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ABSTRACT

ADDITIVE MANUFACTURING OFAN INTERVERTEBRAL DISC REPAIR PATCH

TO TREAT SPINAL HERNIATION

Chronic low back paims ubiquitousthroughoutsociety The consequences thiis disease
are extensive and lead to physical, mental, and financial sufferitite affeted population
Herniation of the intervertebral disc (IVOy the primary cause of chronic low back pdue to
the essentiamechanicalole of the VD in the spinal column. Bgenerative changes tioe IVD
tissues, in particular the annulus fibrosus YA€ad toa pronouncedulnerabilityto herniation
Although rumerous treatments for intervertebral disc herniatiomently existthese treatments
aretypically palliative andprone to hernia recurrence. Accordinghere is a distinct need fona

IVD hernia therapy that can provide lotegm pain relief andecovery of spinal function.

Onenovel strategy to repair the intervertebral disc is to tiesgeneer a construct that
facilitates regeneration of théealthy and functional IVD tissue. Advancesin additive
manufacturing technology offer the fabrication of complex tisspganeeredstructuresthat
augmenbiological content antliocompatible material§.herefore this work soughto engineer
an additive manufactured repair patch for IVD herniation towards an improsaungnt for
chronic low back painSpecifically, the aims of thisvork were to leverage experimental and
computational methods:t¢l) to characterize the mechanicsaafditive manufacturedngleply
scaffolds, (2)evaluate the tissue response of-tallen scaffolds cultured with dynamic biaxial

mechanical stimil and (3) to design and implemertannulus fibrosus repair patch.



The mechanics of additive manufactured scaffolds for AF repair were experimentally
characterizedn a physiologicallyrelevant,biaxial loading modality.To assess sensitivity of the
scaffold mechanics to additive manufacturing parametdnxadscope of scaffold designs were
evaluated with a parameterized finite element mo8etustom incubator was dewgled cell
laden scaffolds were cultured with a prescribed, medtxial mechanical loading proto¢aind
ECM production within the scaffold was evaluatAdinite element model was developed to aid
in understanding the relationship between global scaléalding and the local, inhomogeneous
cellular micromechanical environmemiithin the scaffold The developed TE materialas
translatednto an implantandwasimplementedn alarge animal modelThe efficacy of theAF
repair strategyvasalsoevaluatedn finite element model of the human lumbar spine. This work
formed a multiscale approach to consolidate biological and mechanical efficeaypmiel AF
repair strategyUltimately, this approach may facilitate regeneration of the AF and represent a

revolutionary treatment for chronic low back pain.
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CHAPTER 1 -BACKGROUND

The objective of the current research is to develomdditive manufacturindAM)
technique towards threpairof diseasedvVD and, ultimately, treat chronic low back p&ELBP).

Sectionsl.1 to 1.5 outline:
(1) the epidemiologyf CLBP and theclinical significance ofVD disease treatment,
(2) the functional anatomy and structure of the IVD,
(3) the etiology and symptonad VD disease
(4) thecurrent treatment strategies for [\sease
(5) therelevanttissue engineering (TE)rategiedor IVD repair,
(6) the relevant additive manufacturi(gM) techniques for IVD repair, and

(7) The role of computational methods in TE.

1.1. Epidemiology andClinical Significance

Low backpain is ubiquitous in society. Up to 85% of people will experidomeback pain
at some timen their life andup o 45%of peopleareaffected annualfy Of the individuals who
experience low back paib;10% sufferfrom severe morbiditydue to their conditionincurring
substantialhealthcare costdimitation of physical activity and decreasequality of life?2,
Consequently, lowback pain is consistentlgmongthe leading reasons for physician visits,
hospitalizatios, and surgeriesin the Unhited State$®, generating a substantial burden on the

healthcare systenkurther, mysicallimitation from low back pains themost common caused o



work absencén peopleagedunder 48 and is the leadingause ofyears lived withdisability in
the United Sate<. These widespread impairments to the populdtidncean immense economic
impact.Each year2% of the US workforceare financially compensated fdow back injuries.
Overall, the total costs associated with low back itypically 1-2% of the gross domestic

product of a countfy!® andis over $100 billion annuallin the United Statés

Hernia of the IVD is a major cause lofv back pain, and is often associated with 1IVD
degeneration, another leading causwafback paif?. Disc herniation is @ommonly diagnosed
disorder, with grevalenceof approximately 3o of adult$®. Additionally, menaremore likely to
be affected by disc herniatipthe prevalence of disc herniatibas been reported approximately
4.8%in men over the age of 2 compared tapproximately 2.5%among femalesver the same
age rang¥€. Whilst theincidenceof disc hernia diagnoses are relatively hitfis prevalence is
continuallyincreasingdue to the aging populatithand itis frequently undiagnosed when no
symptoms are presented. Following lumbar spine imaging, annular fissures have beadabse

19% of asymptomatic 20 yeatd individuals and 29% of asymptomatic 80 yelt individuals®.

Current therapies for IVD herniacilitate initial recoveryfrom thesymptomaticpainin
approximately 90% dhdividualswithin one yeafromthe onset of symptornfs However, despite
this high rate of initial recoveriyom pain,it appears that the underlying patholaftenremains.
Recurrencef disc herniation symptonisasbeen repdedin as many a80%of peoplé®. These
individuals with recurrent IVD herniation require additional medical treatmert@richuedvork
absencgfinancial burden, anghhysicalsuffering There is a need for advanced treatments to
improve the qualityof IVD hernia treatment to improve the rate of initial recovand in

particular, the longerm recovery teeducethe highrate of symptomaticehemiation.



1.2. Functional Anatomy of the Intervertebral Disc

The IVD is a critical component of the vertebral column to support the bodiaaifithte
upper body motionin the human spine, 23 1VDs fornbfocartilaginous joirg between each of
the articulatng vertebrad€Figure 1a) Overall, there are six IVDs in the cervical spine, twelve in
thethoracicspine, andive in the lumbar spinelhe size of IVDs generally increases in the caudal
directiont”*® Therefore, IVDsn the lumbar spinare larger as compead tothethoracicspine,
andIVDs in thethoracicspineare larger as compared to the cervical sfdinenbar discs have a

height of approximately 7-10 mm and have a diameter of approximately 40 mm

1.2.1. Structure of the Intervertebral Disc

The IVD oonsists ofthree main componentthe cartilaginous endplates (®& nucleus
pulposus (NP)andannulus fibrosus (ARFigurelb). Collectively, theCEP, NP, andAF function
to transmit vertebral loads and faciléagpinal motionThe CEPs are two thin hyaline cartilage
layers on the cranial and caudal aspects of the IVD and attached to the vertelsHigare
1b)°. These CEPs have three primary functions: (1) containing the NP and AF cranilycé2pal
as a load bearing surface on the vertebral body, and (3) to permeate fluid allowing the exchange
of nutrients between the vascularized vertebral bodies and the avascular NRARPTs a
gelatinoudissue located centrally in the IVIFigure D) that generates large swelling pressures.
This pressure arises from the composition of the NP: a collagen and elastin fiberkneith
high glycosaminoglycan (GAG) content, which results in approximately 80% water content in
healthy NP Healthy NP has chondrocytic cells with a spherical morphology and reported cell

populations of 5000 cells/mi?.
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Figure 1. Diagrams of the IVD:(a) the IVD and adjacent vertebrae in situ indicating impdrta
anatomical features, ar{tl) the structure of the intervertebral disc depicting the the main anatomical
regions Figureadopted fromHumzah & Soamédwith permission frondohn Wiley and Sonsnc.

1.2.2. The Annulus Fibrosus

The NP isperipherally contained by thaF, a highly collagenoudibrocartilagewith
multiple concentric lamella@gFigure 1b3. The AF is composed df5-25 lamellaé®, increasing in
thickness radially fronapproximately200 pumat the inner ARo 400 pmat the outer AP. Fbril
bundles measuring 180 pm in diametewithin the AF are composed of collagen types |, I, and
11123, These fiber bundleare crimped andaligned parallel within each lamellaBetween each
lamellae, the alignment of collagen altersat®rming an anglely architecture Kigure 2.
Interlamellar fibers of collagen and elastin also span between lamellag§hangey’s fibers

anchor the AF through the CEP into the adjacent vertebral Bddies



Figure 2. Angle-ply laminatecollagenstructure of the AEepiding thehighly-organizedalternatingfiber
orientation Collagen fer in the outer lamellae are oriented approximad0° from the circumferential
direction Figureadopted fromOmbregt’ with permission fronklsevier

Lamellae of the AF are not homogenous and exhibit distinct structural and phenotypical
differences in the radial direction. There is no vdafined boundarpetween AF and NP but,
instead, a gradual change in cell phenotype and tissue structure betweeedlwseOn the
peripheral wall of the IVD, the outer lamellaave a highr collagentype | fiber content which
are aligned in two distinct directions approximately 230om the circumferential direction
(Figure 2)?8, Fibroblast ells in the outer lamellae are elongated and orietti¢ite dominant fiber
directions.Lamellae closer to the center of the IWiBve an increasingollagenll fiber content
that gradually orient t@pproxinately 45° in the lamellar plaffe The inner lamellae exhibit
increasingsimilarity to NP. As compared to the outdmmellag inner lamellae contain higher
proteoglycan contentells are more sparsely distributed with a mosanded morphology, and
gene expression is moatike NP. These structural and phenotypuhffierenes in AF lamellae
partially derive from their variations in mechanical réaner lamellae havetsansverse isotropic
architecturewith large hydrostatic support, facilitating the mechanical transition from NBté&w

AF. Conversely, the structure of the outer annulus is developed to prevent annular bulging.



1.2.3. Mechanics of the Annulus Fibrosus

Mechanically, the AF experiencesatively large andoincidentcircumferential and axial
stresses and straiitsvive’® This mechanicaloading drives théighly-structuredarchitectureof
the AF. Accordingly, the AF exhibits anisotropic, inhomogeneous, and nonlinear elastic
behaviof®0, It has been reported that the healthy human AF exhibits a range of elastic moduli,
and thatthese material coefficients are highly dependent upon the loading modality (i.e.
compressive, tensile, shear, etmdaue to thesimultaneous stresses (uniaxial, biaxial, etc.)
imposed on the tissé?®™2 Therefore, multiaxial testingnd, in particular, biaxial testing is
essential to characterize the physiologicadiievant mechanics of the AF (and AF replacements)
by reproducing the majon vivoloads and constraints garienced by the A& Specifically, AF
has no free boundaries, is continuous in the circumferential direction, and isicedstraally by

the CEPSS,
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Figure 3. Loading of the ARHN vivo. (a) Coronal plane view showinthe bodyweight load (large blue
arrow, labelled ‘P") delivered via the CEPs (labellétl’), supported by the pressurized N&belled “2),
and distributed as axial tension in the @dbelled “3").(b) Transverse plane view of nucleus pressurization
under the same bodyweight lgd®, generating circumferential tensighoop stressjn the AF. Figure
adopted fromOmbregt’ with permission from Elsevier

Previously reported moduli of human AF subject to local equibiaxial, local transverse
constrained uniaxial, and unconstrained uniaxial tension are shown in Table 1.nTdtkde
demonstrate the range of stiffnesses &f #ssue in various loading modes and the relative
stiffnesses between loading modes. However, these mechanical propesieslso vary
dramatically due to the rate and magnitude of loading, anatomical location, inheiahbiva
within the population, and interpretation of the nonlinear mechanical respdhse AF
experienced vivodisc pressures up to 2.3 MPand biaxial tensile strains between 4% and 6%
in magnitude during typical functional loading (flexion and exten&to@pmpressive and tensile
in vivo AF strainshave been reported up to 28% and 65%, respecttdélyHowever, higher

strains have been linked to catabolic respoimsselated AF cell$>C,



Table 1. Linearregion elastic moduli, E, and axi@-circumferential elastic moduli ratio,,Eof AF tissue
in biaxial and uniaxial loading modes.

Load Condition Measure | Min. | Max. | Reference
E (MPa) 27 | 87 31
Equibiaxial
Er 0.55| 0.62 st
Constrained Uniaxial E (MPa) 13 27 33
Unconstrained Uniaxial |E (MPa) | 0.42| 45 29,3440

1.2.4. Cellular Micromechanical Environmenin the Annulus Fibrosus

The biological and mechanicalitegrity of the AF is contingent on the production and
maintenance of ECM by AF cetls’, and diseased states of the IVD have been associated with a
loss of tissue cellularity and dramatic changes to the organization and regersfrtism ECM*
>4 A major regulator of cell viability, differentiation, and extracellular matrix Mg @eposition
is mechanical loadirtg™8. As compared to other anatomical systems, the musculoskeletal system
experiences a broad magnitude of mechanical loads. Consequently, cell fatescia, bone,
articular cartilage, fibrocartilage, tendon, and ligament are all driven largetebianical cues.

For example, studies anesenchymal stem cells abdne fracture healing have used hydrostatic
stress history and maximum principal straistdry as mechanical measuresmodel tissue
regeneratiot?®® In these modls, the cellular micromechanical environment to generate and
maintain fibrocartilaginous tissue congruent with then vivo loads experienced by the AF.
Specifically, fibrocartilagehas been shown to dewel where the local thredimensional

mechanical state has a tensile strain history with simultaneoygressive hydrostatic loading.



To generatébrocartilage, tudies have demonstrated that mechanical loading is critical to
stimulate cell activity and gene expres$idi Cyclic loading at a physiological frequency (1 Hz)
has been shown to be essential for AF cells to maintain matrix production and preafeolicat
reponse®983 AF cells isolated from rabbits have demonstrated anabolic responses at maximum
principal strains () of 3% to 18%, and this response was maximized at 6% %tratrl % strain,
rabbit AF cells have dronstrated no significant changes in proteoglycan production, cell death,
MMP-1 expression, or MMB expression as compared to static loaffinghis remodeling
window is supported in studies of human AF cells. Upregulation of catabolic fastwrsiated
with disc degeneration has been demonstrated at 208u4f8 Decreased catabolic gene
expression has been shown for human AF cells at 10%°%raimtincreased cell proliferation,
collagen production, and glycosaminoglycan production has been reported at this strain
magnitud€’. Similarly, AF cells have exhibited anabolic responses for compressivestgtitro
strains ;< 0)% 72 and an upper limit of 1 MPa compressive hydrostatic strégs (F1L MPg
has been proposed for eliciting catabolic respéfgésiccordingly, hese maximum principal
strain and hydrostatic stress remodeling winslomay be utilizé astarges for cell-level loading

to drive AF regeneration.

1.3. Intervertebral Disc Disease

Pathologies of the IVDwhich lead to impaired function of the spine and severe gain
extremely commonin society>’4 These pathologiegause the disc to fail by complex
combination of physical overloading and physiological chand@as most prevalent pathology of
the IVD is degenerative distiseasgor IVD degeneration (IVDD)which causes significant
morphological, biochemical, and functioriednsformation ofhe IVD’. Though the etiology of

IVD degeneration is not well understdédit is generally consideretb be a multifactorial



pathology due to a combination of deficient nutrient supply, excessive mechanical loatling an
injury, and genetic factof$ Chronic low back paiand IVDD arentimately related; ver 40% of
patients expriencing chronic low back pain have signs of disc degeneration evident in medical

imaged?.

During degeneration, the distinct functednegionsof the IVD (CE, NP, and AF) become
less defined andhe tissue structures become less organizddhe normally gelatinous NP
transforms into a morébrotic tissueand fissures develop throughout the F/I¥ Increased
vascularizatiorand innervation are observed throughout the disc with degenéfalidi cells
proliferate during degeneration and are increasingly necrotic and apGpfatien a biochemical
perspective, the majattributesof IVD degeneration are a loss of proteoglycantent in he NP
8 and an alteration to theype aml distribution of collagen fibers throughout the 1D
Respectively, thessiochemicakchangs reduce the hydrostatic pressure generated by the NP and
structurallyweaken the ARissue Accordingly, the disc experiences a diminished load bearing
capacity, reduced disc height, and bulging of the peripheral AF Wh#se degenerative
transformatios of the IVD also hae adverse effects on spinal column mechawieh frequently

lead to spinal stenosifacet joints arthritis, and alteratiofithe adjacent spinal ligamefts

The mechanical changes incurred with degenerdteguentlylead to herniatiorof the
IVD. Consequently, herniation iie most common symptomatic disorderthe VD™, IVD
herniationis characterized bgrupturein the AF that allows th&IP to protruderadially (Figure
4aand Figure 4b)Due to the higher loads experiencedloy lower spine, 95% of herniated discs
occur athe L4L5 and L5S1 levéls With aging anl degeneration, the NP shifts posteriosfighin
the IVD’® and discherniationtypically occurs at the posteriand posterolateralspecs of the

IVD (Figure 4)2 This posterior locatiorof herniationfrequently results inthe protruding tissue

10



applying pressure to the spinal cord or nerve roatsl inducinga subsequennflammatory
responseresultingin low backpain.Because the primary mechanical role of the AF is to contain
the NP and prevent IVD herniation, a healthy and functional AF is critical inmregespinal
herniation. Functional repair of the AF or total replacement of the whole disc funcgon a

necessaryo treat the underlying pathology and relieve the associated pain.

o

"T/— Involved NR
.‘I ~

Herniated
disk

NP

AF

22
R

central intraforaminal multiregional

paracentral extraforaminal

©

Figure 4. Herniation of the IVDdisc: (a) crosssection schematic of disc herniation in the transverse plane
showing relevant anatay (spinal cord, SC, anderve rootNR; adopted from Malik & Benzdfwith
permission from Elsevigr (b) sagittal and transverse plarediographs of an L5Slevel disc hernia
indicated by red arrowg¢adopted fromMalik & Benzorf® with permission fromElsevie), and (c)
circumferential locations of disc herniglsown in the trasverse planéadopted fronknop-Jergas et &8

with permission fronWolters Kluwer Health, Ing.
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1.4. Treatment of Intervertebral Disc Disease

The majority of initial treatments for disc herniation are conservatiegalthe high rates
of recovery from symptonefter one gaf®. Thesdhnitial treatments & nonsurgical and typically
involve rest, nonsteroidal antinflammatory drugs, and physical ther&pyAdditional non
surgical treatments arelsa implemented including tanslaminar epidural injectioffs and
selective nerve root blocks However, these initial therapies are generally palliativel,

accordingly, physicians obseriemarkably high rates @ainrecurrencé.

When initial therapies are ineffective, surgical treatment is frequentlyreequrhese
invasive praeedures range in complexity basedspecific patientneeds The simplest and most
commonsurgical option is a laminectomy with partial discectomyemdhy the lamina of the
vertebrabody cranial to thaliseasedlisc isremoved, and the obtruding section of disc (both AF
and NP) isextracte®. The objective of partial discectomy is for scar tissue to patch the damaged
section of disc and mitigate sciatic pa#arious solutions have been proposed to close the residual
laminectomy defect teeduce scarring aregenerate functional tissusowever no improvements

have yet been observed as compared to no closure of te AF

The next most complex approaithtreat spinal hernies vertebral interbodyusiorf®. A
fusionis performed via &ariety of surgical approaches, howewbe underlyingheoryis mutual,
hardwareis implantedinto the disc space and/or adjacent vertetoaggidly fix the vertebral
bodies surrounding the hernia. This fixatistmulates osteogenesiwithin the disc spacand,
ultimately, drivesbony fusion of the two vertebral bodiddowever,there is no guarantee of
complete bony fusion, pain relief may be insignificant, avitkn successfuthe range of motio

of the spinds substantially impairé&®® Additionally, fusion nay not provide londerm relief

12



becausehe biomechanics of the spine are alteaattlthe underlying pathologgan spread to

adjacent vertebrde®

The most complex surgical treatment for disc herniangar disc arthroplasty (total disc
replacementf® In lumbar disc arthropsty, the diseased disc $sirgically removed and
hardware is implanted to the adjacent vertebrae. These implants are engineered & form
mechanical coupling in the disc space that mimics the motion of a healthy disc. Vasmns de
for disc prosthesesalie been proposed, involving a range of materials and surgical appfédthes
However, omplicationslimit the efficacy of lumbar disc arthroplastycluding poor implant
integration with the body, implant wear, and heterotopic ossificitibnFurthe; despite
recovering some of the physiological motion of the nadiigg, there isittle evidence that total

disc replacement is superior to spinal fusion to prevent adjacent segment pdthology

Due to the avascularity and assded limited healing potential of the IVD, clinicians are
currently restricted to palliative treatments for IVD diseddlecurrent treatments for disc heani
fail to restore thenative tissue’s durabilitand range of motion Further, he most prominent
complications associated with surgical intervention to treat IVD disease angtosyatic
reheniation and revision surgel¥ Current surgical interventions improve short term outcomes
for patients but provide little difference in long term outcomes as awedpto conservative
treatment®1%L Accordingly, alvanced surgical strategies are essential to treat the @dpair
function and severe pain associated with commdD pathologies.Instead of removal or
replacement of the IVD, there is a widedgknowledgedheed for therapeutic alternatives to
regenerate the diseased tis8ti€””. Accordingly, regeneration of the AF represents a paradigm
shift in treatmat to both alleviate pain and restore physiologic function following IVD

degeneration or herniatitfi.
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1.5. Tissue Engineering

Tissue engineering (TE) isubiquitousstrategyfor the regeneration of musculoskeletal
soft tissuesThe prevailing approach to engineering orthopedic tissue constructs is to combine
natural or synthetic scaffolds witbellular contentto restore the complex biological and

mechanical functions of native tisstf&s 11

1.5.1. Rde of Mechanics in Tissue Engineering

The purpose of fabricating tisseagineered (TE) scaffolds that replicate native tissue
mechanics is to: (1) retain healthipmechanics and (2ggenerate healthy and functional tissue.
The mechanical efficacy of TE scaffoldstisereforecritical to afford essential structural support,
functional performance, resilience to implant failure, and a micromedaianitvironment
conducive for the generation and maintenance of the intended maturéti§suslechanical
stimuli are an essential driving factor of cell pbgpe in musculoskeletal tissues. Similarly, in
TE scaffolds, mechanical stimuli are necessarstitaulateappropriate differentiation of seeded
progenitor cells and generation of extracellular mapk!1411, Accordingly, under physiological
loading of the TE construci, is necessaryhat the in vivo state of stress and distortiamn the

cellular levelis conducive to tissue regeneration.

1.5.2. Materials in Tissue Engineering

Biocompatible and babegradable materials argegral inTE to provide an initial support
structure while also providing temporal degradation profile to enhance tissue development and
growth'”. Accordingly,a prevalent polymer for tissue engineernisgolycaprolactone (PCL), a
biodegradable pgkster which degrades in physiological conditions by hylgsist'8 In the

presenceof water, the ester bonds in PCL are progiresy cleave. Eventually, watessoluble
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degradation product®ligomers and monometlydroxicapronic acidare formedand removed
by the body The degradation timef PCL isapproximatelytwo years;however,copolymers of

PCL have bensynthesized to tkice this degradation tirhié&

1.5.3. Tissue Engineering of the Intervertebral Disc

A variety of novel, TE biomaterials have been proposed for AF regeneratiéf.
However, effective implementation of these biomaterialarolVD repair strategy remains
elusive. Total disc replacements with regenerative constructs have been evalsiaiaitl amimal
modeld24125and large animal modéf8'? Nonetheless, there remains an unresolved need to
translate TE biomaterials into a surgically feasible strategy for IVD repair that tteelicd tissue

regeneration and retain healthy spinal biomechanics.

When treating discogenic pain, degenerative changes may exist throughout the whole disc
However, the symptomatic region of the IVDfisquentlylimited to a smaller annular defétt
Therefore, instead of a complete replacement of the IVD, an approach focused on localized
regeneration of the AF defect may afford a less invasive solution to prefaemiation. However,
this approach requires careful consideration of implant design and attachmesart thatte

spinal biomechanics ar@ME within the defect are conducive to tissue regeneration.

1.5.4. Animal Models forTissue EngineeringStrategies

Animal models are invaluable evaluation platforms to tranalatel orthopaedic therapies
and designso human clinicabpplications Animal models facilitate the evaluation tbéatment
efficacy in highly controlled study groupisat are ethicallyandpractically intractabléen human
clinical studiesFor exampleaccurate quantification afhe spinal biomechanicg.g., range of

motion) followinglumbar fusion in humans limited to cadaveric studieg/hen investigating the
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spinal biomechanics of an orthopaedic treatment, it is essential thairaal anodel closely
reflects the physiological scale and mechanical loading of the human spine. As comganeatl t
animals(rodents, rabbits, et¢.large animal models present a more clinically releeaatuation
platformfor IVD treatmentswith superior predictive validify*2°. In particular, the ovine model
for lumbar spine treatments aswidely accepted and wedktablished translational mo#@tt33
Therebre, the ovine lumbar spine model is a suitable candidate to experimentdipteviE

strategies for th&/D.

1.6. Additive Manufacturing

An array of engineered AF repair strategies have been prdposéd® and a prevalent
technique for fabricating AF scaffolds is additive manufacturing (&M$"138 The adaptability
and flexibility of AM facilitates production of engineered constructs beyond the mactic
capabilities of traditional mana€turing, including patierdpecific design and the seeding of live
cells during scaffold manufactdf& Biomimetic fibrous composite scaffolds with structural fibers
that replcate the native collagen architecture are well suited to AF repair and havestiateal
somein vitro succes¥%'4! Specifically, threedimensionalfiber deposition (3DF) rad melt

electrowriting (MEW)arecommonly used to fabrication plgminate soft tissue scaffolds

1.6.1. Three-Dimensional Fiker Deposition

Additive manufaatring via 3DF involves extrusioof a thermoplastic polymer melt
typically driven by a filament, pneumatic pressure, piston, or auger. The extruded dibpossited
in threedimensional space with a translating printhead/l@nsubstrate3DF is he most widely
adopted additive manufacturing method due to the simplicity of the process ary qltiie

prints. Moreover, 3DF is easily applied tissue engineering by usifgological, biocompatible,
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and/or bioresorbablmateials. However,according to the HageRoiseuille equation (Equation
1), the extrudediber diameterin 3DF has a lower limit in sizéue tothe requisitedriving force
and melt fluidity Accordingly, fibers produced via 3D&re relatively large, typicallypneasuring

100-1000 um diamet&p-143

83.4 1)

where P is the extrusion pressure, Q is the volumetric flow rate of polymeiLnsethe length of
the extruder nozzle, u is the dynamic viscosity of the polymer el is the internal radius of

the extruder nozzle

1.6.2. Melt Electrowriting

MEW is a recentlylevelopeddditive manufacturing process which utilizes a higliage

saurce togenerate an electrjotentialbetween the printhead and substtatdrive polymer melt

jetting!*%. The electric potentialdrives electrostatic repulsion on the surface of the extruded

polymer. With sufficient electric potentialthe electrostatic repulsiomvercomes the surface
tension ofthe polymer melt At this critical point, the extrusioris drawninto a Taylor coneand
polymer jet(Figure 5a) The characteristics of theolymer jet are dependent on a number of

process parameters. THiew rate of extrudegbolymer melt is governed by the HagBnoiseuille

equation (Equation 1) and, therefore, the driving pressure, nozzle length, nozzle radius, and

viscosity (controlled by the temperature and molecular weight of the pghareeressential to
MEW. Further electrostatic repulsiois driven by the electric potential adstancebetween the
printhead and collector. To generatstableTaylor cone and polymer jet, a balance is required

between material flow rate and the driving electrostapailsion Generally, reducing the material
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flow rateand increasing the electrostatic repulsiesultsin smallerfibers However at some
limit, the molecular cohesion of the polymer melt prevents small fibers from jettirignaously.
Therefore, material flow rate and electric potential are intimately relatect@aid a small window

of printing parameters for stable MEiber production.

MEW typically yields fiber diameters much smaller than achievable with 3DF
(approximately25 unt*4). However,due to the reduced size of the fihate volumetric rate of
material deposition is substantially lower. Accordinglytremely long print times and small print
volumes currentlyimit the applications of MEWn tissue engineerind/ioreover, for a constant
material flow rate, the smallEW fibers require that the ppheris extruded at an appreciably
higher velocity as compared to 3DFidure %). To depositstraight fibers, the printhead must
translate relative tthe collector at least as fas the polymer jet, imposing demanding actuation
requirements on the printdvloreover, the requisite translation velocities prohibit deposiion
individual MEW fibers into precise geometries; MEW fibers are currently limited to depom

relatively long, straight lines.
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(@) (b)

Figure 5. Digital images of MEW process with PC(a) formation of polymer jet showing a stabilized
Taylor cone at the needle tip of a stationary printheadt@mdirect writing of the polymer jet into straight
lines by trangdting the printhead at a high velocity.

1.6.3. Additive Manufacturing inTissue Engineering

The main limitations in leveraging MEW scaffolds for TE are: (1) prohibitively long
fabrication times, (2) a poor ability to form complex scaffolds geometries, ands(8jicient
durability of the fine fibers. Further, for biodegradable TE scaff@dDs; fibers provide a slower
degradation profile as compared to WEscaffolds, providing additional time for tissue
regenerationAdditive manufacturingvia 3DF canyield scdfolds with consistentmechanical
propertiesand it may be possible tailor these mechanical propertigsreplicate theontinuum-
level mechanics of native AFHowever it remainsunclearwhether physiological loading of these
scaffolds willbe suffcient to stimulate progenitor cells to a fibrocartilaginous phenotye T
large scale oBDFfibers may limit their ability to interact wittesident cells in a TE scaffold and
influence tissue regeneratiohhe smaller ibers generatefom MEW may provié a greater
functional relevance to the resident cells; MEW scaffolds have a similarity intscabgural

collagen fiber&® and yield a substantially larger surface are per unit volume as comp&i@H to
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scaffolds. Accordingly, it is hypothesized that combirdif- fibersand MEW fibers in a tissue

engineering strategy may leverage the mechanical and biological advantagesfibEbsitales.

1.6.4. Parameers in Additive Manufacturing

Both 3DF andMEW are commonly used to fabrication ggminate soft tissue scaffolds
according to a variety of highltailorable print parametéf€143 These parameters facilitate a
simple angleply design principle to achieve a diverse range of architectures and resultant
mechanicsPrint parameters in 3DF can be broadly categorized as design or process parameters.
Design parameters typicglielate to the scaffold architecture and are generally executed to a high
precision. Process parameters are difficult to control due to the specific machmarsgtprint
execution, and therefore, require validationhe printed product. The categogitzon of pertinent

print parameters in angfay laminate architectures are shown in T&hle

Table 2. Examples ofibrous angleply laminateprint parameters in 3DF and MEW printing categea
as process or design parameters.

Parameters Category
Material properties Process
Fiber angle Design
Fiber spacing Design
Fiber diameter Process
Interlamellar contact area Process
Lamellar thickness Process
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1.7. Computational Methodsin Tissue Engireering

Experimental methods are essential for developing advanced strategies for AF repai
However, empirical approaches are frequently associatedpvétttical limitations, such as the
prescription and measurement of experimental variables. Accordmtyputational methods
may be leveraged to providetheoreticalunderstanding of the underlying physical phenomena
andinstruct experimental desigin the context of TE of the AF, computational methoals be
used toaid in the design oTE scaffolds, the characterization of the cellular micromechanical
environmentwithin a TE construgtor the surgical implementation of the tissue engineering

strategy.

1.7.1. Computational Methods and@issue Engineered&caffold Mechanics

Due to the numerousvailable print paraneters iterative design ofTE scaffold
architectures using additive manufacturing is tiraed resourcéntensive. Hence, there is an
interest in computational methods for hijiinoughput assessment of 3DF scaffold mechanics for
broad print parameter dgsi spaces. Moreover, computational methods can provide insight into
how foreseeable manufacturing perturbations to process parameters may affect 308 scaff
mechanics. Finite element (FE) approaches to AM tissue engineering approaches areghcreasin
popular to tailor mechanics and predict favorable cellular environifénité For example, FE
models have been used to evaluate the strength and fracture modedeyasked ceramic ply
laminatearchitecture¥® the dynamic stiffness of fibeeposited plylaminate architecturé®,

and the mechanics of tubular scaffolds fabricated mitht electrowritterfiberst®C,
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1.7.2. Computational Methodsaind the Cellular Micromechanical Ernironment

TE scaffolds have been engineered to replicate specificdisgelematerial propertiesf the AE
However,these scaffolds do not necessarily ensure that the mechanical loads induced at the
cellular level are sufficient to drive cell survivgbroliferation, and ECM formation. The
relationship between tissdevel loading and the cellular micromechanical environment (CME)

is, therefore, essential to furthering our understanding of how best to designffolElsc¥et, it

is intractable to measure and prescribe the CME ida@#in matrices of TE scaffolds. The CME

is threedimensional, heterogeneous, and dependent on scaffold loading, materials, and
architecture; current experimental methods are not capable of accurately prgsantior
measuing the CME. For example, in the aforementioned complementary experimengal seri
there is no physical method to know what CME is generated under global (i.e. tissueisinet)

of the TE scaffolds and whether or not that CME will be beneficial fgerrerating the desired
tissue. Optical strain measurement techniques, such as digital image correld@ynago
confocal microscopy, havbeen used to measure deformations in biological mat&té&td
However, both DIC and confocal microscopy also requireatitbtion of a texturing material to
capture deformations accurately and are not well suited for-thrgnghput analyses. DIC
technigues are limited in that they can only measurediw@nsional surface strains and the
resultant surface strains typicallp dot represent the complete deformation mapping within the
scaffold. Confocal microscopy techniques may also be restricted by the opacityaaiftblel and

hydrogel.

In addition to the experimental difficulties of measuring CME, TE experimeiits
dynamic mechanical loading may be prohibitively time consuming to effectledyacterize the

relationship between tisstievel and cellulatevel loading. Due to the complex apparatus required
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for precise multiaxial loading, scaffolds may be limited to successive cultares typical culture
time of 30 days per specimen, a single study group may taRenonths to produce statistically
powerful results. Further, subsequent study groups aimed to improve tisqueragéiga will have

a similar study duratim Therefore, in order to optimize the development timeline of tissue
regeneration strategies, it is imperative that the most advantageous stuply gre selected for
experimental evaluation. However, there is currently no method to identify whicbldadgsign
features and experimental conditions are most likely to drive improved tiggemeration. For

example, is the CME more sensitive to scaffold loading, materials, or architectianalgiers?

In the absence of any feasible experimental methous possible tool to predict ECM
formation in TE scaffolds is the finite element (FE) method. Cell fateshomaedic tissues under
mechanical loading have been modelled with FE in intervertebrat#iéand bone fracture
healing®® applications. The tisedevel mechanics of TE scaffolds have also been studied using
FE method®3%%158 and some of these models have been developed to predict mechano
regulation of musculoskeletal regenerati8i®’. However, there remains a need for a CME model
that can: (1) be applied tbe available volume that can cells can occupy in heterogeneous TE
scaffolds, (2 be applied parametrically tmmmerous candidate TE scaffold designs, (3) badily
applied to a range of proposed target mechanics, and (4) be easily compavtdaaell cultures

for validation.

1.7.3. ComputationalMethods and Spinal Bmechanics

Large animal models provide a suitable translational platform to assess IVD repair
strategies. However, it is prohibitively time and resource intensive to study ousndesign

iterations with sufficient group sizes for statistical power. Furthexchanical loading of an
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implant dictatesthe complex, thredimensional cellular micromechaal environment (CME)
within theimplant which is a critical regulator dissue regeneratiofo address these limitations,
computational methods, such as finite element analyses, can be utilized to efficrshtty f[pow
changes in implant design anggical approach may alter the biomechanicsrasdltanimplant
micromechanics. For example, a computational model can predict the influeaceoofplete
change of implant geometry or a small perturbation to the implant attachroenigtee. These
pertubations may represent intentional changes to the surgical approach, vareabdng the
population, or reasonably expected variability during surgical implementationctRyeslifrom
computational methods facilitate higiroughput evaluation of designodifications to identify

critical design features and drive an efficient and effective experimental appoo&Elrepair.

1.8. Summary

CLBPis a ubiquitous injury in sociegnd has immensmnsequencdsoth financially and
in quality of life. A leading cawesof CLBPis herniation of the intervertebral disc (IVOhe IVD
plays an essential mechanical role in the spinal colummlegenerative changes to thE result
in amarked increase isusceptiblyto IVD herniation Although therds a varietyof established
treatments for IVD herniatigmo current therapies for IVD hertian effectively alleviate low
back pain and restore lotgrm function of the IVD. Accordingly, there is an impetus for novel
strategies to repair the IVD. A prevalent approach torépair of musculoskeletal tissues is
regenerative therapy via tissue engineering (TiHe emergence of advanced manufacturing
technologyincluding the printing of biological content and biocompatible materialssepeaew
opportunities taegenerate dnctional tissue replacemensccordingly, theoverall objective of
this research is to utilize additive manufacturitogtissue engineer a repair patch for IVD

herniation tevardsatreatmmentfor CLBP.
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1.9. Specific Aims

The overarchinggoal of the proposed search wa to develop experimental and
computational methods to engin€g)the overall mechanics aiid) thecellular mcromechanical
environment of a partiaF replacement that is conducive for the generation and maintenance of
functional,healthy intevertebral disc tissud.o achieve the aforementioned goals, three specific
aimswereproposedA summary of the specific aims and overall research flow is showigme

6.

1.9.1. Specific Aim 1

Specific Aim 1 wasd chaacterize the mechanics aflditive manufactugk angleply scaffolds

using experimental and computational methods.

Uniaxial and biaxial mechanicaesting wasconducted orfabricated PCL angigly
cruciform scaffoldswith varying fiber architecturesIhe resulting mechanical propertieseme
compared to reported design criteria for AF to evaluate the scaffolds fdoilftyitas an AF
replacement. Further, BE computational model of the scaffoldsas developed and validated
against the experimental unialkeénd biaxial results. This FE modebsimplemented to predict
the relative influence of major scaffold print parameters to identiigh of these parameters play
a criticalrole inscaffold mechanics. These datare used tinform the design of TEcafoldsto

best emulate native AF mechanics.

1.9.2. Specific Aim 2

Specific Aim 2 wasd evaluate théissuerespons®f cell-laden scaffoldgulturedwith dynamic

biaxial mechanical stimulugsing experimental and computational methods.
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Using the results of Spém Aim 1, a hybrid 3DF/MEW scaffod architecture was
designedfabricated and infused with a celadenhydrogel A custom incubatowas developed
for dynamic multiaxial cell culturingf TE scaffoldsto evaluate the survival, proliferation, and
attachmat of mature AF cells whersubject tophysiologi@lly relevant multiaxial loadsTo
supplement this experimental model, a mlgdtiel FE model of cellular differentiation as
developed based on the induced micromechanical environment within the augneaifii@d. s
Hyperelastianechanical characterization of hydrogelsswonducted as a material input for the
FE model. The efficacy of the FE modehsevaluated against experimental cellular outcomes
Further, parametric studiasere implemented on the modéb investigate how selected print

parameters may influence this cedlumicromechanical environment.

1.9.3. Specific Aim 3

Specific Aim 3 was d designan annulus fibrosus repaipatch using experimental and

computational methods and implement the patch in aredumbar spine model

An AF repairimplant for clinical application asdeveloped based on the results of Specific
Aims land 2 In collaboration withhuman and veterinargrthopaedic spineusgeons, implant
geometrieswere designed adh fabricated usingdditive manufacturingechniques. Method®
mechanicallyintegrate the implant design in the spinere evaluatedoy utilizing a previously
developedFE lumbar spine mod&?2 The proposed human implant desigasiranslated tan
ovine spine model in collaboration with veterinary surge@ The designed implant as
mechanically evaluatedia ex vivoimplantation in an ovine spine model to verify thi@) the
implant effectively recoverethe stiffness and range of moti(ROM) of afunctional spine unjt

and(b) the implant wa resistanto mechanicafailure under expected loading conditiorihis
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mechanical evaluatioprovideda basis fomnacellularin vivoinvestigation of the implant design
in an ovinemodel. Thisin vivo studywasevaluated with the same mechanical protocolas

developed for then vitro testing a well assubsequent histologic imaging.

Legend:

Experimental
Theoretical

3DF Cruciform 3DF Cruciform FE

Experimental Model

. Validated FDM
SPECIFIC RICICEEREEE R SPECIFIC

AlM 2 Model Model AlM 1

Ex Vivo Animal
Model
Implantation

Cell Cylture Unit Cell FE Model Implantation FE
Experiment Model

In Vivo Animal
Model SPECIFIC

Implantation AIM 3

Figure 6. Research flow diagram showing the three proposed specific aims and ioterdetween the
specific aims.
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CHAPTER 2 - MECHANICAL CHARACTERIZATION OF ADDITIVE

MANUFACTURED ANGLE -PLY SCAFFOLDS

Specific Aim 1 wasto characterize the mechanics arfditive manufacturedngleply
scaffolds using experimental and qmumtational methodsThe experimental and computational

aspects of Specific Aim 1 addvided irto Sectior2.1 and Section 2,2espectively.

2.1. Experimental Approach?

2.1.1. Introduction

Though engineered constructs have been developed to achieve the target mechanics of
native AF2>137 it remains unknown how sensitive construct mechanics (and consequently the
underlying micromechanical environment) &oeperturbations in the principal print parameters.
Given that subtle changes to the micromechanical environment are known to inducecdramat
changes in cellular resporise®112116 it is possible that subtle perturbations in print parameters
may lead to undesirable tissue responses. It is therefore advantageous to unitherstehnalor
of printed constructs in physiologicaliglevant loading modes. To our knowledge, this is the first
study of the biaxial mechanics of 3DF anglg scaffolds. In this study, five groups of angly
laminate scaffolds with varying fiber angle and filspacing were mechanically evaluated in
uniaxial and biaxial tensile strain and compared to native AF. The results ofuitysasin to

facilitate micromechanical environmeditiven design of engineered tissues towards favorable

@ The content oSection2.1 has been published as a research article in the Journal of the MechanicabBehavi
Biomedical Materialg§DOI: 10.1016/j.jmbbm.2019.06.02 All content has been adapted with permission from
Elsevier.
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tissue responses that a confounded by foreseeable perturbations in manufacturing and clinical

application.

