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The knee joint is the largest and most complex jointhen human body. Its
stability is largely dependent on the anterior cruclg@ment (ACL), a dense fibrous
connective tissue that attaches the femur to the tiblader high tensile and torsional
forces the ACL will tear and does not heal without staigintervention. This is due to
the low blood supply and ligament retraction from theosial tissue that envelops a
tear. We explored the potential of a novel ACL restarctive device composed of a
hybrid poly(desaminotyrosyl-tyrosine dodecyl dodecanedi@E¢e)0) [p(DTD DD)] and
type | bovine collagen fiber scaffold as an alternatoveurrent autograft and allografts
techniques. The three phase process initially testethtineation and characterization
of p(DTD DD) fibers and compared them to poly(L-lactmidx (PLLA), a common
biomaterial. Data suggested that p(DTD DD) fibers, whitdir higher strength, lower
stiffness, favorable degradation products and comparablea®ibatibility, may be a
superior alternative to PLLA fibers for developmentaof ACL reconstructive device.
The second phase tested electron beam (E-beamigzstkhlybrid scaffolds composed of

parallel 75% p(DTD DD) and 25% collagen fibers. Hybrid fdd$ were implanted for



up to 4 weeks in the ACL space of New Zealand White (NZAtbits. At 4 weeks there
was far more cell infiltration, vascular tissue agrdnuloma. Inflammatory cells were
concentrated on the outer part of the scaffold, whickhe natural repair reaction to
surgery and not the implant. The third phase used a sistkffold in a braided
configuration, a larger sheep model and a longer 12 weekpinme. Analysis showed
an increase in the amount of cellular infiltration arabcular tissue after 12 weeks.
There was a decrease in the amount of eosinophils@etiange in the number of multi
nucleated giant cells after 12 weeks. Cellular infilbratvas apparent at the center of the
scaffold, which suggests that spacing between fibers is &mgagh to allow cells to
migrate freely throughout the scaffold. Data suggests tkex definite potential in using
a braided hybrid fiber scaffold composed of p(DTD DD) andlagein as an ACL

reconstructive device.
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1. INTRODUCTION

1.1. THE ACL

The knee joint is the largest and most complex jeirihé human body, figure 1.
Its stability is attributed to dense fibrous connectissues, ligaments, that attach bone to
bone and are particularly vulnerable to injury due to lHige moments that can be
created by forces acting on the long bohés Ligaments exhibit complex viscoelastic
behavior in order to guide knee motion at lower applieddoahile serving to restrain
excessive motion at higher loads. They have few bellsa large amount of collagen

fibers arranged in a hierarchal pattern that give it highsite strength” > The

Patella - Femur
(kneecap) } | : (thigh bone)
Lateral 2% Posterior
collateral &y cruciate
ligament \E ligament
ik Medial
Lateral I - collateral
Mmeniscus I ligament
Anterior Medial
cruciate meniscus
ligament
Tihia
Fibula —— = (shin bone)

Figure 1: Anatomy of the human knke

cell/fextracellular matrix (ECM) interactive systarges fibroblast cells to sense changes
in mechanical loads and modifies its ECM accordindifais sophisticated system has its

limitations under high tensile and torsional forces aats occur. An anterior cruciate



ligament (ACL) tear in particular is of major concesince it plays the most crucial role
in knee joint stability. It resists anterior tibiaamhslational (primary) and rotational loads
(secondaryf' ’. ACL tears will not heal without surgical interviamt due to low blood

supply and ligament retraction from the synovial tisbia¢ €nvelops a te&r.

1.1.1. Macroanatomy

The ACL is a vital ligament found intra-articularly tine knee and is surrounded
by a synovial membrane. It attaches the femur toilbiee and is composed of two major
bundles, the anteromedial bundle (AMB) and the pokten@l bundle (PLB)Y. The
femoral attachment of the ACL can be found in the pmsteart of the inner surface of
the lateral femoral condyle. As the ACL bundles apphothe tibial attachment from the
femoral attachment it takes a spiral path around the aiits fibers fan out onto the
antero-posterior surface of the tiia'™*?
1.1.2. Microanatomy

There are three zones within the ACL: (1) The proxipett which is highly
cellularized with round and ovoid fibroblast, collagen tyjpand glycoproteins. (2) The
middle part which contains a low number of fusiform apdhdle-shaped fibroblasts and
a high density of collagen fibers. (3) The distal pdricW is rich in ovoid fibroblasts and
has a low density of collagen bundfés It is the arrangement of the fibroblasts that
determines the organization of collagen bunfles

The ACL has a microstructure similar to other softremmive tissues®. It is
made up of multiple fascicles, ranging is size of ghDto several millimeters, and

surrounded by connective tissue called the parat€hoRach fascicle is enclosed in an



epitenon and is composed of 3-20 subfasciculi. The subfdis@nge in size from 100-
250 um in diameter, which are surrounded by an endotenon andoanposed of
collagen fibers (1-2um in diameter). Collagen fibers are composed of catiddgils

that are 25-250 nm in diameter, figure 2.

