001. The resultant empirical
model for the 3DMB scaffold angular coherency is ed):(4
' T COHTARDAOART AUc® m OO0 181000 T8t 8Y® (44)
Resultant model coefficients suggtsat FDO and SVC were good predictors of the scaffold
angular coherency, while DCBasnot. The resultant adjusted R 0.92suggeste@ good fit for

the data.

110



3.34 Effects of 3DMB parameters on scaffold 2D porosity

Figure 3.16 and3.17 summarizehe 2D porosity of the top and bottom of the scaffold
samples, respectively. In general, contrasting 2D porosities were obaergsd the design
space The lowest levelsfgorosity were observed in the DCD, FDO, SVC = 150 mm, 50%, 150
m/min group (30 = 1.5%) while the highest porosity was observed in the DCD, FDO, SVC = 200
mm, 90%, 700 m/min group (44 + 3.69B)CD had a significant effect on top and bottom
porosity (bothp < 0.0001)wherein scaffolds with DCD = 200 mm had overall, marginally
greater porosity than those produced with DCD = 150 Tins is likely due to the marginally
different temperature profiles as observed in the computational modeling. By moving the
calector 50 mm further from the die (increasing the DCD), the temperature near the collector
surface was marginally lowefhus residual heating of collected fiber mats by the continuous
melt blowing air jet was reduced by a marginal extent. This likedgyred slightly less inter
layer bonding and residual softening of the fibers, producaaionally more interlayerand
inter-fiber pore space within a layer.

FDO had a significant effect (both p < 0.0001) wherein porosity decreased as FDO
approached 3% from eitherl6 or 90% As was observed in the computational modeling, the
FDO modulates the ambient air temperature local to the collector surface. As fibers deposited,
they remained warmer and experienced more-iitter bonding and adhesion at FDO 6%
than other levels. As they fused together, the pore space between fibers decreased, and the fibers
themselves lost their cylindrical morphology, as we observed in the SEMs. The confluence of
these factors produced greater fiber diameters, with lesdaytr porespaceand interfiber
pore spacevithin a layer.This suggests that the modulation of airflow around the collector by

the FDO parameter is a critical element for fabricapiogousfibrous morphologies using PCL.
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The SVC had a significant effect on both top and bottom porosity (both p < 0.0001),
wherein greater SVC produced more porosity. This parameter matintdtefiber diameter and
fiber alignment Smaller, more organized fibeproducd more pores, hence the greater porosity.
Given the homogeneous fiber diameter distribution observed in the high SVC samples, the fiber
packingpotentialdecrease due to this homogenejtiendingthese scaffoldligher porosity.
While 2D porosityis a crude approximation of a 3D variable, these results show that 3DMB

collector parameters affettte generapore architecturesf 3DMB fiber mats
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Figure 3.16: Mean 2D porosity of the top of scaffold samples
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Figure 3.17: Mean 2D porosity of the lottom of scaffold samples

Figure3.18s hows the pl ot of each samplebs top
reference identity line of y = x. ANOVAy parameter combination and sidlt=(0.01) indicate
thatthe effect of 3BDMB parameter combination was significant (p < 0.08015 0.87) As
previouslydiscussedlit follows that the scaffold manufacturing parameters had a large effect on
2D porosity and it follows that the indicates the parameters modulate a signifipaoportion
of the variability Scaffold side was significanthoughwith avery small effecsize(p = 0.007,

— =0.009) No significant interaction effeatas detecte@p = 0.013,— =0.03)

Using the identity line as a model for the &&= 0.58. While thiszalue would
otherwisesuggest that the orsded 2D paosities are not great predictors of each other, this can
be attributed to the variability of the sample data, espedraigmplegirawn from mats
fabricated at DCDFDO, SVC= 150 mm, 16%, 415 m/min. As already discussed, this parameter
combinationlay at the extremity of the physical desigpace anevasnot necessarily

representative of true 3DMB fibebllectionbecause of the intermitted collection and collection
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of fibers from the ambient environmebtespite thelata variability the general trendbaut the

identity line shows that these two factors are relatively good predictors of each other.
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Figure 3.18: Identity plot of top vs. bottom 2D porosity by sample

Regression analysis produced similar results as the ANOVA. Thaypdthesighat all
regression coefficients were equal tevéls rejected with F < 0.0001. The resultant empirical
model for the 3DMB scaffold 2D porosity is eq5(4

¢1 O ®BEOU
CHp X TBrOO6 O mrOOL 18t MOOD (45)

T8 PY® 6 T8t T P00 Y& 6
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Resultant model coefficients suggest that DCD, Fax@SVC were all good predictors
of the scaffold 2D porosity. The resultant adjustéd-R.96suggestsin excellent fit for the

data.

3.35 Effects of 3DMB parameters on scaffold 3D porosity

3D porosity is a more accurate measurthefsamplgorosity tharthe porosity
determined fron2D images though 1 is more challenging to capturé/e utilizednanoCTto
study the true 3D porosity of thescaffoldsusing some designed contrasdmeway ANOVA
identified 3DMB parameter combination as a significant factor (p < 0.0001), highlighting
significant differences in the sampled 3D porositiggure 3.19 shows nanoCT 3D
reconstructioomodels ofsanplesmanufactured with FDO, SVC 50%,160 m/minand
contrasting DCD(A) 150 mm(B) 200 mm A spongedike architecturewith few individual
fiberswas observedt 150 mmcompared tanore fibrous nature of the 200 mm samples. The
respective mean porosity the 150 mm samples was 4/0.9% compared to the 200 mm
sampleswhich had mean porosity of 860.5%. Tukey post hoc identified these samples as
significantly different (p < 0.0001and it is quite evident by the reconstructed models that these
are inced contrasting. As previously discussed, the computational motainigghted the role
of DCD in modulating the temperature of the continuous melt blowing air jets at the collector
surface and how this temperature can residually warm the polymer &l isof he resultant
morphologies of fibers that are kept well above their softening poatihhe dense, nefibrous
structure observed i®), where the fibers have melted together to form a porous bulk construct.
In contrast, moving the collector further from the @¢ results in a mat that is more fibrous and

more porous because the air jet temperature has cooled more before reachingctioe col
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surface. As previously highlighted, this is a key consideration in manufacturing fibrous and

porous 3DMB constructs.

Figure 3.19: nanoCT reconstructions of select samplesith FDO, SVC = 50%, 160 m/min

DCD = (A) 150mm (B) = 200 mm

Figure 3.20shows nanoCT 3D reconstruction models of fiber samples manufactured
with DCD, SVC =150 mm,160 m/min and contrastirigDO: (A) 90% (B) 50%(C) 16%.
Organized fibrous structures were observed at 90% and=D824hile a disorganizedponge

like architecturavas observed at 5S0%#DO. The mean porosity of threamples fabricated 80%
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and 16% were similai7@ + 0.7%, 72+ 0.6%, respectively)which wasin contrasto the porosity
of thesamplesnanufactured at 50% FD@T + 0.9%). Tukeypost hoc identifiedhe porosityat
FDO = 50%as significantly differentrom the 90 and 16%p < 0.0001)while the 90 and 16%
samples were not significantly different (p = 1). These results highlight the role of the FDO in
modulating airflowandtemper#ure profiles at the collector surfa@nd in turphow thatcan
affectscaffold morphology and porosity.

Figure 3.21 shows nanoCT 3D reconstruction models of samples manufactured with
DCD, FDO =150 mm, 50%and contrastin@VC: (A) 160 m/min(B) 700m/min. Samples
fabricated al60 m/min hagorosity of47 + 0.9% which was significantly different (p <
0.0001) than the porosity of samples manufactur@®@@im/min(76 £ 0.7). The higher surface
speed preserved the fibrous nature ofrtiedt-blown mateial, creating more intelayer porosity
and inteffiber space as they overlaid. The 160 m/min group formed dilnus spongdike
architecture, as the fibers here were too warmfaseddtogetherminimizing the interlayer and
inter-fiber porespaceThis is clearly attributable to the increase in surface speed which provided
additional cooling by higher rates of convective heat transfer from the polymer to the ambient

environment.
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Figure 3.20: nanoCT reconstructions of select samplewith DCD, SVC = 150 mm, 160 m/min and

FDO = (A) 90%, (B) 50%, (C) 16%
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Figure 3.21: nanoCT reconstructions of select samplesith DCD, FDO = 150 mm, 50% and

SVC = (A) 160 m/min, (B) 700 m/min

Figure 3.22 shows nanoCBD reconstruction models of samples manufactured with
DCD, FDO =150 mm, 90%and contrastingVC. (A) 160 m/min(B) 700 m/min 160 m/min
samples had porosity of72 + 0.6%which was significantly different (p < 0.0006) thidne 78 +
2% porosity 0f700 m/min sampleg-iber cooling was not a limitaticat this DCD, FDO
combination, so the differences in porosity are primarily attributakiteetdifferent fiber

diameterobserved in these sampl&alydispersity of fiber diameterasobserved in the 160
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m/min samplesincreassthe packing potential of the fibers since smaller fibers can fill the gaps

formed by overlaid larger fibergecreasing the porosity

Figure 3.22: nanoCT reconstructions of select samplesith DCD, FDO = 150mm, 90% and

SVC = (A) 160 m/min, (B) 700 m/min

These results holisticalleflect the results observed in the computational modeling from
Chapter 2 andhighlight the role of th®CD, FDO, and SVGn modulatingthe porosity of 3D

meltblown samples
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3.36 Effects of 3DMB parameters on scaffold monotonic tensile properties
3.3.6.1Tensile stiffness to weight, parallel to collector rotation

Figure 3.23 shows the tensile stiffness to weight ratios of the 3DMB samples tested
parallel to the cdéctor rotation. Overall, theigheststiffness to weight ratio was observed in the
DCD, FDO, SVC = 150 mm, 90%, 700 m/min group&z 13 MPa/g) The lowest ratio was
observed in the DCD, FDO, SVC = 150 mm, 16%, 415 m/min group (9avPRr/qg), likely
beause thigparameter combinatidiber collectionresulted ira highly poroussample with low
fiber alignment. ANOVA showed that the FDO had a significant effect on scaffold stiffness to
weight ratios (p < 0.0001) as did the SVC (p < 0.0001), though thediCbot (p = 0.16).
These results generally follothie trend ofingular coherencgf the sampleswvhichcorroborates
the expectatiothathigh fiber alignmentalong the principal direction of tensile laag should
produce greater stiffness per unit wejgis observed in electrospun scaffolds as'#ell

Anunderlyingfactor in the analysis is tH#er microarchitecture, as thnegheststiffness
to weight ratios were observedt onlyin a highly aligned, low diameter, high porosity fiber
sample (150 mm, 90%, 700 m/mimhich was expectedut also in dow alignment, large
diameter fiber, low porosity sample (150 mm, 50%, 160 m/rinrthe latter, despite its low
angular coherency ahg the principal direction of loading, the fibers were highly bonded
isotropically within and between layetbus distributinguniaxial load throughout the entire
scaffold.This microarchitecture thusly formedhigh strength nedoulk materiawith low
porosity.In comparison, theample withhighly aligned fibrousnatrix was stiff in this direction
because the fibers were aligned with the Iddds highlights the interplay between fiber and
pore microarchitecture artbw these attributesan bemultilaterally tuned to producspecified

mechanicaproperties
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Figure 3.23: Tensile stiffness to weight ratios, parallel to collector rotation