2.1.2. Materials and Methods

Scaffolds were designed for mechanical testing via melt extrusion 3DF cansibtm
alternate ply laminate in a cruciform geometry. These @uuifshapes have been validated for
use in biaxial testing protocols and have been used for evaluating native ti$$tf& KBur initial
scaffold designs were created using the Bioscaffolder softwére 6 x x(1* 6 DEagJLWWHU
Germany)based on a set of consistent design parameters: number of bilayers (3), fibeg spac
(1.0 mm), vertical step height between layers (0.2 mm), and fiber angle (8%07,+40°, and
+45° from the yaxis, withn =7, 7, 7, and 5, respectively). A fifth group (n = 7) with £42° fibers
and 0.6 mm fiber spacing was also designed to yield a volume fraction of approximately h5, whic

has been reported to be an approximate upper limit for delivering sufficiemmgrelivth'

A BioScaffolder 3D fiber depdsWLRQ V\VWHP 6 <6 xBad( GermauyPwasL W W H U

used to manufacture the cruciforms. Polycaprolactone (PCL) was selected aslateandterial

for AF tissue engineering due to its biodegradability, biocompatibility, printgbiind
approximation of its melt extruded elastic modulus (approximately 265'®jRa native AF

(0.4287 MP&%**9) given the target scaffold waine fraction (approximately 30%PCL pellets

(CAPA 6500, Perstorp, Sweden) were melted at 120 °C in the printer forta@0eagutes prior

to printing. Fibers were deposited though a 25 gauge nozzle (auger speed = 4 rpm; extrusion
pressure = 6 bar) onto doukdeled adhesge at a printhead ¢x) speed of 400 mm/min with an

initial vertical (zdirection) offset of 0.2 mm.
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Cruciforms were mechanically tested in a custom biaxial testing appafajuse( a)*°’.
The specimens were fastened with a goqgrip gauge length of 22.5 mm. High precision
actuators (ALSTO0250A, Zaber Technologies, Canada) were used to control two perpendicular
grips and two load cells (250 Ib capacity, Model 31 Miniature Load Cell, Honeywell, USiAg a
opposing grips were used to measure the transmitted load. Transverse lineas la¢@aoch grip
were used to mitigate e#xis load distribution, resulting in a pure biaxial load regime. Graphite
powder (Powdered Graphite Lubricant, AGS, USA) was applied to each specimen &eareat
texture for digital image correlatigibIC). A custom LabVIEW program was used to cyclically
load each cruciform five times to a peak displacement of 1.5 mm (6.7 % atraigpasistatic rate
of 0.15 mm/s (0.67 % strain/s). Five mechanical tests were conducted andifjevbal strain
ratios (xdirection:ydirection): 1:1 (equibiaxial tensile strain), 0:1 (transverse constrained uniaxial
in the ydirection), 1:0 (transverse constrained uniaxial in tHagrection), unconstrained uniaxial
in the ydirection, and unconstrained uniaxial in theisection. For the unconstrained uniaxial
tests, the grips transverse to the load were removed. Digital images of theroruedi@ captured
at 5 Hz during the load cycles using a high resolution camera (Grasshopper3, BorRes&aarch,

Canada).
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Figure 7. Experimental apparatus for performing biaxial and ualatensile teshg of ply-laminate
cruciforms in biaxial/transverse constrained camfigions.(a) Biaxial testing apparatugh) digital image
of clamped cruciform with graphite powder highlighting the central homogenegimy(c) example
equivalent finite strain contour map for a cruciform in bguiial tension with the ROI highlighted; and
(d) contour map of equivalent finite strain demonstrating the homogeRLs

The final cycle of mechanical testing was used to evaluate the cruciform pFspedilow
for pre-conditioning of the scaffold. The 100 images corresponding to the final cycle were

evaluated with DIC to determine the average spatial finite strains at each timnd pbese average
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strains were evaluated in both theand ydirections in the centtdb x 5 mm region of the
cruciform (igure D), which we have previously demonstrated to be a region of homogeneous
strain®’. The resultant average finigtrains were synchronized with the measured load data to
yield a stresstrain response of the central homogenous region. A linear regression wastapplied
the final 40% of the load ramp (4 s) to evaluate the Effective Elastic modjlHEk and EE for

the x and ydirections, respectively). In the equibiaxial case, the ratio ot&eEE was evaluated

as the effective elastic modulus ratio (EE0 compare the global biaxial strain experimental data
to local biaxial strain targets, a 2D orthotropansitutive model (Equatiorf2) was fit to stress

and strain data for each fiber angle group (final 40% of final cycle of each tesflauepeated

measures linear regression model.

E§’°‘C: dz;zle Z\i"hgc )
:KHUH VWUHVYV )lsubbdpss iNdigdiieDHe@orresponding scaffold direction and
Cxx, Cxy, and Gy are the fitted stiffness coeffemts. The first image of the loading cycle
(corresponding to an unloaded scaffold) was used to digitally measure the averagearieterdi
over six locations using ImageJ (National Institutes of Health, BethesdaJBIB). ImageJ was
also used to validatiiber angle and fiber spacing from the first image of the loading cycle. Total
scaffold thicknesses were measured with digital calipers@E3X, Mitutoyo, Kawasaki, Japan)

at each of the four arms of each cruciform.

EE data from the 45° groups were combined to produce a sample number of n = 10. An
Anderson-DUOLQJ QRUPDOLW\ WHVW . DQBHNY /HYHQH Z\DHWV V
conducted for all groups. If any group failed normality and/or equal variance hests|ltgroups

were analyzedia oneway ANOVA with post-hocGames+RZHOO DQDO\VLV . D
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non-equal variances in order to detect significant differences in EE antheBieen groups.
Student’s #tests were performed to determine if (1) the 45° group meamw&E signifi@antly
different from 1.0 and (2) any group mean: Bfs significantly different to the circumferential
to-axial ratio of native AF biaxial moduli (0.55). Orthotropic constitutive models were
bootstrapped (X¥Gsimulations) to predict the mean and 95% confidence interval of mean biaxial
moduli when subjected to local equibiaxial strain and local transveesn. Sihe normality of
these bootstrapped predictions was measured via Shapgkmormality tests. Assuming unequal
variances, predicted means of filaegle groups were compared to the means of other fiber angle
groups and reported target mechanics with individuaisis. Returned-palues less than 0.05

were considered to convey statistical significance.

2.1.3. Results

The average and standard deviation ebsured diameters and thicknesses for each study
group are presented frable3. Deviations from the designed fiber angles and fiber spacings were
not observed in the digital images. During equibiaxial tension preconditioning, some dégre
fiber yielding was observed in one or more cruciform corners during preconditioning intedl of t
scaffolds. Nevertheless, no fiber failures were observed in the study and no Yigithieg was
observed in subsequent tests.iAstability in elastic modulus was generally observed at the initial

load ramp of each cycle.
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Table 3. Scaffold thickness and fiber diameter (mean and standard devidditanfor each study group.

Prescribed Prescribed Average Fiber Average Scaffold
Fiber Angle Fiber Spacing Diameter (Stdev) Thickness (Stdev)
(deg) (mm) (mm) (mm)
30 1.0 0.33 (0.04) 1.08 (0.05)
35 1.0 0.35 (0.03) 1.03 (0.01)
40 1.0 0.34 (0.02) 1.05 (0.02)
45 1.0 0.33 (0.04) 1.10 (0.08)
42 0.6 0.28 (0.01) 1.05 (0.02)

The equibiaxial EE data for the 45° fiber angle group failed the normality test (though the
EE for the 45° fiber angle group passed) and the equibiaxial EE data failed the egunale/test.

Therefore, all groups were assessed viawag ANOVA with post-hocGamesHowell analysis

The observed elastic moduli were obtained from highly linear correlationsdrestress
and strain Figure §. Linear regression analyses of the 198 tests yiefledro9 for 179 tests.
The remaining 19 tests were equibiaxial loading experiments. A subset ott$tegsik) produced
r2 < 0.975 (range 0.563 to 0.933), and all of these tests were from the 40° fiber group in the non

dominant fiber direction.
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Figure8. Example biaxial stresstrain data and linear elastic fits for a 35° fiber angle scafiigduibiaxial
tension. The xdirection data exhibited a negative elastic modulus and-theegtion exhibited a positive
elastic moduls, yielding a negative EE

Within the equibiaxial tension EE datBigure 9), there were no significant differences
between: (1) fiber angle groups ranging from 30 to 40°, (2) fiber angle groups ranging ftom 42
48°, and (3) fiber angle groups ranging from 55 to 60°. The 50° group was not significantly
different from any other group due to its relatively large variance, which spanned bititre pos
and negative EE. Groups with a fiber angle below 50° had censjspositive EE (increasing in
magnitude with fiber angle), whereas groups with a fiber angle greater than 50° hatbtiyisis

negative EE. Variances in EE were relatively large within the proximity of the 58° difgle

group.
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Figure 9. Effective elastic modulus (EE) as a function of fiber angle from theegponding loading
direction for the five scaffold groups in equibiaxial tension. EE repreaerambination of EEand EE,
where fiber angle data from 38645° (from te loaded direction) were obtained fromyBEd fiber angle
data from 45% 60° (from the loaded direction) were obtained from.BE®Xxplots indicate minimum and
maximum (dashed error bars) data, 25% quartile and 75% qudatd, median (solid horizontale) data,
and mean (x) data. Continuous trends between means of daaffolps with the same spacing are shown
as dotted lines. Significant differences (p <0.05) in means are indibgtgdoups that do not share a

common letter.
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The equibiaxial tensen EE (Figure 10 increased with increasing fiber angle from the y
direction. The 30° fiber angle group had significantly lower t8&n the 35° fiber angle group.
Both the 30° and 35° groups had negative meamgdEwere significantly less than the fiber angle
groups ranging from 40 to 45°. No significant differences inviiEee found between the 42° fiber
angle group and the nearest fiber angle groups (40° andadbugh there was a significant

difference inEE: between the 40° and 45° groups.
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Figure 10. Effective elastic modulus ratio (BE&s a function of fiber angle from thedjrection for the five
scaffold groups in equibiaxial tension. Boxplots indicate minimathraaximum dashed error bars) data,
25% quartile and 75% quartile data, median (solid horizontal line) alaamean (x) data. Continuous
trends between means of scaffold groups with the same spacing are shdetteddines. Significant
differences (p < 0.05) in means are indicated by groups thadtdkhare a common letter.
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Transverseconstrained uniaxial datdigure 11) demonstrated generally decreasing EE
with increasing fiber angle away from the loading directionth®@fsamples with 1.0 mm spacing,
the 30° and 35° fiber angle groups had significantly greater EE than all other groep6D°
fiber angle groups exhibited decreasing EE with increasing fiber angle awayheolmading
direction that were all signdantly different. The 40° fiber angle group did not have significantly
different EE than the 45° and 50° groups and exhibited a mean EE less than the 45° group. The
42° and 48° fiber angle groups (0.6 mm spacing) also had significantly greater EE and large

variances than the fiber angle groups in the range from 40 to 50° (1.0 mm spacing).
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Figure 11. Effective elastic modulus (EE) as a function of fiber angle from thergadirection for the
five scaffold groups in unconstramheiniaxial tension. EE for fiber angles 30° to 45° (from the loaded
direction) were obtained from ERvith strain ratio (x:y) of 0:1 (transverse constrained uniaxial inythe
direction) and EE for fiber angles 45860° (from the loaded direction) weretalmed from Ekwith strain
ratio of 1:0 (transverse constrained uniaxial | #direction). Boxplots indicate minimum and maximum
(dashed error bars) data, 25% quartile and 75% quartile dat@mgeolid horizontal line) data, and mean
(x) data. Contiuous trends between means of scaffold groups with the same spacing arasldottad
lines. Significant differences (p <0.05) in means are indidagegtoups that do not share a common letter.

Unconstrained uniaxial dateéFiQure 12) also showed generally decreasing EE with
increasing fiber angle away from the loading direction. Of the samples with 1.0 mmgshei
30° and 35° fiber angle groups had significantly greater EE than all other groups. The 48” and 4
fiber angle groups had significantly greater EE than the 50° and 55° fiber angle groups and the 60°
fiber angle group had significantly lower EE than all other groups with 1.0 mm spacintarSimi

to the transverse constrained uniaxial data, the mean EE for the 40° fiber angle grouperas |
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than the 45° fiber angle group, although this difference was not significant. Both the 42® and 48
fiber angle groups (0.6 mm fiber spacing) were significantly greater tiea0 group (1.0 mm
fiber spacing); onlyhe 42° fiber spacing group was significantly greater than the 45° group (1.0

mm fiber spacing). All uniaxial EE observed in this study were within the targgs.ran

Uniaxial Unconstrained
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Figure 12. Effective elastic modulus (EE) as a function of fiber angle for the doadfold groups in
unconstrained uniaxial tension. EE for fiber angles-3@5%° (from the loaded direction) were obtained
from uniaxial EE and EE for fiber angles 45°60° (from the loaded direction) were obtained from uniaxial
EE.. Boxplots indicate minimum and maximum (dashed error bars), 25% quartif&@nduartile, median
(solid horizontal line), and mean (x). Continuous trends between roéanaffold groups with the same
spacing are shown as dotted lines. Significant diffege (p <0.05) in means are indicated by groups that
do not share a common letter.

Orthotropic constitutive models of all groups yielded significant fits for all ss8n

coefficients (p < 0.05), with relatively small standard errors (
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Table4). Stiffness coefficients & and Gy increased with increasing fiber angle from the
y-direction for the 1.0 mm spacing groups. Further, stiffness coeffcigntétreased with
increasing fiber angle from thedirection, except for the 30° group which was lower than the 35°
and 40° groups. The 0.6 mm group demonstrated larger stiffness coefficients as compared to th

1.0 mm spacing groups.

Table 4. Summary of fitted orthotropic stiffness coefficients &ll fiber angle groups. Standard errors of
the coefficient are indicated in parentheses.

Fiber Angle 30° 35° 40° 42° 45°

Fitted Cxx 7.46 (0.17) | 15.8(0.3)] 22.7(0.3 35.0 (0.5) 29.0(0}7)
Stiffness L

Coefficients | Cx 11.3(0.2) 18.4 (0.3)| 24.3(0.3 31.5(0.5) 24.6(0{6)
(MPa) Cy |32.2(0.4) 35.5(0.4)| 34.1(0.3 44.2 (0.5) 30.5(0{7)

Orthotropic constitutive model predictions for local equibiaxial strain conditieigsire
13) exhibited no significant diff€ HQFHY IURP D QRUPDO GLVWULEXWLRQ
mm spacing models, a maxima in predicted mean EE (58.4 MPa) was observetifies 40gle
from the ydirection and was significantly different as compared to all other predictetEkeg
< 5.5 x 10%). The predicted mean EE for fiber angles on each side of this pean(@383) were
not significantly different (p = 0.74). The 0.6 mm spacing model predicted mean s vaiich
were significantly greater than all of the 1.0 mm spacing models. All filzgesswere predicted
to have mean EE values within the target AF range, except for the 60° model which was

significantly different from the lower target bound of 27 MPa (p <°L0
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Figure 13. Mean effective ela& modulus (EE) as a function of fiber angle predicted from orthotropic
constitutive models in local equibiaxial tension. Fiber angles®85° were predicted within the reported
range of target AF mechanics (2B7 MPa). Error bars indicate 95% coricte interval of the predicted
means from the constitutive model. Continuous trends between predicted ofiescaffold models with
the same spacing are shown as dotted lines. Significant differgmee®&(05) in predicted means are
indicated by models that do not share a common letter.

Under local equibiaxial strain conditiorfsigure 14, EE consistently increased with fiber
angle from the ydirection and all predicted mean Bkere significantly different from all other
predcted mean EE No fiber angle model predicted B#alues within the target AF rangeere
not significantly different to the target AF range. However, the targgeravas bounded by the
30°and 35 models (EE= 0.43 and EE= 0.63, repsectively). The predicted mean @&&he 0.6
mm spacing model clearly falls within the trend of the predicted meaafife 1.0 mm spacing

models.
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Figure 14. Mean effective elastic modulus ratio (EEr) as a function of fiber gugtkcted from orthotropic
constitutive models in local equibiaxial tension. No fiber angle group wascfgeédwithin, or not

significantly different to, the reported range of target AF mechanib8 €00.62). Error bars indicate the
95% confidence interval of the predicted means from the constitutive modeln@nrtitrends between
predicted mean EEr of scaffold models with the same spacing are showttedslides. Each predicted
mean EEr was significantly different to all other predictedmieiar (p <005).

Orthotropic constitutive model predictions for local transvemestrained strain
conditions Figure 15 DOO H[KLELWHG QR VLJQLILFDQW GLIIHUBQFH IL
! $ PD[LPD LQ SUHGLFWHG PHDQ (( RI WX ZDNPRY¥S B BEL®.
at a 35 fiber angle from the ylirection. However, the 35model was not significalyt different
from the 40 model (p = 0.22). The predicted mean EE for fiber angles on each side of this peak
(30° and 40) were not significantly different (p = 0.068). The 42° model (0.6 mm spacing)

predicted mean EE significantly greater than all 1.0 mm spacing models, howews; thodel
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(0.6 mm spacing) was not significantly different to the 35° and 40° models (p = 0.64 and p = 0.40,
respectively)Fiber angles 50and 53 were predicted to have mean EE within the target AF range,
however, there was significant difference between all other fiber angle models and theA&rge

range (p < 0.05).
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Figure 15. Mean effective elastic modulus (EE) as a function of fiber angle peeditom orthotropic
constitutive models in trawerseconstrained uniaxial tension. Fiber angles 50° and 55° were predicted
within the reported range of target AF mechanics {2¥ MPa). All other fiber angle models were
significantly different to the target range. Error barsdatk the 95% confidee interval of the predicted
means from the constitutive model. Continuous trends between pdedietn EE of scaffold groups with
the same spacing are shown as dotted lines. Significant differenc@0§) i predicted mean EE are
indicated by models that do not share a common letter.
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2.1.4. Discussion

In this study, the equibiaxial, transversebnstrained uniaxial, and unconstrained uniaxial
moduli of 3DF angleply PCL laminates with varying fiber angle and spacing were evaluated. The
global equibiaxial da&a (Figure 9 demonstrated an asymptote in EE at approximately a 40° fiber
angle, observed as a discontinuity in EE with large variancesl&¥increased as the fiber angle
tended toward 45°. As expected, the amstrained uniaxial result&igure 12) demonstrated a
general decrease in construct stiffness as the fibers oriented further awayhé&doading
direction. These findings are congruent with similar studies ehted fiber scaffold¥!123 This
relationship between apparemtiaxial modulus and fiber direction appeared to be approximately
linear, however one previous study reported a sigmoidal relatidfshifhese data provide
important insights with respect to the unaband multiaxial behavior of the scaffold groups. The
linear elastic behavior exhibited by the scaffolds facilitated orthotropictitgng fits for
comparison to target AF data. Many of the scaffolds in this study predictéar $ocoal moduli to
the target AF properties, though no single scaffold could meet all target propertafldc
mechanics may be adjusted by altering print parameters such as layer heightativer, diper
diameter, or base material, as previously reported by our graupthers in mechanical testing

of similar 3DF angleply scaffold$*® andFE analysegSection2.2).
2.1.4.1. Fiber orientation

The experimental data and constitutive model demonstrated the intuitive nbsdlts
scaffolds behaved stiffer when the fibers were more aligned to the load directrdmerFan
increase in the fiber angle from theliyection was associated with an increaseénendoupling
stiffness coefficient, &, suggesting that the two orthogonal directions have more influence on

each other as the fiber angle approachés lse predicted local equibiaxial moduli from the
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constitutive model suggested that a fiber angle of approximately 34° may achieve thad desi

biaxial mechanical targets, which is similar to the collagen orientation within tive Ad®,

An outstanding question remains: if the target engineered tissue mechanics amdachiev
then does the orientation of the fibers matter? It has been mportiee literature that collagen
fibers tend to align with scaffold fiber orientatiom vitro'®®. To provide the desired initial
engineered tissue mechanics, the present results indicate that the regeneratedoc@idggan
could differ by as much as 11° from the native collagen orient&figks the scaffold isesorbed
by the body and the intéamellar contact changes, the regenerated collagen fibers may lead to
improper mechanics and adverse results. Alternatively, with a relativelyeislscaffold
degradation time, collagen fibers might realign (via remadgkloser to native AF as the cellular
length scale mechanics evolve. In any case, alteration of mechanics during colesgradation
must be further elucidated in order to fully understand the temporal evolution of the exdjineer

tissue mechanics frormplantation to full adoption by the native tissue.
2.1.4.2. Fiber spacing

Both the global equibiaxial data and local equibiaxial predictions suggestetieai
for a 0.6 mm spacing scaffold followed the same relationship with fiber angle as then1.0 m
spacingscaffolds. Accordingly, relative equibiaxial EEay be independent of fiber spacing.

However, more testing is required to further elucidate this independence.

Although there was only one 0.6 mm spacing group evaluated in the current study, there
was a greater than expected variation in uniaxial stiffness as compared to the 1.0 mm spaci
groups. The larger number of fiber contacts associated with the lower fiber spamipgnaay
amplify the mechanical effect of contact area variability, and thus, the obserkeabed variance.

This issue warrants further investigation, especially since it may have impanfdications for
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design of nanofibrous scaffolds (achieved using increasingly popular methods such as melt

electrowriting?®1’y where there are considerably more interlamellar contacts.
2.1.4.3. Stiffness asymptote

In global equibiaxial loading, the 30° and 35° groups exhibited relatively low variances
compared to the 40 to 45° groups, which @ppge have additional contribution to mechanical
variance beyond simple perturbations in process parameters. In biaxial loadmegar many
conditions where strains transverse to the dominant fiber direction transition insianté¢o
compression. Inhte context of this study, the smaller fiber angles (30° and 35°) consistently
yielded a compressive strain in thelixection (which is transverse to thalyrection), whereas the
42° and 45° groups consistently exhibited tensile transverse strains.oféetieére appears to be
a critical angle that, under the same loading conditions, would theoretiesigndtrate zero
transverse strain (i.e. an infinite observed stiffness). Accordingly, it iscegehat slight
perturbations to this fiber angle woudshd to dramatic changes in the observed transverse stiffness
of the construct (i.e. increasing or decreasing the angle by 0.1° would leadetmedytiarge
positive or negative stiffness, respectively). Further, small perturbationsny otlaer process
parameters may cause a similar effect. A construct with a fiber angle near thibwaitieavould
exhibit large variances in transverse stiffness, however, there would be Jeradgbciated
change in the longitudinal stiffness. With regard to theent study, it is believed the substantial
variance observed in the 40° group can be largely attributed to this phenomecordidgly, it
may be difficult to accurately prescribe the micromechanical stress state foseaffold under
this specific bad condition and, therefore, the cellular responses with these scaffolds may be

unpredictable or difficult to control. The observed variance is less pronounced in the 50° group,
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despite the data being obtained from the same samples, as the strainhiaae pextto for the 50°
group.

The biaxial ROI loads generated by the imposed global or local equibiaxial strén like
differ from native AF loadsn vivo. Therefore, it is unknown where this critical fiber angle and
associated mechanical variance may occuer physiological loading. If a scaffold was designed
near the critical fiber angle fam vivoloading, small perturbations in print parameters may lead to
dramatic differences with respect to the micromechanical environment withsoafield. Furtler
evaluation of scaffolds under physiological loading and resultant cellular n@chamical

environment may be of interest for tissue engineering AF replacements.
2.1.4.4. Interlamellar contact

The transverse stiffening that causes the stiffness asymptotedly largonsequence of
inter-lamellar bonding as loads are progressively transmitted to fibers of alternméotjods.
Fiber bonding between layers is essential in 3DF to fabricate coherent scafficldsresistant
to delamination. In phtaminates fiber bonding creates rotational and translational constraints
between layers. Conversely, in the native annulus there is relatively littleameghinteraction
between the structural collagen fibers; AF lamellae are bonded with more compliagé¢ic aad
fibrilin bridges, and it has not been explicitly demonstrated that substardiabséixists between
adjacent AF lamelldé'. This difference in architecture results in such a large discrepancy in
mechanics which may cause anglg laminates to not sufficiently replicate native annulus
mechanics for all multiaxial loading conditions. Accagly, further sophistication of this simple
scaffold design is likely required to produce a more biomimetic AF replatesne favorable

longterm outcomes.
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2.1.4.5. Boundary conditions

Another likely source of stiffness variance arises due to the boundary coadifithe
scaffolds. This is particularly important as these fiba@sed constructs are inherently discrete and
inhomogenous as the observed length scale is reduced. As such, subtle changes in loading and
constraints may lead to discrete and appreciable changes in the observed metiswimustive
to expect a symmetrical fiber architecture to exhibit an &EL.0 in equibiaxial tension. The
experimental mean EBf the 45° group (1.29) was not significantly different from 1.0 (p = 0.491),
though this experimental group exhibited a relatively large corresponding variancearidunee
was found to be independent of print orientation and testing orientation. Therefase, it
hypothesized that slight geometric asymmetries at the cruciform coFnguse D) produced an
unpredictable inequality between the longitudinal and transverse sti§nds$se discrepancy in
the boundary conditions may have altered the fiber load distributions, which is amplifiegl by th

discrete fiber stress concentrations.

While the aforementioned observed stress concentration is associated with thencrucifo
geometry, it highlights the substantial influence of boundary conditions in engingssed
design. These scaffolds are subjedtedomplex and unpredictable loads and constraings/o,
particularly due to the large variation in human subjétt#t is therefore important that the
resulting cellular micromechanical environment is insensitive or insuladed ¢hanges due to
these foreseeable perturbations. Designing scaffolds with more homogeneoustarehithat
include smaller feature sizes ynbe an effective strategy to mitigate boundary condition effects.
However, this approach may have an inherent lower bound due to the requisite cell inggowth, a
pore size and overall porosity have been shown to be critical for cell indittrand extragllular

matrix production in tissue scaffofdé
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2.1.4.6. Loading modes

Previously reported biaxial testing of AF has utilized ROI strain feedbackotomhich
creates consistent local strains for mechanical evaluation without the needdbtutive fitting™.
The present study utilized global displacements to generate local biaxiad stithin the central
region, however, the ROI strains can vary between different samples. Thereforestm gtudy
required constitutive fitting for comparison to previously reported mechanical tdarge
Nonetheless, biaxial testing with global strain control affords greaterienguetal simplicity. This
experimental convenience is particularly advantageous when ROI strain feedbadk isontr
prohibitively complex, such as in lorgrm cell cultures and fatigue testing, which are valuable
experiments to evaluate the mechanical and biological function of these tissue ramginee

scaffolds.

The data reported herein suggest that evaluation of-phgseaffoldmechanics should be
focused on physiologically relevant loading conditions (i.e. the local biaxial stées which are
experienced in the disc) rather than global and local strain ratios which asmiempéd for
experimental convenience. In additisinremains unknown as to how the mechanical sensitivity
of a scaffold changes with biaxial strain ratio. A scaffold that replicates thieiadal properties
of native AF with low mechanical variance may lead to unintended cell differentiatvivoif it
does not replicate native AF properties at other physiological strain Fidiser, the mechanical
sensitivity of the scaffold may be considerably larger at a different strain raticsraatl
perturbations in print parameters and boundary condititas lead to dramatic and unexpected

mechanical responses.
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2.1.4.7. Implications for design

Ideally, a functional tissue engineering design process would focus on altering design
parameters to achieve the objective mechanics while minimizing mechanical varigngh th
optimization and tight control of process parameters. However, process pasasueteas fiber
diameter and intelamellar contact area, which were not considered in this study, may integral
achieving target mechanics and, therefore, convolute ittealized process. Moreover, print
parameter perturbations from manufacturing are relatively easy to mmeasliobserve (such as
the measured variances in fiber diameter in this study), however, perturbatiorgsinuavo
boundary and loading effects are more difficult to control. An alternative desigespradiich
includes validated computation&lK) models which are specific for regenerative scaffold design
and include the relevant anatomy (such as whole lumbar spine models) may provigepibre
and broad analysis of the mechanical roles and interaction of the various printtpesairteese
models could also be leveraged to predict how different implantation/implatoenstrategies

affect the resultant micromechanical environment.
2.1.4.8. Limitations

In biaxial testing of fabrics and biological fieeomposite materials, the gripped arm
length of cruciform specimens has been shown to induce an artificial stiffefeéct dgidie to the
fibers that are fully contained between the gtfgsThough this artificial stiffening was possible
in the present study, it is not considered confounding because: (1) the 3DF scaffolds have
considerably greater mechanical bonding between fibers than the materials wihniutee
artificial stiffening, and (2) the biaxial apparatus incorporated transviexsar bearings that
mitigated load transfer through fully gripped fibers. The current goigllaminates were designed

with a consistent fiber angle, however the native collagen orientation vatesadigl position in
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the AF. AM allows similar gradation through the layers of the scaffold for mdvanaed
biomimicry, however, this is expected to lead to increasingly more complex mechegags
highlighting the case fdfE analysis. AM also facilitates multiphase fabrication, in particular, the
incorporation of celladen hydrogels or bioinks within polymer scafféfds’4 Hydrogels were

not present in the voidpace of the scaffolds of this study, however, they are prevalent in current
regenerative tissue designs to seed celfg@ride growth factofg13%140.175The primary role of
hydrogel incorporation is typically not mechanical, however there may be secondary nachanic
contributions of hydrogels (which has been demonstrated in compressive lbadaustudié)

and may require evaluation. Further, the bulk PCL material is highly linesicelaowever the
native AF is known to be nonlinear and viscoelastic in nature, which was not considered in the
present study. AF repair constructs must also umdsuficient strain before the onset of yi&|d
though minor yielding at the cruciforstress concentrations was observed in this study. It is
possible to tailor print parameters to improve the yield strain of a scafmidxample, increasing

fiber spacing yields longer unsupported fiber element lengths, which facilitatésirodptarger
deflections in a bending deformation mode. However, yield strain is a complectiaeibetween

axial, bending, and shear deformation mechanisms. Design should, therefore, prioritize the

micromechanical environment and tailor base materials for obgesnifficient yield strain.

2.1.5. Conclusiors

The results of this study demonstrated that thelgtyinate scaffolds considered in this
investigation exhibited generally similar effective elastic moduli to nativeafgets in uniaxial,
transverse constrained uniaxial, and biaxial testing. However, no scaffold gralngdall native
AF targets in all loading regimes simultaneously. This study presents imipioeyhts into the

uniaxial and multiaxial behavior of 3DP anglly laminate scaffolds, providing adia for further

52



design to meet functional requirements. The ideal design outcome is the fabi¢ataffolds
which both achieve the target mechanics and are minimally affected by priedpsetinrbations

in mechanics such that the local mechanicalrenment is conducive for regeneration. The results
reported herein are highly generalizable and may also be translated t@iitberced scaffolds
for the repair or replacement of numerous other biological soft tissuadimglicartilage, tendon,

ligament, vascular tissues, and sk’
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2.2. Computational Approach®

2.2.1. Introduction

In this study, a parametric FE model was developed and evaluated to eluadaiie¢mce
of various print parameters on the uniaxial and biaxial tem&lehanics of 3DF anglgly laminate
scaffolds. The aims of this study were: (1) to generate a more efficient methegbssing angle
ply laminate mechanics in order to fabricate micromechanitailigred scaffolds which are not
confounded by foreseea&bperturbations in manufacturing and clinical application, and (2) to
perform parametric analyses of design parameters in order to explicate which eagiggsfmay

be most prominent for AF scaffold development.

2.2.2. Materials and Methods

This FE study was cwlucted usinghe commercial FE package ABAQU®assault
Systemes SIMULIA, Johnston, RUSA) via scripts written in Python (Python Software
Foundation, USA). The following describes: (1) the methods for generating and assemiding par
for the FE geometry; (2) the material model; (3) meshing technique; (4) cotssad boundary
conditions imposed on the model; (5) analyses of the predicted FE results; ancpéathetric

studies considered in this investigation.
2.2.2.1. Geometry and Assembly

A solid geometrywas created within ABAQUS to represent a single lamellae of an-angle

ply scaffold. A set of print parameters were used to define the geormabieb, Figure16b). A

b The content oSection2.2 has been published agesearch article in the Journal of the Mechanical Behavior of
Biomedical Materials (DOI: 10.1016/j.jmbbm.201®3395). All content has been adapted with permission from
Elsevier.

54



cruciform geometry Figure 1&) was used to simulate biaxial testing specimens that our group
created for a series of physical experimg®tsction 2.1)To mimic an anglply architecture, a
single lamella was stacked six times in the vertiedireaction in an alternating orientation (i.e.
reflected about the-gxis). The full cruciform geometry was required because the individual
lamellae lacked geometric symmetry and pilot studies demortstilade symmetry boundary
conditions were not suitable. Fibers within the scaffold were simplified ésngrdar sections
rather than the printed experimental circular sections. This approximation: (1¢degmmetric
complexity to enhance mesh quality, and (2) simplified contact mechanics by creating plana
interfaces between adjacent lamellae to vary the size of the contact regipandednt of other
geometric parameters. Ultimately, the use of rectangular fibers gave similar restiltsutar
fibers (see supplemental daia Appendix A, improved computational performance and,
therefore, facilitated higkhroughput analyses. To maintain the deformation characteristics of the
experimental scaffold, the rectangular fibers were designed to replicaishgEquation (3)

and bending (Equation (43tiffnesses of the corresponding circular fibers:

'st= ‘6% ©))

#Hs's= #s' 6 (4)

where Eis elastic modulus, | is crosectional moment of inertia, A is the fiber cross
sectional area, and the subscripts 1 and 2 denote the circular fibers (ideajiedl gint) and
rectangular fibers (FE model), respectively. As the verticdlirgction) height of the fibers (2)
was fixed as a print parameter, the fiber width (b) and elastic moduusvéitEe modified by

manipulating Equations (5) and (&yhere D is the fiber diameter (Talllp

55



(5)

(6)

Table 5. Description and quantification of the seven principal print parametarsidered in the study.
Print parameters are classified as either design parameters or pra@ssters. Contact radii and layer
spacing are expressed as a factor of the fiber diameter&r. d&igle is measured from theliyection.

Print Parameter | Variable | Type Base Value Egrgtﬁg\éion ngtittjigztion
Fiber angle : Design | 30° - 1° steps to 459
Fiber spacing S Design | 1.0 mm 0.9 mm 1.1 mm

Fiber diameter D Process | 300 um 250 um 350 pm
Contact radius C Process | 0.30 x D 0.39xD 0.48 xD
Elastic modulus E Process | 265 MPa 239 MPa 292 MPa
Layer count N Design | 6 4 8

Layer spacing Z Process | 0.8 x D 0.7xD 0.9xD
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Figure 16. Cruciform scaffold geometry showin@g) threedimensional view of cruciform with base print
parameters indicating the coordinate systemdimensions (in mm)b) x-y plane view (top) and-x plane
view (bottom) demonstrating critical design dimensions of theadagfudied in the current investigation;
(c) magnified view of model mesh showing element refiaat at interlamellar contacts)d(d) FE model
showing the central homogeneous ROI (5 x 5 mm) highlighted in red and bpanddition specifications

indicating node sets (i.e. surfaces}& in red (doubldeaded arrows indicate dergees of freedom and

large grey arrows indicate wheatsplacement conditions are applied in thamxd ydirections).
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2.2.2.2. Materials

In order to mimic our earlier experimental study, the scaffolds were assigieextruded

polycaprolactone (PCL) material properties and modeled as isotropic and las@r(E1 = 265

03D 178 over the relatively low strain range (6.7% maximum global strain) imparted on
the model.
2.2.2.3. Mesh

The fibers were meshed with hexahedral elements (C3D8). Two meshing regimes were
considered: uniform and refined element sizes at the fiber contacénstice continuity of the
mesh, the refined mesh was generated by reducing the mesh seed size along the edges which were
situated adjacent to fiber contact areas and parallel to the main fiber directiOfobySnmesh
convergence studyF{gure 17) was conducted for both regimes in order to determine the
computational time and convergence of strain energy for both the whole assembly and a central
region of interest (ROI). Mesh convergence was conducted on a sch#bldonsisted of base
print parametersT@ble5). A seed size of 0.075 mm using the refined mesh converged to within
3% of the finest considered seed size (0.05 mm) in one hour of computational time, dodethere

was used for all subsequent analyses in the current Stigly€16c).
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Figure 17. Mesh convergence analysis showing the total strain energy asiafiusfdhe number of nodes
in the model. The four lines indicate the total strain energy of the model and treoR@dring both the
uniform mesh and mesh with refinements at fiber contact areas. Computttisafor relevant datum
points are provided and the accepted mesh is indicafiatetenesh witta base seed size of 0.075 mm).

2.2.2.4. Constraints & Boundary Conditions

The nodes at the ends of fibers (i.e. grip locations) were assigned to fouls&8; S3,
and S4 on they, -, +y, and +x surfaces, respectiveljigure16d). To ensure that each boundary
face translated as a rigid body in the unconstrained direction (to simulate fixationthe biaxial
testing grips), the nodes at each face were rigidly tied. Orthogonal disgliaise(or globl strains)
were prescribed on the S3 and S4 surfaces and all nodal displacements and rotations othe S1 a

S2 faces were set to zero, except for the direction of transverse sliding to ensusgrsggahand

59



purely biaxial loading. For example, the S1 nodes (nodes inthadane) were restricted against
displacement in the-yor zdirections, but were not kinematically constrained in turection.
The S3 and S4 faces were also prescribed freedom in the transverse directwaseatefined

displacements normal to the face. All other displacements and rotations weraigedst

In 3DF, when new fibers are extruded onto existing fibers, anlanllar contact region
is created where these adjacent fibers adhere. By assuming ideal bonding behe#ae, lthese
inter-lamellar contacts were defined by creating rigid tie constraints betwees wittlin circular
regions on mating faces (tie radius equal to the contact radius). Thiscitoutact region was
implemented to reduce model complexitydpproximating the ideal case of an elliptical contact
region between two intersecting cylindrical fibers. Due to the difficulty of piedicand
measuring contact radius experimentally, it was considered an independemtpanathis study.
Contact nodes coinciding with the boundary conditions were excluded from the contdot sets
prevent oveiconstraint. The ROI elements and nodes were defined to reflect the homogenous
deformation region from the experimental biaxial testing seffigsife 16d)°’. The element ROI
was defined as all elements within the top two layers and a central squasedegtionehird the
length of the cruciform center (i.e. 5rm The nodal ROI was defined within the same square,
however, nodes were only taken from the top face of the top two layers to bestnemtest is

observed by digital image correlation (DIC) in the experimental te8fing
2.2.2.5. Analyses

Output files were generated to: (1) record the initial coordinates and predtbdechation
components of all nodes within the ROI, and (2) record the solution metadata (model aod soluti
details), the strain energn the total assembly and ROI, the components of the 2D strain tensor

(including coefficients of determination), and the reaction forces at all bounaiaajtions. For
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each solution, linear regressions were used to evaluate the gradient of nodalrdespisi¢e and
v, in the x and ydirections, respectively) with respect to initial coordinate positasd y)and
corresponding % values Accordingly, by considering the ROl on a continuum level, this

determined the average normal componentdhe 2Dinfinitesimal strain tensor d in the xy

plane:

0Q 1|0 OR
oT 2 oU o

1
Qe G T K
“Re 6% 4 sRr o0 oR (7)
P oT o oUu O

where G sand §; are the normal components of the infinitesimal strain tensor in-the x
and ydirections, respectively, andx; = §s are the shear components of the infinitesimal

(Section 2.) strain tensor. This method is consistevith the ROI strain evaluation of an
experimental series if the smalrain condition of infinitesimal strain theory is satisfied. The
stresses in each direction were evaluated from the corresponding suppont feacéis divided

by the bulk cross stional area (cruciform width, 15 mm, multiplied by the total thickness, Z x
N). The single stresstrain point was used to determine the model Effective Elastic modulus (EE;
EE« and EE in the x and ydirections, respectively). For the equibiaxial cale,ratio of EEto

EE« was evaluated as the effective elastic modulus rati¢),(Bich is a measure of continuum
level anisotropy of the scaffold in the circumferentiaial plane. This method of evaluating EE
simulated the linear elastic behavior observed in the experimental biaxial testesfSection

2.1). An equibiaxial displacement ramp of 0.5 mm, 1.0 mm, and 1.5 mm was used to validate the
linearity of the solution using the base parametdiable 5). A linear regression of the

displacement ramp yielded # 1.00, thus the stressrain response was deemed linear and the
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final displacement step (i.e. 1.5 mm displacement) alone could be used to metdr@moduli

for all anayses.
2.2.2.6. Validation

To validate the FE model, measured print parameters from fabricateoldsafed for a
biaxial experimental series (fiber spacing = 1.0 mm, fiber diameter = 0.338 yenhkeight =
0.43 x O Sectior2.1)wereused as geometric inputs. The elastic modulus aedantellar contact
radiuswere used as optimization variables due to difficulty in quantifying these paranneteesir
“as-printed” conditions. These two optimization parameters were iterativelydveridetermine a
minimum in the absolute standard error of the FE modebiB& EE predicitions as compared to
the experimental EEand ER values in all loading regimes simultaneously. A-@Ghf XDUHG WHVW

= 0.05) was conducted to statistically evaluate the fit of the FE model to théempiait data.
2.2.2.7. Parametric Studies

A total of 1584 FE simulations were conducted to evaluate the infldnmerturbations
to the print parameters from the base values. All values of the print parameterereahaie
reported inTable5. Each perturbation was evaluated for all fiber angles and all contact radii. Fibe
angle was selected as a critical design parameter for tailoring the mechasicentatt radius
was selected as it is one of the most difficult process parameters to control anca nmejsated
constructs. Accordingly, quantification of these twogpaeters was identified as two of the most

pertinent for scaffold design analysis.