1} Tendon/Ligament

2} Fassicle {250 um - few mm)

3) Subfascicle {100 - 250 )

4) Fiber (1 - 20 )

£ Fibwil (30 - 250 mun)

6) Microfibsii (3.5 - 4.0 nm)

7y Collagen Molecule (1.4 nm)

Figure 2: The hierarchical structure of the human AEL

There are five different types of collagen found in A@L. Type | collagen is
the major collagen, making up roughly 70% of the dry wef§ht They are oriented
parallel to the longitudinal axis of the ligament and @sponsible for the high tensile
strength of the ACI*°. Type Il collagen is found in the tibial and femorahahment

sites. Type Il collagen is located in the loose ®mtrwe tissue that separate type |



collagen bundles. Type IV Collagen is found mainlyha proximal and distal parts of
the ACL, which are more vascularized than the middlé. paype VI collagen has an
orientation parallel to type Il collagen and servea gliding component between fibrils.

The rest of the ACL matrix is composed of glycosamipcans, glyco-conjugates
and elastic components. Glycosaminoglycans, whichigitdy negatively charged and
possess a large number of hydroxyl groups, attract watengihrbydrogen bonding.
Water comprises 60-80% of the total wet-weitfht Glyco-conjugates function to attract
and combine elements in normal, healing, and growing tissudwy account for 2
um/mg of dry tissue and include laminin, entactin, temasand fibronectirf>. Elastic
components permit extreme distance changes during mainn include oxytalan,
elaunin, mature elastic fibers and elastic membr&nés
1.1.3. Vascular supply

No intraligamentous blood vessels cross the attachsitentf the ligament to the
bone of the femur and tibfd The ACL is mainly supplied blood by an artery that lsave
the popliteal artery, the middle genicular artery (MG some terminal branches of
the medial and lateral inferior genicular artefies” ?* 2> A synovial sheath covers the
ACL and is richly endowed with blood vessels that origgnfladm ligamentous branches
from the MGA. They penetrate in a horizontal dil@etand run along the ACL in a
longitudinal direction parallel to collagen bundles. yOamlsmall zone approximately 5-
10 mm proximal to the tibial insertion of the ACL is amalar, but is fibrocartilaginous
to support compressive loads. This low blood supply playsleain the poor healing
potential of the ACL'. Overall, the proximal part of the ACL is more abant with

blood vessels than the distal part.



1.1.4. Biomechanics

The motion characteristics of the knee
require a full six degrees of freedom, thre Bl e el
translational (anterior-posterior, medial- Linear Siifiness

lateral and proximal-distal displacement)

and three rotational (internal-externg
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rotation) ' ** 2® The ACL has a load _ _ _
Figure 3: Typical ACL load-elongation
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deformation curve that consists of different curve for the ACL™.

regions, the toe and linear region, figure 3. 4 4
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Figure 4: Mean length changes patterns.

linear. This region is known as the linear Three ACL bundles during flexion in
neutral rotation. AMB anteromedial

region. If loading continues past the yield pundle, IB intermediate bundle and PLB
posterolateral bundié

point, the ACL will fail. The AMB tension



increases in response to flexion and decreases in extenGSonversely the PLB tension
increases in response to extension and decreases anflégure 4.
1.1.5. ACL Treatments

Lifestyle is the most important factor to consider wineconstructing the ACL.
Ideal candidates for ACL reconstructions are young thlevho wish to participate in
team sports at an intermediate or professional levPiatients who decide not to
reconstruct their ACL must undergo rigorous rehabilitagoercises and are strongly
advised from participating in any sport that requires jumpimivisting?’. There is also
a common consensus that if left untreated an ACL injlegds to long-term
complications such as meniscal injuries, failure of sdaoy stabilizers and the early
onset of knee osteoarthriti& In fact the incidence of meniscal tears in patievits
unreconstructed ACL injuries is 40% at 1 year, 60% at Ssyead 80% by 10 years after
initial ACL injury 2°. Though most would agree that ACL reconstruction impdvee
function and decreases meniscal injuries, there is esed#rat reconstruction may not
decrease the onset of osteoarthritis. Follow-up stumfiesCL reconstructions did not
significantly delay the progression of osteoarthribgt it is probable that they allow
improved short-term functio?? 32

During the past 30 years, there has been an extensive ienadditthe surgical
procedures for the repair of ACL tears. Before the 19T@ACL was excised, but that
trend changed due to surgeons who believed the ACL perfoaimadportant function.
After the 1970s ACL reconstructions with autografts begatake place and allografts
became an option in the 1980s. An intraarticular surgetty an endoscopic single

incision technique (preferred by 85% of surgeons) with either-patedlar-bone or 4



strand hamstring autogratft is currently the most com&Gh reconstruction technique.
However autogenous tissue for ACL reconstruction has besociated with knee pain,
decreased range-of-motion and weakn&ss It also leads to longer recovery and
rehabilitation time. Allograft concerns include risk @itease transmission, bacterial
infection, and the possibility of immunogenic responseheyhost® %> There are also
concerns with altering graft mechanical properties by iligeion and storage
procedures. The advantage of an allograft is decreaseatigpdime, lower incidence of
arthrofibrosis and preservation of extensor or flexechanisms®°. Both autograft and
allograft techniques have successful short-term redolis five-year follow-ups yield
instability and pairf®.