Regression analysis reflected some components of the ANOVA analysis. The null
hypothesighat all regression coefficients were equal tea® rejected with F = 0.0076. The
resultant empirical model for the 3DMB scaffaéhsile stiffness to weight ratio parallel to
collector rotations eq. (4):

4 A1 GEOIEAREEY ABOEWIC 116.3 + 07FDO (46)

Resultant model coefficients suggesty FDOwas agood predictor of the scaffold
tensile stiffness to weight ratio parallel to the collector rotatimwever the resultant adjusted
R? = 0.39suggets that this modelasa poorfit for the dataHowever, this model holistically
captures the general trend of the data, while the [bwaRie can be attributed to the high

variance in the data
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3.3.6.2Tensile strength to weight, parallel to collector rotation

Figure 3.24 summarizeshe tensile strength to weight ratios of the 3DMB samples, tested
parallel to the collector rotation. The greatest strength to weight was observed in the DCD, FDO,
SVC = 150 mm, 90%, 700 m/min groub(&+ 0.4 MPa/g) while the lowest was obseavin the
DCD, FDO, SVC = 150 mm, 50%, 415 m/min group (6.1 + 0.1 MPa/g). ANOVA showed that the
FDO hadasignificant effect on the strength to weight in this direction (p < 0.0001) as did the SVC
(p < 0.0001), though the DCD did not (p = 0.014)e3dn reslts generally follow the trend of the
angular coherency measuremast well as other microarchitecture analydatuitively, more
highly aligned fibers produced greater strength to weight rafies pulledalong the direction of

alignmentin comparisorio heavier, isotropic samples
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Figure 3.24: Tensile strength to weight ratios, parallel to collector rotation

Regression analysis reflected the results of the ANOVA analysis. The null hypothesis

that all regression coefficients were equal tea3 rejeted with F< 0.0001. The resultant
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empirical model for the 3DMB scaffolénsilestrength to weight parallel to the collector
rotationis eq. (&):
4 AT GOIORDOIZAE C-EQFC 3.4+ 006FDO + 0.000FDO? +
0.00BVC+ 0.0001{00 0 "Y®)S “
Resultant model coefficients suggest that FDO and SVC were good predictors of the

scaffoldtensile strength to weight ratio parallel to collector rotateomd DCD was nofThe

resultant adjusted?R= 088 suggestshat this modelvas a good fit for theata.

3.3.6.3Tensile stiffness to weight, perpendicular to collector rotation

Figure 3.25 shows the tensile stiffness to weight ratios of the 3DMB samples, tested
perpendicular to the collector rotation. Thigheststiffness to weigh{156 + 7 MPa/g)was
observed in the DCD, FDO, SVC = 150 mm, 50%, 160 m&ammples This was unsurprising
given the isotropic nature of the matrix observed in the SEM analyses and its Ipoltclike
structureghatproduced high stiffness to weight when tested parall@Htector rotation. Likewise,
the loweststiffness to weight in this directigie.1 + 0.1 MPa/gjvas observed in the DCD, FDO,
SVC = 150 mm, 90%, 700 m/min groufhis was also unsurprising, given the highly anisotropic
fibrous matrix aligned with collecto rotation in this group Given the temperature profiles
predicted in the CFD modelinthe 150 mm, 90%, 700 m/mparameter combination produced
low interfiber bonding while producing highly aligned fibemhus it follows that pulling
perpendicular tahe fiber alignmenshouldprove highly compliant Thugy, it was expectethat
this samplevould demonstratthe lowest stiffness to weight inighdirection.

ANOVA highlightedthat the FDO (p < 0.00018VC (p < 0.0001)andthe DCD(p =
0.004) had significant effects on this metrithis followed the trend of the angular coherency

measuremerds well as the CFD modelinggain, intuitively more highly aligned fibeedong the

124



direction of collector rotatioproduced lower stiffness to weightics when pulled perpendicular

to theprimary axis of orientation. The effect of the DCD could be attributed to differences in
temperature at the different DABvels wherein the DCB:= 150 mmenhanced bonding between
adjacent fibers as the air temperatwasgreater there, resulting in greater stiffnessthe DCD
increased or the collector moved further from the die, the air temperature decpeadading

less inteffiber bonding and thus lower stiffness.
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Figure 3.25: Tensile stiffness toweight ratios, perpendicular to collector rotation

Regression analysis highlighted similar results as the ANOVA. The null hypothaisis
all regression coefficients were equal tavés rejected with F < 0.0001. The resultant empirical
model for tensilet#fness to weight ratio perpendicular to collector rotation is &f): (4

4 AT GROIEAEEY A B QEWRC

(48)
pud T® 000 TGO T D6
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Resultant coefficients suggesgjain that FD@ind SVC were good predictors ofsh
mechanical propertylhe resultant adjustec?R 081 suggest amoderatelygood fit for the

data.

3.3.6.4Tensile strength to weight, perpendicular to collector rotation

Figure 3.26 shows the tensile strength to weight ratios of the 3DMB samplesdtest
perpendicular to the collector rotation. Again, the greatest ratio was observed in the DCD, FDO,
SVC = 150 mm, 50%, 160 m/min group (8.2 + 0.2 MPa/g) while the lowest was observed in the
DCD, FDO, SVC = 200 mm, 90%, 160 m/min group (1.4 + 0.1 MP#ig)eneral, the FDO =
90% groups had the lowesttength to weight ratioANOVA showed that the FDO had significant
effect on this metric (p < 0.0001) as did the SVC (p < 0.0001), while the DCD dfd nd.22).
These results follow again from the fibmatrix microarchitecturesna the temperature profiles
more highly aligned fibers produced lower strength to weight ratios when pulled perpendicular to
their orientationwhile isotropic bulk structures had greater and nearly equivalent strength in all

directions
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Figure 3.26: Tensile strength to weight ratios, perpendicular to collector rotation

Regression analysis revealed similar results as the ANOVA. The null hypdtresad
regression coefficients were equal toés rejected with F < 0.0001. The resultant empirical
model for the 3DMB scaffoltensile strength to weight ratio perpendicular to collector rotation
is eq. (9):

Yo i 00 00Q WD O BHQ
(49)
X p MBICPOL mErmPO0 18t mMQOU
Resultant coefficients suggest tioaly FDO was agood predictor of the fiber diameter,

while terms includingsVC andDCD were not. The resultant adjusteti=R0.73 suggests

moderatdit for the dda, likely explained by the high variance witlBome otthe sampledata
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3.3.6.5Tensile anisotropy ratios

In summary, thetiffness and strength anisotropy ratbas be found ifrigures 3. and
3.28, respectively. Theobserved trendgonfirm that scaffolds with greater fiber alignment
demonstrated greater mechanical anisotropy in both stiffness and strength. Scaffolds with high
fiber alignment generally demonstrated the greatest strength and stiffness along the axis of
alignment, reltive to their weight, throughout the design sp&revious results demonstrated that
3DMB parameters affeet the scaffold microarchitectures, while these results shioat the

microarchitecture attributeaodulate theensileproperties of the scaffold.
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Figure 3.27: Tensile stiffness to weight anisotropy ratios of 3DMB scaffolds
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Figure 3.28: Tensile strength to weight anisotropy ratios of 3DMB scaffolds

3.3.7 Effects of 3DMB parameters on scaffold monotonic compressive properties
3.3.7.1Compressive stiffness to weight ratios

Figure 3.2 summarizeshe compressivetiffness to weight ratios of the 3DMB samples.
The greatest stiffness to weight ratio was observed in the DCD, FDO, SVC = 15DWmM,15
m/min group 62+ 22 MPa/g) The lowest ratio was observed in the DCD, FDO, SVZD&
mm, 90%, 700m/min group 2.6+ 0.6 MPa/g. ANOVA showed that the FD@nd DCDhad
significant effec$ on scaffoldcompressivestiffness to weight ratios6th,p < 0.0001though
the SVC did nofp = 0.0115). Sample$abricated aFDO = 50% had significantly greater
compressive stiffness than those at FDO ald@é90% Meanwhile sampledabricated with
DCD = 150 mm tended to have equivalent or greater stiffness to weight than samples at the 200
mm level

These resulteeflectthe results from the microarchitectural analyses, whereisaimples

fabricated aFDO = 50%that hadexhibited high architectural isotropy with low porosity
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demonstratetligh stiffness in both compression and tensiorointrast, the aligned matrices
produced at FDO = 90% were comprised of highly porous, microfibrous layers resulting in
behavior that was highly compliant in compressiimese results are explained by the

modulation of the fiber temperature by the DCD &bD parameters as elucidated in the
computational modeling and the resultant changes to scaffold microarchitecture therein. Samples
with isotropic,bulk-like structures with low porosity produced greater stiffness in compression
than aligned fibrous samgevhich is very unsurprisingspecially when the SEM and nCT

analyses areonsidered
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Figure 3.29: Compressivestiffness to weight ratios of 3DMB scaffolds

Regression analysis failed to reject the null hypothegis F=0.013. This is likely
attributable to the high variance of some sample datéeandifferences observed between

various sample groups.
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3.3.7.2Compressive strength to weight ratios

Figure 3.30 shows theeompressivetrengthto weight ratios of th@DMB samplesThe
greatesstrengthto weight ratio was observed in the DCD, FDO, SVC = 150 5@¥f, 160
m/min group 63+ 8.6 MPa/g) As expected he lowest ratio was observed in the DCD, FDO,
SVC =200mm, 90%, 700m/min group 4.2+ 1.7 MPa/g. ANOVA showed that th®CD,
FDO, and SV(had significant effeston scaffoldcompressive strengtbh weight ratios§ =
0.006, p< 0.0001, p < 0.0001 respectiyefamplegabricated aDCD = 150 mm had equivalent
or greater compressive strength to weight thasdhat the 200 mm leveanplesfabricated at
FDO = 50% agaitended to have greatstrengthto weight than samples either 90 or 16%
Sampledfabricated atow SVC, holding other parameters constant, had strength to weight ratios
greater than samples high SVC.Theseresults are explained by the modulation of the fiber
temperatur@nd inteffiber and intedayer bondingas elucidated in the computational modeling
and the resultant changes to scaffold microarchiteparduced byhesephenomenaSamples
with isotropic,bulk-like structures with low porosity produced greatengthin compression
than aligned fibrous samplealigning in general with the stiffness reswtsl logic thereinThe
significance of the SVC highlights thadditional fiber cooling can be produced by increasing
this parametewhich could modulate the intéiber and inteflayer bondingas well as increasing
fiber alignment, sample porosity, and loft, all of which will reduce the compressive strength of

the mderial.
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Figure 3.30: Compressivestrength to weight ratios of 3DMB scaffolds