2.2.3. Results

A typical cruciform deformation in equibiaxial tension with von Mises equivalkeess

contours is shown ifigure18. Theoptimized FE model used for validation visually fit all three
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loading regimes wellHigure 19. The optimized model yielded an elastic modulus of 114 MPa
and contact radius of 0.27 mm (0.9 x D). The-Shuared tesfielded no significant difference
between the optimized FE model predictions and experimental data (p = 0.079). Gorstirains
within the ROI were obtained from highly linear correlations between nodahdepents and
undeformed positions. All EEvaues were calculated fromdirection normal strains (dv/dy) with

r? values larger than 0.90 (of 1584 linear regressions, 2°rad.85 and 89 had k 0.97). Of the
1584 xdirection normal strains (du/dx) used to calculate, B510 had%> 0.90 (169 had?r<
0.95 and 263 had k 0.97). All of the xdirection normal strains wittf K 0.90 were associated

with near-zero strain magnitudes for fiber angles ranging 40° to 44°.

I xcx [—~X
QORRRAAAGOERT .
ANOOALKECRRE  Sivese,

0"’”"‘000’ 96.6
| "NHH"QQ 88.5
QOO0
SOGBAOO00NNAAEAN B 53

', OO

Figure 18. Solution for the cruciform model subject ¢quibiaxial tension with base parame{@able5)
showing Mises equivalent stress contours (MPa).
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Figure 19. Mechanical properties of the optimizE& model as compared to experimditaxplot biaixial
data of 3DP PCL cruciforms demonstrating general agreement Ietiveerelealized computational model
and physically printed cruciforms. Dathown are(a) EE, in equibiaxial tension(b) EE in equibiaxial
tension(c) EE in transversly constrained uniaxial tesion, andd) EE, in unconstrained uniaxial tension.

The range of native AF target mechanics are shown with dashed blaeR &, All unconstrained

uniaxial data fell within the target bounds.
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22). These data are also functionalized with respect to perturbations in fibb@ngpfiber
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diameter, and layer count. Each figure also includes perturbations in fib&ctcoadius in
combination with each of these three other parameters. The base model predicteibidndadqu
EE to remain within the target bounds for native (R to 88 MPa) at low fiber angles. However,

at approximately 43°, the iRvas predicted to increase dramatically up to a maximum of 115
MPa at a fiber angle of 45°. The equibiaxial i the base model predicted a steady increase in
EE as fiber angle was increased. Ther B&nsitioned from negative (compression in the x
direction) to positive (tension in thedirection) between 42° and 43°, matched the native AF EE
between 43° and 45°. As expected, equibiaxialrB&ched exactly 1.0 at a fiber amgif 45°. The
transverse constrained uniaxial and unconstrained uniaxial both predictedyadste@ase in EE

with increasing fiber angle. The constrained uniaxial data were within tive Adgitarget bounds

(0.46 to 27 MPa), and ranged from 26.1 MPa to 16.4 MPa at the 30° and 45° fiber angle scaffolds,
respectively. The unconstrained uniaxial data were within the bounds of the nativegéF ta
(0.084 MPa to 45 MPa), and ranged from 13.7 MPa to 3.9 MPa at the 30° and 45° fiber angle

scaffolds, respectaly.

Equibiaxial EE was generally greater for larger fiber diametersKigure 2@&), however
this trend reversed between 44° and 45° and the 45° scaffold indicated that a smaller D would have
a marginally greatdfEy. Equibiaxial EEwas consistently more positive for largerfgure 2®).
The predicted effect of D was more pronounced at lower fiber angles and cahied8 at a
fiber angle of 45°. A larger D was also predicted to: (1) yield a positivatB&wer fiber angle as
compared to smaller D and (2) yield a lower rate of change pivil change in D. Both #h
transverse constraine@igure 2@) and unconstrained uniakidata Eigure 2@) indicated an
increase in EHor larger D that was more pronounced at lower fiber angles. In all testing regimes,

the influence of fiber contact radius was consistently greater for larger D.
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Figure 20. Cruciform effective elastic moduli as a function of fiber angle from thdirgction for
combinations of threiber diametergD) and three contact radii (C). Data shown éagEE, in equibiaxial
tersion, (b) EE: in equibiaxial tension(c) EE, in transversely constrained uniaxial tension, @)cEE, in
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The predicted effect of fiber spacing (S) in equibiaxial tension was a genergdy Eg
for lower S Figure 2h). The magitude of this effect was not consistent, and the S = 0.8 mm
scaffold predicted a lower ks compared to the S = 1.0 mm scaffold at the 44° and 45° fiber
angles. The equibiaxial Efwas generally more positive for smallerfsgure 2b), however, there
was again no consistent trend. The transverse constr&igenlg 2) and unconstrainedrigure
21d) uniaxial data both predicted eegter EE for smaller S and, additionally, the increase iy EE
between S = 1.0 mm and S = 0.8 mm was consistently greater than the increadeetw&én S
= 1.2 mm and S = 1.0 mm. In all testing regimes, the influence of fiber contact radius was

consisently greater for smaller S.
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Figure 21. Cruciform EE as a function of fiber angle from theligection for combinations dhree fiber
spacings(S) and three contact radii (C). Data shown &s@:EE, in equbiaxial tension,(b) EE in
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A larger layer count (N) predicted a generally larger equibiaxigl (Eigure 22) and
generally more positive EEFigure 23), although hese effects were relatively small in
magnitude. The transverse constrairféidire22c) and unconstrainedrigure 221) uniaxial data
also predicted little change in E®ith N. The increase in Ebetween N = 4 and N = 6 was
consistently greater than the increase igligEween N = 6 and N = 8. Fiber contact radius had a

greater influence on EEs compared to N for all loading regimes.
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Figure 22. Cruciform elastic moduli as a function of fiber angle for combametiof thredayer countgN)

and three contact radii (C). Data shown &@EE, in equibiaxial tension(b) EE in equibiaxial tension,
(c) EE in transversely constrainadiaxial tension, an@d) EE, in unconstrained uniaxial tension. The

range of native AF target mechanics are shown with dashedlislagR 312
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Graphically, the perturbations in both elastic modulus (E) and layer theckdgsvere
SUHGLFWHG WR VFDOH WKH VWLIIQHVGIGDWD XKHQRQRORPDRU ]
E, the predicted deviations in EE due to the negative and positive perturbatiohadcaEnean
and maximum of 1.2 x 1 and 2.1 x 10%, respectively, for all three test regimes (equibiaxial,
WUDQVYHUVH FRQVWUDLQHG XQLD[LDO DQG 6X@®HEMRYIWUDLQH
shows the percentage error of the negative and positive perturbations to layer smcknesdized
by multiplying by the layer thickness (i.e. a forsteain stiffness). The residual changes in EE due
to perturbations in layer thickness thatre not explained by changes in stress area resulted in
consistently higher EE and lower Ett the negative and positive perturbations to layer thickness,
respectively. Similarly, the residual errors resulted in consistently loweari€Ehigher EEfor
the negative and positive perturbations, respectively. The maximum absotéetprors in EE

and EEreported inTable6 occurred at an asymptote in the stiffness.

Table 6. Errors incruciform EE compared to the leakyer thicknes§0.8 D) after normalization to the
total scaffold thickness (i.e. normalization to ovestifessed area). The EHata include all three test
regimes (equibiaxial, transverse constrained uniaxial, andatraied uniaxial), all contact radii (C), and
DOO ILEHU DQJOHV ,  GOKWDHOQEEBXOH MD® Q(FRQWDFW UDGLL & DQG D

EE Variant EEy EE:

Layer Thickness (2) 0.7D 09D 0.7D 09D
Minimum 0.60 0.85 4.3 x 10-5 6.4 x 10-5

Absolute Median 2.6 3.9 0.048 0.079

P EIOr | Maximum 5.6 100 0.083 0.15
Mean 3.0 4.7 0.046 0.072
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2.2.4. Discussion

In this study, the EE and EBf a FE model of an angjay laminate cruciform was
predicted in equibiaxial tension, transversely constrained uniaxial tension, and umtedstra
uniaxial tension. Perturbations to a variety of print parameters were maldke model and the
influence on the EE and E®#as presented. Highly linear correlations were found between nodal
displacement and undeformed position within the ROI, indicating a high degree of continuum
level homogeneity in the central region of the cruciforms. The strong fit of the FE toaitiel
experimental datd{gure 19 indicates that the Fiaodel captures the overallechanical behavior
of the angleply architecture. The measured fiber diameter and spacing were similar to the FE
model base parameters and within the bounds of the FE model parameters condile rae sent
study The measurlayer height was smaller than the bounds considered in the study, however,
this condition represents a wersse distortion of the idealized geometry from the true fabricated
geometry. The optimized PCL elastic modulus (114 MPa) was 42.9% of the adsulin&CL
modulus (265 MP&’8).This lower elastic modulus is reasonable and expected in the fabricated
scaffolds due to thermal effects on the PCL during the printing prdgeBse optimized contact
radius of 0.27 mm is also intuitively larger than the fiber radius (0.169 mm) asatxe{sr a
region where excess material at the intersection of fibers forms a-likeldegion. Further,
circular interlamellar contacts are a simplification of the more elghsgped contact areas that are
typically observed in the printed constructs. Actiogly, a larger circular contact radii may be
required to generate the same rotational stiffness (i.e. polar moment of ireeatmeglaptical fiber

intersection with the same contact area.

Distinct trends in EE and EEZHUH DSSDUHQW ZLWK FKDQJHV LQ , =2

diameter and fiber spacing also exhibited appreciable changes in the EE artwgver,
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perturbations in the number of laminate layers (N) showed only minor changes miBEEa
Perturbations in layer spacing (Z) and material elastic modulus (E) demonstratedrtithange

in EE and EEafter normaliation to Z and E, respectively.
2.2.4.1. Fiber angle

7KH ILEHU DQJOH , ZDV SUHGLFWHG WROGD ¥(HhieeGUDP DV
loading egimes. These trends in £Bnd EE ZLWK YDU\LQJ , GHPRQVWUDWHG
smooth behavior. This observation is likely caused by the discrete fiber axai@teicthe scaffold
VXFK WKDW VPDOO FKDQJHV LQ , PD\ D bta¢bdinddnteanditokd) QI H W
as depicted irrigure 23 Additionally, the FE model predicted that scaffolds with a positive EE
all had EE < 1.0 which indicated that these scaffolds were stiffer in thedeomnant fiker
direction (xdirection) than the dominant fiber directiondirection). This predicted response is

in agreement with data from the experimental biaxial s¢8estion 2.1).

@) (b) (© (d)

Figure 23. Deformed model images demonstrating fiber wrapping at the boundaryicosdShown is
one cruciform corner of the base parameter model a)83° fiber orientation where the fiber near the
corner (indicated by the arrow) is on thertical boundary(b) 34° fiber orientation where the fiber near
the corner (indicated by the arrow) transitions betweanizontal and vertical boundarigg) 35° fiber
orientation where the fiber near the corner (indicated by the arrow) tiseohorzontal boundary, and
(d) 36° fiber orientation where the fiber near the corner (indicated by the aisoww) the horizontal
boundary and is attached to an adjacent fiber to transmit loads
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2.2.4.2. Fiber diameter

It was shown that a larger fiber diameter consifyegenerates a more positive HEigure
20) which becomes tensile in both cruciform directions at lower fiber angles. Thisngartant
attribute for AF scaffold design for three main reasons. Firstly, thaseawarger range of fiber
angles that generated equibiaxial tensile stresses in both cruciform dsethis effect assists in
matching the native AF mechanical properties. Secondly, the magnitude &lidtiEe(2@) is
more sensitive at larger fiber angles, therefore, designing within the filpge angle regime is
desirable and is achievable by incorporating larger fiber diameters. Thitdigea fiber diameter
demonstrated a lower sensitivity of HE& fiber angle with (i.e. larger fiber diameters exhibited a
lower gradient inFigure 20b) and, therefore, less likely to generate compressive stresses in the

transverse direction due to orientation and loading perturbations in clinicedledimpl.

Layer thickness was defined relative to the fiber diameter, and thus, the sctifcktess
(and ultimately the stress area) increased with larger fiber diameters. Howevéie tesp
relatively larger stress areas, the medeith larger effective fiber diameter exhibited distinctly
larger EE in all three test regimes. This result indicates that increasingeghdiéimeter is a valid
method to increase the stiffness of angescaffolds, despite the corresponding incedadayer
thickness. The contact radius was also defined relative to fiber diameter; thererespaualing
increase in the EE variability due to perturbations in contact area with iadreBs likely as the
perturbations in contact area also increéasih fiber diameter (contact area 4)DOverall, these
data demonstrated the complexity of tailoring scaffold mechanics usirag@sp parameter (i.e.
fiber diameter) as outcomes are convoluted with many other process parameters, which lead
seconday effects. These data also highlighted the importance of establishihgdighol of fiber

diameter. Fluctuations in fiber diameter during the fabrication process nthyolemexpected
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results due to direct influence of fiber diameter (as describedepliat also the secondary

influence on other process parameters (such as scaffold thickness and contact area).
2.2.4.3. Contact radius

General inferences with respect to the effect of layer contact on construct mechanics can

also be made from the current paramettidies. For example, the fiber spacing res#igure

21) demonstrated that a greater contact radius (C) resulted in greater EE-amdl, conversely,

a lower C resulted in lower EE and E¥his trend in EE aabe attributed to a stiffening of the in

plane rotational deformation constraint at the fiber contacts. Perhaps to a lessetliexeffective

fiber element length between contacts is reduced by a larger contact area amihgigcall
deformation mdes are reduced. The same observed trend iméEates that C influences the
dominant fiber direction @girection) mechanics more than the rwminant direction (X
direction). Further, the effect of C was predicted to be nonlinear; the secred&EEfrom C =

0.30D to C = 0.39D was substantially greater than the increase in EE from C = 0G38D148D.
2.2.4.4. Fiber spacing

The influence of fiber spacing was predicted to be nonlinear; the difference in EEebetw
1.0 and 0.8 mm spacing was more pronounced than the difference between 1.2 and 1.0 mm
spacing. This indicates that appreciable gains in stiffness can be generatelddrydgditicing the
fiber spacing (along with a reduced sensitivity of BER 7KLY QRQOLQHDU WUHQG
guadratiancrease in the number of fiber contacts as the fiber spacing is reduced anditteanonl|
influence of fiber element length in bending deformation. The increase in stiftnkgssted by
the volume fraction of the scaffold as previous studies have sedgesolume fraction less that

approximately 50% is required to afford sufficient cell ingrowth and proliferatfon
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2.2.45. Material modulus

The data clearly demonstrated the expected rdbatt FE predictions of EE scale
identically with material modulus. The residual error in this exact relationstypbe attributed
to numerical/computational approximation. Two major implications can bendram these data.
Firstly, the welldocumented reduction of the materials modulus and anisotropy associated with
the melt extrusion proce&®1®1%can be easily accounted for by simply scaling the data.
Secondly, the mechanics of identical architectures with new materials can be ryesstmabted
by scaling the material modulus, as long as the new material exhibitsdiastcity within the
expected strain range. A possible confounding factor dingcéhe material modulus in new
materials is differences in fiber shape (e.g. esesgional circularity and longitudinal straightness)
and layer contact strength due to variation in the chemical and thermal megdestveen

materials.
2.2.4.6. Layer count

Theinfluence of the layer count on EE was relatively small as compared to perturbations
in contact areaRjgure 2. Based on the small sample size of three different layer counts, the
moduli appeared to converge (i#e change in modulus from four to six layers appears
consistently larger than the change in modulus from six to eight layers). Extiragptied result
indicates that the biaxial data from thin cruciform specimens (N = 6 layers) may héfosef
approxmating the elastic response of thicker, more clinically relevant geometries, érothies/

extrapolaton requires further validation.
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2.2.4.7. Layer thickness

Smaller layer thicknesses exhibited greater EE and a more positivéREAE DOO , DQG FRQ
radius (C) as compared to larger layer thickneSsdse6 shows that most of the variation in EE
and EE from perturbations to the layer thickness could be explained by normalizing tdahe to
scaffold thickness. Therefore, changes in EE due to layer thickness are almibgpeaportional
to the change in stressed area. In other words, scaffoldstlvtiame layer count exhibit
comparable forcelisplacement characteristics regardless of layer thickness. The residual error is
likely due to changes in adjusted material elastic modulus, as a smaller layeeshi¢K) for a
given fiber diameter (D) must have an increasedHfjuation (6).Although tlis increase in
adjusted elastic modulus is only a phenomenon of the model, it represents a playsoald of
the fiber crosssection in the direction to accommodate a smaller layer and the corresponding
increase in bending stiffness in theyxlane. These results from perturbations to the layer
thickness demonstrate an important aspect of printed scaffolds; the stiffpessisiéargely on
the number of layers and not the height at which they are stacked. Conversely, wheg aninti
implant for a specific anatomical location or regenerative medicine applicdtierthe overall
height of the scaffold which is critical and this could be achieved with many diffiesenbers of
layers with different heights. Accordingly, the FE model demonstratesctrdrol of layer
thickness during the printing process is essential to producing consistent scaffblahitec
Additionally, a reduction in layer thickness in physical scaffolds (resulting in feadtBber cross
sections in the -direction) likely ingceases the contact radius and associated appaveht

stiffening.
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2.2.4.8. Implications for design

It seems intuitive that the previously described boundary condition effegiré 23)
would be reduced in less discretelanore homogeneous structures. Indeed, the moduli with a
smaller spacingHigure21) appeared to have a more continuous trend with changes in fiber angle.
A smaller fiber spacing and larger fiber diameter both rétltc WKH VHQVLWLYLW\ RI
equibiaxial tension, although this sensitivity was increased in both uniaxial mdekysdiemeter
is a process parameter that can be difficult to control and larger diameters ddecothefsize
scale of the structural collagen in native AF. Therefore, it appears that two d&sigreters, fiber
spacing and fiber angle, are the most useful parameters for tailoring scaffoldnmedo the
native AF mechanics. Further, whilst layer count and layer thickness may beiypypeoportional
(for a constant construct thicknegkie influence of these two parameters on construct EE can be

explained independently.
2.2.4.9. Mechanical evaluation of tissue scaffolds

Fiber composite models that capture affine fiber reorientation duoading are a
candidate to predict the mechanical behavior of aplyiéaminates. However, in 3DF fabrication,
bonding between layers restricts affine reorientation of the fibers anafadiegrthe local
deformations within the FE model are not affinghamiespect to the macroscopic deformation.
Accordingly, fiber composite models may not be appropriate. Aplgléaminates may also be
suited to frameelement structural analysis which captures the axial, shear, and bending
deformation mechanisms of the unsupported fiber sections in the scaffold. Indegdhasea
inferences may be made by considering an array of frame elements with rotattongbliant
connections. However, frame analyses are not represented as volumes, and thargiordyec

augmentd with other FE constructs as easily as tidimeensional FE analyses. Accordingly, this
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study was designed to use FE analysis due to the practicality of tragnstetimodel into further,
more clinically relevant geometries and loading conditions, spaltyf for incorporation into a
larger validated FE spine mod&| Additionally, FE analyses pose an efficient method to explore
new geometries, such as graded mechanical properties to drive varied changdaimutthmes
that may be useful for integration with the natitissue (such as the implarmdtive tissue

interfaces).

The data in this study would have been extremely difficult and time consuming to generat
through experimental analyses. A similar evaluation of physical scaffolds wegidre the
fabrication of anumber of samples for sufficient statistical power at each design point, édllow
by multiple mechanical tests and corresponding-postessing. Moreover, physical testing of
scaffolds would consume considerable machine time and printing materials. tiiths s
demonstrates the utility of FE analyses to drive design and then valielatdebted design. Future
steps for the fiber angigly laminate FE model are to validate the predicted stiffnesses against
experimental data of corresponding scaffolds. Basethe indications of this study, the scaffold
parameters can then be optimized to identify a set of parameters which eethiecaiative AF
mechanics and predict minimal sensitivity to critical print parameter pattons (such as listed
in Table5). The optimized parameters would then be further validated and changes rttagle to

FE model accordingly.
2.2.4.10. Limitations

The FE model is an idealized approximation of a printed geometry and it is expeoted the
are geomeic variances and mechanical interactions that may not be included in the cuockel.
Shear deformation may be another pertinent deformation mechanism and the ractdeysaldo

not identically match the shear behavior of circular fibers. In additrendata presented in this
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study may only apply to the cruciform geometry and it is possible that the mechani@albbe
may be different for different geometries, in particular due to boundary condigatse The FE
model used an isotropic elastiodulus based on the bulk material. As previously discussed, melt
deposition reduces the overall elastic modulus, however, it may also stiffen énmhmathe fiber
direction (i.e. axial direction) relative to the transverse pfan€he melt @position process may
also induce residual stresses within the scaffold, which were not consideresl stuthy. The
influence of fiber anisotropy and residual stresses on the scaffold mechanics meagragdd to

more closely approximate the local mechanics in the future.

2.2.5. Conclusion

The results of this study demonstrated the influence of various print parsroetéhe
biaxial and uniaxial elastic moduli of 3DF anglly laminate scaffolds. Of the print parameters
considered in this study, fiber angle, fiber diameter, and fiber spacing weretéohade to the
most dramatic influence on EE andEEayer thickness and contact area were found to have
moderate influence on EE and f£Bnd the number of layers was found to have only a minor
influence on EE and EEThe material elastic modulus scaled EE to numerical precision, and
therefore, EEwas not affected. The data presented in this study both aid the selection of design
parameters and highlight the importance of controlling process parameteesfabtication of

micromechanicallytailored tissue engineered scaffolds.
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CHAPTER 3-THE REGENERATIVE RESPONSE OF CELL -LADEN TISSUE

ENGINEERED SCAFFOLDS UNDER MECHANICAL STIMULUS

Specific Aim 2 wado evaluate the tissue response of-talen scaffolds dtured with
dynamic biaxial mechanical stimulus using experimental and computational methods. The
experimental and computational aspects of Specific2ame divided into Sectiod.1and Section

3.2,respectively.

3.1. Experimental Approach

3.1.1. Introduction

In this study, TE scaffolds were seeded with mature ovine annulus fibrosus cells and
cultured under dynamic biaxial tension to observe the influence of physiologeliant
loading on tissue formation. To consolidate the advantageous mechanical and biologiced feat
of 3DF and MEW, ahybrid 3DFMEW scaffold architecture was developed and implemented in
the cell cultures Ultimately, this study aimdto evaluate the suitability of the proposed scaffold
architecture for AF repair and to identiijhethemultiaxial loading modes may be advantageous

to promote AF tissue regeneration.

3.1.2. Methods

3.1.2.1. Scaffold design and fabrication

Cruciform scaffolds were designed based on a previously developed architeatiesth

replicated the mechanigaioperties of native AFSection 2.1 Specifically, an anglply laminate
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was prescribed for 3DF fabrication (fiber angle = 34°, fiber spacing = 1.0 mnoxappte fiber
diameter =300 pum). The cruciform geometry was used to deliver biaxial loading to a homogenous
region (approximately 5 x 5 mm) at the center of the scaffold, as demonstratedaugpreork
(Section 2.1 Toprevent failue of the scaffold at the stress concentrations, webbings were added
at the internal corners of the cruciform and reinforcement fibers were addedftantdres at the

grip sites Figure 24. Additionally, MEW scafblds (fiber angle 84°, fiber spacing = 1.0 mm,
approximate fiber diameter = 30 um) were inserted between the lamellae of trse&fiafd to
generate a hybrid 3DF/MEW scaffold with fibers of multiple size sc&lggi(e 24. This multi

scale scaffold design was hypothesized to be more advantageous for AF repair. Spettitcal
hybrid scaffold contained MEW fibers that were similar to the scale of the mesidks, yet

maintained the overall geometrical and headcal integrity of the implant due to the 3DF fibers.

Scaffolds were fabricated with a 3DDiscovery bioprinter (RegenHu Ltd, Vdkint
Pierre, Switzerland). First, the MEW sheets were prefabricated with a MEW toolhe &INME
module, 26 gauge nozzle, e length = 15 mm, melt temperature = 65 °C, extrusion pressure =
80 kPa, translation rate = 40 mm/s, voltage = 4.5 kV, collector distance = 3.0 mm) and cait into 1
x 15 mm sections. The MEW sheets were made from PCL with number average moleghiar wei
(Mn) of 45,000 (Sigma Aldrich, St. Louis, MO, USA) because PCL with Mn = 80,000 was found
to not produce a reliable Taylor cone for MEW. The 3DF architecture was prirte& 8DF
toolhead (HM100 module, 27 gauge nozzle, nozzle length = 6.35 mm, exirtesigperature =
130 °C, extrusion pressure = 100 kPa, translation rate = 3 mm/s, auger speed = 4r§.rev/mi
Preliminary biaxial testing of 3DF scaffolds in physiological conditions found tatAth a Mn
of 45,000 fractured under cyclic loading at drstikains. Therefore, PCL witiin =90,000 (Sigma

Aldrich, St. Louis, MO, USA) was used for the 3DF fibers. MEW sheets were mamsalyad
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between each 3DBilayer at the center of the cruciform such that the 3DF and MEW fiber

architectures aligned. THbrid scaffold fabrication is illustrated in detailfigure 24.
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Figure 24. Diagram of the 3DF, MEW, and hybrid scaffolds showingat@hitecture and relative scales

of the 3DF andMEW components of the hybrid scaffold.
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To meaure the resultantider diameters of the MEW and 3[0focesses, ten (n =10)
additional samples of the MEW sheets and 8Reiform (without the MEW layers) were printed
with the same prescribed architectural and process parameters as the implarase®itéyer of
these additional samples were printed to improve image quality. Images of eadh wamep
captured using a transmission light microscope (Olympus2BFokyo, Japanand ten random
fiber diametes were measured from each scaffold (excluding the initial layer of 3DF fitsng) u
ImageJ software (&tional Institutes of Health, Bethesda, MD, USAhe average fiber diameter
and spacing for each type of scaffold were then calculated. To observe the hybitt scaff
architecture, ttee examplescaffolds with the combined 3DF/MEW architecture were also

fabricated and imaged using the same methods.

Scaffolds were infused with a cédlden hydrogel for culturing. Fibrinogen was first
isolated from whole sheep blood using the Cohn fractionation mé&thwé¢hole blood collection
was performed under approval from the Institutional Animal Care and Use Conmamhi@emrado
State Universitygrotocol #: KP104). The scaffolds were gently soaked in ethanol for steoifizati
and allowed to dry in a sterile environment. For each scaffold, fibrinogen was isodauetf mL
of sheep plasma, 1.5 mL of the remaining plasma was retained, and approximately 250,000 ovine
AF cells were added to the fibrinogen solution. The fibrin hydrogel was created by pigsdting t
fibrinogen solution into each scaffold in a custom mold then gently mixing 500 units of thrombin
(bovine thrombin; Sigma Aldrich, St. Louis]O, USA) into the mold with a pipette. The cell
laden scaffolds were allowed to set for 15 minutes at room temperature beifogegently

removed from the molds.
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3.1.2.2. Study design

Cell-laden scaffolds were fabricated in groups of three. Within each grougle lsatch

of the fibrincell mixture was divided between the three samples to minimize variability in the

fabrication process. Samples were randomly allocated as either a: (Eetioneontrol, (2) sham
control, or (3) treatment. The tireero control ample was processed for histological evaluation
immediately following infusion of the celaden scaffold. The sham control and treatment samples
were cultured under identical environmental conditions for two weeks in a customtorcilbe

treatment sample was additionally prescribed a dynamic biaxial mechanical loautowppr
3.1.2.3. Incubation with dynamic biaxial stimulus

The sham control and treatment samples were cultured in a custom designed imatibator
a mechanical system for dynamic biaxial mecbalnactuation of the treatment sameg(re.
Detailed design and validation of the biaxialubator are elucidated Appendix B The treatment
sample was placed in a custom sterile enclosure and clamped twibhanthogonal sets of grips.
The culture medium for the study consisted of Alpha minimMdik VHQWLDO PHGLXP
L-glutamine with 10% fetal bovine serum and 1% penicillin/streptomycin. Twiemynilliliters
(25 mL) of culture media were added to the sterile enclosure before it was sealedesad fest
the biaxial system. The sham control sample was placed in a glass bottle with 25 uotiuref

media and the vented bottle was placed in the incubator.
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Load cell 1 position
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screw
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Figure 25. Digital photographs of the custom biaxial incubator degignthe environment chamber and
biaxid mechanical system, ar{f) the sterile enclosure. Thavironmental enclosure controllfte gas
composition and humidityof the cell culture and wasoused within a thermal enclosure at 37°C. The
sterile enclosuravas located around the center of thiexial system and within the environmental
enclosureThe scaffold wasubmerseih a well of culture media and was gripped by thesaof the sterile
enclosure. Overalthe system allowethe celtladen scaffold to receive dynamic biaxial stimuli frora th
biaxial apparatus in a controlled environment.

Once samples were loaded in the incubator, the environment was allowed to equilibrate
(temperature = 37C, relative humidity > 80%, CQevel = 5.0%) and the scaffold was exposed

to a dynamic, biaxiastran protocolvia two orthogonal linear actuators (Zaber NA34dg0)
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Vancouver, BC, Canada). In detail, the treatment scaffold was prescribed sihgdoiddstrains

with amplitudes of 2.5% and 0.5% in the axial and circumferential directions, igspgait 0.1

Hz for 8 hours per day (i.e. 2880 cycles per day). The frequency, duty cycle, and biaxial loading
modality were prescribed to approximate thevivo loads experienced by the AF. The specific
magnitudes of the global strain protocol were adopted based on predicted regeneration potential
from a moel of the cellular micromechanical environment in the scaffold architecture
(Appendix Q. Additionally, a 2.5% limit was imposed on the magnitude of the strain protocol
because preliminary work found ththe scaffolds fractured within idlays at larger strains. The
resutant forces applied to the treatment scaffold during culture were mdassirgy 250 |b load

cells (Honeywell AL311CN, Charlotte, NC, USA). The treatment and sham conmplesawere
incubated under these prescribed conditions for fourteenddyy. The culture media for both
samples was changed twice during each culture (at approximately even intervalgflgy br

removing the sterile enclosure from the system.
3.1.2.4. Histology

All scaffolds inthe study were processed to create ground plastic histological sections.
This protocol was used because: (1) preliminary work discovered limitationssgiragehe
scaffolds for other sectioning media, such as paraffin sectioning or cryosagtiand (2it would
allow direct comparison of histological results with a study of similar@lcifin an in vivo animal
model Section 4.1) To validate the efficacy of evaluating the scaffolds with ground plastic
sections, an addital group of scaffoldsvere infiltrated with a fibrin hydrogel containing AF
tissue. Specifically, one whole L4L5 disc was dissected from mature sheep dpimgdrated in
a desiccator, and crushed into fine pieces. The resultant minced IVD tissue \edsimaxa

fibrinogen solution, and cast in a scaffold using the same technique as previously desctieed f
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culture groups. The scaffold used for this validation group was the same @asttine groups,
except it did not contain MEW sheets to allow goeater infiltration of the AF tissue within the

scaffold. The scaffold was then cut into eight (n = 8) equal samples for hisédlpgcessing.

At their prescribed termination timeach sample was fixed in neuttalffered formalin
for 24 hours. Theentral region was then carefully cut into four pieces with a scalpel such that
each piece contained an equal portion of the central 5 x 5 mmARDr€ 26. The fixed samples
were dehydrated in graded ethanolactsl with HisteClear (National Diagnostics, Atlanta, GA,
USA), infiltrated and embedded in methyl methacrylate (MMA; Acrylosin Haoin@nd Hart,
Loxley, AL, USA). Two sections were cut through the ROI of the embedded scaffoldd. Initia
sections of apmximately 300 um were taken using a diamond blade saw (Exakt Technologies,
Oklahoma City, OK) and were subsequently ground toe&Dum thickness using a microgrinder
(Exakt, Oklahoma City, OK). One half of the sections for each sample were staited wi
Sanderson's Rapid Bone Stain (SRBS; Dorn and Hart Microedge Inc., Villa Park, A). with
van Gieson counterstain (VGCS; Dorn and Hart Microedge Inc., Villa RardSA) to identify
cell phenotype, tissue structure, cartilage, collagen, and bone. Rédrehatf of sections for each
sample were stained with toluidine blue stain $TBigma Aldrich, St. Louis, MO, USA) detect

proteoglycan content.
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Section A
Histology cutting plane

1 mm

Figure 26. Diagram of the histological sections for the cruciform tissue ddsfia the dynamic biaxial
culture study. Red dashed lines depict how each scaffold was cut intorfqplesaontaining the central
ROI. The location of the ROI was tracked by clipping the opposite corner séthien. Section view A
demonstrates theientation of the cutting plane used for the histology slides angresentative image of
the fibers in the cut section.

Digital images of the stained slides were obtained using a standard tramsrhgist
microscope (Olympus B2, Tokyo, Japan). To ehnacterize the ECM content within the
histological sections, histomorphometric measurements were made using Pragoftware
(Media Cybernetics, Silver Spring, Maryland, United States). The ROI for logpdrometric

analyses was defined as the full aveand by the scaffold in the histological section plane. Within
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each ROI stained with SRBS, the histomorphometric parameters measured werecd) fiber

area and (2) percent soft tisasedefined by blue/green stain.

3.1.3. Results

3.1.3.1. Scaffold design and falmation

The fabricated hybrid scaffolds clearlyhébited that the 3DF scaffold architecture was
generated with no garent defects and the MEW scaffold architecture was mostly retained within
the 3DF layersKigure 24. Digital microscope images revealed that the MEW sheets appeared to
melt near the succeeding 3DF fiber, resulting in no attachment between the MEWFahioe3®
at these interfaces. No melting of the MEW sheets was observed at the intersectidre with t
preceding 3DF layeMeasurement of the 3DF samples yielded a mean fiber diameter of 230 um
(20 um standard deviation) and a mean fiber spacing of 990 um (10 um standard deviation)
The mean fiber diameter and fiber spacing measured from the MEW sample®. tvgraand
105 um respectively (2.1 umand 22 pmstandard deviations, respectively). Notably, the fiber
spacing in the MEW samples was observed to alternative between values smaller anlaiarger
the mean fiber spacindrigure 24; the mean small fiber spacing w3 um(£20 pmstandard

deviation) and the mean large fiber spacing was 126 (+23 standard deviation).
3.1.3.2. Incubation with dynamic biaxial stimulus

Of the eight total study groups, tlreatment sampk showed no signs of infection after
two weeks of culture for the first six groups. However, the treatment culturbs iinal two
groups were compromised by infection and these groups were omitted from the study. One
unloaded control culture from the final two groups was also omitted from the study due to

infection. Culture media was observed to leak from the sterile enclosure dwirigiahtwo
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groups; it was found that the brackets used to clamp the rubber bellows on thesttoseire
were no longer generating an effective seal for the enclosure. Of the remainingugg, gme
unloaded control culture was also compromised by infection and this sampleswasratted
from the results. Ultimately, six (n=6) tinmero samples, six (n=6) treateples, and five (n=5)

unloaded control samples were included in the study.

The mean amplitude of the biaxial loads applied to the scaffolds ranged from 2.1 N to 8.7
N (mean of 4.5 N) in the-girection and from 0.6 N to 2.2 (f{nean of 1.4 N)n the ydirection
(Figure 27).The corresponding standard deviations for each group ranged from 0.7 N to 1.8 N and
from 0.1 N to 1.3 N in the-glirection and ydirection, respectively. The mean magnitude of the
biaxial loads wa observed to vary between the days of the cell culture. For example, in group 6,
the xdirection load progressively decreased from days 1 to 5 and from days ¢Rigu@ 27)
However, the xdirection loads sharply increased from day 5 to day 6 and from day 10 to day 11,

coincident with the change in culture media.
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Figure 27. Mean biaxial load amplitudes measured during the loading cycles of tti@yleell cultures.
Shown are the biaxial loads for each study group and an exafrtple biaxial loads for group 6 for each
day of the culture. Error bars indicate the standard deviation of the lo&isged black lines indicate
when the culture media was changed during the study.
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3.1.3.3. Histology

All histological sections stained with SRBS and TBS exhibited the 3DF fibetiseof
scaffold Figure 28andFigure 29. The fibers of the MEW sheets were also generallyohasi
although these fibers could not be identified in all sectibrgui(e29). All PCL fibers stained with
SRBS had a yellow appearance and some of the fibers also exhibited a darkangtagin color
from blue to red. Notably, the darker stained fibers were limited to the first threpsgod the
study. The mean fiber area was 22.1% (+11.0% standard deviation) of the histomorpHe@ietric
for all samples (mean +standard deviation of 25.3% +7.1% for time zero samples, 25.9% +
for unloaded samples, and 15.2% +13.0% for loaded samples). Sections stained with TB did not
show any apparent staining of the PCL fibdfgy@re 28. The scaffold architecture generally
showedthe expected crossectional form Figure 2§ although some defects and deformation of
the scaffolds were observed. Staining of the matrix component of the scaffopdwtially visible
in some of the SRBS sect®mnobserved as small regions of blue staining in proximity to the
scaffold fibers Figure 28§. These blue regions were notably more prominent in the last three
groups (range 0.0% to 1.6% of the histomorphometric ROI) as compared to the fagrdups
(all 0.0% of the histomorphometric ROI). Additionally, the blue regions wereptén the time
zero scaffolds, unloaded scaffolds, and loaded scaffolds (mean xstandard deviation of 0.3%
+0.6%, 0.5% £0.6%, and 0.1% +0.2%, respectively). No matrix component could be identified in
the TBS sections. In both the SRBS and TBS sections, no featuresleteelésolution could be

clearly identified.
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Figure 28. Example digital microscope imageshistological slides stained witfa) SRBS andb) TBS.
The 3DF and MEW fibers of the scaffold are clearly visihléhe SRBS slide and the matrix surrounding
the scaffold could be partially observed. No matrix was observed in t8eslid, although the 3DF and

MEW fibers were still identifiable.
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Figure 29. Digital microscope images of histological slides staimgtt SRBS. All six study groups and
all three conditions (timeero, unloaded, and loaded) are shown. The slide outlined in black (group 6,
unloaded) is shown in detail Figure28. The unloaded sample of group 4 was omitted due to infection.

In the validation samples stained with SRBS, the scaffold fibers aridfdsed hylrogel

were observed in the sectiofigure 3(). However, the scaffold fibers were not notably stained
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and were not clearly identifiable in the histomorphometric analyses. In thix negion of the
scaffold, a mea of 18.1% (x11.7% standard deviation) of the ROI was stained (range 3.4% to
38.9%). The stained areas in the matrix region of the scaffold were further caadgasieither

dark stain (mean zstandard deviation of 6.1% +6.5% of the ROI), blue stain fisteadard
deviation of 9.6% +5.4% of the ROI), or green stain (mean xstandard deviation of 2.4% +1.2% of
the ROI). The AFinfused hydrogel and scaffold fibers were also visible in the validation samples
stained with TBS. Similar to the SRBS sections, tadfeld fibers were not clearly stained and
were not distinguishable in the histomorphometric analyses. A mean of 18.2%p (i8u2dard
deviation, range 2.4% to 28.4%) of the ROI was stained in the matrix region offtb&lqéarther

categorized as 132 +7.3% blue stain and 5.0% +4.2% dark stain).
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Figure 30. Example digital microscope images of validationtises stained with: (a) SRBS and (b) TBS.
The 3DF fibers of the scaffold are clearly visible intheections. The staim the SRBS section was
categorized as blue, green, or dark and the stain in thes@@&®n was categorized as blue or dark.
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3.1.4. Discussion

In this study, a hybrid MEW/3DF scaffold for TE of the AF was designed, fabricated, and
cultured under a biaxial loady regime.The fabricated hybrid scaffolds retained the sraadlle
MEW fibers within the 3DF scaffold. The developed incubator demonstratelitysi@nd cell
viability following cell culture and successfully delivered the prescribexidiatrain regine to
the cellladen scaffolds. Histological imaging of the scaffolds displayed the scaffold tipel
architecture, however, the matrix content within the scaffolds was diffecatiaracterize and did

not reveal any consistent correlations with thefetthfoading condition.
3.1.4.1. Scaffold design and fabrication

The hybrid scaffold design was theorized to generate a-suale scaffold architecture
was that could @mbine the mechanical and biological advantages of both MEW and 3DF
fabrication in "E. Digital microscope images of the fabricated hybrid scaffold demonstrated that
both fiber sizes were successfully incorporated. However, the MEW fibers wereeabser
consistently lack attachment to the subsequent layer of 3DF (ibigtge 24), these defects can
be attributed to melting of the MEW fiber as the hot 3DF fibers were laid on toprésult, the
MEW sheets in the hybrid scaffold were asymmetric and likely added additioratrapyswithin
the scaffold. In particular, this anisotropy would be expected to alter the CMEesxeer by the
resident cells. An alternative design of the hybrid architecture may be ablagatenihe effect
of the defects in the MEW sheets. For example, the MEW sheets could be inserted between every
3DF layer (i.e. within and between each bilayer) to alternate the directiom détects and restore
the symmetry of the scaffold. This approach would, however, double the requisite number of MEW
sheets and the associated fabricatioret Accordingly, another approach may be to insert the

MEW sheets between every third 3DF layer, however, the corresponding redudtiewvaiume
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fraction of MEW fibers may have implications for the CME generated withirstiaéold. A
second techniqui® prevent the defects in the MEW sheets would be to reduce the temperature of
the 3DF fibers that are laid on the MEW sheets. This could be achieved by eitherg¢aeicnelt
temperature or cooling the print sufficiently (e.g., conductive cooling \abéseplate or
convective cooling via a fan). Lastly, alternative PCL formulationsoredy different materials

may be able to better retain the MEW architecture during fabrication.