Nondegradable synthetic grafts have also been of intanestvere first designed
as a permanent implant. As early as the 1970s, the &aw Drug Administration (FDA)
approved the original Proplast (Vitek Inc, Houston, TX)ick led the way for carbon
based prosthetics such as the Leeds-Keio (polyethylepétbalate; Neoligaments Ltd,
UK), Gore-Tex (polytetrafluroethylene; W. L. Gore & $&xiates, Flagstaff, AZ), Stryker
(polyethylene terephthalatepolypropylene; Stryker, Kaianoa MI) prosthetics during
the 1980s". Mechanical properties of these prosthetics versusuhgn ACL can be
seen in table 1. Permanent synthetic grafts do not intblesacrifice of autogenous
tissue, minimize the risk of allograft disease trassmn, rehabilitation time and
associated morbidity. They had satisfactory initiaérggth, but were prone to rupture
and failure because of material degradation, foreign-fiftymmation and synoviti"
A 15 year follow-up study of 855 prosthetic ligaments tesih the failure of 40-78

% of them*®. Permanent prosthetics are now seldom in use for ®€anstructions®.



The shortcomings of autografts, allografts and permagynhetic grafts has encouraged

the investigation of a tissue engineered approach to eaAlGh - 47!

Ultimate Stiffness  Elongation at Young'’s
Tensile (N/mm) Break (%) Modulus
Load (N) (MPa)
Human ACL 2160+ 157> 242+ 28> 33> 110>
Human hamstring ~ 3790-4140° 776>
graft
Human patellar- 685+ 86>
tendon graft
Gore-Tex 4830°° 322°° 9°7
Prosthesis
Dacron 3631°7 420°’ 18.7°7
Kennedy ligament 1500°° 36°°
augmentation
device
Carbon fibers 2100-2350°
Twisted silk matrix =~ 2337+£72%  354+26> 38.6+24
Parallel silk matrix 22143 1740°3 26.5
Braided PLGA 907+ 132%
Knitted PLLA— 29.4°° 283°°
PLGA scaffold

Table 1: Mechanical properties of materials currently ursédCL reconstruction.

1.2. Tissue Engineering

Tissue engineering blends engineering and life sciencesigbemctowards
implanted materials in the hopes of repairing tissue thraadblar growth. It is also
important to mention prosthetics will not maintaie flanction of a native tissue for long
periods of time. It is this limitation and of thoseeyiously described of allografts,
autografts and permanent grafts that has sparked thesnhter a new reconstructive
device. An ACL reconstructive device would promote celllgeowth and lead to

regeneration or restoration of soft tissue. This teldgy has already developed



replacements for a variety of tissues, including neskan, cardiac valves, myocardium,
hepatic tissue, pancreas and bladfeiThe challenge of an ACL reconstructive device is
to tissue engineer a material that is biocompatible, gi@diable and has sufficient
strength to withstand normal loads in the kfiee The problem with a biodegradable
device is the possibility of toxic contaminants leachingrfrine implant and potential
toxicity of the degradation products and subsequent metab8lite These stringent
requirements leave only a few natural and synthetic agio;t monomeric starting
materials for the preparation of degradable biomatetaiide 2.
1.2.1. Poly(lactic acid)

Poly(lactic acid) [PLA] and Poly(glycolic acid) [PGAdre currently the most
widely investigated, and most commonly used synthetic biodagta polymer§!. PLA
is a chiral molecule, figure 5, which gives rise to fowrpmologically distinct polymers:
the two stereoregular polymers, PLLA and PDLA, the racefmim PDLLA and the
morphological form, meso-PLA. PLLA and PDLA are senystalline materials used in
high mechanical strength applications, while PDLLA isajg& amorphous and used for
drug delivery. PLLA is used more than PDLA since hydrolgdi®LLA yields L(+)
lactic acid, which is a naturally occurring stereoisomgetactic acid. But, there are
clearly established disadvantages when a massive PLLAealevimes in contact with
bone as in the case of an ACL scaffold. As PLLA degsahe byproducts, such as lactic
acid, contribute to bone resorption, local pH changed,debris has been identified up to
eight years after implantatioff®. PLLA can be made into a strong material by

increasing its crystallinity, but highly crystalline PLLa%xe known to cause foreign body
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Synthetic Degradable Polyesters