Regression analysis revealed similar results as the ANOVA. The null hypdtretsad
regression coefficients were equal tovés rejected with F < 0.0001. The resultant eiogl
model for the 3DMB scaffold compressive strength to weight ratio i58Q. (

YO I 00 00Q @) 0 HQ
(50)
@B TP WOU THOO MWTMTYwo
Resultant coefficients suggest that FDO and SVC were gaatictors of the fiber

diameter, while terms including DCD were not. The resultant adjugteddB2suggests

moderately good fit for the data.
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3.38 Effects ofcyclic fatigue on monotonic tensile responses of contrastirsgaffold
morphologies
3.3.8.1Effect of fatigue on monotonictensile strength
Contrasting scaffold morphologies exhibited diffenersponsem their strength to
weight metric after cyclic tensi fatigue(Figure 3.31). We observed that the highly aligned
group DO, DCD, SVC =150mm, 90%, 700m/min) experienced a7 MPa/greductionin
strength to weight after the 5,000 fatigue cyclesomparison, there was littbservableffect
of thefatigue on the strength to weight of the unaligned group 2@0 50%, 415 m/min This
was reflected in the ANOVAwhich identified a significant interaction effect between scaffold
fabrication parameter combinatiand fatigue cycling (p<0.0001). Tukey post hoc identified
significant differences between the strength to weight of the highly aligned sample before and
after fatigue (p<0.0001yvhile there was no significant difference in the unaligned group
(p=0.94). This is largely attributable to the differences in scaffdddr diameter andlignment.
In the highly aligned sample, each fiber experiergreaterstressand providedittle compliance
dueto the alignment of the fibers with the load dad interfiberbonding The result was that
the stresses applied to the entire sample were proportionally transferred to each of the fibers,
while the net effect was a significant reductiortheir strength. In the unaligned group, force
transmittance through the randigrmoriented andighly bonded fibersvaslargely enhanced
reducing the stress that each fiber experieaseathe load wadispersedsotropically. The
unaligned fibers were able to transmit the force more efficiently throughout the isotropic
architectureand thus experienced less fatigue overall and remained unchanged in strength.
Furthermore, the unaligned group had fibers with greater diameter than the aligned group.

Given thedifferences in théoading between thgroups as each was loaded to 20% loéit
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meanUTS, it és also feasible that the force appl.i
proportional tahe fibercrosssectional areadespite being proportional to the sample UTise T

larger fibers of the less aligned growpuld haveexperiencd less stress in combination with the
isotropic architecture comparéalthe smaller fibers in the aligned grouyghich due to their

smaller fiber crossectional area, would have experienced more sfféssly, this produced the
heteroscedastic strengtsponses to the fatigueurthermore, the aligned samples had greater

porosity than the unaligned sampl@ébius,the true crossectional area of thaicrotensile

sample was lowemeaning that the total stress on the sample was higher than expected; and
perhaps could explain the reduction in strength after fatigue. In getesa, resultiighlight

that anisotropic fibrous structurde notnecessarilyperform bettethan isotropic fibrous

structuresvhen stressed along the principal direction of filméntation
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Figure 3.31: Tensile strength to weight of contrasting groups after cyclic fatigue
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3.3.8.2Effect of fatigue on monotonictensile stiffness

While differences in group responses were observed for the scaffold strength to weight
afterfatigue, the effect of fatigue on scaffold stiffness was less app&igate 3.32. In the
stiffness to weight of the highly aligned group, no difference was observed before and after
fatigue. Meanwhile, a slight increase in scaffold stiffness to waigktobserved upon
inspection of the unaligned group after fatigue. However, ANOVA revealed that the only
significant factor was the scaffoldbrication parameter combinati¢m<0.0001), while the
fatigue and their interaction were not significant (p 60M21, respectively). This revealed that
while the scaffold morphologies were significantly different, and their strength responses to
fatigue were significantly different, their stiffness responses to fatigue were not significantly
different. This is lkely because the fatigue cycling did not change the scaffold microarchitecture

or polymer chemistrythe primary modulators of scaffold stiffness.
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Figure 3.3: Tensile stiffnessto weight of contrasting groups after cyclic fatigue

3.3.9 Effects of cyclic fatigue on monotoniccompressiveresponses of contrastingcaffold
morphologies
3.3.9.1Effect of fatigue on monotonic compressive strength

The compressive strength to weight ratios of selected groups before and after 10,000
fatigue cycles of 15% din are shown ifrigure 3.33 The ANOVA resultshighlightedthat the
only significant factor was the scaffold fabrication parameter combination (p < 0.0001). This was
unsurprising, as these samppessessedontrastingnorphologiesThe cyclic fatigue i not
have a significant effect (p = 0.2774), a favorable response as the samples withstood repeated
elastic deformation without a significant loss in strength. No interaction effect was observed (p =

0.4242), indicating that both scaffold groups resporddbe fatigue in similar fashions.
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Figure 3.33: Compressive strength to weight ratios before and after fatigue

3.3.9.2Effect of fatigue on monotonic compressive stiffness

The compressive stiffness to weight ratios of selected groups before and after of 10,000

fatigue cycles of 15% strain are showrigure 3.34 Following the same trend as the

compressive strength, DCD, FDO, SVC = 200 mm, 50%, 415 m/min sample wagstiftenrit

weight compared to the 150 mm, 90%, 700 m/min samplessANOVA highlightedthat the

only significant factor was the scaffold fabrication parameter combination (p < 0.0001). The

cyclic fatigue did nosignificantly affectthe stiffness to weighip = 0.8650), a favorable

response as the samples withstood repeated elastic deformation without a significant loss in

stiffness. No interaction effect was observed (p = 0.6674).
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3.4 Chapter summary

The experimental characterization of 3DMB procsssicture relationships has
demonstrated that the FDO and SVC collector parameters are primarily responsible for modulating
changes to scaffold morphology and mechanical properties. FDO and SVC had sigefifezast
on scaffold mean fiber diameter and fiber angular coherency. All three parameters had significant
effects on 2D porosity while contrasting 3D porosities were observed between high FDO, SVC
and low FDO, SVC samples. In terms of mechanical pragse®DO and SVC were significant
in modulating scaffold tensile stiffness and strength to weight ratios, wherein significant
anisotropy was observed and attributed to the contrastiaffold microarchitectureg ensile
strengthafter cyclic fatigue was noaffected inisotropic samples with high intéiber and
interlayer bondingwhile highly anisotropic fibrous samples lost a significant amount of strength.
Tensile stiffness was not significantly modulated by the fatigi@mpressivestrength and
stiffnessresponsesvere not significantly affected by fatigu€he microarchitectures observed
were relevant to musculoskeletal tissue enginee8ngffolds demonstrated fiber diameters in the
range of collagen fibers found in these tissaa$high organization and anisotropimilar tothe
native tissue microenvironment. Theffnesses 0BDMB sampleswvere in the range of nervous
tissue and cartilagéhoughlower than native tendons and ligamé&htsvhile PCL was used as a
model biopolymer, wexped similar processtructure relationships between 3DMB parameters

and scaffold microarchitectures would follow for other biopolymers.
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Chapter 4: 3DMB Scaffold Biofunctionalization Considerations
4.1 Chapterintroduction

The previ ous c htagiudyhe idterrelatiomphgpd beteeem3DSIB
manufacturing process parameters, PCL biomaterial morphology, and scaffold mechanical
properties. However, investigating the structiwnection relationships bewen scaffold
morphologies, biofunctional considerations, and cellular responses are essential components of
engineering 3DMB for tissue scaffold manufacturing. Therefore, this chapter is dedicated to
investigating those components.

The fiber diametersbserved in the 3DMB design space fell into the range-d26 ma
range relevant to musculoskeletal tissue engine€firigiberalignment, measured by angular
coherencyrangedirom randomly oriented fibenwith angular coherency near 10&chighly
organized andligned fibes with angular coherency near 90%, recapitulathmgdiverse
multiscale architectures afianymusculoskeletal tissudike tendon and cartilag&caffold
porosityranged fromd6-80%,while mechanical properties varied in stiffness, strength, and
anisotropy.

While the 3DMB parameters had significant effects on scaffold attributes, it is essential
to characterize relationships between scafivicroarchitectureandcellular response like
adhesion, viability, proliferation, and extracellular magw@cretion to support translatable tissue
manufacturing. Others have shown that these scaffold attributes have significant effects on the
aforementioned cellular responS€s373% thus acomprehensive investigatiai 3DMB
structurefunction relationshipss important

This chapteraims toexperimentally characterize the interrelationships between scaffold

critical quality attribues, biofunctionalization aspects, and cellular responses using designed
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experiments and statistical approaches. The first key cellular resgtodsedis cellular

adhesion. Preliminary studies have demonstrated that cellular adhesion to 3DMB scaffolds is
modulated mainly by micrand nanoarchitecture and surface wettabili/these pertain

directly to cellular protein adhesioRCL, an aliphatic polyester, comprises monomers attached
by ester bonds forming polymer chaarsd thufacessomebiofunctiondizationissues

pertaining to its strong hydrophobicitymiting cellular adhesion. As such, PCL owes its
bioresorbable properties to the fact that the ester bonds between monomers can be broken
through hydrolysisEngineering the cleavage of this bondulebproduce carboxyl and hydroxyl
groups at the end of exposed monomer chains, which would enhance the hydrophilicity of the
3DMB scaffold$*’. Though PCL hydrolysis occurs slowly in a physiological environrikat

the humarbody, it can be accelerated under alkaline conditions.

Hydrolytic degradation faces a fundamental tradeoff. By improving the hydrophilicity of
the scaffold, the cleavage of the ester bonds could cause changes to the mechanical properties of
the PCL fibersThe hydrolysis conditions must bevestigatedo minimally affect the integrity
of the scaffold while still supporting strong cellular adhesktence, he first study characterige
the interrelationships between process parameters related to 3DM@Edbgtrolytic
degradation by alkaline surface modificatissing sodium hydroxide (NaOHyCL fiber
morphology and scaffold tensile and compresgiveperties.

The second study the chapter focuses primarily dhe interrelationships between
scaffold alkaline hydrolysigjifferent scaffold seeding strategiesad observable cellular
adhesion tahesescaffoldsusing humaradiposederivedstem cells (hASCs) usingpntrasting
3DMB scaffold morphologiesThis studyis essential in determining a viable seeding strategy for

the third and fourth studies.
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The third study characterigéhe2-week cellular viability and metabolic activity bASCs
seeded on contrasting scaffold morphologmedynamic cultureas identifiel using the scaffold
critical quality attributes identifieéh Chapter 3.This study sreens3DMB morphologies for
especially favorable responsegich wereselected for use in the final study.

The final study compriska 6-week dynamic culture of contrasting 3DMB scaffolds using
hASCs with induced chondrogenic differentiatiorhe effects of scaffold morphology amitial
cellular responsemarkers of chondrogenic differentiation, and the effects of newly formed ECM

on thebiomechanical properties of tissue construasethereincharacterized.