The 3DF fibers measured in this study (mean fiber diameter of 230 gra)smaller than
fibers in previous, related studies (mean fiber diameter of 338 um; Sectjomitisldiscrepancy
was most likely because a different molecular weight of PCL was used between #gtadigs;
PCL with Mh = 90,00 was used in the current study to improve the durability of the fibers as
compared to PCL with M= 45,000 in previous work. Also, a different printer was used between
the two studies, although the nozzle diameter and print temperatures remainemoridie
computational model of the CME within the scaffold that was used to inform the lsé&eie
protocol were based off the comparatively large fibers in previous work. Asli tlesypredicted
biaxial strains that were deemed sufficient to eficell response for AF repair may not have been
realized in the physical scaffolds with the smaller fibers. Retrospective nmgdeflia scaffold
with the measured fiber diameters and biaxial strain regime in this study fou@dL&aof cells
experiencedh CME that met a previously proposed criteria for AF repair, as compabed%o
that was originally used to justify the biaxial strain proto@ppendix D. Additionally, the
continuumlevel mechanics of the scaffold is also depends the fiber diamer; under the
prescribe biaxial loading regime, the 230 um diameter 3DF fibers were predicted tatpe@eo
and 60% laver stresses in thedirection and ydirection, respectively, as compared to the 338 um

diameter fiber§Appendix D. Importantly, beause the mechanical loading regime in the cell
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cultures was global displacement contthk predicted magnitude of tHecal ROI straingor the
small fibers(0.4% and 0.3%in the xdirection and ydirection, respectivelywere small as
compared to theatger fiber diameters(1.4% and 0.1%n the x-direction and ydirection,

respectively)

When prescribing the stain protocol for the biaxial cultures, it was assumed that the
mechanical contribution of the MEW sheets to the hybrid were negligible becauaegér 3DF
fibers would dominate thecaffold mechanics. Preliminary computational work on hybrid
scaffolds has indicated that addition of the MEW sheets resulted in increds¥ and 18% in
the scaffold stiffness in-girection and ydirection, respetively (Appendix D). Accordingly, the
mechanical contribution of the MEW sheets at the continlawel may not be negligible and
experimental testing of 3DF and hybrid scaffolds may be useful to elucidateféus &t the
cellularlevel, the preliminayr computational work has also shown that the hybrid scaffold may
increase the %PTE as compared to a pure 3DF scaffold under the biaxial straiol used in
this study(Appendix D). This result supports the hypothesis that the hybrid architectureeata cr
a more advantageous CME as compared to 3DF alone. Additional computational work would be
beneficial to futher elucidate how the hybrid scaffold may enhance the cellular response to global

mechanical stimuli.
3.1.4.2. Incubation with dynamic biaxial stimulus

The developed incubator demonstrated sterile culture of the TE scaffolds withh@es
measurable mechanicalmsuli for the first six study groups. However, the last two groups were
compromised by infection which may be attributed to leaking of thereuthedia at the gasket
brackets. Further, two of the unloaded control groups were also compromised by infection,

indicating that the sterile enclosure was similarly effective at preventing infediohe vented
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bottle. Although the incubator design was initially proven to be effective, desidifications are
required to improve the durability of the system. In particular, some parts wegaetesvith
plastic for ease of machinability and cestectiveness could be replaced with stainless steel. With
enhanced resilience to mechanical and thermal cycling, the system can be utiliagdréor

culturing of tissue engineered constructs.

In addition to investigating the cellular response to mechanical stimuli in tisedftold,
the study found that nond the scaffolds experienced mechanical failure under cyclic, biaxial
strain in physiological conditions. This demonstrated fatigue resistance of thecBffld (M=
80,000 for the 3DF fibers) under the prescribed biaxial strain protocol. Howe\ien]paey work
found that lower molecular weight PCL {M 45,000) was highly susceptible to fracture under
cyclic loading in physiological conditions. Higher molecular weight PCL£N0,000) was also
found to be susceptible to fracture at 5% equibiaxialstkes a result, the prescribed global strains
in this study were limited to 2.5% to minimize the risk of material failure while maintaaing
theoretically sufficient CME to elicit ECM formation for AF repair. To prescribgdastrains to
the TE scaffal in future studies, alternative PCL formations or different materials withegrea
durability are likely necessary. Relevant measures of the durability offaldcaaterial include
the asprinted yield stress (i.e., the yield stress of the fibers fatigwextrusion) and the temporal

profile of the yield stress during degradation in physiological conditions.

The measured forces delivered to the scaffolds (means of 4.5 N and 1.4 N-cirdatign
and ydirection, respectively) were similar to thelixection forces predicted with a previously
developed finite element model of the cruciform (means of 4.2 N and 6.7 N irdtrecton and
y-direction, respectivelyAppendix D). However, the -girection loading was appreciably

different; the predicted labin the ydirection was larger than thedirection andhe measured-y
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direction load was smaller. Only the meadirection load for group 5 (8.7 N) was larger than the
finite element model prediction. Additionally, these loads varied considerablet scaffold
groups and between the days within a particular scaffold group. Both the lower than predicted
magnitude of loads and the variation between the scaffold groups can be largely attabuted
challenges with: (1) accurately aligning the scaffoldhi& sterile enclosure and (2) maintaining
neutral loading of the scaffold when mounting the sterile enclosure in thel lsigsii@m. In both
cases, small discrepancies in the initial load state of the scaffold causes the same biaxial strai
protocol to yidéd highly variable stresses. As compared to conventional mechanical testimgssetti

the need to maintain absolute sterility of the culture environment prohibited finenzel®f the
scaffold mounting. Moreover, condensation in the sterile enclosure obscured vigierscéffold

to visually check the mounting. It is possible that further development of the tygparal
initialization protocol could reduce loading variability. For example, an alignmetntiimsnt

could be designed to place the scaffold in the grips, although thorough validation ofitite ster
this method would be required. Overall, it may be prohibitively challenging to consistenttol

the loading variability between scaffold experiments. Therefore, it may beteresh to
functionalize the quantitative results of scaffold cultures (e.g. ECM proaatith respect to the

biaxial stresses, rather than assuming a constant biaxial strain.

Variation of the measured loads within each scaffold group also occurred: (1) between
different series of days that were separated by a change in the culture of medi&hi@gaah
series of days which were not separated by a change of the culture media; and (3) etfitHayea
of loading Eigure 27. Frst, the discrepancy in loading associated with changes of the culture
media likely occurred because the sterile enclosure was temporarily removed froraxibke bi

system to perform the media change. Although the sterile enclosure was remdvepglacedn
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the same configuration, minute changes to the system resulted in marked changes in th
mechanical loading. This variability in mechanical loading exemplifies thetiségsof the
scaffold stress to the initial position in biaxial regimes, as prelyjialiscussed. Second, the
variation in loading during a series of days without a culture media change masitheeat to
mechanical relaxation of the scaffold, degradation of the PCL fibers, aniier material
changes. Similarly, the variation of the loading within a single day may be attributedsto t
factors, as well as inherent noise in the load cell measurement. Another epdastbl in
measuring the mechanical loads could be associated with the boots that peogigete seal
around the gps of the sterile enclosure; due to size limitations, the boots were ded$agne
relatively minor stress relief and, therefore, it is possible that the bootsagghesome
confounding forces in the mechanical system. However, it is not clear whethmeagngude of
the boot forces generated by the small displacements in the study were significampaeddo
the scaffold stiffness. Custom boots could be developed in future work to mitiggietdnsially

confounding effect.
3.1.4.3. Histology

Histological setions of the study and validation groups cledlgtrated the 3DF scaffold
architecture and the MEW fibers were also apparent in some of the s¢€tqune28 and Figure
29). This demonstrates that the MMA embedding method successfully retained thef fitven o
3DF PCL fibers. However, it remains unclear if the MMA embedding caused some B\
sheets to not be visible, or if this occurred during the cell culture emichl processing.
Additionally, some samples were warped during MMA polymerization, suggestinghtha
polymerization process imposed deformation on the scaffold. These stresses may leaplain t

apparent loss of MEW fibers in some of the sections anldl @so explain the observed lack of
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matrix stain (i.e., fibrin and any ECM produced during the study) in some sections. If @ forc
generated during polymerization were sufficient to deform the matrix, this coulducwhthe

measurement of ECM production via histology.

The PCL fibers also appeared to be stained in the SRBS sections, which weageshiss
to identify the PCL architecture. The intensity and color of this staied/életween samples; in
particular, the first three study groups exhibiteak stain within the PCL fibers indicating that
the stain was permeating the polymer. Although all scaffolds were processedhesiseyte
protocol, it is possible the stain permeation was enhanced in the firsgtorges due to subtle
processing varieons, such as the time of exposure to processing chemicals (formalimrgolut
ethanol solutions, clearing agents, infiltration solutions, or stains) or difeesancthe MMA
infiltration of the PCL fibers. Further, the scaffolds cultured fedags generally presented darker
PCL staining than the corresponding timexo scaffolds, indicating that PCL degradation by
hydrolysis may be a cause of increased stain permeation. These histological artetddtbesh

considered in future studies because they camfound analyses of stain in the scaffold matrix.

Some egions of blue stain were observed in the matrix region (i.e., scaffold volume that
was not PCL fibers) of the SRBS seasofigure 28).This stain could be indicative of ECM
formation consistent with soft tissue formation. However, the blue regions weenpne time
zero samples, and there was no clear evidence that the level of the stain differed betlyeen stu
conditions Accordingly, this stain is liHg a baseline reading for the fibrin hydrogel. These stained
regions also did not fill the entire matrix region space in any sample. Aspsbvdiscussed, this
could be explained by the hydrogel concentrating in these regions during MMA polymerization,

and could also be caused during fabrication, culturing, or chemical processing. Withairtbé st
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regions no features at cédlvel resolution could be clearly identified or distinguished from

histological artefacts.

The validation sections containing AiBsue demonstrated an appreciable degree of stain
within the scaffold using the same histological procedure. The SRBS also detedngiréance
in the identified stain color, indicative of differences in the soft tissue cotiggog.e., GAGs and
collagen). Regions of dark stain were observed in both SRBS and TBS sections, which may have
been associated with poor infiltration of the MMA into some of the AF tissue. Becausarntie
infiltration protocol was used for the culture groups and validation sampleqdssible that the
level of MME infiltration was sufficient for the cultured hydrogel, yet inmight for the larger
pieces of dense AF tissue. The measured stained area of the validation sections 8B&%t
for SRBS and 2.4% to 28.4%) wasnsistently greater than all of the cultured scaffolds (0.0% to
1.6% for SRBS and 0.0% for TBS). It is intuitive that AF tissue has a greatemt@tios of
ECM than the scaffold cultures, however, this result also verifies thanttexlying histologial
protocol was capable of detecting the ECM content of AF. The successful detectionisfueF
within the PCL scaffolds is consistent with the reported use of M#A2 and similarhard
resing®18 as embedding media for histological sections in the literature. Further, dthoug
preliminary work for this study found the PCL scaffolds to be incompatible with paraff
sectioning, the use of this technique has been reported for 3DF PCL sé&ffSfdSimilar PCL
scaffolds fabricated with smaller via electrospinning and electrowritinge h&lgo been
histologically processed with paraffin sectionffff@nd cryosectionin@®. It is possible that further
exploration of histological methods may yield sections of 3DF scaffolds from pagaifiedded

samples and/or cyrofrozen samples.
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3.1.4.4. Limitations

A major limitationof this studywas the capacity of the biaxial incubator. Because only
one scaffold with the loaded treatment could be cultured at a time, each grougaifiseeére
cultured in series. As a result, the eigital groups of this study took 16 weeks of incubator time
and only yielded six usable groug® experimentallynvestigate how alternate culture parameters
(e.g. different mechanical loading regimes, scaffolds designs, or the additiofogfdatfactor9
may improve ECM production, eadhfferent condition would take similarly long to achieve
sufficient statistical power. This issue also highlights the need for inforetectisn of culture
parameters; because each culture parameter group represents a significant investmeeandf t
resources, it is critidato select the most advantageous parameters to enhance TE outcomes.
Accordingly, computational models to predibe CME in TE scaffolds may provide a basis to
identify the most promising candidates to mediate tissue regener&imn.such computational
model was used as a rationale for the biaxial strain protocol in this studyoipet@tional model
used a proposed window of mechanical loading to predict a catabolic respongecell#

however, this model requires validation frexperimental resultsuch as the current study.

All histological sectionsof the culture groups yielded only a small intensitystsin.
Accordingly, it ispossible that the sensitivity of the histological method was insufficient totdete
ECM production in the scaffolds for the prescribed culture conditions. An alterma¢thod of
characterizing ECM formation in the TE scaffolds with greater sensitivity araichl assag. For
example, established procedures exist to quantify collagen cohyeimbxyprolineassay®® and
Sirius Red dye bindir§?), proteoglycan contentlimethylmethylene blue ass&y), and baseline
DNA content Hoechst 33258 assH§). These techniques could be implemented to measure the

relative content of collagen and GAGs within the hydrogel in the three scaffoldicoadised in
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this study (i.e. timezero control, unloaded control, and loaded treatment). However, these assays
are limited because they do not provide spatial characterization of theear@byhputational
models have predicted that the mechanoregulation of ECM formation is inhomogeneous within
TE scaffolds $ection3.2) and, therefore, spatial variance in collagen and GAG production is
expected. Histological methods may afford spatial quantification of analytes, tacaigmited

to two-dimensional sections of the scaffold. Multiple sections of a scaffold could be pdoduce
generate thredimensional spatial resolution, however, this is associated with a cons&derabl
increag in he required time and resourc&verall, includingassaybased analyses future

studies may be beneficial.

The lack of definitive histological resulis the study may also have been due to a low
level of ECM generation by the resident cells. This lefdanother limitation of the study: the
fatigue resistance of PCL in physiological conditions. Preliminary testing ofde@lonstrated
repeated material failure during cyclic strain in physiological conditions. 8&wept the scaffolds
fracturing during cell culture, the magnitude of strains that could be delivereddocatield was
limited and, subsequently, the mechanoregulatory stimuli delivered to the resiiemvas
limited. Overall, ECM production during cell culture may have been inhibited by the poor
durability of the scaffold. Lastly, even if correlations between scaffoidlilyg and ECM
production can be identified in idealizad vitro conditions, those loading conditions may be
prohibitively difficult to accurately prescribe vivo. However, future results may provide insights
on how sensitive ECM production is to the loading regime, how physiological loading may

modulate in AF regeneration, and how to manipulate scaffold loading in vivo to enhalieg. hea
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3.1.4.5. Implications for future work

Although no qualitative or quantitative differences between scaffolds loading conditions
were identified from histological imaging, there is insufficient evidence taclade that
mechanical loading does not mediate the cell response in the TE scaffoldsorEhdrether
investigation with revised experimental design is necessary to explicateltiemaef of scaffold
loading on ECM production. In particular, future work should continue to explore improved
methods to increased ECM production during culturelsesaluate the results with more sensitive
analyses. Additionally, it would be beneficial to increase the experimergaigtiput in order to
more rapidly resolve study limitations and a broader scope of scaffold designs tamchgul
protocolsFor example, with a greater experimental throughput, the challenges encountered in thi

study may have been resolved sooner.

To increase the experimental throughput of the TE scaffold cultures, additional biaxial
incubators could be developed to run multiple study groups simultaneously. Alternatively, a
system could be developed to culture multiple scaffolds simultaneously within a siaxgld bi
system. However, experimental throughout will always be inherently limited. To fidéme
scaffold designs and culturirgyotocols that may be most advantageous for tissue regeneration,
computational methods may serve as a tool to assess a broad scope of candidate sadutions i
considerably shorter durati@ndwith less reources. For example, this could be achieved avith
finite element model to predict the CME in TE scaffol@gdtion 3.2, although experimental
validation of the model is essential to vastly improve the predictive power. Rubukeshould

focus on developing both experimental and computational methods to enhance AF regeneration.

The level of ECM production in the scaffold could be enhanced with a number of study

modifications, including: (1) longer culture durations to allow more time for reswhls to
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respond to mechanicstimuli; (2) adding biological factors, such as growth factors and exosomes,
to elicit an increased baseline level of ECM production; (3) using differdrines, such as stem
cells, which may have a greater intrinsic regenerative potential; (Zingildifferent mechanical
loading conditions, such as higher magnitude biaxial strains or a radial compressionwoth of
have been predicted to enhance ECM product®ecttjon3.2); and (5) modifying the scaffold
design, sah as increasing the surface area or enhancing the surface topwlimgyease cell
adhesion to the scaffold fibers, which has also been predicted to enhancera@Mtion
(Section3.2. However, increasing the culture duration may be unfavorable due to the &skociat
reduction in experimental throughput and lower expected yield (e.g., due to increased risk of
exposure to infection). To increase the magnitude of biaxial strains deliveregtatfodd, future

work will also reed to focus on enhancing the resilience of the scaffolds to failure due to

degradation and fatigue in physiological conditions.

Finally, improved histological protocols and chemical assays are both viable methods t
improve the sensitivity of detection BICM production within the TE scaffolds. More sensitive
analyses may be achieved with ground MMA sections using alternative processing ang staini
methods. However, it is likely that more clearly identifiable tissue staitls greater spatial
resolutionmay be achieved by resolving the limitations associated with thin plastiorsec
paraffin sections, and/or cryosections. Asbaged analyses lack spatial resolution, however, are
likely to detect smaller concentrations of analytes in the scaffoldnatiély, a combination of

histological and assdyased methods should be leveraged in future work.
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3.1.5. Conclusions

Overall, this stdy demonstrated thdevelopmentand implementation of a methaud
culture TE scaffolds for AF repair with a prescribed, raakdial mechanical loading protocdihe
histological protocol used in the study did not detect any changes in ECM prodnceaffolds
with mechanical loading, as compared to unloaded andzeree controls. However, it remains
unclear wheherthis was dueo insufficient sensitivity of the histological protoanldue to a lack
of ECM production. ECM production may have been inhibiteé@Xgerimental challenges, and
numerous considerations for futures studies have been desbttdrextheless, this study pided
a platform to improve our understanding of the relationship between global scaffold loading a
the ECM production of resident cells in TE constructs for AF repair. Ultimakeswork has the
potential to drive the design of regenerative medisinategies for IVD herniation and various

other musculoskeletal pathologies.
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3.2.  Computational Approach®

3.2.1. Introduction

Organ healing via regenerative medicine will afford revolutionary treatmeat ioyriad
of diseases. The goal of tissue engineering (§&) drive native and introduced cells to produce
a healthy, functional extracellular matrix to repair and regenerate diseabes tissue. To
enhance the regeneration potential, TE constructs are commonly laden with exogenaiwproge
or stem cellsConsequently, the fate of these cells is paramount to establistelondpiological

function and mechanical integrity of the engineered tissue.

A major regulator of cell fate is mechanical loading. Localized stresses and st&naéns h
been shown to dictateell viability, differentiation, and extracellular matrix (ECM) deposition
8 As compared to other systems, the musculoskeletal system experiences a broadenaignitu
mechanical loads. Consequently, cell fates in musclee,barticular cartilage, fibrocartilage,
tendon, and ligament are all driven largely by mechanical cues. For example, mobefs of
fracture healing have used hydrostatic stress history and maximum gdristcgoa history as

mechanical measures to pradiegeneratiory:5°

This study focused on the specific example of regeioeraf the annulus fibrosus (AF), a
fibrocartilaginous component of the intervertebral disc (IVD). The biologicdl rmechanical
integrity of the AF is contingent on the production and maintenance of ECM by AF-eelsd
diseased states of the IVD have been associated with a loss of tissue cellularity and dramat

changes to the organization and regeneration of the E€&MFurther, mechanical loading has

¢ The content of SectioB.2 has been published as a research article in JOR Spine {DQ@0Q02/jsp2.1152 All
content has been adapted with permission ftfohm Wiley & Sons, Inc.
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been linked to inflammatory responses of AF cells, which may be criticab$uretihomeostasis,

or may invoke degenerative sequelae at sppssiological strain€>'%, The viability and ECM
production of AF cells have been shown to depend on the magnitude anditheesional
combinations of mechanical loadinign vivo, the posterolatal AF experiences biaxial tensile
strains of approximately-8% in the circumferential and axial directions and hydrostatic pressure

generated by the adjacent nucleus pulpddas

AF cells isolated from rabbits have demonstrated anabolic responses at maxinaipalpr
strains (&) of 3% to 18%, and this response was maximized at 6% %train1% strain, rabbit
AF cells have dmonstrated no significant changes in proteoglycan production, cell death; MMP
1 expression, or MMB expression as compared to static loadinbhis remodeling window is
supported in studies of human AF cells. Upregulation of catabolic factorsaesdowith disc
degeneration has been demonstrated at 20% $trdrecreased catabolic gene expression has
been shown for human AF cells at 10% sfi&imnd increased cell proliferation, collagen
production, and glycosamiglycan production has been reported at this strain magfitude
Accordingly, a maximum principal strain remodeling window of 3% to 18% was proposéasfor t
study as a target for cdvel loading to drive AF regeneration. Similarly, AF cells have exhibited
anabolic respases for compressive hydrostatic straigs< 0)%872 and an upper limit of 1 MPa
compressive hydrostatic stredsl(MPa > &> 0 MPa) has been proposed for eliciting catabolic
responsed 3 Therefore, a hydrostatic stress remodeling window of 0 to 1 MPa was proposed for
this studyas a target for celevel loading to drive AF regeneration. This proposed CME target
envelope based on strain and hydrostatic pressure is also in general agreemenvioitblyre
reported micromechanical criteria for cartilage and fibrous tissue fommiatifvacture healings

model$°-¢C
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A ubiquitous strategy within the TE community is to fabricate composite constructs
consisting of a biodegradable scaffold with a-tallen matrix. Such TE scaffolds have been
engineered to replicate specific tisdeeel material properties of various musculoskeletal
tissue$*%1%8 including AP However, these scaffolds do not necessarily ensure that the
mechanical loads induced at the celld&arel are sufficient to drive cell survival, proliferation,
and ECM formation. The relationship between tisewel loading and the cellular
micromechanical environment (CME) is, therefore, essential to furthering derstanding of
how best to desigilE scaffolds. Yet, it is intractable to measure and prescribe the CME-in cell
laden matrices of TE scaffolds. The CME is thd@aensional, heterogeneous, and dependent on
scaffold loading, materials, and architecture; current experimental mednedsotcapable of
accurately prescribing and/or measuring the CME. For example, in the afo@mdnti
complementary experimental series, there is no physical method to know what @ktterated
under global (i.e. tissue level) loading of the TE scaffolds andheher not that CME will be
beneficial for regeneratg the desired tissue. Optical strain measurement techngtie smage
capture via high resolution digital camera or confocal microscopy, have been usetigat
image correlation (DIC) to mearedeformations in biological materiat8*°3 However, both
DIC and confocal microscopy are not well suited for Higloughput analysesDigital
photogrpahytechniques are limited in that they can only measurediw@nsional surfacerstins
and the resultant surface strains typically do not represent the completsmatein mapping
within the scaffold. Confocal microscopy techniques may also be restricted by tlity op#ure

scaffold and hydrogel.

In addition to the experimental ddtilties of measuring CME, TE experiments with

dynamic mechanical loading may be prohibitively time consuming to eféd¢ttharacterize the
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relationship between ssielevel and cellulatevel loadingor a broad range of loading conditions
Due to the complex apparatus required for precise multiaxial loading, scaffaidse limited to
successive culturegor examplein vitro investigation of TE scaffolds require sufficient culture
time to elicit a measurable cell response, such as ECM productioitioAdtly, the need for
complex apparatus to deliver precise multiaxial loading may limit a study groupdessive
cultures, which may take appreciable time to produce statistically powerfuisréSubsequent
study groups aimed to improve tissue reggation will have a simildy protractedstudy duation.
Therefore, in order to optimize the development timeline of tissue regenesatiegies, it is
imperative that the most advantageous study groups are selected for exiatrexaluation.
However,there is currently no method to identify which particular scaffold desigtufes and
experimental conditions are most likely to drive improved tissue regeneration. Fglexathe

CME more sensitive to scaffold loading, materials, or architectural paesfiet

In the absence of any feasible experimental methods, one possible tool to p@Mict E
formation in TE scaffolds is the finite element (FE) method. Cell fateshomaedic tissues under
mechanical loading have been modelled with FE in intervertebra¢i$éand bone fracture
healing®® applications. The tisstievel mechanics of TE scaffolds have also been studied using
FE method®3'%1% and some of these models have been developed to predict mechano
regulation of musculoskeletal regenerati8i®L. However, there remains a need for a CME model
that can: (1) be applied to all of the available volume that can cells can occupy in heteusgen
TE scaffolds, (2) be applied parametrically to a numerous candidate TElda§igns, (3) be
broadly applied to a range of proposed target mechanics, and (4) be easily compasetiao
cell cultures ér validation. Therefore, in this study, a FE model of CME was developed to predict

the regeneration potential of TE scaffolds. The influence of scaffold loadingrialst and
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architecture on theoretical healing potential were investigated. The @ghissmodel vereused

to inform the design of a TE scaffold for AF regeneration in an ongoing experimental study.

3.2.2. Materials and methods

3.2.2.1. Scaffold base model

The development of a repeating unit cell model for evaluation of the CME is shown in
Appendix E. Inbrief, the unit cells an idealized geometry of3DF, angleply scaffold which has
previously demonstrated anisotropic material properties similar to the most tgdemaerties of
native AF tissueKigure 3hR). The unit cell model was parametrized based on scaffold architecture,
materials, and loading. Base parameter values of all scaffold parameters are sumimarized

Table7.
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Figure 31 Scafbld model for the base geometry showif@) the previously validated angfgy fiber
scaffold(Section2.2); (b) the double unit cell of the fiber scaffold withth GHILQLWLRQ RI ILEHU DQJC
(c) the final unit cell includig the hydrogel infill showing the FE mesh and region tdrest (ROI) for

CME evaluationand (d) tri-axial loading definitions of axial straind, circumferential strain &, and

UDGLDO S)UTHam/ ¥, amtl zdirections represent the axieitfcumferential, and radial directions of

the IVD, respetively.
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Table 7. Parameters and associated values for the scaffold base model. Parareei@iexyorized as either
architectural, material, or loading.

Category Parameter Symbol| Base model value Ref.
Architecture | Fiber angle , 34 Section 2.2
Fiber spacing S 1.0 mm Section 2.2
Fiber diameter D 0.3375 mm Section 2.2
Layer height - 0.6xD Section 2.2
Fiber contact radius - 1.58xD Section 2.2
Materials Hydrogel elasticity C1 172 Pa Appendix B
07 383 Pa Appendix &
Hydrogel compressibility b |341 Appendix E
D2 0.0806 Appendix E
Fiber elastic modulus E 265 MPa Section 2.2
Fiber poisons ratio 0.3 Section 2.2
Loading Axial strain G 5.0 % -
Circumferential strain G 5.0 % -
Radial pressure L 0 MPa -

Fibers were prescribed linear elastic material properties of polycaproléB@hgand the
hydrogel infill was modelled with the compressible, secorder reduced polynomial hyperelastic

material properties of fibrin (EquatidB)t®’.

= %5 F3)+ %f+F3)6+ &(, F1)6+ &(, F1)® (8)
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where U is the strain energy potentialp@nd Co are the fitted material elasticity constanissl
the first invariant of the strain tens@; and D are the fitted material compressibility constants,

and J is the Jacobian determinant of the deformation gradient tensor.

Tensile strains were applied to the model in the axial directiediréction) and
circumferential direction (girection) toemulate the dominamt vivo loads experienced by the
posterolateralAF1%8291 Al nodes on the unit cell faces normal to the negative axial and
circumferential directions were constrainediiagt displacement in those respective directions;
therefore, irplane sliding was allowable. Biaxial displacements were prescribed on the positive
axial and circumferential faces to generate global strains. On the podiineetzon face, all fiber
nodes were constrained to equatisplacements and all fiber nodes on the negatdigextion
face were constrained against -ofHplane displacement. Previous results showed that
constraining all nodes on the positive and negatiseection faces increadeheregion of interest
(ROI) strain energy by 196% and 179%, respectively. To address this sensitivity of the ROI
mechanics to the-direction boundary conditions, these two constraints were reviewed in the

current studif”.

In the center of the unit cell, a region of interest (ROI) of mesh elements was defined t
contain all possible positions of cells within the hydrogel matrix with resimethe fiber
architecturg(Figure 314). Using these ROI elements, a custom-pogtessing script generated
representative cell volumes of seeded progenitor cells in the hydrogel majrim @fuivalent

seed size) and evaluated the theoretical micromechanical environment of these cells.
3.2.2.2. CME evaluation

A CME postprocessing algorithm was developed to facilitate the evaluation of a constant

threedimensional strain tensor for cailzed volumesn the ROI while maintaining the stability,
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accuracy, and efficiency of an FE moaeth larger and more complex elemef#gppendix F)
Specifically,the whole volume of the ROI was considered to characterize the CME in the scaffold.
The deformation solution of each model with quadratic tetrahedral (C3D10H) elemasits
reverseengineeredo yield Green strain tensors for esikzed linear tetrahedral elements (C3D4).
These linear tetrahedral elements had an effective seed size (20 um) that is similazedhe si
mature AF cell€?2% From the celvolume strain tensor, th@ME for all celtsized volumes in

the ROlwas categorized as either within (“satisfying”) or outside (“not satisfyirtg proposed
target mechanics envelope. These target mechanics were derived from previouslyepuBls
micromechanical criteria for anabolic responses of mature human AF cellsiclgcihe target
mechanics envelope was based on maximum principal 8%n < & < 18%)%64%7 and

hydrostatic stress1 MPa < &;< 0 MP3°%"3 as show in Figure 32.
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Figure 32 The proposed micromechanical target envelope for AF tissue regenbaamhon hydrostatic
stress and maximum principal strain criteria. Thedeim of anabolic responses based on hydrostatigsstre
has a lower bound et MPa (ie., hydrostatic compression) and an upper bouddw?a®®-"3The window

of anabolic responses based on maximum principal strain hagabownd of 3% and an upper bound of
18%'48,64—67

3.2.2.3. Parametric studies

Following validation, the loading, materials, and architecture of the badel mere

modified parametrically to investigate their relative influences on the predidvi=.
3.2.2.4. Scaffold loading

To evaluate the influence of biaxial loading on CME, the base model was prescribed the
following biaxial strain conditions: (1) +6.0% and.0% axial strain with an arrayfo

circumferential strain fror6.0% to +6.0% in increments of 1.0% strain and (2) +6.0% &0é
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circumferential strain with an array of axial strdrom-6.0% to +6.0% in increments of 1.0%
strain. These 48ombinations of biaxial strain were denoted as load array 1. The load ramps of
these solutions were analyzed to yield a full series of &ido@ding conditions betwees.0%

and +60% strain (g., the solution for 6.0% equibiaxial strain contained the solution.@86 5
equibiaxial strain). Following preliminary results, tsobsets of load array 1 were considered in
thestudy and used in the analyses of scaffold materials and architecture. Loadveaisaytized

to capture the complete range of load array 1 whilst minimizing the number of study {ooi
reduce computational burde®pecifically, load array 2 was defined as the eight biaxial
combinations 0t5.0%, 0.0%, and +5.0% strain (excluding the unloaded condition). To capture
the most pertinent scaffold loading based on the results of load array 1, load aeasyl&fined

as the two conditions of equibiaxial (896 axial and circumferential strain) and transwverse

constrained circumferential strain (+5.0% circumferential strain and 0.0% &a&ia) s

In addition to biaxial strain combinations, the influence of a compressive load in tHe radia
direction was inveggiated by applying a pressure up to 1.0 MPa to the positive radial face
following the full biaxial load. Due to numerical complexity, two cases of radedspire were
considered: prior to the biaxial strain and following the biaxial strain. Tmgpoeessie load was

considered for the base model under load &ray
3.2.2.5. Scaffold materials

Eight conditions of modified material properties were evaluated under load array 2
(positive biaxial strains). Specifically, the following material property maalibnis were
evaluated: (12) upper and lower 95% confidence bounds of hydrogel compressibility coefficients

(D1and D), (3-4) upper and lower 95% confidence bounds of hydrogel elasticity coefficiants (C
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and Go), (5-6) tenfold increase and decrease of the hydrogatpressibility coefficients (fcand

C20), and (78) increase and decrease of the fiber elastic modulus (E) by 20%.
3.2.2.6. Scaffold architecture

ORGLILFDWLRQV WR IRXU DUFKLWHFWXUDRDEHIDDQPE MN\HU,V
ranging from 30° (increased biaxial asymmetry as compared to base model) to 45l (biaxi
symmetry) were considered. The fiber spacing (S) in the scaffold was ranged.&onm to 1.4
mm, in increments of 0.1 mm and the fiber diameter (D) was studied from 0.206 hdbtmm
(based on the range of common polymer fiber diameters produced Vi&'3B#17%. Finally,
the relative cell size was pycessively increased to ten times the original size. This generated
effective architectural scale factors of 0.1 to 1.0 whilst maintaining theamycof the base model.

Each scaffold architecture was prescribed the two loadings conditions of lap@arr

3.2.3. Results

3.2.3.1. Base model

In the base model, the csilzed volumes within the ROI exhibited a distribution in
hydrostatic strain and maximum principal stréfigure 33) Specifically, the CME that satisfied
the propose target envelope was predicted 2% of cell volumes (i.e., a predicted target
envelope, PTE, of.2 percent or7.2 %PTE). A concentration of CME was observed for small
positive hydrostatic strains (8 4%) and maximum principal straingnging 5— 15% In
equibiaxial 60% strain, the strain magnitudes experienced by some cell volumes exceeded 20%.
The PTE varied between two subsets of cell volumes: (1) cells with direct contathevPCL
fibers and (2) cells with no direct contact witGlPfibers. These two subsets represented 88.4%

and 11.6% of the total number of cells, respectively thedPTE for these subsets were GPTE
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and 15.6 %PTE, respectively. At 5.0% equibiaxial loading, the base model had 8.1 VheTE.
two alternative boundary conditions with all nodes (hydrogel and fibers) constrainecbottdine
and top faces resulted in increases in the PTE of 4.6 %PTE and 8.1 %PTE, respestively, a

compared to the base mod#!.
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Figure 33. Unit cell solution for the basscaffold model with prescribed 8®equibiaxial strainfa) Mises
strain contours of the full modgl) Mises strain contours of the ROI, a¢d distribution of CME as a
function of hydrostatic straiand maximum principal strain for all ROI cell volumes. The red dasbted
indicates the proposed micromechanicegéa envelope which contains %2of the CMEdistribution for
this model (7.26PTE).
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3.2.3.2. Scaffold loading

The PTE was found to vary as a function of equibiaxial strain magn{tidare 34).
Despite 7.2 %PTE for 6.0% equibiaxialstrain, a peak of 9.5 %PTE was observed at 2.7%
equibiaxial strain. The PTE rapidly and monotonically increased to this pealOitb%PTE at
approximately 0.7% equibiaxial strain and appeared to decrease approximately fioleaving
the peak. As compared to all cell volumes, the PTE for cells with no attachment oddsitladirs
(88.4% of cell volumes) was lower for all lo&dctions with a peak value 8f9%PTE.Cells with
fiber contact (11.6% of cell volumes) exhibited increasing PTE with increasing &&mifr and

a pe& value of 15.6 %PTE at 5.0&guibiaxial strain.
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Figure 34. PTE as a funatin of: (a) loading magnitude in equibiaxial tension gbgl biaxial strain ratios

for the base scadfd model. InFigure34a, the peak and final value of PTE are identified with red circles
for all cells volumes, dkvolumes with no contact to fibers, and cell volumes in contact with fibers. In
Figure34b, conburs are shown in incrementsl® %PTE. Two local maxima are indicated witlvhite

‘X" and labelled with the coesponding %PTE and biaxial strain in parentheses.
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The base model prescribed with a biaxial loading array (load array 3) dertexhatdear
relationship between the biaxial load and the PFiuUre 34b). The regios experiencing
relatively low loading (less than approximately 1% strain in either direction) hdir&o(0.0
%PTE). Two local peaks in the PTE were observed, one in biaxial tension (9.8%%toads8
and 4.26 circumferential strains) and one in thexim& compression (10.5% feB.6% axial and
-5.4% circumferential strains). The biaxial compression peak was highegmitonde and broader
in loading range as compared to the biaxial tension peak. The average angle of themmaximu
principal strain directions from the loading plane were distinctly idiffebetween the two peaks

(0.3° and 78for biaxial tension and compression, respectively).

Numerical instabilities occurred when a radial pressure was applied to the mod#&b prio
biaxial strain. Howeveryadial pressures of at least 50 kPa were resolvable following the
application of biaxial strains of different magnitudegure 335. In the absence of biaxial strain,
the radial pressure of 37.5 kPa yielded 17.2 %PTE which was greater than any equibé@xial st
in the absence of radial pressure (maximum of 9.5 %PTE). At all magnitudebadfpressure, a
peak in the PTE was observed; for all rmemo pressures, this peak was at 2% equibiaxial strain
(maximum of ®.5 %PTE for 50 kPa radial pressure). Similarly, the influence of radial pressure
was most pronounced near the peak in the PTE, as evidenced by a 40.5 %PTE increase from 0.0

kPa radial pressure to 12.5 kPa.
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Figure 35. PTEfor combined loading conditions of radial pressure and equibiaxial skfsmlotted lines
shown thePTEfor constant pressures in increments of 12.5 kPa and afterorpressure lines are sampled
increments of 1% equibiaxial strain. Thé%E is shown as a fugtion of the load magnitude for constant
radial pressures.

3.2.3.3. Scaffold materials

Overall, the changes in PTE within the 95% confidence bounds in hydrogel elastitity
compressibility were less than 0.3 %P{Rtgure 3. Nonetheless, distinct trends were observed
as a function of scaffold loading. The lower confidence bound of hydrogel elasticity and
compressibility both demonstrated increased PTE in biaxial tension and decreBsadRikial
compression, with a gradual change in between. The inverse trend was observed for the
corresponding upper confidence bounds. These trends are supported by the more extreme changes

to the hydrogel properties.
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Figure 36. Changes to th®TE due to perturltions of material mechanical properties. The considered
material perturbations were to the hydrogel elagtmpnstants (C) and hydrogel compressibility camista

(D). The subscripts95 and +95 represent the lower 95% and upper 95% confidence bospéstikely.

The subscripts20 and +20 represent a 20% decrease and 20% increase of the base material values,
respectivelyCo.1 and Go representhe tenfold increasanddecrease in hydrogel elasticity, respectively.

For each material condition, trendg &hown as a function of biaxial loading.

Similar to the upper 95% confidence interval, the PTE was increased in | biaxia
compression and decreased in biaxial tension for a tenfold increasemnd @, and vice versa
for a decrease ini@nd G (Figure36). Decreasing the order of magnitude of the hydrogel elastic
coefficients (@ and Q) tenfold resulted in changes to the PTE within +0.7 %PTE for all loading

conditions. Conversely, a tenfold increase ira@d G changed the PTE by £0.9 to +9.0 %PTE.

All conditions of changes in fiber elastic modulus changed the PTE by les6.@280.

However, the changes in fiber elasticity were associated with proportionglesharstress on the
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unit cell For example, the 20increase in fiber elastic modulus resulted in a 20% increase in the

circumferential and axial stresses required to generate the same global strains.
3.2.3.4. Scaffold architecture

The PTE as a function of the four architectural parameters for 5% equibiaxialastchi
5% uniaxial tension (while constrained in the circumferential direction) are shokigure 37.
Overall, the fiber spacing, fiber angle, fiber diameter, and architectueedsm@lonstrated a &t
range of 3.8 to 17.2 %PTE. For these load conditions, the attached fibers exhibited a geeater PT
than the unattached fibers at full load in all considered architectures. Howe\adl viriants of
fiber angle and fiber diameter, the attached fibers only accounted ferl2.4% of the total cell
volumes in the ROI. The fraction of attached cells increased for decreasing &bargs(from
7.1% at 0.6 mm to 23.0% at 1.4 mm) and decreasing fiber scale (from 32.9% at 0.2 scale to 11.6%
at 1.0 scale). These increaseattached fibers corresponded with an observable divergence of the

PTE for all cells and unattached cells.
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Figure 37. PTE in the scaffold model for four architectural parameters: fiber angle, fid@mirgy, fiber

diameter, and architecture scale. In the left colwhplots the %°TE is shown as a function of the
architectural parameterA. selected valuef each parametés indicated with black arrowat the top and
bottom of the platFor each of these selected valuésg %PTE is shown as a function of the strain
magnitude in the right columof plots In eachplot, thePTEis shown for equibiaxial 5.0% strain (EQB,
dark blue) and axialkgonstrained circumferential 5.0% strain (TCC, light blas)well as for: all cells
(solid lines), cells not attached to fibers (dashed lideapted as unatt.), and cells attached to fiberse@ott
lines, denoted as att.).
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For the selected values of fiber angle, fiber spacing, and architecture scabaalillge a
constrained circumfereiat strain exhibited a greater PTE at full load as compared to equibiaxial
strain. However, the loading profile data show that the equibiaxial strain héer greaks in PTE
during the load ramp. Many other trends and features were predicted as a fahthierfour

architectural parameters, as detailed below.
3.2.3.5. Fiber angle

In equibiaxial tension, PTE appears to show no strong correlation with fiber angle,
regardless of cell attachment (range of 5.4 to 8.1 %PTE for all cell volumes). Ip-ariastrained
circumferential strain, the PTE generally decreased with increasing fiber anglé donditions

of cell attachment (range of 4.2 to 9.2 %PTE for all cell volumes).

The loading profile data for a 20° fiber andgtegure37) showed a similar trend to the base
model in equibiaxial strairH{gure 34, including a rapid increase in PTE (starting at a load fraction
of approximately 0.1). Likewise, in a¥ig-constrained circumfential strain, a rapid increase in
%PTE was shown, however, beginning at a greater load fraction (approximately 0.3). The axia
constrained circumferential strain data demonstrated a monotonic increagewitRincreasing

load fraction.
3.2.3.6. Fiber spacing

In equibiaxial strain, the PTE generation exhibited a peak as a function o§fideing
(8.8 %PTE at 0.9 mm fiber spacing). This maximum had a pronounced reduction in this mode
PTE in the direction of reduced fiber spacing (decreasing to 5.1 %PT& mn®fiber spacing).

In axially-constrained circumferential strain, a monotonic decrease in PTE was abgative
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increasing fiber spacing (range of 3.8 to 13.0 %PTE for all cell volumes). In both loadesy ca

similar trends were observed for attachad anattached cells.