Current Major Research Applications

poly(glycolic acid), poly(lactic
acid) and co-polymers

polyhydroxybutyrate (PHB),
polyhydroxyvalerate (PHV),
and co-polymers thereof

polycaprolactone

polydioxanone

Other Synthetic Degradable
Polymers

polyarylates and polycarbonates

polyanhydrides
polycyanoacrylates

barrier membranes, drug delivery, guided tissue
regeneration (in dental applications), orthopedic
applications, stents, staples, sutures, tissue
engineering

long-term drug delivery, orthopedic
applications, stents, sutures

long-term drug delivery, orthopedic
applications,
staples, stents

fracture fixation in non-load bearing l&ne
sutures, wound clip

soft-tissue applications
drug delivery
adhesives, drug delivery

poly(amino acids) and “pseudo”-drug delivery, tissue engineering, orthopedic

poly(amino acids)
poly(ortho ester)
polyphosphazenes

poly(propylene fumarate)
Some Natural Resorbable
Polymers

collagen

fibrinogen and fibrin
gelatin

cellulose

applications
drug delivery, stents
blood contacting devices, drug deliverytakele
reconstruction
orthopedic applications

artificial skin, coatings to improve cellula
adhesion, drug delivery, guided tissue
regeneration in dental applications, orthopedic
applications, soft tissue augmentation, tissue
engineering, scaffold for reconstruction of blood
vessels, wound closure

tissue sealant

capsule coating for oral drug delivery,
hemorrhage arrester

adhesion barrier, hemostat

various polysaccharides such asdrug delivery, encapsulation of cells, sutures,

chitosan, alginate
starch and amylose

wound dressings
drug delivery

Table 2: Degradable polymers and representative applicatimtes investigatiofi.
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reactions®. The purpose is therefore to identify materials toafid replace PLLA while
providing similar mechanical performance and degradatiopepties.
1.2.2. Poly(desaminotyrosyl-tyrosine alkyl esters)

Poly(desaminotyrosyl-tyrosine alkyl esters), figurewgere first produced by
Joachim Kohn in response to the limited number of biodegradadiymers®®. His
approach incorporated amino acids into the backbona e$t®r, carbonate or anhydride
polymer to create materials with desirable biological amechanical properties’.
Poly(desaminotyrosyl-tyrosine dodecyl dodecanedioate)(12[pQDTD DD)] was
evaluated as a synthetic biodegradable polymer fiber sddtiolan ACL reconstructive
device™. P(DTD DD) is a tyrosine-derived polyarylate with lanystallinity, ease of
processibility, low shrinkage and some liquid crystallinearacteristics. The 12
represents the number of methylene groups of the alklyl cdén in the diphenol
component and 10 represent the number of methylene unlte afiphatic diacid in the
diacid component. Diacids with an oxygen in the backkareegood fibroblast growth
substrates, irrespective of their air-water contagleaff. P(DTD DD) shows complex
phase behavior that could be used to obtain a broader cingeperties than that

obtainable from PLLA’?>"4

It also has no known toxic effects and the degradation
products are completely bioresorbable’® This suggests that p(DTD DD) may be a
superior biomaterial than PLLA for the constructionaof ACL reconstructive device.
Previous studies have shown success with PLLA scaff6laisd a study by Bourket al
showed success with a p(DTD DD) fiber scaffold devicéeylshowed that aim vivo

p(DTD DD) fiber scaffold was 100% intact with mechanicaégrity post-implantation

at 2 and 4 weeks post-implantatign
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Figure 6: Chemical structure of poly(desaminotyrosylgine alkyl esters).

1.2.3. Collagen

Natural polymers have the unique characteristic of degyady naturally
occurring enzymes. This is advantageous when it is s&gedor a biomaterial to
provide temporary functions, as in the case of collagers in ACL reconstruction and
wound coverage and healify”® Certain chemical crosslinking methods can be used to
decrease the degradation of collagen and immunogenicity witfeasing strength and
stiffness®.

Collagen is the major component of connective tissusgn, ligaments,
encompassing about one-third of the total mass of proteitieeibody*’. Also, during
the wound healing process collagen will bind to a wound thratgghatural ability to
bind to fibrin, which is readily found in a wourfd. This normal process can be
disturbed by the lack of ascorbic acid and other vitami@sllagen implants stimulate
only a weak immune response, which some consider ndgligithis weak response can
be explained by the minute species difference found in tgodldgens. Type | collagen

is predominant in ligament tissue while type Il and I @aredominant in cartilage and



14

blood vessels, respectively. Besides these types labeol there are over 20 different
types of collagen, each being dominant in a specific tidspending on the biological
and mechanical needs. The characteristic shared by tiodiagens is the triple helix
structure. Variations are caused by the length of ¢fieat and nonhelical sections and

the number and nature of carbohydrate attachments origtlechielix *°.

1.3. Tissue Engineering Scaffolds

A tissue engineering scaffold is described as a degradaplentrihat is designed
to act as an artificial extracellular matrix by pramgl space for cells to grow on and
reorganize into functional tissd& The mechanism behind such an implant is shown in
figure 7.

In the ideal case, a tissue engineered scaffold is ntemato restore lost tissue
function, maintain tissue function, or enhance existisgpe functiof?. An ACL tissue
engineered fiber scaffold would allow the functional fation of neoligament tissue
along the load axis and as the fibers gradually and saégyade and lose strength,
neoligament tissue bears the mechanical loads, figuré &ew ACL reconstructive
scaffold devices composed of polymer fibers have already tastedin vivo, table 3.
Recently, interest in hybrid scaffolds has taken p&éawkpreliminary studies have proven
to have a 2 fold effect. The natural collagen fiberaased fibroblast attachment and

proliferation while the synthetic fiber improved scadfstrengtt?.
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INet breaking load of reconstructed ACL

Neoligament
load increases

50%

Time Post-Implantation

Figure 8: Transfer rate of mechanical load from scatoldost tissue.