4.2 Materials and methods
4.2.1 Effects of NaOH surface modification on 3DMB PCL fiber morphology
4.2.1.13DMB scaffold fabrication and sample collection

3DMB scaffold fabricatiomgenerally followedsection 3.2.1PCL (43 kDa) was melted to
120°C and extruded through a fiber fabrication die at a polymer throughpubaf/@dizzle/min.
The extruded PCL was drawn with 140°C air from an air process heater (Backer Hotwatt) at a total
air throughput of 110/min. The resulting fibers were collected on a rotating dre®® (nm) of
which the rotational axis and cylindrical apegn@positioned relative to the fiber fabrication die
by an industrial &xis robot. DCD, FDO, SVC were 150 mm, 90%, 700 m/min.

Sample collection followeB8ection3.2.21. Briefly, a biopsy kit (DePuy Synthes, Warsaw,
IN) was used to collect 88 mm punches lad fiber mat for NaOH treatment and subsequent

scanning electron microscopy imaging.
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4.2.1.2NaOH surface modification

A 10 M stock solution ofNaOH was mixed using dry NaOH pellets (TherrRisher
Scientific, Waltham, MA) and DI water. This solution wagher dilutedcto eitherl or 5 M. Each
solution was distributed into 10 and B0 test tubes. Ong8 mm scaffoldsamplewas added to
each tubgand the cap was replaced. Test tubes were maintained at either2ffe€Cbenchtopr
in a 50°C water battof 1 h, with intermitted agitatiodfter 1 h, samples were thoroughly rinsed

in DI water to removéheremaining etchant and given 48 h to dry before SEM imagirgl)

Table 4.1: Experimental design for 3DMB PCL scaffold NaOH surfacenodification

Temperatu NaOH Concent Vol u

27 1 101 r

50 5 501

4.2.1.3SEM imaging
SEM preparation followe&ection3.2.21. Briefly, samples were sputter coated with
gold-palladium for 90s and imaged at ¥ kccelerating voltagd&representative itrographs

were captured of each punch2é&50xmagnificationand saved as .TIF files

4.2.2 Effects of NaOH surface modification on scaffolthonotonictensile properties
4.2.2.13DMB scaffold fabrication and sample collection

3DMB scaffold fabrication followe&ection 3.2.1 DCD, FDO, SVC were varied
according to the experimental designTable 3.1 Samples were acquired followiggction
3.2.61. Punches were taken with the gage section parallel wirthetion of collector rotation (n
= 6).
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4.2.2.2NaOH surface modification
50ml of 2.5 M NaOH was distributed into Bal test tubes. Onmicratensilesample
was added to each tube, submerged with a custom 3D printed jig, and the cap was replaced. Test
tubes were maintained in a 50°C water bath for 1 h, with intermitted agitAften.1 h, test
tubes were retrieved from the water hathd smples were thoroughly rinsed in DI water to

remove the remaining etchant and giverh48 dry.

4.2.2.3Evaluation of tensile mechanical properties

Testing generally followe&ection3.2.6.1. Briefly, the sample was pileaded to 0.01 N
and tested at a constant displacement rate of 10 mm/min to failure while stress and strain were
recorded?®. The elastic modulus (E) and ultimate tensile strength (UTS) were calculated as the
slope ofthe linear region of the stressrain curve and the maximum tensile stress of the stress
strain curve. Sample tensile properties were related to the sample mass for calculations of

stiffness and strength to weight

4.2.2.4Statistical Analysis

Differenaeesbetween mechanical propertiesunitreate BDMB PCL andNaOHtreated
PCLwere analyzed biwo-wa 'y A N OV A 5),(with factor® for 8caffold parameter
combinationandNaOH treatmentTukey post hoc was used to identify significant differences

betweent e at me n't combimations with U = 0.0
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4.2.3 Effects of NaOH surface modification on scaffolthonotonic compressive properties
4.2.3.13DMB scaffold fabrication and sample collection
3DMB scaffold fabrication followe&ection 3.2.1 Samplegn = 6)were acquired

following Section 3.27.1.

4.2.3.2NaOH surface modification

NaOH treatment followe&ection 4.2.2. Briefly, samples were submergedsi@ml of
2.5 M NaOHin separat&0 ml test tubesndmaintained in a 50°C water bath for Whh
intermitted agitationSamplesvere thoroughly rinsed in DI watapon removal from the water

bath andjiven 48h to drybeforetesting.

4.2.3.3Evaluation of compressivemechanical properties
Testing followedSection 3.27.1. In short, he sample was pileaded to 0.01 N and tested
at a constant displacement ratélahm/min to failure while stress and strain were recordée.
compressive modulus was calculated as the slope of the linear region of thetsdiessurve,
and the stresat 50% strain was recordeflample properties were related to the sample mass for

calculations of stiffness and strength to weight.

4.2.3.4Statistical analysis

Differences in ompressivaesponsesf untreated and NaOkteatedPCL scaffolds were
analyzed bywo-way A NOV A 5)( with factor® forOscaffold parameter combinatimd
NaOH treatmentTukey post hoc was used to identify significant differences between treatment

combinations with U = 0.0
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4.2.4 Effects of cyclidatigue on NaOH-treated scaffold monotonic tensile responses
4.2.4.13DMB scaffold fabrication and sample collection

3DMB scaffold fabrication followe&ection 3.2.1 Sample®f contrasting morphologies
(Table 3.2)were acquired followin@ection 3.28. Punches were taken with the gage section

parallel to the direction of collector rotation (I8x

4.2.4.2NaOH surface modification
NaOH treatment followe&ection 4.22.2. In summary: samples were treated with 30 m
of 2.5 M NaOH solution at 5C for 1h. Samples weréhenthoroughly rinsed in DI water to

remove the remaining etchant and given 48h to dry.

4.2.4.3Cyclic fatigue and evaluation of resultant mechanical properties
Testing generally followe&ection 3.28.1. The sample was piteaded to @M1 N,
thereafter a load of 20% UTS as calculated from the resuisaifon 3.36.2 was applied for
5,000 cycles at 1 Hz frequenashile stress and strain were recordéfier 5,000 cyclesthe
sample was tested for monotonic tensile responses using the method des@ibdidlimhe
elastic modulus (E) and ultimate tensile strength (UTS) were calculated as the slope of the linear
region of the stresstrain curve and the maximum tensileess of the stresstrain curve. Sample
tensile properties were related to the sample mass for calculations of stiffness and strength to

weight.
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4.2.4.4Statistical analysis

Effects of fatigue ontensile properties of 3DMB PCL an#laOH modified PCLwere
compared utilizing ahreeway ANOVA (n =3, U 5Fwitld factors for scaffold parameter
combinationfatigue cyclingandNaOHsurface modification. Tukey post hoc was used to identify

significant differences bet@een treat ment

4.2.5 Effects of cyclic fatigue on NaOHreated scaffold monotonic compressive responses
4.2.5.13DMB scaffold fabrication and sample collection
Samples of contrasting morphologidsble 3.2)were acquired followingection 3.27.1.

28 mm punches were takeor testing(n = 3).

4.2.5.2NaOH surface modification
NaOH treatment followe8ection 4.22.2 Briefly, samples were treated with 2.5 M NaOH

at 50°C for 1 h then thoroughlyinsedwith DI water and allowed to dry prior to testing.

4.2.5.3Cyclic fatigue and evaluation of resultant mechanical properties

Testing generally followe&ection 3.29.1. The sample was piteaded to 0.01 N
thereafterthe scaffold was compressed to 15% strain for 5,000 cycles at 1 Hz frequency. After
5,000 cyclesthe sample was tested for monotonic compressive responses using the method
described irSection3.2.7.1. The compressive modulus (E) was calculated as tpe sif the
linear region of the strestrain curveand stress at 50% strain was recorded. Sample responses

were related to the sample mass for calculations of stiffness and strength to weight.
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4.2.5.4Statistical analysis

Effects of fatigue orrompressive responses3DMB PCL andNaOH modifiedPCLwere
compared utilizing a threway ANOVA with factors for scaffold parameter combination, fatigue
cycling, and NaOH modificationwith U = . Tukey post hoc was used to ideptignificant

di fferences between treat ment combinations wi

4.2 6 Effects of NaOH treatment and different seeding strategies on initiahASC adhesion
to 3DMB scaffoldsin vitro
4.2.6.13DMB scaffold collection and experimental design

Sampleof contrastingiber mats manufactured BICD, FDO, SVC = 150 mm, 50%,
160 m/min and 150 mm, 90%, 700 m/mwere collected usingnaa8 mmbiopsypunch An

experimenal design Table 4.2 wasthen followed

Table 4.2 Cellular adhesion studyexperimental design

NaOH Modification: 0 M, 50°C 2 . 550rC
medi a
_ dr opl 200x gravi
Seeding Strategy: _ _ & dro
pi pet centrifuga _
pi pet

4.2.6.2NaOH surface modification

Samples were treated with NaOH or DI water, followegtion 4.22.2 Briefly,
samples were submergedt@st tubes containing0 ml 2.5 M NaOH or 50nl DI water(n =9/
group andincubated in a water bath at®&Dfor 1 h. Samples were then thoroughhsed in DI

water to remove the etchaamd allowed to dry for 48 h.
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4.2.6.3Cell culture and analysis

P1hASCs R7788115Thermofisher) were expandeu175 cnf tissue cultured treated
flasks (Thermofishenyith 2% serum mesenchymal stem ggthwth media Thermofishey
supplemented with 2%gmicillin-streptomycin(Thermofisher) hereaftereferred to as growth
media Cells were passagat 80% confluency utilizing trypLE expressibco) and reseeded in
new 175cmtissue culture treated flaskEhermofisher Scientific) at 20% confluenantil P5.

Scaffold diskswvere sterilized in 70% ethanol for &tin, then rinsed thoroughly with
sterile phosphate buffered saline (PBS) and allowed to dry overthghttransferred to a 48
well plate Seedingwas performed one of three wagsop-by-drop pipetting, 12 lgrowthmedia
presoakollowed with dropby-drop pipetting or centrifugatiorof the scaffold submerged &
cell suspension.

First, P5 cells were harvested from 175 ¢issue culture flaskssing trypLE which was
then neutralized with growth mediBotal cell quantity was analyzed by samplingul ®f this
suspension (n = 2) and the use of a hemocytometer. The remainisgspelhsion was
centrifuged at 200x gravity formin at ambient teqperature. The supernatant was aspirated,
leaving only the cell pellefThecell pellet was resuspendeda calculated amount growth
mediato a concentration of 25%610° hASC/ 175 ul media.

Drop-by-drop seeding was accomplished by addigul of theabovecell suspension
drop-by-drop to each scaffolth anontissue culture treatetB-well platefor a total cell quantity
of 2.5 x 18 hASC.

Seeding of the prsoaked scaffoldeas accomplished ia two-step procedutéAfter
sterilization andransferring to aon-tissue culture treatetB-well plate, scaffolds in the

presoaked group wefiest incubatedn 1 ml of growth mediaat 37C, 5% CQ for 12 h After
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12 h, the excess media that was not absorbed by the scaffolds was aspirated. e weaEo
then seeded drelpy-drop with 2.5 x 10P5 hASC in 175l media, as previously detailed.