The equibiaxial loading profile data for 0.6 mm fiber spacing demonstrated amgeak
of 15.3 %PTE at 0.30 load fraction. Near this peak, the unattached cells exhihigdetaPTE
than the attached cells. A similar phenomenon stasvn in axiallyconstrained circumferential
strain, which also appeared to plateau at approximately 13 %PTE (all celleg)ldion load

fractions greater than 0.6.
3.2.3.7. Fiber diameter

In both loading conditions, variations in fiber diameter showed no disthmge in
%PTE, regardless of cell attachment (range of 4.2 to 9.2 %PTE for all cell volumek)adimg
profile data for the 0.2 mm fiber diameter demonstrated a monotonic incre&EEi when
equibiaxial strain was applied, and a plateau in PTE exiadiloading (with circumferential strain
constraint). Both loading conditions provided prediction of less than 10 %PTE for all load

fractions.
3.2.3.8. Architecture scale

The ROI strain energy for architecture scales of 0.2 and greater were withirofLtbéo
ba® model in both loading conditions. However, the 0.1 scale ROI strain energy differed by at
least 257% from the base model and was omitted. The circumferential anceagtadn forces
varied proportionally with the respective constrained areas such that the appBedsvaried by

less than 0.02% for all architecture scales.

In both equibiaxial strain and axialonstrained circumferential strain, the PTE generally

increased with reduced scale factor for all cells as well as the cells both attadhethtiached
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to fibers. Loading profile data for the 0.2 scale demonstrated peaks of 17.2 and 15.70%R&E
equibiaxial strain and axialgonstrained circumferential strain conditions, respectively. In the
axially-constrained circumferential strainald ramp, the unattached cell volumes had a greater

PTE than attached cell volumes up to a load ratio of 0.86.

3.2.4. Discussion

In this study, a finite element model was implemented to predict the CME withih
scaffold. Specifically, a repeating unit cella angleply laminate scaffold for AF regeneration
was prescribed a variety of loads, materials, and architectures to assess the rileneegof
these factors on the CME. The model with base parameters (optimized to matsbublevel
propertief native AF) exhibited a distribution in maximum principal strain and hydrostedia st
(Figure 3%). Of this distribution, a fraction of the hydrogel volume fell within the proposedtarge
envelope CME for AF regeneration. This level of PTE changed for all consideredradsals,

and architecturesgwever, the relative sensitivity of the PTE varied between these design factors.
3.2.4.1. Base Model

The base model demonstrated a distribution of the complex;dhmeasional mechanical
state within the hydrogel matrix of the TE constr(féigure 33c). This heterogeneity can be
attributed to the composite architecture. The fibrous scaffold is necessary tepissudevel
medianical integrity to the TE construct. However, the fibers also transmitamieah stimuli to
progenitor cells seeded in the matrix and induce heterogeneity in thievetlimechanical
environment. The results of this study predicted that the scafiahdadrcally influences the CME;
in the base model, some chllrel strains exceeded 20% for just 5% global equibiaxial strain.

Further, the transmission of mechanical loads to progenitor cells isghigdiby the consistently
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higher rate 6PTE for cellsattached to fibers as compared to cells with no fiber attachfiguotré
34a). This pediction of an enhanced cell response is consistent with the results of exparimen

cell cultures on fibrous scaffoléf2%,
3.2.4.2. What s a sufficient level of PTE for AF repair?

Mature, healthy AF has eell density of around 9000 cells/mr#?°” Based on the
tetrahedral volumes in this study, only 1 %PTE is theoretically required to maimtmetlthy
cell volume. However, it is unlikely that such a low fraction of satisfactory CMEGME that
meets the requisite mechanics for ECM formation) would be sufficient for pdirrd=irstly, a
higher cell density may be required for #grehanced ECM production required for AF healing, as
compared to the maintenance of healthy tissue. Secondly, seeded progenitor celfeeseddis
within the hydrogel and do not occupy all available volumes. Therefore, the intersectioarbetwe
the distribtion of satisfactory CME and the distribution of progenitor cells within the sdaffol
would likely lead to a lower fraction of cells with a satisfactory CME thadipted. For example,
in the current study the satisfactory CME appeared to be concerdratedt the scaffold fibers,
however, the seeded cells may not be equally concentrated around these fibers. Thira, &
indicates that 99% of cell volumes experience a CME outside of the target mechaaicsll3h
that occupy these regions may not contribute to the AF regeneration and could popeotalice
some deleterious outcomes, including: apoptosis, cellular inactivity, altdheldrcphenotypes,
catabolic responses, and inflammatory cytokine release. Moreover, even if aactialhfof @lls

are apoptotic, this may induce apoptosis throughout the sc&ffolehardless of CME.

The proposed CME target region for AF regeneration is also likely to influaadeel
of PTE. This target region was based on CME criteria from published data of ustexialand

hydrostatic stress experiments. These data resulted in discrete boundanegpbsed AF
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target regon. However, this is likely a simplification of the underlying continuous response of AF
cells to threadimensional mechanical stimukurther, different cell types or variations in the
cytoskeletal morphology may lead to deviations in the requisite CME to elicit atbliana
response. However, possible disparities in the specific anabolic rangellfowih different
cytoskeletal structures falls outside of the length scale (i.e. subcelludating) consideration for
this study.The CME criteta alsodid not include data from combined loading, which may alter the
anabolic response of AF cells. However, as the influence of the micromechanicaher@rit on

AF remodeling is further explicated the literature, the CME target presented mdtded may
require revision. For instance, this study serves as a design tool for an ongoingexiatiseries

of TE scaffolds cultured with a prescribed mechanical loading regime. ResultexXpmments
such as these may be leveraged to recursively evaluatalttgyvof the proposed remodeling

windows.

Based on these factors, there is likely no distinct PTE threshold for AF. i&peordingly,
maximizing the level of PTE appears to be the most suitable approach to optimieeethef |
satisfactory CME. The ghest PTE in this study resulted in only 33.5% of the hydrogel volume
with an insufficient CME, which seems an acceptably low fraction ofaoompliant CME. If the
proposed CME target correlates well with anabolic cell responses, the heytedstof PTEare

predicted to maximize the probability of a successful regenerative respitimsehre TE scaffold.
3.2.4.3. Scaffold Loading

The PTE throughout the equibiaxial load profile demonstrated that the CME is highly
dependent on the magnitude of scaffold loadifigure34a). The peak in PTE suggests that an
optimal load magnitude exists. At lower loads, the PTE was dramatically redndexbnverged

toward zero. At higher loads, the PTE decreased more gradually. Given tressitodistribution
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of in vivoloading, these results suggest that guescribing mechanical stimuli may best ensure
that the target mechanics are met. Further, the physiologicalitoaes are cyclic and, therefore,

many CME conditions in the load profile would be experienced during each cycle.

The biaxial loading array also revealed an influence of the relative magnituitleglane
loads on PTERigure34b). Two distinct regions of biaxial loads presentex/aled rates of PTE
with similar peak values (one in biaxial tension and one in biaxial compres$io®)major
difference between these two regions was the average orientations of the maximaipalpr
strains. The proposed CME target envelope in this study aimed to promote anabolic responses i
AF cells for enhanced extracellular matrix production, including collagen, whiehnsjor
component of AF. Maximum principal strains were used as a mechanical critgniadating the
anabolic responses. Howery the direction of this maximum principal strain has substantial
implications for repair because it has been hypothesized to dictate the mmeoitabllagen fibers
in organg®®?1%and tissue engineering scaffdtls Because collagen in healthy AF is highly
oriented in the circumferentialxial plané3, these results suggest that the peak in PTE associated
with biaxial tension in the circumferentiakial plane (similar tan vivoloading of the AF) is more
likely to restore the native collagen structure of the AF. Accordingly, subsequelig¢ssbn
scaffold loading and architecture were focused on this biaxial tensile region tmizini
computational time. Specifically, load array 3 was used to encapsulatgithe o€peak biaxial

tensile strain.

The peak in biaxial strain (2.8% axial strain and/d [@axial strain) may also reflect the
dominant constraints of AF tissurevivo;, AF is constrained by the relatively rigid vertebral bodies
in the axial direction and by the relatively compliant adjacent AF tissue in the cireutidié

direction. Accordingly, it is possible that the biomimetic architecture is egpig the structural
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organization of the native AF tissue thagulates the anabolic responses of AF cé&hss peak
also occurred within the typical range of physiological strains experienced by (g AF-6%7°,
further suggesting that the scaffold may be reproducing the healthy mechanoregulatory

environment of the AF.

Although the dominant physiological loads experiences by the AF are in the
circumferentialaxial plane, the AF also experiences a radial pressure from the nucleus pulposus.
The nucleus pressure dissipates radially from the inner to outer annulus, such thatstheepr
typically ranges from of 91 MP&*2 Accordingly, this additional, third dimension of loading was
considered in the study. Validation of the unit cell model indicatedthieaROl CME may be
sensitive to the radial direction boundary conditt8h#ccordingly, the specific values of applied
radial pressure in this model may not translate to the true scaffold boundaityoogial vitro or
in vivo. Regardless, the underlying trends give insight to the influence of radiaurem the
CME. It was evident that radial pressure alone could produce greater PTE tipsakha pure
biaxial strains. This result can be atttiba to the threglimensional mechanical equivalence of
uniaxial compression and biaxial tension. In the absence of radial pressure, thdisBidEtion
for biaxial tension showed a densepplation of cell volumes with hydrostatic strains slightly
more paitive than the CME criterig={gure 33. It is intuitive that superimposing a compressive
load (i.e., generation of more negative hydrostaticnstyavould result in a dramatic increase in
PTE; the combination of biaxial tension and radial pressure provided the gredfe$66?3
%PTE). Moreover, the influence of radial pressure appeared to be exacerbdtiediébrstrain

ratios with greater PTE.
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3.2.4.4. Scaffold Materials

The confidence intervals of the hydrogel mecbahproperties yielded minimal changes
to thePTE Figure 3§. These confidence intervals represent reasonably expected variation in the
hydrogel properties due to fabrication or composition. This variation isealylio lead to
substantial changes in the CME and resultant satisfactory mechanics. Convheséénfald
changes in magnitude of the hydrogel elasticity may represent the selectionfedfesntlifydrogel
material. These material alterations did regulappreciable changes to the PTE. For example,
increasing the hydrogel stiffness increased the PTE by up to 9.0 %PTE (from thhechaisgl1
%PTE). This increase in PTE can be attributed to the stiffer hydrogel sharirejexr greportion
of the globalloading with the scaffold, however, with little impact on the global scaffold
mechanics. As such, the results suggest that changing the hydrogel material may be an
advantageous method to modify the CME without modifying the overall mechanics of the

compogte construct.

Changes to the fiber elasticity had negligible effect on the PTE for a consistdaldscaf
strain. This intuitive result may be advantageous because TE processes can alter material
properties, such as thermal degradation during additive faatodng*3. However, the changes
to fiber elasticity also altered the overall scaffold mechanics, as obserpeddortional changes
to the necessary stresses (i.e., reaction forces) for a given deformation. Thawugds ¢banaterial
properties lead to negligible changes to the CME for a given straitthe scaffold deformation
is driven by loading. Therefe, the scaffold materials are more likely to have an indirect influence

the CME by changing the scaffold deformation for a given mechanical load.
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3.2.45. Scaffold Architecture

The fiber angle, fiber spacing, and fiber diameter all had minimal direct icBuemthe

CME. Although the PTE demonstrated some correlation with these parameterspdisentese
sensitive to the ratio and magnitude of biaxial loading. The nature of these trendsassydiated

with the competing factors of: (1) fiber surface area pérwolume (i.e. the fraction of cells in
proximity to the scaffold fibers), (2) the total volume fraction of matrix in thestuct, and (3)

the deformation of each fiber segment. For example, for a given construct loading, mgctie@si

fiber spacing resulted in increased fiber strain but a corresponding decreascis @tga per unit
volume. Overall, changing the fiber angle, spacing, or diameter are not good candidates for

enhancing the PTE generation.

In, contrast, reduction of the overall areuiture scale (i.e. maintaining a constant ratio of

fiber spacing and fiber diameter) consistently increased the PTE. This incredseattnbuted

to an increase in fiber surface area per unit volume, whilst maintainingb#éredeformation.
Accordingly, reducing the fiber scale appears to be a viable methods to tailor the CME in TE
constructs. The scale factor with the greatest PTE (0.2 scale) corresponddzetalaineter of

67.5 um. Extrapolation of the scale results suggests that even smaliehditpeters may vyield
smaller architecture scales and further improved level of satisfactory CMEdntorcreate these

fine architectures, technologies such as melt electrowriting (MEW) can betaug®dcisely

deposit fibers of PCL and other biodegahté polymers with diameters o£1D0 punt*4.
3.2.4.6. Which design factor is most critical for controltbe CME?

The critical determining factor for controlling the CME in the TE scaffold wees
multiaxial loading modality of the scaffold, as demonstrated by the combined =t=ial and

radial pressure. Reducing the overall architecture scale couldalsveraged to enhance the
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CME whilst maintaining the tissdevel mechanics of the TE construct. The remaining material
and architectural alterations (hydrogel elasticity, fiber elasticity, fiber afigés, spacing, and
fiber diameter) may be utilizew tailor the global scaffold properties with minimal influence on
the CME. The tissue level properties are essential for mechanical support tomthmtaverall
stiffness and range of motion of the spine. However, these dsgeleloads will dictatethe
scaffold deformation and indirectly influence the CME. The proposed pathway of influence f

scaffold materials, architecture, and loading modality is summariZedme 38.

Strong
influence

Scaffold
materials
and
architecture

Scaffold
loading
modality

Weak
influence

Strong
influence
Cellular

micro-
mechanical

environment

Figure 38. Diagram of the proposed influence of TE scaffold design factors o@Mte. The scaffold
materials and architecture strongly influence the stthfé@ding modality, which strongly influences the
CME. The scaffold materials and architecture only hagakvwnfluence on the CME.
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3.2.4.7. Implications for the design of experiments and implants

The strong influence of scaffold loading on CME indicated the importance of delivering
physiological loads to TE constructs to stimulate regeneration. Accordingly, iorbextofin
vivo implants, the attachment conditions of TE construct may be essential for thatigenand
maintenance of new tissue. Suturing is a simple and ubiquitous surgical technique which ma
afford mechanical integration of TE implants. Howesertures only provide discrete attachment
points between the implant and the adjacent tissues that may not transmit |o@uddyoph
promising range of products for complete mechanical integration of an implant surfate to a
adjacent tissue are bioadhesft*>21¢ which may afford more consistent implant attachment as a

continuum.

Similarly, in the context ofin vitro tissue cultures, there is a need for advanced
experimental apparatus to apply and measure the requisite mechanical loads. Uifeegeso
necessary for such equipment may prohibit experimental groups from being culturedesahycurr
This limitation exemplifies the need for predictive tools such as this to uaddrsissue
engineering results and drive informed design changes. An example of thisaedktesign
was demonstrated in the scaffold loading itssby visualizing the distribution in predicted CME,
the radial pressure was identified as a potential method to increase the level ,cArfeiTE
subsequently verified. A similar approach may be used to drive experimental desiga. In t
complementary serseof TE scaffold cultures, there was no available tool to measure or predict
the CME generated in the scaffold under global biaxial loading. The results stiuidlysprovided
a rationale to select specific values of biaxial strain that would theoreticalymize the level of

PTE in the scaffold.
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The relationship of materials and architecture with the CME also indicates thiastlee t
level and ceHlevel mechanics can be tailored relatively independently. Therefore, it seems
promising that design conatnts for both scaffold mechanics and CME can be met
simultaneously. This result also suggests that variable architecture designeaujadmented
to afford greater control of the scaffold loading. For example, the scaffoldeatcing could be
variednear stress concentrations in an implant geometry or varied in order to driadient in

tissue phenotype.
3.2.4.8. Study assumptions and limitations

The lack of experimental validation remains a limitation of this work. The need fo
complex experimental appawat and statistically powerful study groups inhibits a thorough
validation of all presented results. Nonetheless, pertinent scaffoldsisléiseg, loading regimes,
materials, and architectures) will be experimentally cultured to validate &elysteHisological
analyses can be conducted on experimental cultures to quantify the ECM formaticanatog
of the model PTE. Further, histological images can be analyzed spatiadlyess the influence of
cell-fiber attachment. As previously discussed, thiemsive time and resources required for cell
cultures highlights the importance of predictive models to understand #tienship between
tissuelevel and cellevel mechanics. Ultimately, this model is an advantageous tool to explain

and interpret tigage engineering results, and inspire hypotheses for improved TE strategies.

Several assumptions were made in the model that idealize the TE scaffold for
computational practicality. However, it is possible these assumptiorisireswdel limitations
that fail to capture the complex and variable behavior of physical scaffolds. The fibddscaf
model idealized fibers from fused deposition as perfectly cylindrical and, theerefoes not

account for printing flaws, such as fiber sagging and fiber topofigyilarly, both the fibers and
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hydrogel were assumed as heterogeneous and isotropic materials, however, tissuangngineer
fabrication methods may induce some level of heterogeneity and anisotropy. The hydrogel was
assumed to completely fill the scaffoldtlwno voids or flaws and was assumed to fully bond with
the PCL fibers at all material interfaces. It follows that progenitor cells seededhyditogiel are

also assumed to perfectly attach to the fibers. The validity of these simplifscati®mle perent

on the quality of the fabrication method, however, the model may not capture alteratibas t
CME due to imperfections in a fabricated scaffditie material properties of the matrix were
simplified as an isotropic, continuum solid, and the meadoréise CME criteria (i.e., hydrostatic
strain and maximum principal strain) were a result of this simplification. Future may also
incorporate other mechanoregulatory factors, such as osmolarity or oxygen tensitwe, imoalél

and CME evaluation. Téh presented work also predicted the ECM for the acute phase of the
regenerative response. However, it is expected that the matrix material psopetiéd
temporally evolve due to tissue adaptation (i.e., ECM synthesis), which may berestinte

further enhance the model.

3.2.5. Conclusion

This study demonstrated highroughput, computational analyses to predict the
relationship between the tisslevel and cellevel mechanics of TE scaffolds with prescribed
loading, materials, and architectures. The scaffoading modality was identified as the most
pertinent factor in tissue engineering of the AF. Scaffold materials ahdeatarewere also
predictedto control the scaffold loading, and therefore the CME indirectly. By understanding the
relationship beteen tissudevel and celevel mechanics, the CME may be tailored to drive
anabolic cell responses and promote tissue regeneration. The theoretical frapr@senkted in

this study is highly tailorable and can be adapted to alternative TE strategiesrporated in
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larger scale biomechanical models. Ultimately, this tool provides a-BA8Ed rationale to predict

which TE study conditions are most likely to leverage improved tissue regeneration.

146



CHAPTER 4 —DESIGN AND IMPLEMENTATION OF AN ANNULUS FI BROSUS

REPAIR PATCH

Specific Aim 3 wado design an annulus fibrosus repair patch using experimental and
computational methods and implement the patch in an ovine lumbar spine model. The
experimental and computational aspects of Specific Aim 1 are diudiedection4.12.1 and

Section 4.2respectively.

4.1. Experimental Approach

4.1.1. Introduction

In this study, an AF repair patch was developed for the treatment of lumbar VD iberniat
The repair patch was prescribed a hybrid scaffold architecture of 3DF and M&Witbheverage
the mechanical and biological functions of both fiber scales. An ovine lumbar spine wasdel
used as large animal translational modeht@stigate the biomechanical and biological effects of
the AF repair patchEx vivo biomechanical characterization was conducted to compare the
biomechanical function of healthy, injured, and repaired spines. Additionally, the AF pafuir
was implemated in anin vivo ovine lumbar spine model and assessed via biomechanical and
histological analyses after twelve weeks pgogtlantation. The large animal model demonstrated
in this study provides a basis for iterative improvement to healing outcomes@atiorm for

clinical translation of a novel AF repair patch strategy.
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4.1.2. Methods

4.1.2.1. Implant design and fabrication

A custom AF repair implant geometry was designed for human application with
consultation from a boarcertified, orthopaedic spine surgedBr. Vikas Patel, MD, Chief of
Orthopaedic Spine Surgery, UCHealth Spine Center, Anschutz Medical Campus, Dényer, C
USA). The resultant AF repair patch design comprised of an insert to filhthuteat defect (herein
referred to as ‘insert’) combined with an external plate (herein referred to as)'pbaftecilitate
surgical attachment of the implant to the adjacent vertebral bodies withsgEigure 39). This
human implant design was translated to an ovine implant design with consultatoalioard-
certified, veterinary surgeonvith specializationin large animal spinal surgery (Dr. Jeremiah
Easley, DVM, Diplomate ACVS, Preclinical Surgical Research Laboratory, &tdoState
University, Fort Collins, CO, USA). Adigital geometry of the implant was generated in
Solidworks (2016 SP4.0, Dassault Systemes, VAlilpcoublay, France) based on a digital
model of an ovine lumbar spinds a result of consultation with the veterinarian surgeon, the
implants used for #in vivo were redesigned with the screws holes positionean2iOfurther

away from the disc (i.e. in the axial direction) thandkevivoimplants.
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Figure 39. Digital rendering of the AF repair implant desiga) the implant(red) in position in a human
lumbar FSU to replace a defect at the posterolateral aspect of the AF (light(ly) magnified and
exploded view showing details of the implant and defect with theposteatures of the spine removed.

The ovine implantlesign was then adapted for printability 8aF andprescribed &brous
architecture that has previously been demonstrated to replicate the pentcbanical properties
of native AF(Section2.1). Specificdly, the implantsarchitecture waan angleply laminate3DF
scaffold with lamellae in the axiircumferential direction (fiber angle = +34rom the
circumferential direction, fiber spacing = 1.0 mm, layer height = 175 um). Tglantrarchitecture
was generated using a combination &@ioCAD software (RegenHU, VillaBaintPierre,
Switzerland) and a customagde algorithm (Python 2.7, Python Software Foundati@a). A

detailed description of the scaffold design and fabrication process is shown in ApBendi

Implantfabrication was conducted via 3DF of polycaprolactone (PCL; average Mn 80,000,

Sigma Aldrich, St. Louis, MO, USA) using a 3DBiodiscovery bioprinter (H00 toolhead,

RegenHU Ltd., VillazSaintPierre, Switzerland27 gauge nozzlenozzle length = 6.35 mm,

extrusion temperature =3Q °C, extrusion pressure = 100 kPa, translation rate = 3 mm/s, auger

speed = 4.5ev/min). Two types of implants were generated: (1) hybrid implants consisting of
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both3DF and MEW fibers and (2) pu@DF implants with no MEW component. Bothi@BDF

and hybrid implants had identicaDF architecture. Theybrid implants were fabricated by first
prefabricating sheets of MEW fibers in an anghglaminate architecture (fiber angle = £3%m

the ydirection, fiber spacing = 0.1 mm, number of bilayers = 20) using a Mi&Wead MESW
module, 26 gauge nozzle, nozzle length = 15 mm, melt temperature = 65 °C, extrusiae pressu
80 kPa, translation rate = 40 mm/s, voltage = 4.5 kV, collector distance = 3.0ThemyIEW
she#s were then manually inserted between each 3DF bilayer such that the two fiber arebitectu
aligned Gection 3.1). The pre 3DF scaffolds were fabricated to reduce manufacturing
complexity; it was assumed that the 3DF comgnt of the implant dominated the global scaffold
mechanics and that omission of the MEW layers did not practically alter these mechan
achieve high quality fiber deposition throughout the print, the substrate temperatemnivaked
(initial temperature of 20C followed by a linear decrease of 0°83min to a final temperature of
10°C). The resultant fiber diameters of the MEW and 3DF processes were measured as previously
described $ection 3.1 The pure 3DF implas were used foex vivobiomechanical testing and
for implantation in onen vivo ovine model Animal 1). The hybrid implants were implanted in

the remainingn vivoanimal modelsAnimal 2 andAnimal 3).
4.1.2.2. Exvivo ovine model

Functional spine units (FSUsf the fourth and fifth lumbar levels (L4L5) were harvested
via careful explantation and fine dissection freight(n = 8) skeletally mature sheep. The spines
were wrapped in salingoaked gauze arstored frozeruntil biomechanical testing. Each intact
FSU was cast in plastic (Smoe@ast® 321, Smooton Inc,Macungie, PAUSA) at the cranial
and caudal aspects for rigid mounting in a custom spine biomechanical testimy Gyigtae

40ay’!’. Motion tracking markers were affixed to each vertebral body with Kirschines igure
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40Db)to track the motion of these FSU segmentsgiaifourcamera stereophotogrammetry system
(Motion Analysis Corp, Santa Rosa, CA, USA). Five cycles of pure moment loading tom6.0 N
were applied across the FSU, measured with a six degree of freedom load cell (Advance
Mechanical Technology, Inc. MG&1K, Watertown, Massachusetts, USA). Specifically, the
FSU was tested ithree anatomical planegl) flexion and extension, (2) left and right lateral

bending, and (3) left and right axial rotation.

Control

computers

Figure 40. Intact ovine lurbar FSU situated in the biomechanical testing sysfajf-ull spine testing
apparatus showing computers for control and data acquisition, theatteeef actuators and load arms
situated in the testingdme, and three of the four stereophotogrammaetnyecas. The dotted box indicates
the inset view shown iRigure40b. (b) An FSUembedded in plastic and clamped into the testing frame
showing the motion tracking markers and-akis transducer for moment measuesr

Following biomechanical testing of the intact FSU, a section of intervertediza
(measuring 8 mm circumferentially, the fuitd height axially, and the full AF depth radially) was
removed from the FSU using a custom guigigire 41) The biomechanical evaluation protocol

was repeated on the resultant partial discectomy model using the same testiog ps the intact
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FSU. Pilot holes (1.9 mm diameter) were then drilled in the vertebral bodiebeadé repair
implants were inserted within the discectomy and fixeith wiainless steel screws (316 Stainless
Steel #43/8”, McMaster Carr, ElImhurst, IL, USA3s shown inFigure 42.A final series of
biomechanical testg was conducted on the repaired FSU. Throughout biomechanical testing,
sample hydration was maintained via physiologic saline spray at approximatelynie m

intervals.

For each biomechanical test, the recorded motion capturemamentsof the final bad
cycles were processed using previously published methods to identify the range of mokn (RO
stiffness, and neutral zone (NZ) of the FSUBriefly, the range of motion (ROM) was defined as
the difference in angular position of the spine betw&eand +6 Nm of load. The limits of the
neutral zone wre defined as the central region of the momenation curve bounded by
inflections in the curve (identdd as local maxima and minima of the second derivative of the
momentrotation curve). The neutral zone was defined as the angular rotation between these
inflections and the neutrabne stiffness (NZS) was defined as the least squares fit of a linear line
to the NZ momentotation curve. The positive and negative elastic zones €xénsion/left
lateral bending/left axial rotation and flexion/right lateral bending/right axial rotation,
respectively were defined as the momenatation curve from 4.5to +6 Nm and-4.5 b -6 Nm,

respectively.

152



Figure 41 Method of creating the annular defect for surgical shantraatment levelga) an intact disc,
(b) surgical guide used to create axial incisions 8mm am@raxial incisions shown with red arrowg)
two circumferential incisions are created along the cartilage endplates téetmtmg annular window
shown with red arrowsje)the window of annulus is removed, gfihe final annular window. All images
show the rightdteral aspect of the disc.
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Figure 42. Method of inserting the AF repair implant for theatment levelga) the annular defect as per
Figure 41 (b) the surgical guidaligned to the dect,(c) the plot holes for the vertebral body screws being
drilled using the guidgd) the two pilot holes (shown with a red arrow) and the defect (shown with a red
dashed box)e) the implantwas inserted into the defect asdrewed in placasing tte pilot holesand(f)

the inserted implant.

Each group of biomechanical data was tested for normality using Aneleesbng tests
and Levene’s test was usedsesgqual variance between groups for statistical comparison. An
analysis of variance withepeated measures and Tukmst hoccomparisons were conducted
between the means tife intact, defect, and treated groups for each biomechanical measure and

loading condition. All statistical analyses were conducted with a signifidaaekof . = 0.05.
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4.1.2.3. In vivo ovine model

This study was performed under approval from the Institutional Animal Care and Use
Committee at Colorado State University (protocol #: KP1262). Three skeletallershep were
used for the study: one sheep was prescribeidhplant with a pure 3DF architecture and two
sheep were treated with implants with a hybrid scaffold architecture.LZhéhrough L5
intervertebral spaces were exposed using a left lateral retroperitoneah@ppra a plane of
dissection through the aQue abdominal muscles to the muscle plane ventral to the transverse
processes. An annulotomy was performed at the left lateral aspects of the L2L3 andidaiL5
spaces by excising an annular windgmaeasuring 8 mm circumferentially and the full disc heigh
axially) and removing the full radial thickness of the AF with pituitary ronge€linis defect was
created to represent the surgical removal of a herniated section of disc. Théis@kpaces were
prescribed sham treatments, did not receive an AFrrpptaih, and remained emp#yidure 43.

The L4L5 disc spaces were prescribed the AF repair patch treatment; pilot holes liestendri
the adjacent vertebral bodies using a custom drill guide, an AF repair peddhserted into the
defect, and screws were inserted into the pilot holes to secure the infjidame (43. ThelL1L2

and L3L4 levels were not treated.

155



Caudal >

¢ Cranial

L2L3 Disc Spacel
(Sham)

| L3L4 Disc Space " B L4L5 Disc Space
(Not treated) = (Treatment)

Figure 43. Surgical model foin vivo evaluation of the AF repair patchhe L2L3 disc space was prescribed
a sham treatment and the defect is shown. The inset shoagrafied view of the defect; labelled are the
8 mm circumferential size of the defect and the exposed NP (white ti$bee)3L4 disc space was not
treated. The L4L5 disc space was prescribed the AF repair patechanédbllowing defect creation; the
implant and screws are labelled.

Each animal was radiographed in the sagittal and coronal planes every two weeks during
the study and were euthanized 12 weeks following surgery. This study group size (three sheep)
and duration (12 weeks) served as a preliminary study to demonstrate the suogeadlie and
implant efficacy. Following euthanasia, lumbar spine segments weidediinto individual
functional spinal units (FSUs) and prepared for-destructive biomechanical testing, micro

computed tomography (u-CT) analysis, and histologic processing with histomorphometry.

Kinematic, nondestructive biomechanical testing wasdocted on the L1 to L5 disc
spaces on each sheep. The same testing protocol was used asforitreanalyses $ection
4.1.2.2 with two modifications: (1) the FSUs were not frozen and were tested diaitaky

following euthanasia and (2) the L2 to Lgertebral bodies wergansectedn half to facilitate
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biomechanical testing of each disc level. Prior to biomechanical testing, eachwBSU
radiographed in the sagittal and coronal planes. Disc heights were measured fahogiiaphic
images at the week (i.e., posoperative) and 1fveek (i.e., post sacrifice) time points.
Specifically, the disc height was calculated as the mean distance between the vedelatdsn
at five equally spaced locations in the disc in the sagittal plane using, as mewtiuriedageJ
software National Institutes of Health, Bethesda, MD, USA). Studentissts were used to
compare the disc heights at thev8ek and 12veek time points. The biomechanical measures of
the individual treated lev® (L4L5) in thein vivo animal study were compared with the mean
biomechanical measures of healthy, defect, and treated groups of the correspeniiogtudy

(L4L5 FSUs) using onsample StudentsWWHV WV

Following biomechanical aluation, the whole disc was dissecteam each FSU by
transectinghrough the vertebral bodies in the transverse plane approximately 5mm frdiecthe
space Figure 44. These samples weptaced in 10% neutrdduffered formalin (10% BF) for
two weeks. During fixationeach level was evaluated using micomputed tomography (micro
CT) to detect any adverse bone formatiorihe disc space. The metal screws used to surgically
attach the implant were left in place during mi€@® scanningo ensure that the implant remained
in place such thahe interfaces between the implant and adjacent tissues would remain intact fo
histological imaging. The micka& 7 VFDQV ZHUH FRQGXFWHG ZLWK [ [
SRWHQWLDO PV LOWHJUDWLRQ WLPH HDBKLQWWHHY LWKHD
volume was quantified in two regions of interest (ROIs), definettheaseft and right aspects of
the whole disc space. The bone volume within each ROl was computed as the volume with a

mineral density between 220 and 1000 mg/tiydroxyapatite. Following mick€T imaging,
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each FSU section walkssectedlown to the location of the implant, defect, or corresponding disc

tissue Figure 44) and returned to the 10% NBF solution.

WHOLE LUMBBAR SPINE FSU WHOLE DISC
T CRANIAL Al —lA
I . ——] ~ WHOLE [—————

6

: | FSU MICRO-CT SECTIONS
I ! :
\I\ RIGHT LEFT
_____ 1 ROI ROI
& ﬁ HISTOLOGICAL SECTION
¢ = HISTOLOGY
I _! rol
RIGHT LEFT SECTION
— —_— PLANE

CAUDAL

Figure 44. Diagram of a whole ovine lumbar spine showing the functional spinal (ESiU) for
biomechanical testing, the whole disc section for m@mmputed tomography (mici@T), and the partial
disc section for histology. Red dashed lines indicate physical cutting sfathples. For bone volume
analysis of the micr®€T scan, left and right ROIs were defined by dividedi2 centrally in the sagittal
plane. The section plane for histological images is also shavemi@d in the coronal plane).

For histological evaluation, the samples were dehydrated in graded ethanol and cleared
with Histoclear (National Diagnostic8tlanta, GA, USA) followed by infiltration and embedding
in methyl methacrylate (MMA; Acrylosin Hard, Dorn and Hart, Loxley, Alabad®A). At least

two sections were cut through the center of each disc ROI in the coronalfure44). Initial
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sections of approximately 300 um were taken using a diamond blade saw (Exakt Technologie
Oklahoma City, OK) and were subsequently ground and polished to a final thickness 43 60
pm using a microgrinder (Exakt Technologies, Oklahoma City, OK). One half oé¢hierss for

each sample were stained with Sanderson's rapid bone stain (SRBS; Dorn and Hadddicro
Inc., Villa Park, IL, USA) to and counterstained using Van Giesonis §f&CS; Dorn and Hart
Microedge Inc., Villa Park, IL, USA) to differentiate cells, tissue structuré|age, collagen, and
bone. The other sections for each sample were stained with toluidine blu¢T&8inSigma

Aldrich, St. Louis, MO, USAto detet proteoglycan content.

Histomorphometric measurements were made using Image Pro software (Media
Cybernetics, Silver Spring, Maryland, United States) to quantify the tisswtuséruvithin each
disc level of each study. In the histological section pldr@eROls for histomorphometric analyses
was defined as: (1) the full area of the left AF; (2) the full area ofgheAF; and(3) the full area
of the NP. An additional ROl was defined for the SRBS sections of the treatdd leve
characterize the inkgnt, screws and tissue observed outside of the left lateral aspect of the IVD;
this ROI was bounded by the cranial edge of the cranial screw, the caudal edge of treccawda
the vertebral body, and the peripheral surface of the implant/tissue m#ss.&&ch ROI stained
with SRBS, the histomorphometric parameters measured were: (1) percent poateagly soft
tissue area, as defined by blue stain; (2) percent fibrous soft tissue aremeakluefreen stain;
(3) percent bone area, as defined by red stain; (4) percent scaffold area; and (b} pexwearea.
The histomorphometric parameters for ROIs in the TBS sections were: (1) pefcent o

proteoglycardch softtissue as defined by blue stand (2) percent scaffold area.
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4.1.3. Results

4.1.3.1. Implant design and fabrication

The printed implants effectively reproduced the designed implant georfeiyd45).
Minor stringing of the printed material was observed throughout the implant. Manuaitiospe
of the hybridimplants detected no apparent alterations to the interlamellar bonding as abmpare

to pure 3DF implants.

Side

igital

D

Printed

Figure 45. Digital renderings of the ovine AF repair patch design and corrdsmpprinted scaffolds with
the hybrid archiecture. The8DF component of the scaffolds was able to reproduce the designedtgeom
accurately. In the top view of the print, the MEW sheets are obsenethledn the 3DF fibers in the insert
(opaque) and compared to the void between the 3DF fib¢he iplate (transparent/black). Some residual
MEW fibers can be seen in the side view of the print aftgrwere trimmed to the 3DF geometry.
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4.1.3.2. Exvivo ovine model

An example momenrtotation diagram for one ovine L4L5 FSU is showirigure 40The
measured FSU angle of rotation generally increased or decreased monotonitahyoment
loading, facilitating reliable calculation of the ROM, NZ, NZS, and EZS. As cosdptar the
flexion-extension and lateral bendidgta, a lower signdb-noise ratio was observed in the axial
rotationdata which was consistent withwer magnitudein measured rotatioas compared to the
other two bending planes fall samples. Summary data for the biomechanics of the healthy spine

group are shown imable8.
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Figure 46. Example momentotation data for an ovine L4L5 FSU in three porement loading
conditions. Shown are the range of motion (ROM) and the positivaeguative linear fits for the neutral
zone (NZ) and elastic zone (EZ). The NZ was evaluated betwetat#i@xtrema in the central region of
2nd derivative of the soothed data. The EZs were evaluated between a moment of 4.5 Nm & 6.0

(negative and mitive).
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Table 8. Biomechanical measures (mean + standard deviation) for the hewltieyl.4L5 FSUs in flexion
extension, lateral bending, and axial rotation.

ROM NZ NZS EZS1 EZS2

Loading modality [°] [°] [Nm/°] [Nm/] [Nm/°]

Flexion-extension| 8.15 *2.30 2.53 =*0/7/1 0.59 +0.27 4.18 #4154 576 144

+

Lateral bending | 9.57 x1.40 2.69 +0.82 059 +0.14 260 041 2.86 *0.51

Axial rotation 0.95 #0.27] 0.28 =*0.08 9.04 #3.39 16.28 *4.92 20.32

1+

8.99

In flexion-extension, the ROM wasignificantly greater than the intact group in both the
defect and treated groups (p < 0.001 and p = 0.003, respectivetyinddn increase in ROM of
the treated group was less than the defect group (increases of 9.5% and §pExtjvedy).
However, th(ROM of the treated group was not significantly differeaim the defect group (p =

0.120.

No significant differences were found between the mean flexxt@nsion NZ of any
groups. As compared to the intact group, the mean flexitemsion NZ of the defct and treated
groups decreased by 2.6% and increased by 6.1%, respectively. The NZS was slgménhaced
in the defect group as compared to the intact group (mean NZS reduction of 45.3%; p < 0.001).
However, the treated group (mean NZ reduction301%) was not significantly differefiom the

intact group (p = 0.264) and was significantly differieatn the defect group (p = 0.008).

The flexion extension elastic zone stiffnesses demonstrated no significant changes betw
any of the groups (0.075 < p < 0.879). The mean flexion EZS was increased by 27.7% and 9.49%
for the defect and treated groups, respectively, as compared to the intact group. Conkiersely,
mean extensionEZS of the defect and treated groups was decreased by 2.83% and 14.1%,

respetively, as compared to the intact group.
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Figure 47. Flexion-extension biomechanics for the defect and treated conditions relative tatabe i
condition. Error bars shows the standard deviation for each groopp&with a sigificant change in

biomechanical measures from the intact case are indicatedsteriskg . = 0.05) and pvalues are shown
for significant differences between defect groups and treated gfooagsvalue indicates no significant
difference between grogp

In lateral bending, significant differences were observed between the mean RAM of al
three groups. As compared to the intact group, the mean ROM of the defect and treated group
significantly increasedfy 28.6% and 9.7%, respectively; p < 0.001 and p = 0.006, respectively).
Moreover, the mean change in ROM for the treated group significantly less thaeahehange

in ROM for the defect group (p < 0.001).

No significant differences were observed between the mean NZ of any groups. However,
the mearnncrease in NZ of the defect group (23.7%) was greater than the treated group (12.2%).

The NZS data yielded significant differences between all three groups (p < 0.001 and p = 0.004
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for the defect and treated groups, respectively, as compared to the intact groupjearhe
reduction in NZS for the defect group (58.6%) was significantly greater tharetited group

(22.1%; p < 0.001).

No significant differences were observed between any groups for right EZ@sgitind
was associated with low magnitudeghe change of EZS (mean reductions in EZS of 5.8% and
8.1% for the defect and treated groups, respectively; p =0.41 and p = 0.11, respectively)r Howeve
the mean left EZS for the defect group demonstrated a significant increasa@sed to both
the intact and treated groups (mean increase in EZS of 16.0% and 12.3%, respectively; p = 0.020

and p = 0.050, respectively).
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Figure 48. Lateral bending biomechanics for the defect and treated conditionweeiatithe intact
condtion. Error bars shows the standard deviation for each group. Gratlps significant change in
biomechanical measwsérom theintact case are indicated with asterisks D-@albesare shown
for significant differences between defect groaps treated groups (nev@alue indicates no significant
difference between groups).

In axial rotation, no significant differences were observed between any groups for NZ and
both left and right EZS. The mean axial rotation ROM was significantheasedn the defect
group (increase of 23.1%; p < 0.001) and treated group (increased of 19.1%; p = 0.001) as
compared to the intact group. Similarly, when compared to the intact group, the defechtaod tre
groups demonstrated significant decreases in the MN&&h (decreases of 33.5% and 27.5%,
respectively; p < 0.001 and p = 0.001, respectively). In both ROM and NZS, the treated group
mean was closer to the intact case than the defect group. However, there werrg@ficantig

differences between the defect drehted groups.
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Figure 49. Axial rotation biomechanics for the defect and treatedlions relative to the intact condition.
Error bars shows the standard deviation for each group. Gratlpa gignificant change in biomecheal
measures from the intacase are indicated with asterigks= 0.05) and pralues are shown for significant
differences between defect groups and treated groups-{¢adu@ indicates no significantifibrence
between groups).