Processing conditions for synthetic polymer fibers allgrgater control over
uniformity and mechanical properties, compared to bio&gimaterials, such as
collagef’®. Dunnet al used crosslinked collagen fibers with some successit tisit
difficult to process and has low strendth® °* In addition to our extensive work on

86, 91, 92

collagen fibers , our laboratory examined the potential of p(DTD DD) aas

biomaterial for use as an ACL reconstruction deviceredmain phases were conducted.

1.4. Phase |

Phase | had two objectives (a) we compared p(DTD DD) RIddA non-sterile and
ethylene oxide (ETO) sterilized fiber strength retendod molecular weight (MW) after
incubation under physiological conditions at varyingetippints. And (b) compared cell

compatibility by quantitatively and qualitatively determinicgjl attachment and growth
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on p(DTDD DD) and PLLA ETO sterilized fiber scaffold8y comparing their initial

strength, strength retention, MW retention, and aathgatibility, in vitro, we determined

the potential to further develop these polymer fibéento scaffolds. From
Polymer/Structure In Vivo Ultimate  Ultimate Author/
Model Tensile Tensile Publication
/Duration Load (N)  Strength Year
(MPa)
Biological Polymers
Collagen fiber, Rabbit/20 32 10 Dunn,199%
crosslinked weeks
Collagen fiber, Goat/6 102 Chvapil,1993
crosslinked and braided months >
Collagen/PLA, fiber Rabbit/4 40+5 13+1  Dunn,1998°
scaffold weeks
Collagen matrix from Goat/1 year 474 49 Jackson,1996
bone, block !
Synthetic polymers
PLLA fiber, braided Sheep/48 175 ;295 Laitinen,1993
weeks 88
P(DTD DD), fiber Rabbit/4wee 52.7 £5.2 Bourke,
scaffold ks 2000
P(DTE carbonate), fiber  Rabbit/8 164 + 31 Bourke,
scaffold weeks 2004®
PLLA, fiber scaffold Rabbit/3 175+ 34 Bourke,
weeks 2004®
P(DTD DD) fiber Rabbit/7 200 Tovar, 2004
scaffold weeks
PLLA/PLGA fiber, Rabbit/20 21.1 Ge, 2005°
knitted weeks
Hybrid Natural and
Synthetic
50 % PLLA/50 % Rat/4Aweeks 79.54 +1.71 88.2 £3.7 Blassingame,
Collagen, fiber scaffold 2005%
75 % p(DTD DD)/25 % Rat/4 weeks 115.68 + 4.8 128.3 £ 15 Blassingame,
Collagen, fiber scaffold 2005%
75 % p(DTD DD)/ 25% Rabbit/4 Tovar, 2006
Collagen, fiber scaffold  weeks

Table 3: Tissue engineered ACL tesiedivo.
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phase | it was concluded that P(DTD DD) was able to suBbaoblast attachment and
growth, has higher strength retention and a lower modmiais PLLA; all necessary
parameters to consider when constructing an ACL recotisgutevice. Although the

biological responses of PLLA and p(DTD DD) were similane changes in the
mechanical behavior of the two materials had differemtfilps after 64 weeks of
incubation in a phosphate buffered solution (PBS) envieonimat 37 °C. These
differences were attributed to the semicrystalline matdiPLLA and the small degree of
crystallinity induced by mesogenic ordering in p(DTD DD). e3& fundamental
structural and biological parameters encouraged us to praddethein vivo Phase lla

and Il b safety study.

1.5. Phase lI

Phase lla was a pilot study that tested a parallel p(DD)fiber scaffold for the
reconstruction of the New Zealand White (NZW) rabbit dprto 7 weeks. Numerous
researchers have successfully used NZW rabbits to stwohgerous orthopaedic

5 7177, 86,9397 |t js an accepted animal model fom vivo ACL

applications
reconstructions due to their size, inexpensive cost, @abestology and upkeep. The
parallel scaffold consisted of 500 p(DTD DD) fibers anasvsterilized by ETO. This
scaffold approach focused on providing immediate joint stalplbstoperatively using
current standard surgical anchoring techniques and acteddegradable matrix that

promoted cell attachment and neoligament formation, patBntegenerating the ACL

through the body’'s natural ability to repair itself. Ftamall pilot study focused on
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scaffold safety, cellular compatibility, angiogenesand structural integrity. The
scaffold’s framework was purposely composed of paralleeréi to imitate the
morphology of the native ACL.