The centrifugation seeding method requires the full submersion of the scaffold in a cell
suspensionTherefore 175l of the 2.5 x 10P5 hASC/175ul media ell suspension was diluted
to a total volume of 1.8 husing growth media in &l cryopreservation vials (CELLTREAT,
Pepperell, MA)One scaffold was added to each cryovidle cryovials were then centrifuged at
200x gravity for @min at ambient temperate. Scaffolds were then carefully retrieved with
sterile forceps and transferred to a 1tizsue culture treated 4&ell plate.

After seeding with each method as detailed above, scaffolds were incubated for 3 h at
37°C, 5% CQ. Then, saffolds werecarefully supplemented with 1lrgrowth media and
incubated for 24 h. After 24 Bcaffolds from each grougn = 3)wereassayedising Live/Dead

(Invitrogen, Carlsbad, CA) for fluorescent detection of viable and nonviable cells.

4.27 Effects of BDMB scaffold morphologieson 2-week hASC in vitro responses
4.2.7.13DMB sample selection and collection

Hierarchical cluster analysis waslized to grou@3DMB scaffold morphologies
manufactured irsection3.2.1into five clusterdy minimizng intracluster variance and
maximizing intercluster varianc&ach of the five clusters comprised scaffold morphologies
whose mean fiber diametdiisD), angular coherenci€8C), and 2D porosities were similar to
the othercluster members. Stilkach dlisterholistically possessedttributes that were
significantly different from the others. One representatoadfold morphologyrom each cluster

was selected for furtheém vitro testingto elucidate the responses of hA®Qhe broad range of
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3DMB morphologies that were manufacturbdreaftereferred to as samples A, B, C, D, and E,

as outlined inTable 4.3

Table 4.3:Contrasting scaffold groups as identified by hierarchical cluster analysis

Group Label DCD, FDO, sVC Mean FD, AC, 3D-Porosity
A 150 mm, 16%, 415 m/min 8.2um, 31%,82%
B 150 mm, 50%, 160 m/min 11pm, 5%,47%
C 150 mm, 90%, 700 m/min 5.9um, 82%, 78%
D 200 mm, 50%, 415 m/min 9.1um, 22%,72%
E 200 mm, 90%, 160 m/min 7.8um, 66%, 76%

Sample collection followe&ection4.2.61, wherein g 8 mm diskaere sectioned from

larger samples

4.2.7.2Bioplotted scaffold fabrication

Additively manufactured PCL scaffolds weabricated as detailed in previous works by
this group*!* and utilized as acontrol group Briefly, scaffolds were designed a8 x 3 mm
cylinderswith 16 layers eachapproximately 16@ m t h i witk 208 |gnsinterstrangdpacing
in an alternating G90° laydown pattern, and a 100% interconnected porous netROitk (Mw
=43kDa, Polysciences Inc.) pellets were melted to 120°C and then extrsitgd3DBioplotter
(EnvisionTecGladbeckGermanywi t h 2 0 0 ¢ neter nozzletram extrusich pressure
of 0.6 N/mn? and print head travel speedlo® mm/s. These scaffoldarehereaftereferred to as

thebioplotted BP) group
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4.2.7.3NaOH surface modification
Following the protocol oection4.26.2, all scaffoldswere treated with 2.5 M sodium
hydroxide for 1h at 50C to enhance cellular adhesiatimen thoroughly rinsed with DI water to

remove remaining etchaand dried for 48 h.

4.2.7.4Cell culture and analysis

P1 hASCs (Thermofisher) were expaa until P3 as isection 4.2.63. Scaffolds were
sterilized in 70% ethanol for 3@in, then rinsed thoroughly with steriRBSand allowed to dry
overnight, then transferred &m untreated8-well plate. Cell seeding was performed ina+
treated48-well plate using a multstep procedure. First, 3.75.8° P3 hASCs in 275l of
growth media were seeded on one side of each scaffold (n = 5/ treatment combination) utilizing
thedropletpipetting methodSection 4.2.63) andincubated for 3 h at 3€, 5%C0O,. Thenl ml
of growth media was added to each well, and scaffolds were incubated for 24 h. Scaffolds were
then transferred to a navontreated48-well plate and inverted, using sterile tweezers. The
previous 48well plate was reserved for analysis. Balds were agairseeded witl8.75x 10°
cells on thenewly exposedide incubated for 3 h, supplemented with Lfresh growth media,
andincubated fo24 hours.

At thattime (Day1l), samples were transferred to a neantreated24-well plate(the old
48-well plate was reserved for later analysiafl supplemented with 2l of fresh mediaand
incubated on an orbital rocking table at 80 RPM agitation to prevent localized media exhaustion.
Growth nedia was changed every two days

Sampes of each morpholgy wereassessed for cell viability using Live/Dead assay

(Invitrogen) on Days 1, 15In paralle thecellular metabolic activiés of scaffolds from each
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group(n = 3)wereassessed via alamarBlue assay (Thermo Fisher Scientific) atlD2y4, 6,
8, 11, 15 Significant factors affecting metabolic activity were analyzed using amayo
ANOVA by time point and scaffold group with= 0.05, and differences between samples
identified by Tukey post hoc test= 0.05.

During the multiday seeding proces$ie 48-well plates where scaffolds had been seeded
were immediately assayedth Live/Deadto identify cells that did not adherettoe scaffold.
Image analysis in ImageJ was utilized to evaluate the area of each well (n = 5) covered by cells,
and thus relative differences in cell seeding efficiency between scaftolgthologies

Significant factors affecting seeding efficiency weralgpedsimilarly as above.

4.2 8 Effects of BDMB scaffold morphologieson 6-week hASC in vitro chondrogenic
differentiation, ECM formation, and biomechanical responses
4.2.8.13DMB sample selection and collection

Two contrasting scaffold groups which éléal favorable cellular responsiesthe 2week

cell culture studyvere selected from those utilizedSection 4.2.7as outlined ifTable 4.4.

Table 4.4:Contrasting 3DMB morphologies selected for @veek culture

Group Label DCD, FDO, svC Mean FD, AC, 2D-P
C 150 mm, 90%, 700 m/min 5.9um, 82%, 39.9%
D 200 mm, 50%, 415 m/min 9.1um, 22%, 36%

Sample collection followe&ection4.2.61, wherein g 8 mm disksere sectioned from

larger samplesAdditionally, compressive and microtensdamples were punched from the
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larger 3DMB matgo evaluatbiomechanical responses, as detaile8entiors 4.2.21 and

4.2.31

4.2.8.2Bioplotted scaffold fabrication
Additively manufacturea8 x 3 mm PCL scaffolds were fabricatasl detailedn Secton

4.2.72 and arehereaftereferred toasthebioplotted BP) group

4.2.8.3NaOH surface modification
Following the protocol ofSection 4.2.&, all sampleswere treated with 2.5 M sodium
hydroxide for 1h at 50C to enhance cellulaadhesion, then thoroughly rinsed with DI water to

remove remaining etchaahd allowed to dry for 48 h before seeding with cells

4.2.8.4Cell culture and analysis

Cell culture preparatiogenerallyfollowed Section 4.2.6.3P1 hASC were expanded to
P3 aml seeded onto ethanol steriliza®lmmdisc samples for compression testing following
protocols described iBection 4.2.33 and biochemical analysddicrotensilesamples were
seeded with 1.5 x 2MASC in 1.1ml media in 850 mm notreatedPetri dishes using the same
multi-step procedure. On Day 1, disc samples were transferred to reellZflates and
supplemented with 2 hof fresh mediaMicrotensilesamples were transferred to new g50 mm
Petri dishes and sygiemented with 12 hfresh media. All samples were incubated on an orbital
rocking table at 80 RPM agitation to prevent localized media exhaustion. Growth media was

changed on Days 2, 4, and 6. On Day 7, the growth media was removed, and scaffolds were

154



cultured in chondrogenic differentiation media (Gibco) for the remaining 5 weeks, with media
changes every 5 days.

Samples of each morphology (C, D, BP) were assessed for cell viability using Live/Dead
assay on Days 1 and 7 (n = 1). In parallel, the metahdiicities of seeded scaffolds from each
group (n = 3) were assessed via alamarBlue assay at Days 1, 3, 7, 12, 17. Significant factors
affecting metabolic activity were analyzed using a-ivay ANOVA by time point and scaffold
group with UeresceshetWeBneatreem domhinatforidentified by Tukey post

hoc test (U = 0.05).

4.2.8.5 Scaffold histology and evaluation

Scaffolds were removed from the culture media after 6 weeks and transferred to 10%
neutral buffered formalirand fixed for 48 h. At this point, samples were visualized with a
dissecting microscope (Leica Microsystems, Wetzlar, Germdimgn, samples were submerged
in PBS with a progressively increasing sucrose content. First samples were submerged for 24 h
in 15% w/v sucrose in PBS; then in 30% w/v sucrose in PBS for @4dhdre they remained until
they were cryosectioned.

Scaffolds were prepared for sectioning as follows. Briefly: samples were blotted dry and
embedded in Cryomatrix embedding resin (Eprediaatalzoo, MI) under approximatelg5
mmHg pulsating vacuum. This resin is much stiffer than typical OCT solutions, more closely
matching the mechanical properties of the 3DMB scaffatdsthugprovidingbetter support
during cryosectioning. Embedded sanspleereflash-frozen over a slurry of dry ice and 70%

ethano] then transferred to a cooler containing dry ice.
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Samples were loaded into a cryostat (Leica) and sectatnB@lum using the Cryojane
TapeTransfer System (Leica). Brieflgnadhesive tapeindow (Leica) was applied to the face
of theresin block using a weighted roller. The tape was lifted at the same rate that the blade
simultaneously cut through the sampkssulting in the transfer of ¢éhsection to the adhesive side
of the tape. The tagand samplewere then mounted on a Udtlhesive coated slide (Leica)
with the sample facing the adhesive. The slide was then exposed-iateiggity UV light using
the Cryojane system to cure the adbhesindfix the sample to the slide. Aftemiin, the tape
was carefully peeled off, leaving the sampleunted on the slide. Slides were storedatC
until staining.