4.1.3.3. In vivo ovine model

Following surgery ofAnimal 1, it was noted that the sham level vdaced in the L1L2
disc (instead of the allocaté@L 3 disc) and the treatment was placed in the L3L4 disc (instead of
the allocated L4L5 disc). Accordingly, there was no healthy lumbar level on thal cidei of the
sham treatment for analyses. Als@ treatment level fohnimal 1(L3L4 disc)was not compared
to theex vivobiomechanical group&4L5 discs)using statistical analyses because oflisparity
in the lumbar levelAfter sacrifice and finadissection, fibrous tissue growth at the lefefat

aspects of the sham and treated levels was visually observed in all three stigpiesbQ). The
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fibrous growth at the treated levansistentlyappeared larger than at the sham level. No excess
fibrous tissie was observed at any of the healthy or contralateral disc spaces. In the treated levels
of Animal 1 andAnimal 3, the outer surface of the implant plate was visible within the fibrous

growth. However, the implant was not visibleAnimal 2

Figure 50. Example digital photographs of the finely dissected whole lumbar smisainple 2. The spine
is shown in the coronal plane. The sham and treatment dissspaddentified which show fibrous tissue
growth at the site of the mgical intervention.
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Radiographic images exhibited no clearly identifiable, deleterious effecaty of ¢he disc
spaces at any time point in the study. As compared to the healthy and sham leveldlya sligh
greater radiopacity was observed in the regisurrounding the treated levels at thenE2k time
point in two of the three studieBigure51; Table9). These regions were not identifiable in the O
week time point radgraphs. The height of the L1L2 discs (healthypmimal 2 and Animal 3
could not be reliably measured from thev@ek time point radiographs. The measured disc heights
from the Gweek time point radiographs exhibited no statistically significant diffsxe compared
to the twelveweek time points for the sham conditions (0.16 < p < 0.64 for the L2L3 levels),
healthy conditions (0.12 < p < 0.77 for the L3L4 levels) and the treated conditions (0.43 Op < 0.8

for the L4LS levels).
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Figure 51. Radiographic images of three disc spaces (sham, healthy, and treatdd) three animal
studies at the I®&eek time point. The metal screws used to fix the implants are clearlevisitle treated
levels. As compared to the corresponding healthy and sham legis)s of slightly increased radiopacity
were observed surrounding the treated levels of study 2 and stuety &iows).
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Table 9. Disc height measurements (mean + standard deviation, s.d.) fordhesthidy animals at the O
week (i.e., posbperative) and #veek (i.e., possacrifice) time points.

Disc height (mean %s.d.)
Study Level | Assignment

0 weeks 12 weeks

L1L2 | Sham 3.9+1.3 3.2x1.4

L2L3 | Healthy 3.9+2.0 3.4+1.6

" L3L4 | Treatment 3.5+14 3.3%15
L4L5 | Healthy 4.0 £0.9 3.6+1.4

L1L2 | Healthy - 3.8+1.7

L2L3 | Sham 4.6 £1.5 4.3+1.8

2 L3L4 | Healthy 4.6+1.2 4.4 1.7
L4L5 | Treatment 44+1.0 40+1.2

L5L6 | Healthy 4.4 +£1.3 44 +1.1

L1L2 | Healthy - 3.5%£2.2

L2L3 | Sham 4.7 £1.5 3517

3 L3L4 | Healthy 43+1.1 3.1+14
L4L5 | Treatment 42 +1.4 3.5%1.6

L5L6 | Healthy 5014 4.1+1.2

In general, the biomechanical measures (ROM, NZ, NZS, and EZS) of the FSUkdrom
in vivostudy (L1L2 to L5L6 discs) were similar in magnitude to the healthy, defect, and treated
FSUs in theex vivostudy group (Figure 53. In flexion extension, there were no clear trends in
any of the biomechanical measures as a function of the FSU condition (i.e., healthy, sham, or
treated). The elastic zone stiffneseitensioEZS1) exhibited a larger spread in timevivo data

as compared to thex vivogroups. All biomechanical measuresAmimal 3were not significantly
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different to the healthgx vivogroup (0.10 < p < 0.60). Fémimal 2, the ROM and NZ were not
significantly different to the healthgx vivogroup (p = 0.08 and p = 0.12, respectively), however,
the NZS, EZg and EZ$S were significantly different (p = 0.01, p < 0.01, and p = 0.02,
respectively) Further, the NZS was not significantly different to thevivodefect group (p =

0.25).

In lateral bending, all ROMs and NZs of the treatment levels were less than the sidam lev
and all NZSs of the treatment levels were greater than the sham leve&chirof these three
measures, the difference between the healthy and sham demonstrated the same ¢&rexdigs th
groups (i.e., in both thie vivoandex vivodata, the treatment decreased the ROM as compared to
the defect/sham). However, neither the healthy nor the defect levels exhibited anlyfieleznce
to the healthy levels in these measures. Additionally, the variabilityeifROM and both EZSs
for the healthy levels was notably larger in thevivo data as compared to te& vivodata. As
compared thex vivobiomechanical data, the ROM fAnimal 3and the NZS foAnimal 2were
not significantly different healthy spine groups (p = 0.49 and p = 0.62, respectively). Hoaleve
other measures were significantly different to the corresponde®gsures in the healtlex vivo
JURXS S 7 IRU Rl 2 arRdAniBh& \B Khe ROM, NZ, and NZS were

significantly different to thex vivodefect groups (p < 0.01 for all).

The axial rotation biomechanics appeared to show some trend in the ROM, NZS, and right
EZS (EZS) as a function of the level condition. However, thg Bind left EZS (EZ§ did not
exhibit any appreciable biomechanical changes between the healthy, sham, andttieagitsen
The axial rotation ROMs were greater for the sham condisarompared tall healthy conditions,
except for tha.1L2 disc of studyAnimal 2 This increased ROM was mitigated by the treatments,

which were more comparable to the healthy lev&milarly, the NZS of the sham levels was less
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than all of the healthy levels except for the L1L2 disc of stiynal 2 and the treatment levels
exhibited NZS similar to the healthy levels. Lastly, the E&8s generally lower for the defect
levels as compared to the healthy and treated levels, which were similar in magnitwdeeiio
this trend was not as clearly defined as the trend in the ROM and NZS because threealflilge h
levels had similar EZ8o the defect levels (L1L2 and L3L4 discsAsfimal 1, and L1L2 discs of
Animal 2). However, forAnimals 2 and 3, these three measures that demonstrated a trend as a
function of the spine condition (ROM, NZS, and E¢%ere all significantly different to the
healthyex vivogroup (p = 0.02and p < 0.01, respectiveljor the ROM;p = 0.03 and p < 0.01,
respectively for the NZS; and p = 040and p = 0.01, respectively, for the EZS Further, for
Animal 2, all of these three measures were not significantly different to the treated aotegef
vivo JURX SV S DQG " S U H \ABimad 8/ allyofl O \
these three measures were significantly different to the treated andedefect JUR XSV S ”

for all).
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Figure 52. Quantitative biomechanics for the healthy, sham, and treatment lumbar FSUs caniditioree
loading modes: flexiomextension, lateral bending, and axial rotation. The biomechlmieasures are the
range of motion (ROM), neutral zone (NZ), neutral zone stiffness (N the positive and negative
elastic zone stiffnesses (EZ&hd EZS). Data are shown for the threevivo VW XGLHYV VW XG\
=] DQG VWAagdex vivostudy groups (group means are shown with solid bErg)r bars shows

the standard deviation for tle& vivogroups.
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Bone volumemeasured by the micitGT analyses are shownTable10.All discs inAnimal
1 exhibited a bone volume less than or equal to 0.0h%nImal 2, the bone volume wdsss
than or equal to 0.01% for thell5 disc(treated), L3L4disc (healthy), and the right side tife
L3L3 disc(sham level, contralateral side). The left sidéhefL2L3 disc(sham level, defect side)
exhibited a marginally increased bone volume (0.05%). The L1L2 and diSt§(both healthy)
had the greatest measured bone volumes (range 0.07% to Ol8=idy Animal 3, the bone
volume of the L2L3 disc, L3L4 disc, and the right side of the L1L2 disc was less than otcequal
0.01%.The remaining healthy discs (left side of the L1L3 disc and the L5L6 disc) had measured
bone volumes rangingom 0.03% to 0.43%. The L4L5 disc (treated) had measured bone volumes
of 0.11% and 0.04% at the left side (defect) and right side (contralateral) iredgem all three
animals, artefacts in the mic@T scans associated with the metal screws were observed for the
L4L5 discs. In Aimas 1and 3, the total measured volume of L4L5 discs (1253 and 1165
mm?) were within the range of the other measured discs (ranges of 882 to 16Z3dn@92 to
1674 mmi). However, in studynimal 2, the total volume of the L4L5 disc (916 fmepresented
the minimum value for alineasured discs (range 1033 to 12663niMense tissue masses were
observed near the implant site and outside of the disc space in the treated levitiseef @himals
(Figure 53. These dense regions were largest in transverse planeseotss) near the screw sites.

No similar dense tissues were observed in any of the other lumbar levels.
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Table 10. Micro-CT bone volume analyses for all lumbar discs initheivo AF repair patch study. For
the left and right halves of each disc, the total volume (TV), bone vo{BME and percentage bone
volume(BV/TV) are reported. The total measured disc volume (D¥)se reportedor each disc.

. . TV BV TV/BV DV
Study | Level | Side | Assignment 5 5
[mm?] | [mm?] | [%] | [mm?]
Left - 407 | <0.01| <0.01
L1L2 ' Sham- Sham 882
Right | Sham- Contralateral 474 | <0.01| <0.01
Left 495 <0.01| <0.012
LoL3 et | Healthy 962
Right | Healthy 467 | <0.01| <0.01
Left | Treatmen- Treatment 531 0.07 0.01
1 L3L4 : 962
Right | Treatment Contralateral 431 0.04 0.01
Left 646 0.07 0.01
LaLs STt | Healthy 1253
Right | Healthy 607 | <0.01| <0.01
Left | Health 808 0.01 <0.01
L5L6 — Y 1673
Right | Healthy 865 | <0.01| <0.01
Left 595 5.62 0.94
L1Lp o | Healthy 1163
Right | Healthy 567 | 0.38 | 0.07
Left - Sh 549 0.25 0.05
LoL3 St | Sham- Sham 1033
Right | Sham- Contralateral 483 0.06 0.01
Left | Health 626 0.05 0.01
2 | L3La — cathy 1266
Right | Healthy 640 | <0.01| <0.01
Left | T T 460 0.05 0.01
LaLs - reatment Treatment 916
Right | Treatment Contralateral 456 | <0.01| <0.01
Left | Health 621 12.69 2.04
L5L6 — Y 1266
Right Healthy 645 2.98 0.46
Left 496 0.14 0.03
L1L2 | =&t | Healthy 047
Right | Healthy 450 | 0.01 | <0.01
Left - 486 0.04 0.01
LoL3 : Sham- Sham 892
Right | Sham- Contralateral 406 0.01 | <0.01
Left 601 <0.01| <0.01
3 | L3La o | Healthy 1113
Right | Healthy 512 | 0.01 | <0.01
Left 552 0.62 0.11
LALS ' Treatment Treatment 1165
Right | Treatment Contralateral 613 0.23 0.04
Left | Health 886 3.82 0.43
L5L6 — caty 1674
Right Healthy 788 2.42 0.31
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Figure 53. Micro-CT images in the transverse plane of the treated leveldl fitwee studies. Example
images are shown at the rdisc level and at the approximate level of the screws in théateard caudal
directions. The screws are visible as bright white objects andiagaartefacts associated with the screws
are visible as lines propagating from the screw location. Eedtasydense tissue masses are indicated with
red arrows. Scalbars are shown for each column of images.
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In the histological sections with SRBS, calcified tissue was clearly identiftaded stain
and soft tissues were identified with green and blue skEguile 54. Sot tissues were also
identified in blue with the TBS, particularly in the nucleus region of the disc edheting in
intensity radially from the inner to outer AF in healthy sections. Similarly,heéedthy AF
demonstrated a radial gradient from blue color to green with SRBS. Healthy AiSteoihg
demonstrated a lamellar structure in all histological seci{brgure 55 and Figure 5650me

distinct regions of no stain were observed between lamellae of the AF and wethNR th

In the sections of the treated discs, the metal screws were visible as black (i.e) opaque
objects. Some sections of screw were dislodged from the slides during procatitiough the
remaining voidspaces were clearly visible and were designated accordingly in histomorghometr
analyses. The implants were marginally visible in the treatment sections andifienentiable
from the background in histomorphometric analyseé&nmals 2 and 3the implant compsed
approximately 50% of the AF ROI, however, Animal 1, the measuredmplant areawas
appreciably less of thtotal AF ROI (Table 11 andTable 12). The implant plate was clearly
detached from the screws Animal 1 (Figure 57 and was clearly retained by the screws in
Animals 2 and 3 (Figure 54 arkdgure57). Across all samples, the size and morphology of the

discs varied, and notable variations in the ROI areas wesedextTable11 andTable12).

The morphology and composition of the tissue masses at the treatment site veuwsgeth bet
the three animal#\nimals 1 and 3xhibited masses outside of the treathggmerally consisting
of soft tissuegFigure 54 and Figurg?7). However Animal 2demonstrated notable calcified tissue
formations separated by a relatively dense region of soft tissya¢ 57) The ROIs of the tissue
masses outside of the treated levels measured 95?9169 mm, and 65.7 mrhfor Animals 1,

2, and 3, respectively. In these regions, all three animals demonstrated blue soft tissue areas
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(11.8%, 26.9%, and 11.5%, respectively), green soft tissue areas (36.1%, 20.3%, and 24.8%,
respectively), screw areas (9.1%, 9.7%, and 30.1%, respectively), and imgastRar9%

16.5%, and 23.2%, respectively).Animal 2, the tissue mass comprised of 22.1% calcified tissue,
though only0.4%and 0.0% calcified tissue was detecteddnimmal 1andAnimal 3, respectively.

Additional, unidentified lesions were observed in the healthy AF and WRiwfal 2in the micre

CT and histological result&igure 57).

Figure 54. Example histological images of full treated discs (L4ABImal 3) strained with (a) SRBS and
(b) TBS. The vertebral bodies, screws, and implantlihed with red dashed lines) are clearly visible
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Figure 55. Histological sections of the left AF ROI stained with SRBBown are healthy, defect, and
treated AF for all three animals in the study.
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Figure 56. Histological sections of the left AF ROI staingith TBS. Shown are healthy, defect, and treated
AF for all three animals in the study.
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Figure 57. Notable features of tha vivoanimal study(a) histological image of the treated levelAafimal
1showing the displacemeotthe implant (red arrows{b) histological image of the treated levelkofimal

2 showing the calcified tissue growth (red arrows);histological image of the untreated L5L6 disc of
Animal 2 showing unidentified lesions in the NP (red arrows); @)dnicro-CT image of the untreated
L5L6 disc of Animal 2 showing the unidentified lesions (red arrows) within the disc spadedashed
line).

From the histomorphometric measuremeii@ab{e 11 andTable12), blue and green soft
tissues were the dominant stainghe healthy AF ROIs (combined blue and green soft tissue area
ZDV - LQ DOO DQLPDOV %OXH VRRW 6\5%\6VXHFVUIRD \L @ W
than healthy range for all three animals and was similarly lowekrionals 1and 3in the TBS
sections. In both TBS and SRBS sections, the corresponding AF contralatesbefdbt had
blue soft tissue area within the healthy rangefdimmal 2 andAnimal 3, but was also lower than

the healthy range iAnimal 1 The treatment ROI also exhibitédstinctly lower blue soft tissue
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area than the corresponding hegltanges in all three animals in both SRBS and TBS sections,

and the respective contralateral AF were all similar to the healthy rantped@&ect and treatment

ROIs were above the healthange of green soft tissue, and the defect consistently demonstrated

a greater level of green soft tissue as compardte treatment. All contralateral AF ROIs had

green soft tissue stain similar to the healthy AF. In the healthy NP, blue soft wasute
GRPLQDQW VWDLQ - 52, DUHD IRD@®D OYWQVYABYYR QRU ER
the defect levelsxnibitedareas oblue soft tissue similar to the healthy range for all animals. Blue

soft tissue in the NP of the treated levels wastiigower than healthy NP foknimal 3in the

SRBS section, yet was similar in the TBS sections anthoother animals. Small amounts of

green soft tissue stain were observed in the healthy and-defec HO 13 ” 52, DUHD |
animals), althougtthe treated levels had slightly higher green soft tissue in the Nkhioral 1

andAnimal 3. Measured bone area (red stain) was no more than 0.5% in all of the disc ROIs.
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Table 11. Summary of histomorphometric measurements fotiges ofall discs in thén vivostudy stained

with SRBSwith VGCS. Measurements for the healthy conditions are presented as the range of all
corresponding ROI in the healthy levels. All other measargsnare from a single ROI. The healthy
contralateraCL) AF measurements are shown independently from the defect/treatmentemeads.

Blue soft tissue stain was indicative of proteoglydah tissue and green soft tissue stain was indicative

of fibrous tissue.

. N ROI area _Blue Oft C_Sreen Dft Bone | Implant
Animal | ROl | Condition [mm? tissue area | tissue area| area area
[%6] [%6] [%] [%6]
Healthy 10.3-13.2| 34.9-749 | 16.9-47.7 | 0.0-0.3 -
Defect 10.9 23.7 69.4 0.0 -
AF | Defect (CL) 8.7 29.1 50.8 0.0 -
1 Treatment 16.5 1.7 65.6 0.0 17.7
Treatment CL) 8.8 67.2 24.8 0.5 -
Healthy 20.0-61.7| 82.1-945 0.0-2.7 | 0.0-0.1 -
NP | Defect 26.9 97.9 0.8 0.0 -
Treatment 28.5 92.9 6.8 0.0 -
Healthy 7.5-135 | 51.6-72.3 | 17.4-36.2 | 0.0-0.2 -
Defect 18.3 28.3 69.0 0.2 -
AF | Defect (CL) 100 58.9 29.8 0.2 -
Treatment 18.1 28.6 19.7 0.0 46.8
. Treatment (CL) 12.3 69.8 26.4 0.0 -
Healthy 36.0-64.4| 97.0-99.8 0.2-2.2 0.0 -
NP | Defect 33.7 99.3 0.6 0.1 -
Treatment 42.5 99.3 0.3 0.0 -
Healthy 9.0-145 | 448-649 | 29.9-468 | 0.0-0.4 -
Defect 14.2 25.1 56.5 0.1 -
AF | Defect (CL) 9.9 49.0 42.4 0.1 -
3 Treatment 14.8 14.0 32.8 0.0 46.3
Treatment (CL) 11.3 67.0 31.9 0.1 -
Healthy 35.4-71.1| 85.7-100.0| 0.0-1.6 0.0 -
NP | Defect 38.0 99.9 0.1 0.0 -
Treatment 63.9 79.2 3.6 0.0 -
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Table 12. Summary of histomorphometric measurements for secticabdics in thén vivostudy stained
with TBS.Measurements for the healthy conditions are presented astfeeatall corresponding RO i
the healthy levels. All other measurements are from a single ROI. &akhy contralateral AF
measurements are shown independently from the defect/treatment meassirBhaersioft tissue stain was

indicative of proteoglycaumich tissue.

. N RO area Soft tissue | Implant
Animal | ROI | Condition [mm?] (blue) area area
[%] [%]
Healthy 11.3-58.9 | 90.4-92.2 -
Defect 46.8 37.6 -
AF | Defect (contralateral) 34.3 77.7 -
1 Treatment 67.5 63.7 19.7
Treatment (contralateral) 37.5 89.1 -
Healthy 95.0- 222.0| 94.2-94.3 -
NP | Defect 99.1 92.1 -
Treatment 109.8 99.3 -
Healthy 10.9-42.1 | 83.0-98.0 -
Defect 64.5 94.3 -
AF | Defect (contralateral) 35.7 92.7 -
5 Treatment 174 375 55.1
Treatment (contralateral) 10.5 93.0 -
Healthy 41.6-236.2| 97.8-100.0 -
NP | Defect 140.6 100.0 -
Treatment 43.1 97.6 -
Healthy 9.3-15.9 | 83.3-94.0 -
Defect 15.0 66.2 -
AF | Defect (contralateral) 7.4 87.9 -
3 Treatment 16.8 40.8 43.8
Treatment (contralateral) 12.7 90.9 -
Healthy 45.3-74.8 | 83.3-100.0
NP | Defect 42.7 83.4 -
Treatment 64.5 91.5 -
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4.1.4. Discussion

In this study, an implant for repair of the annulus fibrosus (AF) was designedatealrisl
an ovine model, and fabricated using a novel tissue engineering scaffoléatbiA surgical
approach for the AF repair strategy was developed using cadaveric ovine lumbar spihesxand t
vivo biomechanics of healthy, injured, and treated lumbar spines (L4L5) were evaluated. A
preliminaryin vivo study of the AF repair stratggvas then conducted in an ovine lumbar spine
model. Biomechanical testing, radiographic imaging, m{€To analyses, and histological

evaluation was performed on three lumbar spines 12 weeks post-implantation.
4.1.4.1. Implant design and fabrication

Overall, the faricated implants effectively reproduced the designed 3DF architecture and
the MEW sheets were visible within the 3DF layers. Further, microscopic imagsagnpies of
hybrid scaffolds has demonstrated that the MEW fibers are retained in the s(dftiloh 3.1).

The 3DF scaffold architecture used for the implants was identified in previoksowaproduce

the pertinent mechanical properties of AF. Manual inspection of implant fedatieéth a hybrid
architecture found thalhe interlamellar bonding between 3DF layers was not noticeably disrupted
by the MEW sheets. Accordingly, the assumption that the 3DF scaffold has similaanmcath
properties between pure 3DF and hybrid scaffolds appeared valid. In the hybrid sdafiakl,
assumed that this 3DF architecture dominated the scaffold mechanics and the montflihe
MEW sheets was negligiblelowever, preliminary work using a finite element model of 3DF and
hybrid scaffold has indicated that the mechanical contribution of the MEWsI|ayay not be
negligible (up to 18% increase in scaffold stiffness for one combination of bidraahss

Appendix D).
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Fiber diameters that were measured from the 3DF and MEW processes found that both
were smaller than expected (Sectib). In particular, the 3DF fibers were appreciably smaller
than in the experimental work which validated the mechanics of the 3DF arcleit€eiction2.1).

As a result, the biaxianechanics of the fabricated implant may not haxactly matched the
designed mechanics. Computational work on the biaxial mechanics ofpygieninate scaffolds
has shown that a smaller fiber digerancreaseshe overall scaffold compliance andcreases
the asymmetryof the biaxial stiffnesses (i.e. ax@-circumfaential biaxial stiffness ratio;
Section2.2). Further computational modelling has predicted that increased implant coceplia
may be beneficial for deliverg mechanoregulatorgtimulus to resident cells (Sectid@2).
Additionally, the increased implant compliance due to the smaller fibers maybected by
the increased implant stiffness due to the addition of the MEW sheets. Furtivanerpa testing
may be of interest to elucidate the influence of the MEW sheets on the biaxial roedifahe

hybrid scaffolds.
4.1.4.2. Exvivo ovine model

The biomechanical data for the healthy ovine LAL5 FSUs was consistent with prgviousl|
repoted value¥%3! The larger observed noise in axial rotation loading can be attributed to the
greater overall FSU stiffness and, theref lower signato-noise ratio in the measured rotation
data as compared to flexi@mxtension and lateral bending. Overall, the vivobiomechanics
demonstrated that the AF repair implant was generally effective at magtahe healthy
biomechanics fothe FSU. Notably, in every instamén the study where the defegtoup had
significantly different biomechanics to the healthy spines, the treated group clusely
approximated the intact biomechanics as compared to the corresponding defect group. For

example, although the mean lateral bending ROM of the treated group was significeréytd
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to the healthy spines (9.7% increase in ROM as compared to healthy), it was an inepitca®m

compared to the mean of the defect group (28.6% increase in ROM as compared to healthy).

The greatest magnitude of change in any mean biomechanical measure of the defect grou
as compared to the healthy state was 45.3%, 58.6%, and 33.5% in-B&teoision, lateral
bending, and axial rotation, respectively (all wéreNZS). Similarly, the treated group exhibited
changes of 14.1%, 22.1%, and 27.5% in flexextension, lateral bending, and axial rotation,
respectively, as compared to the healthy state (the,BAS, and NZS, respectively). These
results suggest that all three loading modalities were important consideraticassessing the
biomechanical influence of the defect and treatment. In particular, lateral bendindave
demonstrated the greatest biomechanical change in the defect group because thearmutered
tissue was furthest from the neutral axis of bending and, accordingly, has the greatgsbimpa
the areamoment of inertia of the disc. For the treated spines, axial rotation may have datednst
the largest magnitude change in biomechanicsalee the implant failed to restore the
circumferential continuity of the AF, resulting in a lovedfectivepolar moment of inertia of the

disc as compared to the intact AF.

Across all three loading modes, the ROM and NZS were the biomechanical meassires
influenced by the defect and treatment; the defect group generated mean changes ltb dinel RO
NZS that were significantly different to the intact group in all three loading sndde significant
changes in the mean NZ and mean EZ8. extensionleft lateral bending, and left axial rotation)
were observed between the intact, defect, and treated groups in all loading moithes, &sl
compared to the healthy spines, the only significant difference in the meali.EZffxion, right
lateral benthg, and right axial rotation) to the any other study group was the defect group in right

lateral bending. Accordingly, the results suggest that the ROM and NZS may be tipermosnt
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of the considered biomechanical measures for AF repair. From a mechanistic perspest
changes in ROM and NZS could be explained by the discontinuity of the strudiaralthat was
induced by the defect, and not recovered by the treatment. Recruitment of these Istitvetsira
(e.g., collagen) has be demonstratetie a critical factor for FSU biomechartfésMoreover, the
AF implant was designed to replicate the elastic zone mechanmaérpes of the AF and,
therefore, may not be able to reconcile the neutral zone behavior of ti@i8Fatter mechanical

responseés dictated by the toeegion of the nonlinear AF elasticity profile.

Although some of the biomechanical differences betwibe healthy and treated groups
demonstrated statistically significant differences, it remains unclear whetlser cthanges are
practically relevant at the acute time point of the repair strategy ¢(mes a 22.1% reduction in
the lateral bending NZS have a noticeable effect on the function of the spine?). Te pwext
to the biomechanical changes observed in this study, modd¢Dotconditions with known
functional alteratioato thespinal biomechanics may be considered, such as spinal fuslahsa
degeneration. As compared to the healthy spines in this study, a previous study déisieinah
ovine lumbar FSUs demonstrated reductions in the NZ of ovef'80@thich is considerably
larger than any changes observed in the treated groups. In the same study, the ROM was found to
increase and FSU stiffness was found to decrease dimn@a fusion, although there were no
marked diferencedn this mechanical parametév the current studyAnother study investigated
the influence of disc degeneration of the biomechanics of ovine lumbar spines and ceatbnst
decreases in ROM of over 60% in flexiertension and lateral bendfg which is also
appreciably greater than any changes observed in the trgabegds. Accordingly, the
biomechanical changes induced by the AF repair strategy at the acute time point imayenmt

substantial impact on spine function, although further investigation may be beneficial.
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4.1.4.3. In vivo ovine model

In thein vivo ovine lumbarspine model, no clear changes in disc height or morphology of
any disc level were observed between tvee@k and 12veek radiographs. Loss of disc height is
a hallmark of degenerative disc dis€asad, accordingly, would be a clear indicator if any ef th
interventions in the studydeto major degenerative alteration of the disc. Measurement of the disc
height via radiographs may have been limited by image resolution and orientationearatieaé
techniques, such as mie@I or magnetic resonance imaging (MRI) may be able to enhance the
precision of disc height measurements in future stu@iles PCLscaffolds were not observable in
plain radiographs and mici@T andthe scaffoldsvere only observed via visual inspection and
histological sectioning. Contrast agents could be utilized to improve viatiahizof theimplant
in ex vivoimaging, however, the implant may be challenging to captureiwitivo diagnostic
imaging techniques. As a result, it may be difficult to assess the position andaowodithe
implant postoperatively and throughout the duration of healing. For example, the implant in this
study that detached from the screws was not identified exivodissection of the spineas
performed Adding radiopaque markers, such as thin wire, to the implant or using magnetic

resonance imaging may benstdered in future studies to better image the impiawnivo.

Thein vivobiomechanical data were generally consistent witleshw@vostudy group; the
influence of the defect and implant was typically the same in both models. The tgrthateges
in biomechanics due to the defect appeared to occur in the axial rotation loadinigynaodain
the ROM and NZS measures for all loading modalities. However, a larger stughvgth greater
statistical power would be necessary to explicate the validitheofrends in the preliminain
vivo data.Animal 2 exhibited numerous biomechanical measurements that deviated fr@x the

vivo study group and the other study animals. In the treated levels, this was consisteéhe wit
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large calcified tissue mass observed at the treatmerf{Egiiee57) and in the healthy and defect
levels The disparate biomechanics Ahimal 2 may be attributed to the defects observed in
healthy discs in micek€T and histological imagg$§igure 57).The biomechanical data from the
in vivo study exhibited a notably largeariationas compared to thex vivostudy, which can be
primarily attributedto: (1) greater inconsistency of the surgical approatheam vivo setting as
compared thex vivosetting; and (2)emporal changesuring thein vivo study. For example, the
FSU biomechanics likely changed during thewlgek healing periodue tothe observed tissue
responses and/or implant failure. The iamt design was also slightly different between éie
vivo andin vivomodels (increased screws spacing inithevomodel), and it is possible that this
lead to an alteration of the treated FSU biomechanics. Additionally, biomedhdatdrom the

in vivo study was generated from different lumbar spileakels, which may have a greater
population variance in the biomechanical measlastly, it was also possible that the sham and
treatment conditions induced adjacent level effects, however, thimetamdicated by any

radiographic, micreCT, or histological results.

Histological imaging of the healthy ovine IVDs clearly demonstrated the soft tissue
composition and structure of the AF and NP. Sections stained with SRBS deredrestransition
from intense and homogenous blue stain in the NP to green stain with a distinct lamellar
organization in the outer AF, consistent witk thelkknown gradient from proteoglycan rich NP
to the more organized collagenous outer.?AAn the histomorphometric analyses, the
categorizabn of this gradienbetweergreen and blue soft tissue regions may have represented an
arbitrary threshold of the two tissues (i.e. tissues stained with ayt#eea color were classified as
either blue or green). However, the same tissue classificatieres used for all analyses and,

therefore, the relative changes in proteoglycan and fibrous ECM compositionomsistent in
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the study. Similar to SRBS sections, the TBS sections demonstrated a graaretiterstrong
proteoglycan staining in the NP to a lesser intensity in the outer AF. Some voidshsereed in

the histological sections and were most likely attributable to histologicaéssing.The AF
defects did not demonstrate the structure or composition of healthy AF atweek2ime point.
Because symptomatieheniation of the IVD is believed to be caused loss of mechanical function
of the AP® the AF defects exemplified a healing response that would lead to high risk of
reheniation. The treated AF also did not exhibit the structure or composition of thibyhA&

and was shown to largely be composed of the implant. Although the treateidl ABt present

any major adverse tissue response as compared to the defect atwhekl@®me point, the
presence of the implant within the AF may provide an opportunity for temg+econciliation of

the structure and composition of healthy AF.

Bone formation within the disc space was of interest in this study due to the propansity f
osteogenesis or osteophyte formation in the spine when the spinal biomechaniesede Fabr
example, fixation of the disc space is commonly used to generate bony growth in snéi-ftis
and degenerative changes to the 1af@ frequently associated with bony growth (egteophyte
formation leading t@pinal stenosis¥° Accordingly, successful treatment for regeneration of the
AF would inherently involve no bone formation in the disc space. The largest bone volume
measured by the mici@T analyses was 2.04% (the left sidé.6L6 disc inAnimal 2); all other
bone volumes were less than 1.0%. Further, imaging artefacts were observed in the stans whi
may haveconfoundedneasures of bone volume, partictijatthe treated level which had artefact
due to the metal screws usadhe surgery. It is possible that the surgical intervention resulted in
inflammation or degenerative sequelae in the spine that produced a small amountsaf laone

formation. However, overall, there was no clear evidence from the-4@iEmesults that indicated
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appreciable bone formation within any disc space in the study. This conclusion was further
supported by the radiographic images, which did not indicateobsgrvableincrease in the
density of the tissue in the disc spaaed the histologidaresults. Howevermicro-CT and
histological results identified adversgsue responseoutsideof thelVD. In particular, one animal
developed @ appreciable mass of calcified tissue around the implant with a small region of soft
tissue in the plane dhe IVD that had the appearance of auygarthrosis Kigure 57b). It is
possible that this tissue formation was associated with the screw injunflaanmatory response

to the implant, or an underlying patholoflyecause other abnormalities were observed in the
healthy levels of the same animal). However, there is insufficient evidence iagits of this

study to determine the cause of the bony growth. Regardless of the composition or cause of this
tissue growth, it would be expected to have severely deleterious consequencespeatitodong

term regeneration of the AF.
4.1.4.4. Limitations

The primary limitation of this study to investigate the repair of AF herniation was the
translatability of the lage animaimodel to humanapplication Results from the ovine model may
not reflect the physiological or biomechanical changes in a human cotdit/§ri3*13! In
particular, the disparity between the aiseight in human and ovine lumbar spines wdugd
expected tdead to appreciable differences in the size of the AF repair implant, which coeld hav
a substantial effect on spinal biomechanics and tissue regeneration. Furthefindied surgical
access of the posterior disc in the ovine model and animal welfare considerationsp g was
placed at the lateral aspect of the IVD. However, disc herniation most ftggoecurs near the
posterolateral aspect of the IVID human®. The variation in implant location may have

associated biomechanical effects and a laminectomy may also be required to reach tHe surgica
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site, further limiting the predictive power of thisimal model. Nonetheless, large animal studies
such as this are extensively utilized to provide initial validation of treatmé&oaf and to
establish a basis for clinical trials and regulatory approval of novel orthepaediments.
Incremental chages to this animal model will be beneficial to improve predicative validity ér th

human condition.

Both theex vivoandin vivo animal models of the AF repair strategy also had inherent
limitations. First, theex vivomodel only provided spinal biomeches that represented the acute
time point. Although the acute phase of the treatment may be critical for bionwHanction
of the spine, thex vivomodel did not characterize how temporal changes in tissue formation and
implant degeneration may altérese mechanics throughout the course of the treatment. Also, the
ex vivomodel simulated the treatment under idealized surgical conditions, and thépre€is
implanting the construct may be more limited in a true surgical settingn he@model wa able
to characterize the spinal biomechanics at a prescribed time point after @y Souogvever, this
model was limited because it was not possible to compare healthy, injured, aeul¢ozatitions
of each specific FSU. These comparisons were limited to other lumbar levelbésante animal
or different animals. In this preliminamg vivo study, only three animals were investigated and
equivalent comparisons could not be drawn across different lumbar levels eebeatiiferent
animals. As a result, only basic comparisons of the biomechanical measures could be made. A
larger study group and careful study design will be needed to provide sufficiesticstiapower
to extract meaningful correlations in futurevivo work. Lastly, in both thex wo andin vivo
models, the treatment was compared to an idealized defect in the AF of an othenthye ViBal

This defect was used to represeptaialdiscectomy to remove a herniated section of the?/D
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However, the idealized defemay not accurately mimic thdiscectomy intervention or other

degenerative features in the IVD that are typically associated with VD heritation
4.1.4.5. Implications for future work

The presenteth vivo animal study served as a preliminary assessment of the efficacy of
the AF repair strategy. In future studies, modifications to the implant design anei@piation
may be considered based on these initial findings. Modifications to the innpégnaddress the
observed extrusion of the implant from the disc space, perhagshlaycing the durability of the
implant or revising the surgical attachment approach. Specific examplestlodda to improve
the implant durability include: (1) reinforcing the implant at the screw holes torpr@smchment
from the screws, and (2) goloon of alternative materials to increase the yield stress and/or fatigue
resistance of the scaffold fibers. Supplemental methods to improve thatrafitchment may
include sutures to the adjacent disc tissue, or bioadhesives between mating etitfieecesplant
and the spine. Implant attachment may also be revised because the observed calcifieoidsue g
near the treatment site may have been associated with the implant screwsedayiat implant
attachment methods should aim to maintairptbgtion of the implant in the disc without eliciting
deleterious tissue formation during healing. To enhance the regenerative pofahgaimplant,
bioactivefactorscould be added to the scaffold, such as growth factors, exosomes, or autologous
cells However, as compared to the acellular scaffold in this study, scaffoldswgftemental
cells of biomoleculesnay be complicated by challenges associated with implant fabrication and
sterilization Due to the diverse range of possible modifications to the implant and surgical
attachment, computational models could be leveraged to identify design adjustnesfteitiiae

greatest potential for improved AF repair outcomes.
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Following any design modifications, a larger study group will be necessary\migr
sufficient statistical power to support the preliminary findings and extract furtineelations in
the data. Future study designs should consider controlling for the biomechanical effecalof s
level by deliberately varying the assignment ofttbatment and sham levels. Refining the surgical
approach to improve the consistency of the treatments may also be afforded withetopede
protocols and surgical guides. More advanced animal studies may be undertaken by inmgement
the repair stratggon degenerative spines to assess the repair strategy in a more clieieaignt
model. A degenerative model could also be coupled with a NP repressurizategysivaafford
a more holistic scheme for repair of IVD hernia. Lastly, to address tparysin disc size
between ovine and human lumbar spines, an alternative animal model with greatezigis

could be considered in future studies, such as a porcine #ffodel

4.1.5. Conclusions

Overall, his study demonstrated the design, fabrication, and implementation of a novel AF
repair patch in a large animal model. A hybrid implant architecture with golfiber diameters
of multiple length scales was sucdedlg manufactured. A surgical implantation technique was
developed on cadaveric ogeilumbar spines and subsequent biomechanical testing demonstrated
functional efficacy of the implant. Ain vivoovine model of the AF repair strategy was conducted
and aso demonstrated biomechanical efficacy of the implant 12 weeksrpashent. However,
of the three animals in this study, one exhibited failure of the implant at the staelnzent and
one exhibited appreciable adverse tissue formatibas& prelimingy data serve as a foundation
for future development and validation of the AF repair strategy. Ultimately, the developed

approach to AF repair holds tpetentialfor a revolutionary method to alleviate pain associated
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with IVD herniation while maintaininghe longterm biomechanical function of the spine and

preventing symptomatieheniation.
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4.2. Computational Approach

4.2.1. Introduction

In this study, the biomechanical influence of an AF repair patch strategy wastguedi
using a human lumbar spine finite element model previously developed by out®grais
computational model of the human lumbar spine served as an analogue to a complimentary
experimental series using ovine lumbar spines and also provides a perspectivieidal cl
translation of the ovine model. The computational model was also used to predict theicaécha
state within the implant under physiological spinal loading. The corresponding regemerati
potential of the implant under physiological loading was thssessethased ora previously
developed micromechanical mod@&edion 3.2). The results of this study can be leveraged to
drive AF repair strategies that consolidate both the elga biomechanics and cedvel

micromechanics for enhanced AF regeneration

4.2.2. Methods

This FE study was conducted usitige commercial FE package Abaqus (Dassault
Sysemes SIMULIA, Johnston, RI). All work in this study utilized an FE model of a huomabar
function spine unit (FSUhatwas isolated fromraexistingFE model of the lumbar spimvehich
was developednd validatedby our group®2 Unless otherwise specified, the geometry, mesh, and
materials of the FSU &renot altered from the existing model. The followisgctions describe
(1) the methods for generating and assembling parts for the FE geof@gtthie meshing
techniquefor the implans; (3) the material modefor the implants (4) the constraints and
boundary conditions imposed on ihglants (5) analyses of the predicted FE results; and (6) the

parametric studies considered in this investigation.
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4.2.2.1. Geometry and Assembly

The reduced U contained two whole vertebrae (fourth and fifth lumbar levels; LAL5),
the intervertebral disc, ardsociatetigamentsAs shown inFigure 58 four geometric conditions
of the FSU model were considered in this study: (1) the whole, intact pthe FSU with a
partialdiscectomy to represent the removal of a diseased section ;gf3jisee FSU with gartial
discectomy and treated with a novel annular rapgtant (plated implantyand (4) the FSU with
a discectomy and treated with a simple annular fbligg implant) The partial discectomy was
created by deleting the full radial thickness of annulus elements at the lefofaastal aspect of
the annulus. The two treatment geometries were created owSdlis (2016 SP4.0, Dassault
Systemes, Vélizyillacoublay, France) to exactly conform to tpartial discectomy and spinal
geometry. The implant geometry was created based on a previtav&@loped design that was
implemented in aex vivoovine model (Setion 4.]). Specifically, the plated implant consisted of
an insert to fill the annular defect (‘insert’) combined with an external plate (‘ptaté&cilitate
surgical attachment die implan{Figure 58. The plug implant consisted only of the insert section

(i.e., matched the removed annular geometry).
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Figure 58. Finite element model showing the human lumbar FSU, the IVD in four condittast( defect,
treated with a plated implant, and treated with a pluglant), and detailed views of the two implants.
Major aspects of the model are labelled (FSU =tional spinal unit; L4 = fourth lumbar level; L5fi#th
lumbar level; IVD = intervertebral disc;MN= nucleus pulposus; AF = annulus fibrosus; CE = cartilaginous
endplate).

42.2.2. Mesh

The implant geometry was meshed using quadratic tetrahedral elements (C3h1®) w
constant nodal seed size. A mesh convergence analysis was conducted by loading the spine
flexion with the implant assumed to be perfectly bonded to all mating surfaces ofrtee Api
appropriate seed size was selected based on convergence ofithenstrgy in the implant and

computational time. The selected mesh size was also usedafgsiawith the plug geometry.
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4.2.2.3. Materials

The implant and plug were both prescribed orthotropic, continuum material properties
(Table13). Specifically, the material properties were based on a previous FE modehoflen
ply fiber laminate architecture that has been shown to approximate the healthyin®eohark

tissue(Section 2.2, Appendix D

Table 13. Orthotropic material parameters as derived from FE predictibarsgleply laminate scaffolds
and material stiffness matrix components used in the ABA@uBotropic material definition. The
material coordinates 1, 2, and 3, correspond to the axial, circunidérand radial directions of the AF,
respectivey.