The p(DTD DD) scaffold provided immediate joint stabilpppst-surgery and
within 3 days all rabbits resumed normal activity and vieer@ring weight on the surgical
leg. Histological cross sections of the p(DTD DDyles were analyzed and showed
cellular infiltration and only a slight inmune respendVechanically, we were only able
to test at the 4 week time points, in which 60% of ther8 were intact. Analysis of this
study led to improvement of the strength and biologicdilprm Phase llb.

Phase lIb tested the safety of a hybrid scaffold forécenstruction of the NZW
rabbit ACL up to 4 weeks. The hybrid scaffold was composé®0fparallel fibers with
a ratio of 75% p(DTD DD) and 25% collagen. In our labosatarseparate study
concluded that a hybrid scaffold composed of p(DTD DD) andageh optimized
fibroblast attachment without sacrificing much of thesgti>. The hybrid scaffold was
electron beamed (Ebeam) sterilized. Histological slioieshe hybrid scaffolds were
graded by a medical pathologist on a low-high rank scdleere was an increase in
cellular infiltration and vascular tissue between the 2 week time points. Mechanical
analysis of the explant was limited due to prematuter&iwhich was most likely due to
shear forces from the bone tunnels. There was alsaflammatory response, but was
most likely due to the reaction to the surgery and nobitmaterial. From this study we
concluded the need for a braided framework in order tstrsisear forces, a longer time

point and a larger animal model.
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1.6. Phase I

The lessons learned from our previous study assisted imipjpig our phase Il
tissue engineered ACL reconstructive device. It is @geen composed of a hybrid 75%
p(DTD DD) and 25% collagen fiber scaffold but in a 3 straralded framework that
evenly distributed both types of fibers throughout théfsich®®. Braided structures have
a high compliance in axial and radial directions and ¢@mmpliance in shear directions
% Since the primary load on the scaffold is in the adiadction a braiding structure is
the best fit. A woven structure, for example has tmmpliance in axial and radial
directions and high compliance in shear directionse Braided hybrid scaffold was also
implanted in a sheep ACL instead of the smaller and ffilgped rabbit knee joint. A
rabbit model was only originally used because of its findaeid physical benefits. The

1001t has also

ACL of the sheep is not hyperflexed and has been studiethsaxely
been previously used successfully as an ACL reconstrustadel®® 't The sheep’s
ACL was excised and replaced by an Ebeam sterilized hppaided scaffold. At 3-6
weeks the implant was arthroscopically visualized andkatefor tension, intactness and
incorporation. At 12 weeks the sheep was euthanized and thlantmanalyzed

mechanically and histologically. We chose 12 weeksesintakes approximately that

long for an ACL repair to heaf?
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2. HYPOTHESIS AND OBJECTIVES

2.1. Hypothesis
A tissue engineered scaffold for ACL reconstruction oprovide adequate initial
strength for immediate knee joint stability, sustaitluta infiltration and degrade
gradually over time to allow for neoligament formation.
» Based on preliminary studies we are developing a scaftoithosed of braided
p(DTD DD) and type | bovine collagen crosslinked with 1-eBwB-

dimethylaminopropyl) carbodiimide (EDC) fibers.

2.2. Objectives
The objective of this study is to determine whether:

1. P(DTD DD) and PLLA (for comparison reasons) polymers aapable of
withstanding processing conditions to form fibers andiitgle fiber mechanical
properties and degradability would not be significantlyaéd by sterilization,

2. Tissue engineered hybrid scaffolds composed of p(DTD &1d) Collagen fibers
can sustain fibroblast attachment and proliferation amed serong enough to
support the mechanical loads in the knee and

3. An ACL tissue engineered hybrid scaffold composed of p(DTD) &ibd
Collagen fibers would allow the functional formationn&oligament tissue along
the load axis and as the fibers gradually and safely degratidose strength,
neoligament tissue bears the mechanical loads.

2.2.1. Phase la: Fabrication and optimization of *l generation fibers



22

P(DTD DD) and PLLA single fibers were mechanically ¢estafter ETO
sterilization in order to obtain optimal processing c¢bowds. Processing conditions
affect the mechanical properties by aligning polymer moéecalong the load axis of the
fiber, which are dependent on processing temperature, drigoy polymer MW and
polymer structure.

2.2.2. Phase Ibin vitro biocompatibility evaluation of 1°' generation fiber scaffolds
P(DTD DD) and PLLA fiber scaffolds were ETO sterilizadd testedn vitro using
rabbit skin fibroblasts. Fibroblast attachment and protif@nawere evaluated through
[3-(4,5-dimethyl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-eplienyl)-2H-
tetrazoliym (MTS assay)] and fluorescent labeling atiagryime points.

2.2.3. Phase lla:In vivo ACL reconstruction using a p(DTD DD) fiber scaffold
device composed of”? generation fibers

Using data attained from phase la and Ib studies weedhesoptimal conditions
to manufacture second generation p(DTD DD) fibers. &kaeneration fibers were
used to construct a parallel scaffold composed of 500 p(DTpabD implanted in NZW
rabbits. We evaluated cellular in-growth and strength.