To stain the slides, theyerefirst dipped in DI water to remove the excess Cryorratri
resin. Then samples were stained with Gomori trichrohgédnt, Santa Clara, C/o identify
cell nuclei (black), cytoplasm (red), and collagen (blue). After staisiidgs werair-dried for
10 min cleared with CleaRite (Eprida) and coverslipsnounted using?ermount mounting

medium(Fishe). Slides were imaged at 10x

4.2.86 Evaluation of chondrocalcin expression bywesternblot and analysis

Expression othondrocalcin, @olypeptide secreted by chondrocytes and highly
synthesizedn cartilagé*?**3 was determined usingesternblot**4 1€ after 3 and 6 weeks in
culture (n = 3/ grop / time point) First, samples were homogenized in 0@x NUPAGE LDS
sample buffer (Invitrogen) using a bead mill (Fisher) with speed 6 m/s foro3@kase and
lyse the cells from each scaffold. Homogenates Were centrifuged at 14,00RPM for 1 min

to pellet thedebrisand separate the supernatdriten, samples were denatured for 10 min at
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95°C and centrifuged at 14,00@PM for 5 min. The supernatant wasllected andreated as
total protein conterlysatefrom each sample

SDSPAGE was utized to separate lysate protelmssize Equal amounts of protein
from eachsamplewereloaded intoseparate wells df2-well NUPAGE Bis-Tris protein gels with
4 to 12%polyacrylamidegradient, as was 3 pf a standard protein ladder (CIOR, Lincoln,

NE) for bandidentification. Proteins were separatgdsize througlkelectrophoresis for 1 h at
180 V in 1x MOPS running buff¢lhermofisher)After electrophoresis, the separated proteins
were transferret0.45 pum nitrocellulose membranes (Thermofisher) with atraesfer

module in 1x transfer buffer (Thermofisher) with 10% metham@.2 amp$or 1 h. Membranes
were blocked with 4% BSA in 1x tris buffered sal{fi@S) (Thermofisher) for 1 h on a rocking
plate Blocking bufferwas removedand membranesere incubatedor 12 h at 4°C on a rocking
platewith primary antibodis mo u s e mo n oactin ¢1ri@00, #4910, Cell Signaling
Technology, Danvers, MAJabbit monoclonal t&€ollagen Il with high cbndrocalcin

specificity (1:1000,ab188570 Abcam, Cambridge, UKdiluted in 1% BSA in tris buffered
saline plus twee(TBS-T).

Samples were then thoroughly washed in 1x 9IB&hd incubated for 1 h at room
temperature on a rocking plate with secondary antibo@eat antiMouse 1gG(1:5000, L}
COR) and Goat antRabbit IgG (1:5000, LLICOR), diluted in 1% BSA in TBS. Membranes
were then washethoroughly withTBS-T and then with TB&nd were theimaged with L}

COR Odyssey system at appropriate fluorescent channels.

E x p r e s sdctm for each larfe in each gel was compared to the maximal protein

expression to produce a nornzaliion ratio; the normalization ratio was then used to normalize

the expression of ChondrocalcData was analyzed using tweay ANOVA by time point and
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scaffold grougU= 0.05. Significant differences between samples were identified by Tukey post

hoc est(U= 0.05.

4.2.87 Evaluation of total collagen content by hydroxyproline assagnd analysis

Total collagen content was evaluated by colorimetric quantification of hydroxyproline.
Hydroxyproline is a nonproteinogenic amino a@dd in mammals i®und only in collagen and
elastin When quantified from tissue sample hydrolysatgroxyprolineis a direct measure of
the total collagen content. A hydroxyproline colorimetric assay kit (Sigma) was utilized.
Scaffolds werdirst digested in papairi ml solution of 1.9 mg/mL lyophilized papain powder in
Hibernate E minus calcium media (Brainbits, Springfield, IL) was added to each sample in a
centrifuge tube. The sample and papain digestion solution were homogenized using a bead mill
(Fisher) operating a shaking speed of 6 m/s for 30 s. Homogenized samples were then
incubated at 60 for 12 h in a water batio complete the digestiofihen, 100 uL of digestom
each sample (n = 3/ time point / scaffold morphologg¥ mixed with 100 uL concentrated
hydrochloric acid {2 M) and hydrolyzed at 120°C for 3 Hydrolyzedsamples were centrifuged
at 10,000x g for 3nin, and 20 uL of supernatant was transferred to-av&¥b plate.Gradated
volumes of 0.1 mg/ml hydroxyproline standard were added to separate wells of the plate to
produce a standard curve of known hydroxyprotioetent The plate washendried in a rotary
oven at 60°C for 1 ko evaporate the solvents00 uL of chloramine Tnh oxidation buffer was
added to each well and incubated at 27°C fonifs then 100 uL of 4
(dimethylamino)benzaldehyde perchloric acid/isopropanol solution was added to each well and
incubated for 90 min at 60°C. The absorbance of each well at 560 sithevameasured and

compared to the absorbarufehe prepared jfdroxyprolinestandarcturveto quantify the total
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hydroxyproline content of the well. This amouvds then used to calculate the total collagen
content of each sample.
Data was analyzed ugiwoway ANOVA by ti me poi=0.05.and sc

Significant differences between samples were identified by Tukey post hdd e8105).

4.2.88 Dimethylmethylene blue assay for sulfonated glycosaminoglycans quantification
Sulfonated glycsaminoglycans (sGAGsRn be detected by induction of metachromasia
when solubilized and bound to igémethylmethylene blue (DMMB) salt. SGAG secretion over
time was determined spectrophotometrically by the DMMB &§8&f after 3 and 6 weeks in
culture (n = 3/ group / time point).
First, the DMMB reagent was prepared. Briefly, 16 mg ofdifaethylmethylene blue
dye (Sigma Aldrich, St. Louis, MO) was mixed with 1 L of B4O contaning 3.04 g glycine
(Sigma), 1.6 g NaCl (Sigma), and 9% @l M acetic acid (Sigma). After thoroughly mixing, the
sample was filtered using a 0.géh polyethersulfone membrane filter.
100pl of digested sample was reacted with [IDWIMB solution in a 24well plate and
gentlyagitated. The absorbance of each well at 525 nm was immediately measured using a plate
reader Sample absorbance was compared to the absorbance of a standard curve produced using
bovine trachea chondroitin sulfate A (Sigma) and then related to theliggation volumeo
determine total scaffold SGAG content.
Data was analyzed usingtwoay ANOVA by ti me poi=0.05.and sc

Significant differences between samples were identified by Tukey post hdd +e8105).
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4.2.89 Evaluation of scaffold biomechanical propertiesand analysis

After 6-weeks of dynamic chondrogenic culture, scaffold monotonic mechanical
properties were evaluatedulturedmicratensilesampleqacellular and cellulanvere tested in
monotonic tensiondilowing Section 3.2.61 (n = 3 / group,) Briefly, samples were loaded into a
UTM andtested to failure at a constant displacement rate of 10 mm/min while stress and strain
were recordedlhe elastic modulus and ultimate tensile strength were calculatied slope of
the linear region of the strestrain curve and the maximum tensile stress of the sitesn
curve.

Cultured compressive dis¢acellular and cellulanyvere tested in monotonic compression
following Section 3.2.71 (n = 3 / group) Briefly, samples were loaded into a UTM and tested at
a constant displacement rate of 1 mm/min to 50% strain while stress and strain were recorded.
The compressive modulus was calculated as the slope of the linear region of thersiress
curve, andhe stress at 50% strain was recorded.

Data was analyzed using tweay ANOVA by cellular/acellular group and scaffold
fabrication parameter combinati¢n& 0.05). Significant differences between samples were

identified by Tukey post hoc tedi€ 0.05).

4.3 Results andliscussion
4.3.1 Effects of NaOH surface modification on 3DMB PCL fiber morphology

Surface modification by NaOH treatment had noticeable effects on fiber morphology
(Figure 4.1). Two overarchingsurface morphologies were observed. The fuas a smooth
surface, with no noticeable changes relative to the control sample. The second was a rough

surface with noticeable fractal patterned cracks and fissures. The smooth wadace
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characteristiof low temperature, lolaOH concentration treatemnt. The rough surface wtse
resultof the increased concentration and temperature treatment. As the concentration increased
from 1 to 5 M, holding temperature constant, increased surface roughness was oBsmtved
differences were more subtle at 24t@n at 50°C. When the temperature was increased from
27°C to 50°Cthe surface roughnes$the 5 M samplemcreasd. No changes were observable
between thd M 27°C and 50°C samplehblo differences were observed between thenll@nd
50 ml samples for @iven temperature or concentratidine NaOH treatment had a greater
effect on the surface morphology of smaller fibers at the 5 M concentration, owing to their large
surface area to volume ratio providing more exposure to the etchant while simultatesgisly
mass for the NaOH to degrade, producing a higher etching rate.

This surface roughness was caused by the hydrolytic degradation of the PCL material.
Given that there is an abundance of PCL substrateletipadation reaction wiéimited by the
supplyof hydroxide ions in solution; hence increasing the concentration of ions resulted in more
etching. Also, increasing the temperature of the solution increased the average kinetic energy of
thesolutionmolecules, increasing the proportion of those molesqissessingequired
activation energy for the hydrolysis reaction to occur upon collision with the PCL. Hence,
increasing the temperature of the etchant increased the surface roughness of the PCL when
saturated with etchant moleculés summary, increasg either the etchant concentration or the
etchant temperature resulted in more surface roughness of the PCLidibally, the surface
etching parameteshould increase the hydrophilicity of the PCL material without deleteriously
affecting the fibroustructure comprising the scaffold morphology. Hencefdt&OH treatment
intensity within this design spaeasursthat the scaffolads completely treated but not fully

degraded, and thus for ensuing stud@e®.5M concentration at 30 was utilized.

161



30 um  '

Figure 4.1: Representative SEM micrographs of the effects of varying NaOH concentrations, volumes, and

temperatures on 3DMB scaffold fibrous morphology

4.3.2 Effects of NaOH surface modification on scaffold onotonic tensile properties
4.3.2.1 Effect of NaOH on monotonic tensile stiffness to weight ratios

The tensile stiffness to weight ratios of the 3DMB samples treated with 2.5M NaOH and
tested parallel to the collector rotation are showRigure 4.2 Ovemrll, general trends followed
those fromSection3.36.1 wherein the greatest stiffness to weight ratio was observed in the
DCD, FDO, SVC = 150 mm, 90%, 700 m/min group (235 + 37 MPa/g). The lowest ratio was
observed in the DCD, FDO, SVC = 150 mm, 16%, Atl&in group (93 + 22 MPa/g), again
because at this collection point, the angular coherency was lotwuanscaffold aggregation
proved challengingoroducing a disorganized and ramiform sample ANOVA by 3DMB
parameter combination and NaOH treatmenéaded a significant interaction effect between
these two factors (p = B6). The interaction of these fact@aggestdthat the effect of the

sodium hydroxide treatment on scaffold stiffness depended on the 3DMB parameter combination
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and thus the scaffdlmorphology. Tukey post hoc test identifimaimerous significant
differences betweescaffolds withdifferentmanufacturingparameter combinations, but no
significant differences betweam untreated and treated paianufacturedt thesameparameter
combination highlighting that the NaOltreatment did not affect scaffoltiffness The
significant interaction effect igrimarily attributable to the fact that some scaffold stiffnesses
appeared to increase slightly after treatment, but r@significant extentin contrastpthers
minutely decreasesimilarly, likely due to minor variations in the fiber mat from which the

samples were punched
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Figure 4.2: Stiffness to weight ratios of untreated and 2.5M NaOHreated 3DMB PCL samples