Orthotropic Material Parameters

E11 E22 Ess G2 Ga1 Gos V12 V31 V23
(MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa)

3.72 154 | 43.2 1.70 2.97 1.98 0.3b7 0.305 0.109

ABAQUS Material Parameters

Di1111 | Da3333 | D2222 | Di133 | Di122 | D2233 | D1313 | Di212 | D2323
(MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa)

8.84 50.1 37.6 6.92 13.8 15.7 2.97 3.73 2.95

4.2.2.4. Constraints, Boundary Conditions, and Loads

All three spine conditions (intact, discectomy, and treated) were preskréoiag in three
steps. First, the NP was pressurized to physiological levels via thermal exp%nSeconda
constant axial follower load (220 N in compres3iaras applied between the centroids of the

vertebral bodies. The magnitude of the follower load was calculated in a prejirsinady to
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reproduce a physiologicAP pressire (0.5 MP&4223 in the intact spine im standing posture.
Third, moment loading (up to 7.5 Nm) was applied independemtyx physiologically relevant
rotations: spinal flexion, spinal extension, left lateral bending, right |labenadiing, left axial
rotation, and right axial rotation. Momelaading was applied at the cranial endplate of the L4
vertebral body and the caudal endplate of the L5 vertebral body was eficastkenematically
constrained)Overall, the FSU loading regime represented the three most physiologicl spin

motions (flexion-extension, lateral bending, and axial rotation) in a standing posture

In the treated model, th@atedimplant was initially prescribed perfeotal) bonding on
all mating faces between thepfant and the spine by constraining the mating sedgrigure
59Figure 60). To evaluate the influence imhplant attachment on the load state within the implant,
numerous configurations of the implant attachment were also considered. dhégarations
defined the interaction between any mating surfaces as perfectly bonded;esadrasot bonded.
Perfect bonding was defined with rigid surface constraints between the nodes on awfg f
Cohesive bonding was defined wahcohesive constraint between the two mating faces. In each
attachment configuration, a hard contact constraint was imposed at all naagisgliat were not
prescribed perfect bonding. Specific details of the attachment configurationseaniéek inthe

parametric studies (Sectidn2.2.9.
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Figure 59. Summary of attachment conditions for the plated implant in the treated.dpaces shown in
red indicate that the face has an attachment conditidhet@djacent surface of the spine. The ‘total’
attachment condition contained all implant surfaces that are adjacent tpirieesarfaces. All other
attachment conditions were a combination of two sets of faces, dagehas faces that attach to: (gt
external aspects of the spine and (2) faces that attach to the internal aspectspofehThe coordinate
directions are: a = axial, ¢ = circumferential, and r = radial.

4.2.2.5. Analyses

Quantitative FSU biomechanics were evaluated from the merotaitondata of the FSU
to determine the range of motion (ROM), neutral zone (NZ), neutral zone siffN&gS), and
elastic zone stiffnesses (EZS; BZ8hd EZS for the positive and negative elastic zones,
respectively) as shown figure 60 The ROM waglefined as the difference in angular position

of the spine betweei.5 and +7.5 Nm of load. The NZ was defined as the angular rotation between
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inflections of the momentrotation curve (identified as local maxima and miniofidhe second
derivative of the momesbtation curve) and the neutradne stiffness (NZS) was defined as the
inverse gradient of a linear least squares fit to the NZ moerogation cure. The EZS (i.e., the
elastic zone stiffnesses for flexion, ledtdral bending, and left axial rotation) and k4%, the
elastic zone stiffnesses for extension, right lateral bending, and rightaiaion) were defined
as thefinal 30% of themomentrotation curvg+5.25t0 +7.5 Nmand -5.25 to-7.5 Nmfor EZS

and EZSR, respectively

In addition to the FSU biomechanics, the load state within the AF, plaptaninor plug
implant was evaluated for the intact condition and all treated condititms.|dad state was
determined from the average circumferentiaial, and radial element stresses and strains in a 3
x 3 x 3 mm region at the center of the corresponding geometry (i.e., the intact regiotodd&\F
removed in the discectomy, the insert region of the implant, or the whole plug). To compare thi
load state to previous biomechanical measures of the AF and AF repair constructs, the

circumferential and axial strains and the radial stress were used to charactenad giatk.
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Figure 60. Representative example of the quariti|eFSU biomechanical measures from monretdtion
data showing the range of motion (ROM), neutral zone (IdA) elastic zones (EZs). Theutral zone
limits (circles) are defined from local extrema in the second derivatitleeanomentotation curve grey
dashed line). The elastic zones are defined as the stiffness ofah8f of the moment load in each
direction. Linear leastquares fits (solid black lines) show the fits for the neutral zone ssffhNg and
elastic zone stiffnesses (EZS).

4.2.2.6. Parametric studies

A series of parametric studies were conducted to assess the influence of changes to the
repair protocql implant design,and implant attachment on the FSU biomechanics and ROI
loading.First, the level of nucleus pressurization was varied to assess how loss of nucleus pressur
may alter the efficacy of theepair treatment. This may represent loss of pressure due to
degenerative changes to the IVD or surgical intervention. The ttafgled implant was tested
in all six loading modes with 50% and 90% of the normal thermal expansion. The follower load

and moment loads were not changed from the base model.
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Second, four alterations to the base implant model were consi@Ereeplacement of the
plated implant with the plug implant (2) redwct of the implant stiffness by one half, (3) increase
of the implant stiffness by a factor of two, and (4) isotropic implant mateopkpiies (E = 21.4
03D DQG DV WKH DYHUDJHV RI WKW R(DW K RAVMRQFRGI WL RY

loaded in all six rotational modes.

Third, various configurations of implant attachment were camsi Figure 59. Two
modes of external attachmesftthe plate section of the implawere considered: (1) ‘screw’ to
represent a rigid screw attachment of the implant plate to the vertebral bodi¢2) aaeil’ to
represent rigid attachment of athplant plate surfaces to the mating spine surfaces. Four modes
of internal attachment of the insert section of the imphgre considered; (1) no bonding of any
faces, (2) perfect bonding of only the circumferential faces to the adjacergs@E,t(3) perfect
bonding of only the axial faces to the adjacent CE tissue, and (4) perfect bonding of botal the axi
and circumferential faces to the respective tissimeaddition to theotal attachment condition,
each combination of the two external attachment modes and four interniairegtdenodes were
considereddight additionahttachment configurations) all six rotationaimodesTo represent a
more clinicallyfeasible attachment strategy, five further attachment configurations were
considered using cohesive attachment conditions on the interior faces. A coltasivaant may
represent use of a baxlhesive at the implasspine interfaces. The stiffness of the cohesive bonds
at the internal axial and circumferential faces of the implant was progressivedyd wsing
stiffnesses between 1 MPa and 10 GPa and the influence on the ROI loading was assessed.

Cohesive analysesere only considered in flexion loading of the FSU.

Finally, to demonstrate how the results of this study could be leveraged to enhance tissue

regeneration, the most advantageous implant design and attachment conditions weredctumbi
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tailor the implant ®I load state. The results of a previous micromechanical model of regenerative
potential was used as an example target set for the ROI loadS#ation3.2). Specifically, the
target load states were: (1) bi@xtensile strain in the circumferentiakial direction and a
simultaneous positive radial pressure, and (2) biaxial compressive strain inctiraferential

axial direction and a simultaneous negative radial pressure.

4.2.3. Results

4.2.3.1. Mesh refinement

For all meshes considered, the ROI strain energy was within 0.1% of the most refined mesh
(48,333 nodes). The solution time monotonically increased as a function of the nod@&icpuet
61). TheROI strain energy appeared to show a smooth convergence to the final mesh beginning
at 12704 nodes. Therefore, the correspandwlution (seed size of 0.7 mmwas selected for all
subsequent analyses in this study.

MESH REFINEMENT
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_ _ Computational time 1400

-0.02
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Wall clock time (s)
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Figure 61. Mesh refinement for the implant in the lumbar FSU model in fleximo measures are shown
as a function of the number of nodes in the implant: (1) the strain ereggpeaacent difference from the
most refined mesh and (2) the wall clock time for each solution.
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4.2.3.2. Spine conditionFSU biomechanics

For all spine conditionsthe momentotation data exhibited an approximately sigmoidal
momaent-rotation curveigure 62. A sharp change in the momemwotation curve was observed in
extension, which coincided witle initialization of contact at both of the facet surfacesall
three loading modes, the defect curve was generally similar in shape to the inacHowvever,
the defect momenbtation data demonstrated shifts relative to the ic@adition (shifts of +2.4°,
-0.4°, and -0.7° in flexon-extension lateral bending, andaxial rotaion, respectively
Quanttatively, the defect data hattreaseed ROM as compared to the intact condition in flexion
extension and axial rotatipand a sligptly reduced ROM in lateral bendinghe NZ decreased
prominently in all three loading modes as compared to the intact conditiongskesia 43.0%,
41.6%, and 21.0%, respectivelyihe NZS increased in flexieaxtension and lateral bending
(increases 062.2% and 7.6%, respetivelghd decreaseoly 50.4% inaxial rotation. The defect
generated a reduced EZS inlakding directionexceptthe left axial rotaion (decreases ranged

from 8.3% to 26.5%); in left axial rotaion the ESZ increased29%.

The treatment momenfotation curve was generally similar to the intact condition in
flexion-extension and axial rotaion. In lateral bending, therreat momentotation curve was
shifted by approximately-0.6° relative to the intact curve. Quantitativelyge tireatment
overcorrectedhe change in ROM induced by the defect in flexéension and axial rotation
(overcorrections 0183% and3%, respectively); in latal bending the ROM further deviated from
the intact condition, however, was still within 0.18°the intact ROM. The treatment recovered
88% of the change in NZ induced by thefect in flexiorextension and overcorrected the NZ in
lateral bending and axial rotation (overcorrections of 24% and 17%, respectivey)NZS was

partially corected in flexion-extension and axial rotaion (corrections of 25% and 74%,
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respectively) although further exacerbated the chaimghiced by the det by 125%in lateral

bending. In all loading modes, the change in EZS induced by the defect was partially cogrected

the treatment (corrections ranging 19% to 96%).

Figure 62. Momentrotation data and quantitative biomechanics for the LAL5 FSU in three omsditi
(intact in green, defect in orange, and treated in blue) and threedoadutes (flexiorextension, lateral
bending, and axial rotation). For each combination of condition@ading modality, the range of motion
(ROM), neutral zone (NZ), neutral zone stiffness (NZS3ijtpee elastic zone stiffness (E#Sand negative
elasticzone stiffness (EZ8 are reported.
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4.2.3.3. Spine condition: AF and implant loading

The threedimensional load state of the ROI in both the intact AF andotiadly bonded
implant were highly dependent on loading modalifg@re63). In both cases, the relative strain
magnitudes were larger in the axial direction as compared to the circumiedtgatiion (ranges
of -32.3% to +15.1% aneD.36% to +6.1%, respectively)h& axial and circumferential strains
demonstrated tension/compression anisotropy in all loading modes for thént&tdawever, for
the implant, this trend was only observed in extension, left lateral bending, and righbtatiah.

In the remaining three loadings modes (flexion, right lateral bending, and left axiedmpthe
circumferential strains were within one standard deviation of zero. As compdteslihtact AF,
the implant ROI strains in the circumferential direction were consistently more/pdsé, larger
in tension and smaller in compression; average change of +2.5% strain) andmnezedlygsimilar
in the axial direction (average change of +1.8% strain). Most notably, the ouegwoit radial
stresses in the intact AF were considerably larger in the infacdsAcompared to thenplant
(ranges 0t85 to +293 kPa and4 to +23 kPa, respectively), yet alltbe radial stress directions

were consistent.

210



IMPLANT (TOTAL ATTACHMENT)

' ' ' 0.4

0.2

Stress (MPa)

Figure 63. The mean thredimensional load state within the intact AF and the implR@I for the six
spinal loading modalities. Strains are reported for the circumfatemtd axial directions and stresses are
reported for the radial direction. Error bars indicate oaedsird deviation from the mean.
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4.2.3.4. Spine condition: NP pressure

Reductions in nucleus@ssure generatedimericalinstabilities in the modelhich lead
to three incomplete solutisr(Figure 64)Specifically, the extension loading at 90% and 50% NP
pressure demonstrated excessive deformation cAfhelements at the right foramen., resulting
in numerical instability. At 50% NP pressure, left lateral bending loadingdfad produce a
complete solution due to excessive deformation of the AF elements at thardefien on the
lateral side of the implant, which was not directly adjacent to the implant. Desgiarthemplete
solutions, some quantitative biomechanical measures were observed as a fohdtiernNP
pressure. Notably, the NZ dramatlgaincreased in flexiorextension and decreasedlateral
bending and axial rotation (changes of +53.784,.6%, and-6.5%, respectively, for the 50%
pressure relative to the full pressure). Omiynor changes to the NZS were observed in flexion
extension and lateral bending, although at 50% pressunZtBelecrased by 43.3% aompared
the full pressure model in axial rotation. Only minor changes to the elastic #bmesses were
observed (maximum absolute change of 13.0% reléadiviee full NP pressure). No comparisons
of the flexion-extension ROMvere available for the reduced pressure models. HoweedR @iV
was found to increase by 3.5% at 90% NP pressure in lateral bending and decrease by 19.9% at

50% pressure in aXiaotation.
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Figure 64. Momentrotation data and @untitative biomechanics for the L4L5 FSU for three levels of NP
pressure and three loading modes (flex@atension, lateral bending, and axial rotation). For each
combination of NP pressure and loading modality that a solution waisetf the range of ation (ROM),
neutral zone (NZ), neutral zone stiffness (NZS), positive elastie stiffness (E4} and negative elastic

zone stiffness (EZ§ are reported.

The ROI load state in flexion loading showed a minor dependence on the NP pressure

(Figure 65) With reduced radial pressure, the mean axial and circumferential strains increased and
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decreased, respectivelgt 50% NP pressure the strain magnitudes changed by +4.194 &84,

respectively). No appreciable change was observed in the radial pressure.
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Figure 65. The mean thredimensional load state within the implant ROI for three K&sgures (&) in
flexion loading. Error bars indicate one standard deviation fhammean.

4.2.3.5. Implant cesign

The implant design had an influence threedimensional load state of the R®I all
loading moas Eigure66). Overall,the same trend of relatively large axial strains as compared to
the circumferential andxial strainsvas observed as in the base conditiime directions of the
mean ROI stresses and strains vgmeerallythesamefor all implant desigrconditions However,
in the double stiffness and isotropic conditions, an inversion (from positivegatine) of the
circumferential strain direction was observed in flexion, right lateral bending, ahdakiat

rotations.
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The plug geometry condition resulted in no notable changes to the ROI load state as
compared to the implant geometry. As compardtiédase condition, the hadfiffness condition
generallygenerated an increase in the strain magnitudes. In the axial direction these chamges wer
minor as compared to the strain magnitué®wever, in the circumferential direction these
changes resultein a more notable alteration of the ROI load state. In all loading modaliges, th
doublestiffness material condition had the opposite effect of the half stiffneesiat@ondition.

In all loading modes, the isotropic material condition reduced the biaxial stegnitudes and

increased the radial stress magnitude as compared to the base condition.
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IMPLANT DESIGN
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Figure 66. The mean thredimensional load state within the implant ROI for spinal loading modalities
andfive implant designs (the base implant design, the plug geometry, implant wighiahatiffnesses
halved, implant with material stiffnesses doubled, andantpwith isotropic material properties). Error
bars indicate one standard deviation from the mean

4.2.3.6. Implant attachment

For all internal attachment conditions, the two external attachment condittoes @nd

plate) differed by more than 0.5% strain in only 1 of 57 solutions that resolved for both (45
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solutions were within 0.2% strain). The single solution that exceeded 0.5% diffarence
between screw and plate attachment was for the circumferential internal attachmemrcondit
(0.87% strain difference in the axial strain in flexion). Similarly, the difference in the
corresponding standard devaats exceeded 0.5% strainamly 2 of 120 cases (a maximum of

0.85% strain difference).

The implant ROI strains for the different combinations of attachment conduiots
loading modes are summarizedHigure67.As compared to the other loading modes, the implant
attachment demonstrated relatively little influence on the implant strains insexteand left
lateral bending. The remaining loading modes (flexion, right lateral bending, and bdth axia
rotations) ekibited similar trends in the implant strain as a function of implant attachinezgch
of these four loading modes, at least one attachment condition reversed the difettigosirain
as compared the total attachment condition. Most notably, thenaketachment with internal
circumferential attachment generated tensile circumferential strains (as congpeoetpressive

circumferential strains in the total attachment condition).
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IMPLANT ATTACHMENT
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Figure 67. The mea threedimensional load state within the implant ROI for spinal loading modalities
and five attachment conditions (total = attachment at all mating faces; exernadxttachment; both =
attachment of the internal axial and circumferential faces; axial = attachment ofetimalimxial faces;

circ. = attachment of the internal axial faces). The results shown are for¢he esdernal attachment
condition, however, the corresponding combined external attachment resukwgstituted in when a
desgn point could not be resolved and the (as indicated by an asterisk). Errardieaitei one standard
deviation from the mean.
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Uniform cohesive attachment of the implant resulted in a reduced magnitudentgahe
axial and circumferential ROI strains@smpared the total attachment condition in flexion loading
(Figure 68) Further, the ROI stresses and strains generally reduced as the cohesiesssiifhs
reduced. For cohesive stiffnesses oMIa and lower, @ mean circumferential and axial strains

greater than 0.6% and no mean radial stresses greater than 6 kPa were predicted.

FLEXION
T T T
0.2
01 =
o
=
[}
(%]
o
n
0
T =
1 1 1

Figure 68. The meanthreedimensional load state within the implant ROI for five uniform cohesive
attachmen conditions (i.e., equal cohesion stiffnessg,  the circumferential and axial directions) in
flexion loading. The total attachment conditions is also shovenraeference value. Error bars indicate one
standard deviation from the mean.

4.2.3.7. Tailoring the implant loading

As compared to uniform cohesive attachment, the-uroform cohesive attachment

condition demonstrated negligible chaste the ROI load state for low cohesive stiffnesses (10
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MPa and MPa for the circumferential and axial faces, respetti Figure 69) Specifically,in

both uniform and nowmniform cohesion, all strains were below 1%, regardless of the material
property scale. However, for high noniform cohesive stiffnesses (10,088 and 1,00®1Pa for

the circumferential and axial faces, respectively), the mean axial and circunafieiREDtistrains
both converged to positive values (i.e., tensile strains; mean strains of approxmégeland
3.5% for the high and low material elasticity cdudis, respectively). These ROI strains also
coincided with negative mean radial stress&®.@ kPa anel0.9 kPa for the high and low material
elasticity conditions, respectively). No othettachment contions in this study achieved mean
axial and circumferential ROI strains that were both simultaneously pogitivgraater than 1%

in magnitude.
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Figure 69. The mean thredimensional load state within the implant ROI for: (a) four combinations of
nonuniform cohesive attachme and variable implant elasticity in flexion loading afid a selected
combination of these parameters, (€€high, E = low) in all loading modes. The circumferential axiela
cohesive stiffnesses were defined as either high (10,000 MPaGI@MPa, repectively) or low (10 MPa
and 1 MPa, respectively). The material elasticity was defined as either(lbdagk model stiffness
coefficients) or low (half of base model stiffness coefficieriEsror bars indicate one standard deviation
from the mean.
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4.2.4. Discussion

In this study, the biomechanics of a novel treatment for IVD hgoniavas compared to
healthy and injured spines using the FE method. Moirggation biomechanics of a human L4L5
FSU and the load state generated within the proposed implantpneeieted to evaluate the
efficacy of the treatment. The model explicated changes in the FSU biomechahicspéant
loading due to the spine condition (intact, defect, and treated conditions aswetuced NP
pressurization), implant design (geometry and material properties) and implammeitac

configurations.
4.2.4.1. Spine condition: FSU biomechanics

For the intact spine, all quantitative biomechanical measR@®(NZ, NZS, andEZSS)
of the intact spine demonstrateahgruenceavith reported biomechanicatqperties of the lumbar
spin&?4225_ Further, all of the biomechanical changes induced by the defect and treatment we
within one standard deviation of the mean reported values for intact spines. Althsuggstilt
may suggest that none of the predicted changi®tbiomechanical measures in this study were
practically relevant within a population, it remains unknown whether these changesdaivalpr
relevance on an individual basis. Regardless, the deterministic nature of the FEsaakigidates
the relatie magnitude and direction of alterations to the FSU biomechanics as a oésh#s

defect and treatment.

Previous experimental work has studied elxevivobiomechanics of ovine lumbar spines
in analogous intact, defect, and treated conditions. Specifically, an equivalenttiodgdagn was
inserted at the lateral aspect of the L4L5 leneladaveric sheep spines. Although the differences
in species and physiological location of the implant prohibit direct quavgitedmparison of the

FSU biomechanics, the influence of the defect and treatment is similar betwaeo thedels.
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For example, in axial rotation, both defect models demonstrated increased R@¥ly s
decreased NZ, dramatically decreased NZS, and negligible changes in theefesstinesses.

In both models, these changes were partially reco\erea/ercorrectedl by the implant.

The most notable changes to the FSU biomechanics induced by the defect was a dramati
reduction of the NZ in all loading modes and variable changes to the neutraltifoesss In
general, the treatment was able to recover or slightly-omeect the biomechanical changes
induced by the defect and the treatment induced no deleterious biomechanical changes for any
loading modality. Accordingly, the resulisiggest that the treatment was effective at maintaining
the healthy (i.e., intact) biomechanics of the spine. These observed changes malyubedaitri
mechanical recruitment of fibers in the AF, which has been demonstrated as a criticah fdetor
biomechanics of spinal motion segméttsThe AF defect considered in this study generated a
discontinuity in these fibers and may be a key driving factor for the predicted changes i
biomechanics. Accordingly, in the treated model with idealized implant attachimemgaterial
continuity at the interface with the adjacent AF tissue was restored. The remaamegbanical
discre@ncies between the intact and treated models are likely due to (1) disparity bétgveen t

material properties of the native AF and tmplant, and (2) the addition of the exterpkite.

In addition to the quantitative biomechanical changes, the memetion curves were
observed to be shifted in the defect model as compared to the intact model. Adlesmhbje shift
was also observed in the treatment data. This phenomenon may be attributed ity Hedpagen
the rotational positions of the spine in each condition prior to moment loading; tlati@itef
the IVD mechanics resulted in different deformations of the spine due to the $¢Bnmation and
follower load. The resulting shift may have clinical relevance. First, tleeedltbiomechanics

reaulting from the defect may induce further degenerative sequelae in the I¥@hd ¢he surgical
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approach for this treatment should consider whether the healthy initial spinerpissitestored
following repressurization of the nucleus and bodyweight loading in a standing position.
Moreover, residual strains have been reported in bovin&’A&nd these preloads could be

leveraged in the surgical strategy to restorgpthesiologicalresidual strains in the AF.
4.2.4.2. Spine condition: AF and implant loading

Although complementary experimental work has been conducted on the biomechanics of
the intact, defect, and treated FSU, it remains experimentally challenging axtehiae the
loading within the implant. Surfaces strains of the AF during physiological loading hawe bee
experimentally measured and the circumferesgsiahl ROI strains predicted in the intact AF
(Figure 63 arein general agreement with reported values for humat?°ARowever,surface
strains do not fully characterize the thidimensional loading state, which is known to be a critical
mechanoegulatory factor for tissue regeneration and homeo%ta&isAccordingly, this
highlights an advantag# the FE method: to capture the relative influence of the spine condition,
implant design, and impla@titachment on the threkmensional ROI load state in a consistent,

high-throughput manner.

The AF and implant load state was generally similar in all directions and for atdoad
modes. The most notable disparity between the two conditions was thiepradsure, which has
been predicted to be a critical regulator of regenerative potential in AF (8pation 3.2)In all
loading modes, the largest deformation was in the axial direction, which catnitngted to two
factors: (1)theimplant is more compliant in the axial direction agyithe adjacent tissue in the
axial direction (i.e the cartilage endplates and vertebral bodies) is relativelystifiotiean in the
circumferential direction (i.ethe adjacent AF tissue) artierefae, transmits more mechanical

loading.
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4.2.4.3. Spine condition: NP pressure

The NP pressure did not have a major influence on implant loading. The slight increase in
loading with reduced NP pressure can be attributed to the implant experiencingielgaglsghare
as the NP isncapable of supporting the axial loddterestingly, the radial pressure experienced
by the implant showed no observable change with reduced pressure of therNRe FSU
biomechanicsreduction of the NPrpssure resulted in increasakrall compliance of the IVD
This was observed in the momentation curves and in the available ROM, NZ, and NZS data
for all loading modes. The additional FSU compliance coincided withcnaomergent solutions
due to excessive deformations in the AF, which mag peecursor tanechanical failure of the
AF tissue. Notably, all loading modalities that resulted in failure inducegbressive axial loads
on the implant and failure locations. Mechanical failure of the AF@sxldf NP pressure are both
considered hallmarks of degenerative disc digé8%eAccordingly, the results suggest that
insufficient restoration ofhe NP pressuras part ofan AF repair strategge requiredo restore
spinal function and prevent symptomatic recurrence of low back pain. A combined AF and NP
repair strategy should be considered to recapitulate healthy levels of fhred¢idre and heve

functional spinal biomechanics.
4.2.4.4. Implant design

From the considered implant design conditions, slaéropic materiatonditionhad the
greatest influencen the ROI load state. Howevéehe nature of this influence was inconsistent
and dependent on loading mode. For example, the isotropic material coodiied the axial
and circumferential strains tmnvergean flexion, yet divergen extension loadingAlternatively,
the half stiffness condition generally resulted in increased magnitudes BOhstresses and

strains and was able to generate simultaneous tensile strains in the circtiahfareh axial
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directions. This load state approached the theoretical target load state fegeneration based

on the cellular micromechanical environmeddéspite the base material properties of the implant
replicating the native AF properties, the results indicate that tprdecribing the material
conditions to generate a more compliant scaffold may afford a greater impéaimd and
subsequent regendkee potential. However, this material reduction alone did mavide
sufficientengineering othe implant loading to meet the prescribed target. Overall, the implant
design had only a minor influence on the ROI load state. In ideal attachment condiippsars

that implant deformation is largely dictated by the overall deformation of the spinehand t
considered alterations to the implant design do not impart sufficient influenalter this

deformation.

As comparedo the plated implant, the plug implant generated no appreciable differences
in the ROI load state in any loading mode. Additionally, the plated implant had no adverse
influence on the FSU biomechanics. These results indicate that the plate georpattgdmo
effect on spinal funatin or the regenerative potential of the implant in idealized attachment
conditions. However, in practicallelevant attachment conditions which facilitate contact
separation and sliding, the plate implant has the ability to retain the inmplpositionwith the

additional external attachment sites, which the plug implant inherently cannot delive
4.2.4.5. Implant attachment

In extension and left lateral bendingetinfluence of implant attachment was lower as
compared to all other loading modes. As obsemé&agure67,axial deformation was consistently
the dominant direction of deformation in the implant. At the posterolateraidoaztthe implant
in the model, extension and left lateral bending are consistenawdhcompression of the disc

space. Although tensile loads require attachment between contacting faces inoolser t
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transmitted, compressive loads can be transmitted via surface contact, regdrttiessudace
attachment condition. Accordingly, intexision and left lateral bending, the compressive axial
loads that were imparted on the implant resulted in relatively little variation in theninip@
deformation as compared to other loading modes. Conversely, flexion and right latdnad)zee
corsistent with tensile loading in the lgibsterolateral disc space. As a result, the implant
deformations were strongly dependent on the transfer of axial loads to the implanthdtgn t
all of the considered conditions had an external screw attachoredition, the axial loading was
strongly dependent on whether or not the internal axial face was attached to thalentiiiate.
Therefore, theeresults suggest that the internal implant attachment plays a critical roldin lo
transfer that the exteal attachmentannot reproduce. This finding is further exemplified by the
high degree of similarity between the screw and combined external attachomelitioos;
attachment of the external circumferential face fielded no practical differente impant
deformation, yet, attachment of the internal circumferential face consystesgllted in

appreciable increases in the circumferential implant strain.

As expected, attachment of the internal circumferential face increased the circuwferenti
strainsin the ROI. Further, all attachment condisavithout circumferential bonding yielded only
compressive circumferential strains or small tensile straimd combining circumferential and
axial attachment negated the increase in circumferential straiordwagly, the results suggest
that circumferential attachment of the implant to the adjacent disc tissueenfiagdamental to
control the biaxial tension state and, subsequently, the regenerative smentasf the implant.

As previously discussed, continuity of the fibrous component of the AF is believeg togulacal

mechanical role in the IVD. Accordingly, in the treated model, implant attachmetite

227



circumferential direction may be more critical in order to restore the matenanuity withthe

fibrous component of the adjacent AF tissue.

The attachment conditions with all faces prescribed as either perbectied or non
bonded are useful to understand the range of influence of implant attachment on the R@tdoad st
However, perfectly boded attachment conditions are not feasible in practice; all tensil@ao@srf
between the implant and the spine must have some attributed bonding stiffness.d8e@ures
can fix the implant plate to the spine with a relatively high stiffness, wheh be effectively
similar to a perfect bond. However, at interfaces where screws or sutures are not egsitie(
to obstruction of the regenerative site or lack of surgical access) theimag be bonded to the
spine via a bioadhesive. The colvesattachment data represented internal attachment of the
implant with bioadhesives of varyingifftess Figure 68) At high cohesion stiffnesses {110
10'° Pa) relatively large implant loads were generated as compared to the ideatizachattt
cordition. However, bioadhesives that have been developed currently only have stiffrfess in t
range of 16to 10' P&2?822° In this range of cohesive stiffness, only minor loads were generated
in the implant. Accordingly, there may be a need to develop-stifhess and higistrength

bioadhesives or other novel atenent methods to enhance tissue regeneration strategies.
4.2.4.6. Tailoring the implant loading

For regeneration of the AF, it is desirable to control the load state within the irtgplan
generate a cellular micromechanical environment that is conducive for. r&pair possible
rationale for these load targets are: (1) reproduce the loading of the intactiét regulates
homeostasis of healthy AF tissue, and (2) generate implant loading that providpsnael
cellular micromechanical environment for AF regetiera The latter has been theoretically

proposedising a computational mod@ection3.2) and it is likely that empirical data will emerge
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to support this rationale. Regardless of which rationale is used, iittadeous thave a surgical

strategy that can control and produce the target loading state.

The results of this study demonstrated that the configuration and stiffnessimofpthat
attachment had the greatest influence on the implant loading. Additionallys gheavn that an
increase in the implant compliance can increase the magnitude of implant loadocggnBining
these parameters, the ROI load state was tailored to meet a target based on a previous
micromechanical model of regenerative potential. Based omrttierm cohesion results, the
circumferential attachment was prescribed a cohesive stiffness one order oidegreater than
the axial attachment (analogous of using two distinct bioadhesives), whickufiesent to
generate the target tensile stsaiHowever, the low cohesive stiffnesses in the range of current
bioadhesives were insufficient to generate appreciable implant loads, independeptaot
compliance. It may be possible to further increase the implant compliance, hoivesvapproach
may have adverse effects on the FSU biomechanics. Overall, the results showed thasiviesd
are a promising candidate for control of the implant loading and, ultimatelyedfemerative

potential of the repair strategy.
4.2.4.7. Limitations

The inherent lintation with FE analyses is the need for experimental validation of results.
This study facilitated a higthroughput analyses of how the spine condition, implant design, and
implant attachment influences the FSU biomechanics and implant loading for areattaent
for AF herniation. In order for the findings of this study to be leveraged imiaailapplication,
extensive verification is required suchesvivocadaveric models and vivo animal models.

Another challenge in validating the FE modelutesis a lack of experimental techniques to

229



accurately prescribe and measure the model conditions. For example, prescabtohekive

stiffness in an animal model and measuring the tbdneensional load state within the implant.

Another reason to uide animal models is to assess the temporal efficacy of the treatment.
The analyses in this study represent the mechanics during the acute phase of the AF repair
treatment. Although this early period is likely a critical time in the healing psptes reults of
this study do not consider temporal changes to the implant. For example, it is exipaichextht
ECM formation within the implant and material degradation will change theanah properties
of the implant and/or change the attachment conditions of the implant to the spiner Anathe
of altered mechanics that is not captured by the model are the degenerative changgsroé.the
The defect injury in the model represented the removal of a herniation in an othkeaithy
spine. However, IVD herniation commonly occurs due to degeneration of the AF, hlagear
endplates, and/or facets. Degeneration of these tissues may alter the biomechaoits® oétpe
spine and the efficacy of the AF repair strategy. Accordingly, further inveetigaf how

degenerative disc disease may affect the treatment is of interest in future work.

Despite extensive use of solution controls, some FE element solutions in thisidtody d
converge. This typically occurred due to excessive deformations in the model or complek conta
mechanics. Consequently, some results could not be fully obtained. Thismaergence may be
indicative of a practicallyelevant issue, such as excessive strains leading to material failure.
However, it is possible that some wobns could elucidate new findings of interest. In order to
yield solutions for these models, improvements to the underlying lumbar spine sdéely

necessary, such as refinement of the mesh in the intervertebral disc.
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4.2.5. Conclusions

In this study, thenechanical efficacy of a novel treatment for repair of an IVD hernia was
predicted using the FE method. The mom®@tation biomechanics of a human lumbar FSU and
the implant loading to drive tissue regeneration were assessed for variou®agitierts,implant
designs, and implant attachment configurations. The treatment was able to recoxahsom
biomechanical changes induced by a defect injury and generated no detrimental effexctsSin t
biomechanics. The implant attachment was found to be eatriictor in the loads experienced
by the implant. Tailoring of the cohesive attachment stiffness and increase chpfamti
compliance was found to fditate control of the implant load state to a meet a proposed target for
enhanced tissue regeneratiofihe results of this study highliglthe need for advanced
bioadhesives, implant design, and surgical strategies in AF tissue engineering. dnifortkiy
these findings will be validated witx vivocadaveric modelsn vitro tissue engineering cultures
and in vivo animal models. This work builds towards an understanding of the -tegain
biomechanics and cditvel micromechanics in AF repair strategies and, ultimately, facilitate

development of revolutionary treatments for IVD herniation.
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CHAPTER 5 —CONCLUSIONS

5.1. Summary of Findings

Overall, theresearch aims outlined in Chaptdiofimed a multiscale approach to develop
a noveltreatment for IVD herniation, as illustrated Figure 70. The primary objective of the
treatment were tprovide longterm pain relief and sustained biomechanical function ofpiee

by eliciting regeneration of mechanically and biologically functional AF tissue.

Figure 70. Summary of the aims of the pented work showing the multiscale approach to AF repair.
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In Chapter 2,the mechanics o&dditive manufactured scaffolds for AF repair were
experimentally characterizeBiaxial mechanical testing and constitutive modelling of scaffolds
found an anglely laminate architecture with £34iber angle replicated the biaxial stiffness
asymmetry and overall magnitude of the stiffnessative AF tissueTo address limitatios
associated with experimental throughpuby@ader scope of scaffold designs wevduated with
a parameterizefinite element model. The finite element modeils found taccurately reproduce
the experimentallyderived material properties of the scaffold§theconsideregbrint parameters,
fiber angle, fiber diameter, and fiber spacmgre found to have to the most dramatic influence on
the scaffold mechanics. The scaffold mechanvese found to be less sensitive to thesyer

thickness, number of layers, amderlamellar bonding.

A custom incubator was developedChapter 3o evallatehow AF cells seeded in thEE
scaffoldsrespond ta prescribed, multaxial mechanical loading protocol. A hybrid 3DF/MEW
scaffold architecture was fabricated and yielded two distinct scales of fibeetdiain one
coherent scaffold. The incubatdemonstrated sterile culture of a group of datlen scaffolds
with measured biaxial loadingHowever, histological evaluation of the scaffolds found no
detectable changes in ECM production in scaffolds due to the mechanical loadinglpftoco
complementanyfinite elementmodelwas developedo aid in understandinghe relationship
between global scaffold loading and tleeal CME within the scaffold An inhomogeneous
distribution of the CME was predicted throughout the scaffold, and a fraction of tie CM
distribution was found to meet a proposed AF remodeling windbwe saffold loadingmodality,
material selectionand architecturevereall predictedto influencethe CME within the scaffold
Scaffold loading modality was identified as the masitical factor to promote an anabolic

response from AF cellScaffold materials and architectuvere also found to indirectly modulate
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the CME by modifying the scaffold loadinQue to the limitations of the experimental methods,
comparisonof the ECM production n cultured scaffoldscould not be compared to the

computational predictions.

Finally, Chapter 4 presentdtle translation othe developed E materialinto an implant
for implementation n a surgical strategywas presentedThe hybrid scaffold architecture
developed irfChapter 3vas successfullynplemented irthe fabrication o& novel AF repair patch
A surgical implantation technique was developed on cadaveric ovine lumbar spines and
subsequengx vivobiomechanical testing demonstratédmechanicaéfficacy of the implanas
compared tanjured spinesThe AF repair strategy was implemented usingasivoovine model
andfound thattreatment had no major influence on FSU biomechaniosdder,one treatment
failed at the screw attachments and another treatment lead to some adverse tissue.rAsponses
computational(finite element) model of the AF repair strategy in a human lumbar syase
developed to complement the experimental findings of the animal models. Congrilrettiewi
experimental results, the computational model identified the implant attatbma critical design
factor for surgical implementation of the implaih. particular, combined attachment of the
implant with screws and bioadhesives was identified as a candidate methodatetegumplant

loading.

5.2.  Future Work

The experimental and computational work reported in this dissertation neprese
significant advancement of oability to implement an AF repair strategy and understand the
underlying mechanisms that cont&f regenerabn. Numerous extensions to thissearcthave

been discussed to addresgperimentallimitations, expand q@liminary work, and iterate the
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current AF repair strategy for improved outcomes. Accordingly, further etfartee AF repair

patch are warranted.

To addresghe material limitations in thein vitro studies, future work should explore
alternative materials or PCL formulations to enhance the-gérontdurability of the TE scaffolds
while maintaining the longerm temporal degradation properties fssue regeneratiorAny
material changesan be rapidly evaluated using the developed scaffold finite element model and
shouldalsoconsider compatibility with additive manufacturing techniques for glchfébrication
(i.e. 3DF and MEW). The hybrid architecture may also be further developed with curresw
materials to improve the quality of the medtale architecturd=ventually,increased mechanical
loading can be prescribed during incubatioraf-ladenscaffolds to enhance ounderstanding
of the role of scaffold loading on ECM formation. The developed model of CME in TE stsaffol
can be leveragkasa rationalefor scaffold design and mechanical loading, and the influence of
biological factors can be evaluated experimentaligtological methods to detect ECM formation
in cultured scaffolds should be further developed,@achemical assays may also be employed
for more sensitive analyseQverall the underlyingaim of thein vitro studies igo enhance the
design and implementation of tiAd- repair strategyFuture work should, thereformaintain a
perspective ofwhetherthe regenerative outcomes undanescribedmechanical loadingan be

reliably regulatedn vivo.

The preliminaryn vivoanimal model identifiedhallengesvith the AF rgoair strategy than
can immediately addressed in future work. First, methods to improve the sut@chheent of
the implant should be explored. For example, the implant could be reinforced #é tbktke
screws or augmented with bioadhesives to provide a more continuous interfacenbttere

implant and surrounding tissué€¥econd, aderse tissue formation at the treatment site should be
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mitigated with improved implant desigAdditionalex vivowork should be leverageid develop
revised repair stragies anda statistically powerenh vivolarge animakhould be conducte&or

all future development of the AF repair strateglye ease of surgical approach should be
considered, which may be aided Impvel surgicalimplantation hardwaredesigns.Other
consideratioa for future workinclude: (1)the translatability of the ovine lumbar IVD model to
human lumbar 1\Ds; (2) evaluationof how different diseased states of the spine may, such as
degenerative discs or a surgical approach requiring a laminectaayyinfluence the efficacy of

the treatment(3) evaluation ofongtermtissueregeneration; and (€pmbined approachés AF

and NP repairAll future animal moded of the AF repair strategshouldaim to demonstrate
healthy biomechanical function ofreated spinesmproved regeneration of the AF defed a

compared to untreated defeasdno iatrogeniceffects due to the treatment.

Overall, future work should build on the foundations of the current research present
this dissertatiorA continuedmultidisciplinary approach to consolidate biological and mechanical
efficacy of the novel ARepair strategyhasthe potential torestore spine function and provide
longterm pain relief following IVD herniation. Ultimatelythis approach may facilitate

regeneratioof the AFandrepresena revolutionary treatment fahronic low back pain.
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APPENDIX A —COMPARISON OF CIRCULAR AND RECTANGULAR FIBER

CROSSSECTIONSIN MODELLING ANGLE -PLY LAMINATE FI BER SCAFFOLDS

A.1 Introduction

To improve the performance of the hitiroughput computational model of anglly
laminate scfiolds, it is advantageous to simplify the extruded fibers with a rectangudas
section, rather than the approximately circa@rsssection observed in the prinSpecifically,
rectangulasections: (1) reducgeometric complexity to enhanogesh quality, and (2) simplify
contact mechanics by creating planar interfaces between adjacent lamellae te sy tf the
contact region independent of other geometric parametethis appendix, the mechanics of
scaffolds with circular and rectangulsgction fibers were compared to assess if rectangular

sections were viable for use in the scaffoiddel.
A.2 Methods

A model with circular crossection fibers was generated equivalent to the base model with
square crossection fibers. Due to the complexersections between fibers, a constant contact
radius between adjacent fibers could not be modelled. Instead, the naturatiiersf the fibers
was defined as fully bonded. With a layer spacing (Z) of 0.24 mm, the circulaecttensyielded
a man radius of 0.16 mm when approximated as an ellipse. This was most comparable to the

lower bound contact radius of 0.18 mm in the study.