2.2.4. Phase llb:In vivo ACL reconstruction using a novel hybrid fiber scaffold
device composed of”? generation fibers

Scaffolds constructed of hybrid 75% p(DTD DD) and 25% Colldgms were
implanted in NZW rabbits to optimize strength and cell patbility. Histological
evaluation focused on cellular in-growth and migrati®ata from this study was used to
fabricate a tissue engineered fiber scaffold for asstady. A sheep model better

resembles the human knee.
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2.2.5. Phase lll:In vivo ACL reconstruction using a braided hybrid fiber scaffold
device composed of'3 generation fiber scaffolds

Third generation p(DTD DD) fibers were used to construmagded hybrid fiber
scaffold composed of [75% p(DTD DD)]/(25% Collagen) fiber$he three strand
braided scaffold was E-beam sterilized prior to implamtain a sheep model. Sheep
were arthroscopically visualized at approximately 4 weeks a@re then selected for
immediate euthanization or left for the long-term 12 kveidy. We monitored sheep

for joint stability, cellular infiltration and incorpation regardless of time point.
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3. MATERIALS AND METHODS

3.1. Phase |: Fabrication, characterization and cell compatitity using 1%
generation fibers
3.1.1. Phase la fabrication and characterization of fibers

P(DTD DD) was purchased from TyRx Pharma, Inc. (folynekdvanced
Material Design) (Lot # AMD/SP11292001, Monmouth Junction, NMedical grade
PLLA (Resomer L-297, with an intrinsic viscosity of 0.9-1ll/g), in pellet form, was
purchased from Boehringer Ingelheim (Henley Division, MomtyvallJ). A James
spinning machine (Charlotte, NC), located at the Medi@li@ Concept Laboratory of
the New Jersey Center for Biomaterials (Newark, Mds used to spin p(DTD DD) and
PLLA. Both polymers were dried in a vacuum oven in a nitncggenosphere for 2 hours
at 100°C. The specific polymer was placed in a pack whbeaing jack at 100°C for
p(DTD DD) and 160°C for PLLA and was ramped up to 135°C and 20@%pectively.
The molten polymer was then forced through a 1 mm dyed éti ambient temperature
and spun in drunf®, figure 9 and table 4.

P(DTD DD) fibers had 2 drawing configurations; the first ualter speed was 4.
m/min and the second unit roller speed and heated shpert&iure were approximately
8.0m/min and 50°C, respectively, figure 10 and table 5. Theree 2 drawing
configurations for PLLA fibers; the first roller speed amehted shoe temperature were
approximately 3.0 m/min and of 80°C, respectively. The rstamit roller speed and
heated shoe temperature were approximately 10.0 m/min and I@8pEctively. Fiber

diameters were measured at 91 + 12 for p(DTD DD) and 8dm for PLLA.
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METERED
EXTRUSION

FILTER AND
SPINNERET/

Figure 9: Schematic of the melt spinning prodéss

Polymer Spun Fiber Plunger Speed Melt Takeupl Takeup?2

# (m/min) Temp. °C  (m/min) (m/min)
008-92-4 2.5 140 400 96
012-01-1: This sample was annealed from drawn sample 008-93-4,
P(DTD DD) Table 5

008-92-3 2.5 139 350 84
008-92-5 2.5 140 350 84
008-87-1B 2.8 205 300 72

PLLA 008-81-1 2.8 200 280 67.2
008-81-2 2.8 200 280 67.2

Table 4: Melt spinning stage of p(DTD DD) and PLLA.
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Figure 10: Schematic diagram of fiber drawing: V1< V2, draminl> V2 relaxatior?®.

Polymer Drawn Roller 1 Roller 2 Draw ratio  Shoe Temp.
Fiber # (m/min) (m/min) °C
008-93-4 4.00 7.00 1.75 40
012-01-1: 2 minutes annealing time 55
P(DTD DD) 008-93-3 4.00 8.00 2.00 52
008-93-5 4.00 8.08 2.02 50
008-97-2 3.00 10.00 3.33 100
PLLA 008-82-1 3.08 10.11 3.28 90
008-82-2 3.03 10.01 3.30 80

Table 5: Drawing stage of p(DTD DD) and PLLA.

3.1.2. Phase la fiber sterilizatiorand incubation

An Anprolene Sterilization Tray System (Model AN72C, dénsen Products,

Haw River, NC) with 5 cc ampoules of ETO (Model AN71, Arggs Products, Haw
River, NC) with a weight by 84 to 97% and a moleculargieof 44.06 g/mole was used

was used to sterilize p(DTD DD) and PLLA fibers. Thepfolene cycle is 12 hours for
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sterilization and 2 additional hours for purging the linag.b Sterilization took place in
room temperature under a ventilator during the entirdiz&tion cycle to ensure that the
operator was not exposed to more than the permitted I®@tage was verified with an
Exposure Indicator (Model AN85, Andersen Products, Haw Ri\NdC). Post-
sterilization aeration of the materials was perfainmea vacuum chamber for 2 weeks to
remove ETO residue. Sterile and non-sterile singledibép(DTD DD) and PLLA were
incubated in PBS with a pH of 7.4 at 37 °C for intervdl9,0.01, 1, 2, 4, 8, 16, 24, 32
and 64 weeks.
3.1.3. Phase la single fiber mechanical testing and charadtzation