4.3.2.2 Effect of NaOH on moantonic tensile strength to weight ratios
Tensile strength to weight ratios of the 3DMB samples treated with 2.5M Nad@H
tested parallel to the collector rotatiare shown irFigure 4.3 Overall, general trends followed

thosefrom Section3.36.2 wherein the greatest strength to weight rafithe NaOHtreated
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samplesvas observed in the DCD, FDO, SVC = 150 mm, 90%, 700 m/min group (11.3 + 1.6
MPa/g), a decrease of6AMPa/g from the untreated analog. The lowest ratio was observed in the
DCD, FDO, SVC = 150 mm, 16%, 415 m/min group (5.3 £ 0.26 MPANDVA showed a
significant interaction effect between scaffold parameter combination and Na@thhen{p <
0.0001). Tukey post hoc was utilized to identify significant differences between the untreated
and treated samples. Overall, the NaOH treatrdieihmhotsignificantly affectthestrength to

weight ratiosfor a majority of the groupgdiowever, the effect wasgnificanton the most

porous samples with the smallest fib&speciallysamples fabricated at FDO = 90%, and high

levels of SVC. This intuitively followed thebservation®f Section 4.31, wherein smaller fibers

reduction in their strength.

experienced greater hydrolytic degradatioan larger fibers and thexperience greater
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Figure 4.3: Strength to weight ratios of untreated and 2.5M NaOHreated 3DMB PCL samples
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4.3.3 Effects of NaOH surface modification on scaffold monotonic compressive properties
4.3.3.1Effect of NaOH on monotonic compressive stiffness to weight ratios

The compressive stiffness to weight ratios of the 3DMB samples treated with 2.5M
NaOH are shown ifrigure 4.4 The results followed those fro8ection3.3.7.1wherein the
greatest stiffness to weight ratio was observed in the DCD, FDO, SVC = 150 mm}E®%,
m/min group (8.9+ 2.7 MPa/g). The lowest ratio was observed in the DCD, FDO, SVC = 200
mm, 90%, 160m/min group 2.2+ 1.8 MPa/g). Tte results generallipllowed the trend of
angular coherencyguggesting that scaffolds with higher fiber alignmentaoee compliantn
compressionThisis largely due to the highly robusbtropic structures manufactured at FDO =
50% and thdnighly porousanisotropicarcitectures manufactured at FDO = 90%, with
increasing SVCANOVA by 3DMB parameter combination and NaOH treatment revehked
only scaffold manufacturing parameter combination had a significant ¢ffed®.000). This
highlights again that scaffold muitology plays a key role in modulating mechanical responses,

but the NaOH treatment did not deleteriously affect the scaffieichanical integrity
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Figure 4.4: Compressive stiffness to weight ratios of untreated and 2.5M NaOHeated samples

4.3.3.2Effect of NaOH on monotonic compressive strength to weight ratios

The compressivetrengthto weight ratios of the 3DMB samples treated with 2.5M
NaOH are shown ifrigure 4.5. The greatesstrengthto weight ratio was observed in the DCD,
FDO, SVC= 150 mm, 50%, 160 m/min group (57.7 + 4.3 MPa/g). The lowest ratio was
observed in the DCD, FDO, SVC2060mm, 90%, 700m/min group 4.4+ 1.3MPa/g) This is
unsurprising athe compression metric was observeddaoespond largely with the angular
coheency measuremenégjain,suggesting that scaffolds with higher fiber alignmentezaker
in compressionANOVA by 3DMB parameter combination and NaOH treatment revealed a
significant interaction effect between these two factors (p =8D.0Bissuggestethat the effect
of the sodium hydroxide treatment on scaffsticengthdepended on the 3DMB parameter
combination and thus the scaffold morphology. Tukey post hoadestidentified numerous
significant differences between different parameter comloinsibut no significant differences
between an untreated and treated painufacturedt the same parameter combination. This
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showsthat the NaOH treatment did not affect scaffoddnpressivestrength while the
significant interaction effect iggainattiibutable to the fact that some scaffstdengthsappeared
to increase slightly after treatment, but not to a significant extent, while others minutely

decreasedagain not to a significant extemiue to random variability within the fiber mat.
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Figure 45: Compressive strengthto weight ratios of untreated and 2.5M NaOHtreated samples

4.3.4 Effects of cyclic fatigue on NaOHreated scaffold monotonic tensile responses
4.3.4.1 Effects of cyclic fatigue on NaOHreated scaffold monotonictensile stiffness to
weight ratio

The role of NaOH in modulating the tensile stiffness to weight ratios of fatigued samples
was examinedHigure 4.6). ANOVA revealed a significant interaction effect between scaffold
morphology cyclic fatigue, and NaOH ta¢ément (p < 0.0001). It was observed thatDi@D,
FDO, SVC =150mm, 90%, 700m/min samples were significantly more compliant after NaOH

treatment and cyclic fatigue, compared to Natteated scaffolds in monotonic tensile testing
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as well as the untreatgroup with the same morphology after fatighe elucidated in the SEM
analysis inSection4.3.], scaffolds with smaller fibers and higher poragiitse those comprising
this groupare generally more affected by the NaOH treatrttfeartscaffolds with arger fibers
and lower porosity due to their lower surface area to mass ratio. As the NaOH surface
modification degrades the polymer structure, the resultant difference in stefterssyclic
fatigueis largely attributable to the scission of links beén polymer chaingducing the overall
resilience of the scaffold fiberslo differences were identified in the stiffnesses of DCD, FDO,

SVC =200 mm, 50%, 415 m/min groups regardless of NaOH treatment or fatigue.
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Figure 4.6: Tensilestiffness to weight ratios before and after fatigue and NaOH treatment
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4.3.42 Effects of cyclic fatigue on NaOHtreated scaffold monotonic tensilestrength to
weight ratio

The role of NaOH in modulating the tensile strength to weight ratios of fatigueples
was examinedHigure 4.7). ANOVA revealed a significant interaction effect between scaffold
morphology, cyclic fatigue, and NaOH treatment (p = 0.01). A uniform reduction in tensile
strength to weight was observed in both scaffold morphologiesNdt@H treatment and cyclic
fatigue. Both morphologiesere significantly weaker after NaOH treatment and cyclic fatigue
thanNaOHtreated scaffolds in monotonic tensile testing. The DCD, FDO, SVC = 200 mm,
50%, 415 m/min NaOHreated and fatigued samplesne also significantly weaker than the
untreated and fatigued samples; while no difference was detected between 150 mm, 90%, 700
m/min untreated and fatigued. treated and fatiguedhisinitially appearsontradictory to
previous results suggesting thia¢ smaller fibers should be more affected by the N#@H the
larger fibers. However, decomposing this effect: we observe that both untreated and treated 150
mm, 90%, 700 m/min groups experienced significant decreases in tensile strength to weight after
fatigue suggesting that these scaffolds were generally not resistant to the fatigggin with.
Regardless of whether the samples were treated with NaOH, their strength after fatigue was
lower. In comparison, the 200 mm, 50%, 415 m/min group wagassis the fatigue when
untreated, though the NaOH treatment did reduce the strength to weight after fatigue. This is not
inconsistent with previouesultsbecause the NaOH still does affect the polymer chemistry of
the unaligned sampleslowever the raluction in strength is largely exacerbabgdthe fatigue
This is to say that while neither factor significantly affects the strength of this group individually,
their combination dogsvhich highlights the key interrelationships between scaffold material

properties and surface functionalization strategy and the tradeoffs therein.
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Figure 4.7: Tensilestrength to weight ratios before and after fatigue and NaOH treatment

4.3.5 Effecs of cyclic fatigue on NaOHtreated scaffold monotonic compressive responses
4.3.5.1 Effect of cyclic fatigue on NaOHreated scaffold monotonic compressive stiffness

The role of NaOH in modulating the stiffness to weight ratios of fatigued samples was
examined NaOHtreated scaffolds showed similar responses to the untreated group after fatigue
(Figure 4.8). TheDCD, FDO, SVC = 200 mm, 50%, 415 m/min sample wefes per unit
weightin compressiorompared to the 150 mm, 90%, 700 m/min samgles afteNaOH
treatmentwhich aligns with earlier results and inferencBsis wasreflected in the ANOVA
results which revealed that the only significant factor was the scaffold fabrication parameter

combination (p< 0.000). The cyclic fatigue did not have a significant effect (.8629, nor
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did the NaOH treatment (p = 0.6898lp interaction effect was observga= 0.6877)

indicating that both scaffold groups responded to the fatigue in similar fashions.
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Figure 4.8: Compressive stiffness to weight ratios before and after fatigue and NaOH treatment

4.3.5.2 Effect of cyclic fatigue on NaOHreated scaffold monotonic compressivetrength

The effect of NaOH treatment on compressive strength after fatigue was also tested.
NaOHtreated scaffolds showed similar behavior under fataguepared to the nemeated
scaffolds. here was no major de@se in strength to weight ratios of either of the scaffold
groups Figure 49). TheDCD, FDO, SVC =200 mm, 50%, 415 m/min sample again
strongerper unit weightvhen compared to the 150 mm, 90%, 700 m/min samelen after

NaOH treatmentANOVA reveded againthat the only significant factor was the scaffold

171



fabrication parameter combination<@.000). The cyclic fatigue did not have a significant
effect (p =0.3167, nor did the NaOH treatment (p = 0.08)p 2" or 39 orderinteractioneffects
weresignificant (NaOH with parameter combination, p = Q NAOH with fatigue, p = 0.315
parameter combinatiaonfatigue, p = 0.55NaOH x parameter combination x fatigue, p = 0,38)
indicating that both scaffolchorphologies, regardless of Natdatmentresponded to the

fatigue in similaways.
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Figure 4.9: Compressivestrength to weight ratios before and after fatigue and NaOH treatment
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4.3.6 Effects of NaOH treatment and different seeding strategies on initial hASC adhesion
Theeffect of the previously detailed NaOH surface modification and three different
seeding strategies were evaluagedlitatively using two contrasting 3DMB morphologi€he
NaOH surface modification significantly enhanced initial cellular respandesthscaffold
morphologiesin one group comprising highly aligned, small diameter fibers (DCD, FDO, SVC
=150 mm, 90%, 700 m/minthe apparenseeding efficiency was observably improved by the
NaOH, as shown by the representatiiwge/Deadimages inFigure 4.10. However the viability

appearegbroportionatelysimilar between treated and untreated
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Figure 4.10: RepresentativeLive/Dead images of hASGeeded with different methodon untreated and

NaOH-treated 3DMB scaffolds manufactured at DCD, FDO, SVC 450 mm, 90%, 700 m/min, after 24h.

In comparison, the responses of cells to larger and disorge8iX¥d8 scaffolds (150
mm, 50%, 160 m/min) were enhanced in both viability and adhésigare 4.11).