As compared to the square fiber model, the circular fiber model had more complex
geometric features and could notrheshed with hex elements in Abaqus. Tetrahedral elements

(C3D10) were used instead with the same validated seed size from the square féd€0 o8
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mm). An equibiaxial condition was conducted using the circular fiber model withathe s
materials, boudary conditions, and analyses as the square fiber model. The full analysis with
cylindrical fibers (meshing, solving, and pgsbcessing) took more than ten times longer than the

corresponding square fiber analysis.
A.3 Results

Figure A3 shows the deformed state of both models and Table A1 compares the resultant
mechanics of both models. The maximum error in the calculated mechanics betwega the t

geometries was 1.05%

(a) (b)

Figure Al. Comparison of (a) square cressction fibers and (b) cinar crosssection fibers subject to
equibiaxial tension showing Mises equivalent stazsgtours (MPa).
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Table Al. Resultant mechanics of square and circular esestion fibers subject to equibiaxial tension
showing error of square cross sections nedattd circular cross sections.

EE«(MPa) EE (MPa) EE(MPa)

Circular CrossSection -0.88 32.8 -3.32
Square CrosSection -9.93 33.1 -3.33
% Error 0.58 1.05 0.46

A.4  Conclusion

Models with circular and rectangular fiber cross sectishewed visuayl similar
deformation,although local stresses may vary between the two geométhiesnaximum error
in the calculated effective elastic modwias 1.05%,indicating a high level of agreement in the
global scaffold mechanics. Therefore, simplifying the fiber esgsdions as rectangular appears
to be a valid method to improve the computational performance of-plyglaminate scaffold

models.
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APPENDIX B —DEVELOPMENT OF AN INCUBATOR TO DELIVER DYNAMIC

BIAXIAL MECHANICAL LOADS TO TISSUE ENGINEERING SCAFFOLDS

B.1 Introduction

Mechanical loading is a known regulator of cell responses istfEegiesAccordingly,
in vitro methods are advantageous investigate the influence of physiological loadingissatali
ECM production incell laden scaffoldsAccordingly, there is a need to develop an apparatus to
incubate tissue engineered scaffolds with specific and precise mechanical loadingsregi
Specifically, this appendix details the development and validation of a custom inouitlatovo

independent, orthogonal biaxial actuators.
B.2 Methods

The biaxial system was mounted on a portab&hapedaluminumframe that could be
removed from a thermal enclosure (Figure Bijo orthogonal linear actuatofdaber NA34C60
T4, Vancouver, BC, Canadakre used to generate precise biaxial displacements. The arms of the
actuators were sealed in a polycarbonate chamber which contained a controfi@uhsevt for
cell-culture.Specifically, the flow carbon dioxide into the environmental enclosure was cedtroll
with a solenoid value, an electronic carbon dioxide sensor, and a Raspb@Ryspoerry Pi
Foundation Cambridge, England, UK)rogrammedvith Python (Python Software Foundation,
USA). The Raspberry Pi sensor system also measured the temperature anty withid the
environmental enclosure. A relative humidity greater than 80% was maintained in the
environmental enclosure via a flask of deionized waesterile enclosure with two sets of

orthogonal grips for biaxial stimulus was housed in the environmental enclosure anigpshwere
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mounted to the actuator arms (Figure B2). Opposite the actuator arms, the gripstefikhe
incubator were mounted to support arms with load cells (Honeywell AL311CN, ChaNiit
USA) to measure the forces applidutdugh the grips during cell culturBoth the actuator arms
and the support arms contained transverse linear bearings to facilitateitamsléitie arm in the
direction of orthogonal actuation and ensure a pure biaxial loading regime was delivéred to t
sterile enclosure. Additionally, the sterile enclosure was mounted on ati@mshble to prevent
any support reaction forces in the plane of the actudtbessterile enclosure consisted of a custom
polycarbonate well with a lid vented with a startl culture flask caplwo sets of orthogonal,
custompolycarbonate gripsrere mounted through openings in the walls ofdtegile enclosure
well, ard were sealed with rubber boots and aluminum cla®fasnless steel screws were used
to clamp the scaffdlbetween the mating parts of each grip and the grips were shaped to fit around
the well wall to ensure that the culture media was retained in the well andpgpedgscafftd
remained submerged in mediBach grip was coupled to the corresponding actuator arm and

support arm via machine screws.
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Figure B1. Custom biaxial incubator desigfa) schematic showing the incubator enclosures and critical
features; an(b) digital photograptof the fabricated biaxial system and environment enclo3inesystem
was housed in a thermal enclosure (eré in the schemalicontrolled at 37°C. An environment chamber
(green area in the schematic was located around the center of therbzcti@nical systeiand contrded

the gas composition and humidity for the @eilture.A sterile enclosure (blugrea in the schemalieas
also located around the center of the biaxial system and withentli®nmental encloser
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Figure B2. The sterile enclosure for the custom biaxial incubd®rdigital rendering of therelosure
design;(b) digital photograph of the fabricated enclosure loaded with &ostand culture media; ar(d)
section view schematic of the sterile enclosure showing theatfitatures.

As described inSection3.1.2.1 a cruciform scaffold was infused with a cédiden
hydrogel,placed in the sterile enclosym@amped withinthe two sets of orthogonal grips, and
submerged in culture medidhe sterile enclosure was then sealed and transferred to the
environmental chamber and fastened to the biaxial system. The incubator envirevasent

allowed to equilibrate (temperature = 32, relative humidity > 80%, C{evel = 5%) and the
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scaffold was exposed to a sinusoidal, global equibiaxial strain protocol (asepht 5.0%,
frequency = 1 Hz) for 8 hours a day. The tissue constructs were incubated undprebesieed
conditions for seven dayBollowing the culture period, the scaffold was removed aadfad
sections adjacent to the ROI were flushed with phosghé#tered saline to extract a solution
containing the celladen hydrogel. Cell viability was assessed with a mammalian cell live/dead
viability/cytotoxicity kit (Thermo Fisher Scientific, Waltham, MA, USA) using t@nslard
protocol. Digital images were capturedth a fluorescence microscope (Olympus X30F2,

Tokyo, Japan).
B.3 Results

The custom biaxial incubator was observed to maintaiprémcribectulture temperature,
humidity, and CQ concentration for the duration of the study. Followingdhkure period, the
tissue structure and culture media demonstrated no signs of infection when @lbst#rike light
microscope. The live/dead fluorescent microscopy demonstrated robust cetinvialbowing the

dynamic culturgFigure B3)
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Figure B3. Fluoregent microscope image of mature ovine annulus fibrosus cellsvfoicseven days of
dynamic culture in a custom incubator with dynamic biakdatling. Green fluorescence indicates viable
cells, red fluorescence indicates inviable cells, and a degbaekdround red and green fluorescence was
observed. Examples of intense green fluorescemtesiting live cells are identified with white arrew

B.4 Discussion

The developed incubator system demonstrated the capacity to maintain the requisite
environnent for cell culture while containing the apparatus for precise, dynamic, biaxial
mechanical loading of TE scaffold&ccordingly, the biaxial incubator is sufficient to study the
ECM production in a group of celdaden TE scaffolds under a physiologicaievant loading

regime.
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APPENDIX C —RATIONALE FOR THE BIAXIAL STRAIN PROTOCOL FOR

DYNAMIC CULTURING OF TISSUE ENGINEERED SCAFFOLDS

C.1 Introduction

Due to the material issues associated with cyclic loading of the PCL scaffolds in a
physiological evironment,a constraint was imposed on the magnitude of the global strain
protocol for biaxial cell culture. Accordinglyhere was a need to identify a global biaxial strain
protocol for the cruciform scaffolds to elicit tgeeatest ECMBecause experiemtal methods are
prohibitively challenging to characterize the cellular micromechanical envaoin(@ME) that
regulates ECM productiorfjnite elementmethods were leveraged to provide a rationale for

selecting the global biaxial strain protocol.
C.2 Methods

First, the unit cell model of CME in TE scaffoldSection3.2) was used to identify the
most advantageous local ROI strains in the cruciform for an anabolic response disAfFhee
map of %PTE as a function of the bxstrain combination presentedkigure34 was used to
inform the selection of the target local ROI strains. Specifically, tensile axial 8teamadirection
strain > 0%) that isconstrainedin the circumferential direction (i.e.-girection strain
approximately 0%) would theoretically leaxithe greatest increase in %PTE at low strains (Figure
C1).Therefore, the target local ROI strains to theoretically optimize ECM productibpranent
scaffold failure vere 2.5% in the xlirection and 0.0% in the-glirection.Second, the developed
model of angleply laminate scaffoldsSection 2.2 was used to predict the global strain protocol

most likely to deliver the identified local ROlrains. The cruciform scaffold model with
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parameters from tha vitro 3DF scaffold design (expected average fiber diameter of 338 pm from
Section2.1) was evaluated with various combinations of global biaxial strains untdriettiocal

ROI strains were met.

Figure C1. Map of %PTE as a function of biaxial strains (adaptethfrigure 34) showing the loading
modality that would theoretically lead to the gesat%PTE at low magnitudes local ROI strains.

C.3 Results

The global biaxial strains that met the target local biaxial strains (terditection strain
with approximately 0% strain in thedirection) were 2.5% and 0.5% in thalkection and y
direction, respectivelylocal strains of 1.4% and 0.1%; Table Cllhis target was also met with a

lower magnitude global strains (2.0% and 0.4% in tui#rection and ydirection, respectively),
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which generated local ROI strains of 1.1% and 0.0% in tlérection and ydirection,

respectively.

Table C1.Summary of the local, biaxial ROI strains in the cruciform scaffold ascifun of the prescribed
global biaxial strainsThe final rowshows the gescribed global strains thaefrthe target local ROI strains.

Prescribed globalstrains (%) Local ROI strains (%)
x-direction y-direction x-direction y-direction
2.0 2.0 -0.9 2.2
3.0 2.0 -0.1 1.9
2.0 0.0 1.6 -0.5
2.0 1.0 0.9 0.3
2.5 1.5 0.1 1.4
2.0 0.5 1.0 0.2
2.0 0.2 1.3 -0.2
2.0 0.3 1.2 -0.1
2.0 0.4 11 0.0
2.5 0.5 1.4 0.1

C.4 Discussion

Due to the limitations associated with characterizing the CME in TE scafiattis
experimental methods, a theoretical framework based on finite element analyse$zeasastia
rationale for a biaxial loading protocol to elicit EQModuction in TE scaffold€Experimental
validation of theeresults may be beneficial future work. Nonetheless, the FE models afforded

a rapid method to compare loading regimesrfaritro testing of TE scaffolds.
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APPENDIX D —SUPPLEMENTARY FINITE ELEMENT ANALYSES OF 3DF, MEW,

AND HYBRID SCAFFOLDS

D.1 Introduction

The developed finite element model of anglg laminate scaffolds and unit cells were
used to generate additional finite element predictions to supplement experiraadta
computationalstudies. First, this appenddescribeshe validated anglely laminate scaffold
model as a solid, orthotropic continuum of the measured 3DF and MEW scaffolds in the study.
The orthotropic properties of 3DF scaffolds were utilized in a finite elemestd wicthe AF repair
implant in a human lumbar s@ Section4.2). Secondretrospective predictions of the scaffold
mechanicsare reportedrom the expected and fabricated measurements of 3DF scaiffiolde
cell culture study (Section 3.1) Third, the orthotropic material properties and scaffold
measurementsvere usedto provide preliminary predictions for how traeveloped hybrid
MEWY/3DF architectureSection 3.1may influence the CME within a cddeninterpenetrating

hydrogel.
D.2 Methods
D.2.1 Continuum level material properties of angle play laminate scaffolds

Orthotropic material parameters were derived from FE simulations of a validiaggel
ply fiber scaffold mode{Section 52.2) in uniaxial tension and pure she8pecifically, the model
geometries used were: (1) the total length flange width of the previousljopegtecruciform
scaffolds 22.5mm by 15 mm for 3DF scaffolds arzxd25by 0.15 mm for MEW scaffoldsgnd

for evaluation in the ¥ plane(3 bilayers thickness in thedirection) and (2) the total length of
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the previously developed cruciform scaffo(@2.5mm for 3DF scaffolds an@.25mm for MEW
scaffoldg and 24bilayers thick in the irection for evaluation out of theyplane (o latice
units thick).These orthotropic parameters were then converted to elastic stiffness matsixaterm

define and orthotropic material in ABA(S:

h?ssv %555 8566 &5577 0 0 0 m(:)ssv
AB64 & 666 &e77 O 0 0 G
€7 _ 1 & 777 O 0 0 R O~ (D1)
ASex 1 &5 O 0 RAWY e
T al] oul &757 0 ROW7A
O&U | 87636 7U

where theéterms are components of the Cauchy stress tetiei) terms are elastic stiffness
constants, thedand Uterms are normal and shear strains, respectively, and the subscripts are the
principal directions in Cartesian coordinatis= x/axial direction, 2 = ydircumferential direction,

and 3 = z/radial direction).
D.2.3 Additional predictions of the CME in cddiden scaffolds

Predictions of the CME in the fibrin hydrogel of a pure 3&faffold were generated as a
guide for the egenerative potential of the scaffold under the prescribed biaxial straiegiroto
the in vitro experimental study. Specifically, the %PTE was evaluated for scaffolds with the
average fiber diameter from mechanical testing of cruciform scaffolds (338¢ution2.1) and

for the measured average fiber diameter of the scaffolds in Witeo study (230 pumSection3.1).
D.2.2 Additional predictions of cruciform scaffold mechanics

In thecell-culture study Section 3.}, it was expected that the 3DF scaffolds would have
fiber diametersimilar to theaverage measured fiberthe biaxial characterization of the scaffolds

(338 um; Section 2.). Although the fabricated scaffolds in the cell culture study matched the
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designed fiber spacing, the fibers measured an average of 230 um in diametenordbeef
mechanics ofwo cruciform models with identicakchitectures and these two fiber diameterse
modelled with the anglply laminate scaffold modeThe global scaffold reaction forces and ROI
strains were compared for the global biaxial strain regime prescribed inltbelttee study (2.5%

axial strain and 0.5% circumferential strain).
D.2.4 Modelling the CME within 3DF artd/brid scaffold architectures

The finite element model of hydrogelfused, anglely scaffold unit cell{Section3.2)
considered only scaffolds with 3DF fibers. However, in the cell culture sBeyi6n 3.} a hybrid
architecture was leveraged for a multiscale scaffold architecture. Therefareostinuum sheets
of MEW were added to the developed unit cell model to reflect the hybrid scaffoltcatcte
descibed inSection 3.1Figure DL). The MEW sheets were added to the 3DF model centered at
the intersection of each bilayand prescribed orthotropic material properties derived in this
appendix.The MEW sheets were assumed &vé a layer height dfalf the fiber diameter which
was similar to the 3DF scaffolds. Therefore, the total thickness of the MEW shests6® pm.
Because the ROI in the unit cell model only encapsulated a single repeating unit gthin t
scaffold, two configurations of the hybrid scaffold were considered with the MEW at the odd and
even intersections of the lamellae (Figure ) to represent all possible regions the resideli$
could occupy. The results from the ROIs of each configuration were tatatdthracterize the
overall %PTE of the hybrid scaffold@he unit cell was prescribed thgpected and measured 3DF
fiber diameters 338 pum and230 pm respectively and predicted biaxial ROI strains in the
experimentalstudy (1.4% axial and 0.1% circuenéntial; Appendix ¢ Biaxial strains with

double the magnitude of the experimendaldy were also considered. Equivalent pBB¥
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scaffoldswere modelled to compare the predicted %Pditt biaxial reaction forcesf the two

scaffold architectures.

Figure D1. Unit cell model of the hybrid 3DF/MEW scaffol¢r) the 3DF fiber scaffold{b) the hybrid
scaffold with 3DF fibers (light grey) and MEW sheets modelked aolid continuum (dark grey;) even
configuration of the full hybrid scaffold unit catiodel with hydrogel in the voids of the scaffold (blue);
and(d) odd configuration of the full hybrid scaffold.

D.3 Results

D.3.1 Continuum level material properties of angle play laminate scaffolds

FE modelling of angleply laminate scaffolds predetl anisotropic continuwievel
material propertiefor the 3DF and MEW architectur€Bable D1). These material properties were

converted to ABAQUS orthotropic definition and found to meet stability caiteri
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Table D1.Orthotrapic material parameters asrived from FE predictions of angpgdy laminate scaffolds
and material stiffness matrix components usedenrMBAQUS orthotropic material definition.

Orthotropic Material Parameters

Ew E2 Eas G2 Gaz Go23 V12 V31 V23
(MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa)

Scaffold

3DF 3.72 154 43.2 1.70 2.97 198 0357 0.305 0.109

MEW | 0.124| 0.608] 8.57| 0.780 0.034 0.056 0.430 0.392 0j002

ABAQUS Material Parameters

Di111 | D333z | D2222 | D1133 | Di122 | D2233 | D131z | Di212 | Do2323
(MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa)

Scaffold

3DF 8.84 50.1 37.6 6.92 13.9 15.7 2.97 3.73 2.95

MEW 1.36 8.87 6.66| 0.634 2.87 136 0.084 0.780 0.p56

D.3.4 Modelling the CME within hybrid scaffold architectures

For the same prescribed local strains, the model of CME in the TE scaffildell

demonstrated appreciably reduced %PTE for the smaller fiber diafhatde D2).

Table D2. Summary of the %PTE ithe fibrin hydrogel matrix of anglply laminate scaffolds with two
different fiber diameter under the same local strain protocol.

. o
Fiber diameter Prescribed local strains (%) P TE
(um) X y
338 14 0.1 5.7
230 1.4 0.1 1.1
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D.3.3 Additional predictions of cruciform scaffold mechanics

For the same global strain protocol, the scaffold with smaller diameter fiberasteated redued
reaction forces in both biaxial directioiBable D3. The scaffold with smaller diameter fibers

also had notably different local ROI strains to the scaffold with larger diametes.fib

Table D3. Summary of the global reaction forces and local RGiirsdrfor angleply laminate cruciform
scaffolds wih two different fiber diameters under the same global biat&ihsprotocol.

Prescribed global | Global reaction Local ROI
Fiber diameter strains (%) force (N) strains (%)
(um)
X y X y X y
338 2.5 0.5 11.3 16.6 14 0.1
230 2.5 0.5 4.2 6.6 0.4 0.3

D.3.4 Modelling the CME within 3DF ard/brid scaffold architectures

The addition of the MEW sheets generated an increase in the predicted scaffold stiffness
or 12% in the xdirection and 18% in the-glirection (Table D4). As compared to the large fiber
diameter, the smaller fiber diameter for the pure 3DF scaffold resulted in redudelti stdfness
consistentvith the results in Table DIhe %PTE dramatically decreased due to the smaller fiber
diametes, yet the hybrid scaffold demonstrated a marked increase in the overall@adthe
addition of the MEW sheets. Further, this increase in %PTE was driven solely bglogiks in

the hydrogel and none in the MEW sheets.
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Table D4. Summary of the redion forces and %PTE in pure 3DF and hybrid scaffolds. The same local
strain protocol was used for all analyses and two 3DF fiber diamegges asnsidered-or the hybrid
scaffold, the %PTE is reported for the total matrix region (inolytle solid MEWsheets), only the MEW
sheets, and only the hydrogel region (HG).

. Prescribed local Reaction 0
Model %[i;'?nfgzgrr strains (%) forces (N) PTE
(Hm) X y X y Overall | MEW HG
338 1.4 0.1 0.93| 0.74 5.7 - -
3DF
230 1.4 0.1 0.31] 0.3Q 0.1 - -
Hybrid 230 1.4 0.1 0.35] 0.36 11 0.0 1.8

D.4 Discussion

The derived orthotropic material properties represent a rapid way to approximate
continuum level mechanics of TE scaffold designs. However, for broader application stils re
experimental validation will be advantageodifie cruciform and unit cell predictions of the
sensitivity of scaffold mechanics to the fiber diameter are consistent with this réSdction2.2.
The fiber diameter also dramatically influenced the &R the prescribenh vitro strain protocol
which may have notable effects in the experimental restilisse results demonstrate how

discrepancies in print parameters can lead to large changes in the behavior ofdiisscaf

The hybrid unit cell modegdredicted a greater %PTE than twerespondingure 3DF scaffold in
the prescribed biaxial loading regimé&his is consistent with the rationale for the hybrid
architecture; as compared to the 3filfers, the MEW fibers are closer in size to residenisdel
the TE scaffold and provide a greater surface area, which is hypothesized toeettea@ME
experienced by the cells under global scaffold loadigwever, this preliminary model is

currently limited because: (1) only one biaxial loading protocol was consideredoaiedling of
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larger strains was unstable; and (2) the CME within the solid continuudv btieets was likely

not modelled accurately. Nonetheless, the hybrid model demonstrated increaSesitGiv the
hydrogel sections aloneThe MEW shets were found to have a notable change tobihgial
reaction forces of the scaffold which adirectly correlated with the scaffold stiffness.
Accordingly, it may not be valid to assume that the influence of the MEW sheets on the overall

scaffold mechawal is negligible.
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APPENDIX E —DEVELOPMENT OF A FINITE ELEMENT MODEL TO PREDICT
THE CELLULAR MICROMECHANICAL ENVIRONMENT IN TISSUE

ENGINEERING SCAFFOLDS ¢

E.1 Introduction

Tissue engineering (TE) aims to restore the healthy function of organsijasing cells
into a regenerative process. To this end, the fate of these cells is critical. In magy, tissu
cellular micromechanical environment (CME) largely drives these cell fdtetowever, it is
prohibitively complex to prescribe and meastirte inhomogeneous, thre@mensional CME in
the hydrogel matrix of tissue engineering scaffolds. Accordingly, a fundamental undergtaf
how the loading, architecture, and materials of TE scaffolds influences the Civikohaeen

comprehensively desbed.

Computational models, such as those that utilize the finite element (HE)dnbbld the
potential to increase our understanding of mechanobiological responses for a broadf range
scaffold and target tissués A previouslydeveloped FE model of BE scaffold has replicated
the physiologicallyrelevant (i.e. biaxial) mechanical properties of the intervertebral disc’s annulus
fiorosus® However, the CME generated within this scaffold under physiological loadingmemai

unclear. Accordingly, the aimf this work was to: (1) characterize the mechanical behavior of a

4 The content of AppendiE has been published as a Short Communication in the Journal of Biomedii#dics
10.1016/j.jbiomech.2021.110355). All content has been adapted wiitiisg®on from Elsevier.
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common fibrin hydrogel and (2) to implement this hydrogel as the composite matrixamnateri

within the previously-developed model.

E.2 Materials and Methods

E.2.1 Mechanical characterizatia of fibrin hydrogel
E.2.1.1 Fabrication of fibrin samples

Whole blood was collected from healthy, mature sheep and fibrinogen was isolated using
the Cohn fractionation methddVhole blood collection was performed under approval from the
Institutional Anmal Care and Use Committee at Colorado State University (protocol #: KP104).
Fibrin hydrogel samples were cast into cylindrical molds (15.9 mm diametpipéiging 1.2 mL
of fibrinogen into the mold, adding 4 mg of thrombin (bovine thrombin, Millipone3ig
Burlington, MA, USA) and mixing the fibrin and thrombin by gently pipetting in and out of the
mold. The fibrin samples were solidified at room temperature, maintained@tf@&724 hours,

then gently removed from the molds (Figure Ela).
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Figure E1. Mechanical testing of fibrin hydrogels: (a) cylindrical gdenof fibrin hydrogel removed from
mold, (b) experimental apparatus for unconfined compression, anxp@)jraental apparatus for confined
compression. Insets show close up images of the sampleserpbemental configurations.

E.2.1.2 Material testing of fibrin

Hydrogel specimens were divided into two groups for unconfined compression (n = 9) and
confined compression (n = 7) testing. Prior to testing, the diameter and heighh cpeainen
was measured with digital calipers (€&DPSX, Mitutoyo, Kawasaki, Japan). Unconfined
FRPSUHVVLRQ DQG FRQILQHG FRPSUHVVLRQ WHMWRDINHUH [BG6
testing system (858 MiniBionix; MTS Systems Corp., Eden Prairie, MN) with a 100 N force
capacity tranducer (Model 661.098, MTS Systems Corporation, Eden Prairie, MN, USA) and
a custom designed testing apparatus (Fidgttbc). For both testing regimes, samples were
preconditioned with 10 compression cycles of 5% strain therpassed to 50% strain at a
displacement rate of 0.1 mm/s. Force and displacement data were recorded ati0thelz
materials testing system and converted to the engineering stress and strain speiog telsting

using the measured sample height armdnditer.

E.2.1.3Hyperelastic fitting of fibrin
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In ABAQUS (Dassault Systeme¥/€lizy-Villacoublay, France), stresdrain data for
uniaxial compression and volumetric compression were imported from the confinecessioipr
(data up to 5.0% strain) and unconfined compression (data up to 33% strain) regimesyegspe
ABAQUS determines material coefficients using a leagtareditting procedure to minimize the
relative error in stress. The data were then fit to polynomial (first order to third,dtdyden
(first order to third ordgr ! Van der Waald? and reduced polynomial (first order to third opdgr
compressible hyperelastic models. For example, the following equation reprédsergecond

order reduced polynomial model used in this study:

7= %[ +tF3)+ %[ +F3)%+ &(, F1)b+ &, F1)8 (ED

where U is the strain energy potentialp@d Co are the fitted material elasticity constanissl

the first invariant of the strain tensor; Bnd I are the fitted material compressibility constants,
and J is the Jacobian determinant of the deformation gradient tensor. The most appnajerée
model was selected based on: (1) fit to the experimental data as measured tof-ftléest and

(2) numericaktability (elastic and volumetrigyhen implemented in the FE method. The averaged
material models (elasticity and compressibility indeperyewere compared to the experimental

data resampled 0.1% strain increments with-afekt F-WHV WYV . IRU DOO WHVW)\
E.2.2 Scaffold unit cell model

In ABAQUS, a repeating unit of an angiy laminate scaffold geometry was generated
based ora previously developed scaffolgFigure E2ab)2 This angleply fiber architeture has
demonstrated similar anisotropic mechanical properties to native annulusugibtissue
Polycaprolactone (PCL) fibemsere assumed to be linear elasti¢ ( 03D 3) and

idealized as straight cylinders. The geometry where two fibers intersecsimpgfied by
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superimposing cylindrical columns of PCL material in thadirection at the center of every fiber
intersection (Figuree2b). A hydrogel matrix infill was modked in the scaffold void spaces
(Figure E2¢ and prescribed compressible, hyperelastic material properties based on the described
characterization of fibrin. The fiber and matrix geometries were merggainang perfect bonding
between the two materials. At the center of the hydrogel geometry, a region cfti(fR&dé) of

mesh elements was defined as a repeating unit that encompassed all possible pbsitens o

hydrogel matrix relative to the fiber scaffold.
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Figure E2. Scaffold model for the base geetry showing (a) thereviously validatedangleply fiber
scaffold(Section2.2), (b) the double unit cell of the fiber scaffolg@) thehydrogel infill for the double unit
cell, and (d) the final model with mesh and ROI for EkValuation. The-xy-, and zdirections represent
the axial, circumferential, and radial directions of the interveatatisc, respectively.
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This particular model was based on a TE strategy for repair of the annulus fibrosus.
Accordingly, to mimic thedominantin vivo loads experienced by the posterolateral annulus
fibrosus, tensile strains were applied to the model in taé@ection (axial) and irection
(circumferential)}**®> For all model analyses, 5.0% equibiaxial strains were generated by
presribing displacements on the positive axial and circumferential faces. All AB\Qbs were
computed on a Linux operating system (CentOS Linux 7) with 60 processor cores (Xeon E5 2683

v4, Intel Corporation, Santa Clara, CA) and 128 GB RAM.
E.2.3 Model anayses
E.2.3.1Unit cell size

The influence of the idealized boundary conditions at the circumferential and axgl face
(i.e., uniform normal displacement) on the ROl mechanics was investigated. The (@cup{®)
unit cell was compared toldy-1, 1.5by-15, and 3by-3 unit cells, representing both increases
and reductions of the influence of boundary conditions on the ROl mechanics. Spectheally,
ROI strain energy (SE) and total unit cell SE were used to measure thedeG&nics and the
central processing unit (CPU) time was used to measure theoffadesolution time. Preliminary
data indicated that a perfectly centered ROI produced unstable boundary conditions because th
boundary coincided with small geometric features, leading to localized pobrquabty. This
instability was also exacerbated when architectural parameters were changed. Acgdringly
ROI was offset in the positive-girection by 1/8 of a unit cell to provide more stable boundary

geometries whilst minimizing the boundary influence on the ROl mechanics.

E.2.3.2Mesh refinement
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Analysis of the unit cell size was conducted prior to mesh refinement becausénarglim
data indicated that mesh convergence was dependent on the unit cell size. All anialgsks
were performed Wth a uniform quadratic tetrahedral (C3D10) mesh with 40 um seed size, which
was subsequently validated. The selected unit cell size was then prescribed a series of mesh sizes
to evaluate convergence of the mesh and ROl mechanics. Uniform meshes of 40 umas8 pm
30 um seed size were considered. For more coarse meshes, a 40 um seed size was maintained in
the ROI to ensure ceflized volumes were maintained for CME evaluation. The remaining unit
cell was seeded with increasing size from 40 um to 250 pmalFmeshes, the element growth

rate within the ROI was set to 1.0 and the element growth rate outside of theaR&&tvto 5%.
E.2.3.3 Boundary conditions

To further understand the influence of unit cell boundary conditions on the mechanics
within the ROI, the base model was tested with numerous boundary conditions. In the radial (out
of-plane) direction, the following conditions were modified: (1) constraining all nodes on the
positive and negative radial faces, (2) constraining all nodes on thivepasidial face, (3)
constraining all nodes on the negative radial face, and (4) changing the bilayeiNydortl & 1,

N = 3 and N = 4 to create scaffolds of different thicknesses. In the axial and circumiferentia
directions, the following conditions were modified: (5) removing constraints fierhytdrogel on
all four in-plane faces, (6) removing constraints from the hydrogel on both axial direction faces

(7) removing constraints from the hydrogel on both circumferential direction faces.
E.3 Results and Discussion

E.3.1 Hyperelastic characterization of fibrin hydrogel
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The only hyperelastic models with extensive elastic and volumetric stabiligytivefirst
order reduced polynomial (nd#ookean; all data fits were stable) and seeortr reduced
polynomial (the elastic data from one sample was unstable and omitted, resulting ilomtk$ f
model). Of these two models, both exhibited no statistically significant evidentzek of fit to
the volumetric data (p = 0.99 for both). Similarly, for #astic data, there was no statistically
significant evidence for lack of fit of the seceadier model to the experimental data (p = 0.99).
However, the firsbrder model had statistically significant evidence of lack of fit to the
experimental data (p €.001). Based on the stability and accuracy measures, the swdend
reduced polynomial model was selected for subsequent analyses (Edthtidigure E3).
Average fitted coefficients fothe seconarder reduced polynomial model were obtained by

averaging the coefficients from all samples (Tdtle
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Figure E3. Unconfined and confined compression experimental data with hygécetaodel fits (seconrd
order reduced polynomial). The 95% confidencarats of the model coefficients (Tal#4) are shown
(dashed lines). One confined compression sample failed prior to 5% straevdrowas retained in the

fitted data set.
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Table E1. Summary of secondrder fitted coefficients for fibrin hydrogel.

C10(MPa) C20 (MPa) D1 (MPa) D2 (MPa)
Average 1.72x10¢ 3.83x104 3.41 8.06x1(?
Standard deviation 9.64x10P 1.76x10* 1.05 4.15x10
Upper 95% confidence bound 2.46x10* 5.19x10* 4,51 1.24x10
Lower 95% confidence bound 9.79x10® 2.48x10 2.30 3.71x1C

E.3.2 Model analysis

The results of unit cell analyses demonstrated that cell sizes greater tigrllschad
ROI strain energy within 0.01% of the 3 by 3 unit cell (Figed¢. The ROI strain energies of the
1-by-1 unit cells with centered and offset ROl were 38% and 65% greater, respediarlihé
3-by-3 unit cell. Due to the observed influence of geometric boundary conditions on model
stability in preliminary studies, thel®/-2 unit cell was selected as the most suitable size for this
study. All three of the reduced boundary conditions on thagaine (x and ydirection) faces

resulted in changes to the ROI strain energy of 0.5% or less.
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Figure E4. Analysis of the unit cell size, mesh refinement, and utiitticiekness for the scaffold CME
model. For each analysis, the convergence of straigemeas weighed against CPU time. In the unit cell
analysis, a centered ROl was shown to be aimtd an ROI offset by 1/8 of a unit cell in orderimprove

boundary conditions.

294



The mesh refinement yielded total strain energies within 1% of the 30 |sim fioreall
considered meshes. Similarly, the ROI strain energy was within 1% of the 30egimfaon all
meshes and exhibited apparent convergence for meshes finer than 100 um. Therefoferrthe uni
40 um mesh was deemed acceptable as compared to finemumnifeshes and the 40 um ROI
mesh was also accepted for all coarser meshes. To select the most appropriate mesh with a 40 pm
ROI size, the ROI strain energy and computational time were considered. Ther6éshng0.9
hours CPU time) had ROI strain energyhm 0.5% of the uniform 30 um mesh (10.6 hours CPU
time). Therefore, the mesh with 60 pm general size and 40 pum ROI size was selected for all

subsequent analyses.

The ROI SE demonstrated a monotonic increase as a function of bilayer count;-the one
two-, and threebilayer scaffolds yielded SE of 68%, 87%, and 93%, respectively, of the four
bilayer scaffold SE. Based on these results, the two bilayer (N = 2) was séeetbdubsequent
model analyses. The fully constrained boundary condition on lbibfgplane (zdirection) faces
failed to converge. When considered independently, the fully constrained boundary condition on
the top and bottom faces resulted in increases to the ROI strain energy of 179% and 196%,
respectively. All of the modified boundary conditions in the-aiplane direction (Zirection)

yielded changes in the total model strain energy of 0.03% or less.

Based on the results of all considered boundary conditions, thed-pl#tne (zdirection)
boundary condition will likely have ghgreatest influence on the ROI CME. Careful consideration
should be given to the context of these imposed constraints, for example, how thesentonstrai
relate to TE scaffolds botin vitro andin vivo. These constraints are also idealized as uniform

planar deformation, which may not reflect the true boundary conditions in a physical&cEffiel
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scaffold boundary conditions were constrained in this manner to balance ROI conegergenc

numerical stability, and computational time.

Overall, this study demonstrated the convergence of the ROl mechanics in d urooet|
as a function of the unit cell size and mesh refinement. This model will subsgceenged to
elucidate the relative influence of the scaffold loading, materials, andeatane on the WIE
within this TE scaffold. Further, the developed model may also be adopted for numerous
alternative TE scaffold preparations. For example, the new hydrogel matedalshtould be
easily implemented to investigate the CME sensitivity to alternate maaiterials or the measured
variance of the fitted material parameters in this study. Ultimately, this model weNéeged to

predict cell local cell fate and guide the design of TE scaffolds for enhanced edgener
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APPENDIX F —DETAILED METHOD FOR EVALUATING THE CME IN FINITE

ELEMENT ANALYSES OF TISSUE ENGINEERED SCAFFOLDS

F.1 Introduction

A postprocessing algorithm was developgal predict the cellular micromechanical
environment (CME) in a finite element model of dalllen, tissueengineered scaffds. The
algorithm facilitatedthe evaluation of a constant thvéenensional strain tensor for calized
volumes while maintaining the stability, accuracy, and efficiency of an FE motttelanger and
more complex elemen(se. quadratic tetrahedral elementpecifically, the deformation solution
of each model with quadratic tetrahedral (C3D10H) elements was reregseered to yield

Green strain tensors for calized linear tetrahedral elements (C3D4).
F.2  Methods

The following procedure was implemented in Python (Python Software Foundatioh, USA
with the Abaqs Scripting InterfacéDassault Systemes SIMULIA, Johnston, BEA)to process
finite element results from a solution database. Specifically, each quadraietetl element
(i.e. parent elementin a defined region of interest was divided into eight linear quadratic
tetrahedral gb-elements (subets; FigureF1l). The elements in the ROI were prescribed a size
such that the sutets represented cadlzed volumesThese sultetrahedral elements (stiéts)

were defined using the nodal indices of the paetement (Tabl&1).
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Figure F1. Diagrams of the quadratic tetrahedral element (black outlines) and Bobaetrahedral
element (red). The example shown is-geibl as defined in Tablel.

Table F1. Definition of the four nodesof the linear subtetrahedralelement (suitets) from thenode
numbers of th@arentquadratic tetrahedral elements (as defined in Figlje

Subtet Node 1 Node 2 Node3 Node4
Subtet 1 1 5 7 8
Subtet 2 2 5 6 9
Subtet 3 3 6 7 10
Subtet 4 4 8 9 10
Subtet 5 5 6 7 8
Subet 6 5 6 8 9
Subtet 7 6 7 8 10
Subtet 8 6 8 9 10
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The displacement vector of the each-tetfhwas extracted from the finite element solution
of the parent elementhe finite element definition of the displacemdieid, >&for a linear
tetrahedral elemers shownin Equation F1:

Q Qs Qs Q7 Qs ¥

& Qi= Qs Qs Q7 Qgi~h (F1)
Q Qs Qs Q Qs %

where u, W, and 4 are the displacemenbmponents in the-xy-, and zdirections, respectively;
the subscripts 1, 2, 3, and 4 refer to the node indices of thiets#nd &g &g a8 and agare the
finite element shape functions for the respective node indices of thetdabr example he shape

function for the index 1 node of the subtet is shown in Equations F2-F4:

0T
2 -5 (E2)
o

o U
2y (E3)
o

ov

o (E4)

wherex, y, and z are the cartesian system coordinates and the subscript 1 represengsiticexod
1 of the subtet. By expressing the element displacement field,as a vector (EquatiorbF; an

alternative expression for the stdi-displacement fieldrasderived as per Equation F6.

»9={Qs Qs Qs Qs Qs Qs Q7 Q7 Q7 Qs Qs Q'  (F5)
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Next, the deforation gradienE (or (yin indicial notation as defined in Equatidf7),was

expressed with respeio theelemen displacement field (Equatior8)
(0F Wy Qu (F7)
r= P+ n% 9 (F8)
wherethe matrix Wis defined as per Equation F9:
P={1 0 0o 0100 0 1} (F9)

andthe matrix nYs defined as peEquation F10:

i 0O 0 55 0 0 = 0O 0 = 0 O n
5 0 0 » 0 0 > 0 0 > 0 o N
i 0 0 % 0 0 2% 0 0 % 0 0y
1 0 = 0 0 % 0 0 = 0 0 =5 0y
nY= ag10 > 0 0 > 0 0 > 0 0 > 0 (F10)
0 % 0 0 % O 0O 2% 0 0 % 0Of
0 0 = 0 0 =% 0 0 = 0 0 =N
IO 0 0 0 > 0 0 > 0 0 >gr§|
o 0 2 0 0 % O 0 2% 0 0 %O

where =, >, and %(for i = 1,23,4) are defined by Equations F11-F13:
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6 8%@: _ (F11)

°® (F12)
o
68F§: 2 (F13)

Also note that the Jacobiateterminant,, = 6 8 The deformation gradient of tlseibtet
was validated by comparing the calculated linear-gttdeformation gradients tthe reported
deformation gradientf the parent elemenEinally, the GreefLagrange strain tensorg, was
calculaed from the deformation tensor using Equation F14:

q= %(r"@rF)u (F14)

where uis the identity matrixFinally, from the green strain of each linear $ebelementthe
maximum principal straincomponentand hydrostatic straitomponentwere extracted and

compared taell microenvironment criteria.
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APPENDIX G —DETAILED DESIGN AND FABRICATION PROCESS FOR THE

ANNULUS FIBROSUS REPAIR PATCH IMPLANT

F.1 Introduction

Additive manufactured materials have been developed for AF repair. However, to
implement these materials in a surgical strategy, they need to be fabricated intdasutaintg
geometry.Additionally, this geometry must be compatible with the fabrication processdor th
developed additive manufactured architecture. For example, in 3DF printing, tlaatimmuist be
printed in layers of the deposited fiber. Accordingly, in this appendixpribeesdor the design

and fabrication of the AF repair implant presented in Sedtibis described in detail.
F.2  Methods

Production of the proposed lumbar AF implant began with digital geometries ohhuma
and ovine lumbar spines. Solid models of the implant designs that conform to thesevspies
generated in Solidworks (2016 SP4.0, Dassault Systemes, Yéliagoublay, France). However,
the initial model could not be printed effectively due to the inherent curvatmecbnforming to
the spine geometry. Accordingly, the initial implant model was split into the attatipitage
model and the remaining model of the AF insert. The AF insert geometry was alsdiesiipli
reduce manufacturing complexity. The plate model was subsequently flattened usimg&sli
and Meshmixer (Autodesk Inc, San Rafael, CA, USA) and merged with the AF inseilttmode

form a printable implant model.

The printable implant model was then convertedtode by applying the desired print par&ens

in BioCAD software (RegenHU, VillaBaintPierre, Switzerland). To generate the desired angle
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ply 3DF architecture with varied shell thickness, four separatedgs were created for the model
with different fiber orientations. A custom splicing algorithm (Python 2.7, Pythorw&at
Foundation, USA) subsequently extracted se3&it layers from the gode files to produce a
single gcode file with the desired anghdy architecture and varied shell thickness. The splicing
algorithm also inserted pawsbetween th8DF layers to facilitate the manual insertion of MEW
layers to yield a hybri®@dDFMEW construct. MEW layersvere prefabricated and manually
inserted because direct deposition of MEW laysm® a 3DF saffold does not generate planar

layerswith straight fikers because of the void spaced between the 3DF fibers.

Figure G1. Process flow diagram summarizing the production of a human lulsfbegpair implant. The
process began with a spine geometry and resulted in a fabricated implgntRepresentative images are
shown for each production step.
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