Improvements in cellular adhesion in both groups can be explained primarily foyp thubation
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of scaffold hydrophobicity by cleavage of ester bonding between PCL unit chains via the
alkaline etchingAdsorption of glycoproteins from the cell membrane,ghmary interaction
between cells and biomaterial, is largely enhanced on hydropbéftoldsurface$**°3 The
heteroscedastichanges in cell viability observed between scaffolttphologiess due to the
avail able scaffold surface area. While itos t
fibers is greatethan that of larger fibers (0.380.002 /mm vs. 0.14 0.004 /mm) as revealed by
nanoCT of these samples, tiogal available surface area for cellular adhesi@ssignificantly
greater in scaffolds with larger fibef23.0+ 3.5 mnfvs. 9.1+ 1.7 mnt per 0.4 x 0.4 x 1 mm
rectangulaprismsection). The availability of surface area is key in modulating these initial cell
responses, as others have demonstrated in electrospun materials

The effects ofhreeseeding strategiesipetting cell suspension drdyy-drop,
presoaking scaffolds in media and then pipetting dnpdrop, and centrifuging cell suspension
T on initial hASC responses were also eviderfigures 4.10and4.11 We observed that
cellular adhesion was enhanaging the drogby-drop and presoak methods in the untreated
groups for both scaffold morphologie$he dropby-drop method delivered cells in high density
and low liquid volume, producingreater cellular densities and probability of adhesion to the
scaffold compared tthelarger volume of media used in the centrifugation method. The
hydrophobic PCL materialn generalrepels the aqueous cell suspension and hinders capillary
action, while the exterior scaffold pores slowly fill via hydrostaticpuee. This preveat
mediaand cells from infiltrating once the exterior povesrefilled as hydrostatic pressuveas
at equilibrium. So, using a lower density cell suspension caused fewer cells to interact with the

biomaterial, thus the low adhesiontims group.
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No differences were observed between the seeding methods once the scaffold was
rendered hydrophilic via the NaOH treatmehbugh againas previously pointed out: the

NaOH treatment significantly enhanced cellular adhesion.
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Figure 4.11: RepresentativeLive/Dead images of hASGeeded with different method®n untreated and

NaOH-treated 3DMB scaffolds manufactured at DCD, FDO, SVC = 150 mn§0%, 160m/min, after 24h.
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4.3.7 Effects of 3DMB scaffold morphologies on-&eek hASCin vitro viabil ity and
metabolic activity

As identified by hierarchical cluster analysis, five contrasting 3DMB scaffold
morphologies and one bioplotted morphology were chosenvigrek in vitro hASC culture
Scaffolds ranged in fiber diameter from 5.21 um, angular coherencies from B2%, and 3D
porosities from7.51 81.7% while the strand width of the bioplotted scaffold was ~200
with ~200um interstrand distanc€ell responses were evaluatedoasrthe two weeks in terms
of cell viability and cell metabolic activity.

After seeding, cellular adhesion efficiency was evaluated fluorometrically using the
Live/Deadassay. Relative efficiencies, as a percentage of well plate area coverage byecells, ar
shown inFigure 4.12. Scaffolds from the A group had the most cell coveraghe welland
thus the lowest seeding efficiency, as well as the greatest standard deviation, indicating high
variance in responses of the scaffolds£X96). The bioplotted @pup was a close second#8
3%).In general, Day 1 quantities nbn-adherentellswere greater than on Day Ray 2
seeding efficiencies were improved in almost all scaffold groups. ANOVA revealdthibat
pointwas a significant factor (p = 0.0003% was scaffold group (p = 0.05), though their
interaction was not. Tukey post hoc identified that Day 1 seeding efficiencies were significantly
lower than at Day 2, as was confirmed by inspection of the data. This demortsiaatee
incubation of scafflols with medigbeforeseedingdid make astatisticallysignificantdifference
in cellular adhesion due to the uniform serum coating on the fivairsh wouldenhance
cellular responsefespite the significant primary effect of theaffold group Tukey st hog
conservativelydid not identify any significant differences betweenaldbesiorof cells seeded

on different scaffold morphologies
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Figure 4.12 Relative unseeded cell coverage of wells after Days 1 and 2

Representativkive/Deadimages from Day Areshown inFigure 4.13. We observed
that scaffolds from the A group hagparentlylower cell density when compared to the other
3DMB groups(Figure 4.13A). This was reflected in the seeding efficiency analysisere this
group hadbverall, observably greater variance in seeding efficiency compared to other.groups
Other 3DMB morphologiesHgure 4.138B-E) were not observably different in that cells
uniformly adhered to the scaffold fibers in high density, with approximate 95%ityialwil
contrast, the bioplotted scaffol@Sigure 4.13F) exhibitedequivalent cell adhesion but lower
viability (~50%). This is likely attributable to the large, interconnected pore architecture of these
scaffolds promoting enhanced cellular infiltration while using too high of a cell sedeinsity
Cells likely experiaced localized media exhaustion, and thus the viability upon seeding was
lower. This however highlights the interplay between scaffold morphology and seeding
parameters: while many of the 3DMB scaffolds are@& porous, their microarchitecture

comprisa a tortuous network of irregular micropores whatisorbs the media afitersthe
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cells as they are seeded while the bioplotted scaffolds comprise larger more organized pores
which pose no challenge for cellular infiltration lalgo provide significaht less capillary

action to retain theeeded cell suspension; hindering adhesion and viability at these parameters

600 pum

Figure 4.13: Day 1 Live/Dead images of 2veek culture scaffolds(A) Group A (B) Group B (C) Group C (D)

Group D (E) Group E (F) Bioplotted Group
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Figure 4.14 displays representative Live/Dead images aftetle2ks in dynamic cell
culture.Scaffold responses were not majorly different between 3DMB groups after 15 Days.
Overall, all 3DMB scaffolds had significant cell coverage acrossaha#olds. Largely, cellular
viability variedbutto a certain degregroupA appeared to have lower viability (60%)
compared to B (90%) and D (90%), and to a lesser degree C (70%) and E (70%). Differences in
cellular viability appeared primarily attribatile to fiber diameter and alignment: smaller fibers
with greater angular coherenayr@upsA, C, E) fared worse than larger fibers with lower
angular coherencygfoupsB, D). Bioplotted scaffolds exhibited approximately 70% viability,
owing to their largestrands providing ample surface area for cellatiresion and largeores
enhancing media exchangefavorable result despite the poor seeding viability observed in this
group.This showcases that 3DMBorphologies modulatiae viability of hASC over tw weeks

while eliciting similar responses to the gold standard bioplotted scaffolds.
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Figure 4.14: Day 15 Live/Dead images of 2veek culture scaffolds(A) A (B) B (C) C (D) D (E) E (F)

Bioplotted

Metabolic activity of scaffolds was analyzed with thexaedaBlue assayOverall, cellular
metabolic activity for each scaffold group increased over the first 4 to 6 days, stagnated, and
reduced during days 11 and (Bsgure 4.15. In general, the D scaffold group appeared to have
the greatest variance in metabadalctivity over time, which is unsurprising as the Live/Dead

analysis elucidated the generally favorable response of hASC to these scaffolds over the two
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weeks in culture. In general, scaffold groups did not exhibit observably different trends in
metabolc activity. ANOVA highlighted a significant interaction effect between scaffold group
and time point (p = 0.0068). Although Tukey post hoc test identified many significant
differences between different scaffold morphology metabolic activities on difigagsf it

revealed scant meaningful differences between scaffold groups on the same day. Primarily, the
metabolic activity ofjroupA scaffolds was greater than the bioplotted scaffolds on Day 6 (p =
0.04) In comparisonthe D group had significantly greater metabolic activity than the bioplotted
scaffolds on Day 11 (p = 0.003).

The downward trend in metabolic activity observed after Day 8 is likely due to
confluency of the cells otine scaffoldmicroarchitectureriggeting downregulation of
proliferation.Overall, despite the significantly different scaffold morphologies possessed by
these scaffold groups, their hASC viabilitiaead metabolic activities over two weeks in dynamic

culture were remarkablsimilar andfavorable except forthe especially favorable responses of

group D.
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Figure 4.15: Metabolic activities of scaffold over 2veek culture
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4.3.8 Effects of 3DMB scaffold morphologies on-&eek hASCin vitro responses
4.3.8.1lInitial hASC viability

Two contrasting 3DMB scaffold morphologies with favorable cellular responses were
selected from results of thevZeek cell culture studygroup Cpossessingigh angular
coherency (8@ 5%), small fibers (5.2 0.27um), high porosity (7& 2%), and group Dwith
low angular coherency (203%), larger fibers (8.8 + 0.@gm), lower porosity than C (73
0.3%) These scaffolds were cultured with hASC overegks to study their biomolecular
responses and ECM formation, using bioplotted scaffoldscaateol Overall, we again
observed remarkably similar vitro results.

Live/Dead images taken on DayHidure 4.16) revealed scant differences in cellular
viability upon seedingBoth 3DMB scaffolds exhibited favorable cellular adhesion, as was
observed in the-veek study. Group C and D Figure 4.16 A,B andC,D, respectively) had
viability near 95% with excellent superficial scaffold coverage upon inspe&8tioplotted
scaffolds Figure 4.16 E,F) appeared to have excellent seeding viabilig?4p andscaffold
coverage, contrasting with those results from three2k study. A possible explanatitor thisis
variations in NaOH treatment efficacy downregulating cellular adhesion imileeR study
while upregulating in the-@eek study Such variation agd be due to raw ingredient variation
among the hygroscopic NaOH pellets used to make the stock solution or suboptimal processing
conditions related to theurface modificatioreatment. Iis alsolikely that a different design
spacehan that of 3DMB saffoldsneeds to be explored to reduce variation and increase right

first-time NaOH treatment dhe bioplottedscaffolds.
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Figure 4.16: Live/Dead imagesof (A,B) group C (C,D) group D (E,F) bioplotted scaffolds at Day 1 of 8nveeks

After 7 days inculture, cells had proliferated significantoth 3ADMB groups, C and D,
supported proliferatiorHigure 4.17, A,B andC,D), wherein surface fibers had become fully
confluent with cells and offered excellent cellular viability (~90% for both QrDa. similar
vein, the bioplotted scaffold§igure 4.17 E,F) supported excellent cellular proliferation and
viability as well(~95%). The deally visible pores on Day became confluent with cells iay
7, with little change in cellular viabilityTheseresultsshowcase highly favorabigability and
proliferationresponses of hASC to all scaffold groups, regardless of 3DMB or Hieglo

morphology.
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Figure 4.17: Live/Dead images of(A,B) group C (C,D) group D, (E,F) bioplotted scaffolds at Day7 of 6-weeks

4.3.8.2hASC metabolic activity over the first 17 days of culture

alamarBluewas utilized to quantify cellular metabolic activity over the first 17 days of
culture. This analysis identified some differences between scaffold respbitges ¢.18,
while ANOVA revealed a significant interaction effect between scaffold and tinmé (mo+
0.0009). hASC metabolic responses in scaffolds of group C appeared high but stagnant for the
first week in culture, compared to Group D and the bioplotted scaffeldsh had increasing
metabolic activity over the first week. Group C and D wettesignificantly different on any
day, while the bioplotted group was significantly lower than C on Day 1 (p = 0.0075) and D on
Days 3and 7 (p = 0.012 and 0.032, respectively). Cellular metabolic activity dropped over Days
12 and 17 in all groups as choadenic differentiation media was introduced at Day 7, and no
significant differences were observed between scaffold groups for those days. This drop in
metabolic activity could indicate shifts in cellular metabolic pathways and processes as they

redirect fom growth to phenotypic change and ECM secretion.
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