A modified version of American Society for TestingdaMaterials (ASTM)
D3822, Standard Test Method for Tensile Properties of Sirepéle Fibers, was used to
mechanically load until failure single fibers. P(DTD Dfihers (sterile n=15 and non-
sterile n=15) and PLLA fibers (sterile n=15 and non-steri&5) were initially tested in
a dry (control) environment. P(DTD DD) fibers (stemkel5 and non-sterile n=15) and
PLLA fibers (sterile n=15 and non-sterile n=15) incubdtedn 0.01 to 64 weeks were
also tested in a wet (environmental chamber filled withilidid water at 37 °C)
environment. Fiber diameters were measured using a laseymmater (Z-mike model
1202B, Dayton, OH) prior to testing. Fibers had a 50 mm gaugghleand were
elongated mechanically at a displacement rate of 30 nmmintil failure using a MTS
model 658.25 (MTS Systems Corporation, Eden Prairie, MNgst environments were
dry (control) and wet (distilled water environmental chamat 37 °C).

A differential scanning calorimetry (DSC) machine (Univers&.6D TA

Instruments) was used to measure the melting temperéiujeand crystallization
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temperature T¢) for p(DTD DD) fibers (sterile n=6 and non-sterile n=@&)d PLLA
(sterile n=6 and non-sterile n=6) fibers. A Gel pernogatthromatography (GPC)
machine (1100 series, Hewlett Packard, CA) in tetrahydrof(ir&t+) calibrated with
polystyrene standards was used to determine MW of p(DTD $igjle fibers (sterile
n=6 and non-sterile n=6) and PLLA single fibers (ster#€ and non-sterile n=6). This
chromatographic system consists of a Waters model 410 parigaters model 410
refractive index detector, and a PerkinElmer model 410 caripatd data station
equipped with Millenium software (Waters). Two GPC cuhs (pore size foand 16
A, 30 cm in length) were operated in series at a flieo&1 ml/min in THF.
3.1.4. Phase Ib scaffold preparation and cell seeding

P(DTD DD) scaffolds (sterile, N=3) and PLLA scaffolgserile, N=3) consisting
of 50 parallel fibers were used to test for cell complatibihroughin vitro fibroblast
attachment and growth. This scaled-down scaffold restmcaterial use, time of
preparation and is approximately 1/100 the size for an AChnsructive device in a
human model. Scaffolds were tied at ends with cogganze thread to maintain
uniformity. The total length of the scaffold was 1.5 crtimdi cm length between threads.
All scaffolds were ETO sterilized and aerated for 2 wemlst-sterilization. Twenty four
hours prior to cell seeding sterilized p(DTD DD) and PL&#affolds were soaked in
Dulbecco’s Modified Eagle Medium (DMEM; Sigma St.uis, MO), supplemented with
10% fetal bovine serum, 1% glutamine, 1% Hepes buffer sojuti@fo
antibiotic/antimycotic, and 0.4% gentamicin (complete iaed

Full dermis skin samples were harvested from the hinderopa NZW rabbit

using general anesthesia and sterile surgical procedur&ssptitional Animal Care and
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Use Committee (IACUC) approved procedures. Samples placed in betadine scrub
for 10 minutes and transferred via cold Hanks Buffered S&8wlation (HBSS; Sigma,
St. Louis, MO). To isolate fibroblast cells samplesrevthen placed in 6-well tissue
culture plates (Becton Dickinson, Franklin Lakes, N3hwi ml ofcontained sterile filtered
dispase solution (HBSS (w/o Mig& Ca™), dispase powder (Invitrogen, Grand Island, NY, 35
units/ml)) for 16 hours at 4 °C. Dispase activity was then stopptdiscove’s Modified
Dulbecco’s Medium (Hyclone, Logan, UT) and the tissuese minced with a sharp
blade and placed into 250 ml Tissue Culture Flask (Bectokiri3ion, Franklin Lakes,
NJ) along with 200 units/ml of collagenase (Sigma, St. 4,0Mi0) and complete media.
Flasks were incubated at 37 °C in a 5%,0@cubator and used within the second
passage. ETO Sterilized p(DTD DD) and PLLA scaffoldsengaced in untreated 24-
well tissue culture plates (Becton Dickinson, Frankliakes, NJ). Seeding was
performed by pipetting a concentrated cell suspensiorOof 17 cells/20ul of complete
media, further supplemented with $@/ml of L-ascorbic acid, along the length of the
scaffold. To prevent disruption of cells from the $wafduring the initial seeding, cells
were allowed to attach for 4 hours prior to applying corepieedia. Complete media
with ascorbic acid was then added to bring the total veltonapproximately 1 ml.
Medium was changed every other day.
3.1.5. Phase Ib scaffold cell compatibility measurement

In order to quantitatively analyz@ vitro cell attachment and growth, [3-(4,5-
dimethyl-thiazol-2yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophg+BH-tetrazoliym
(MTS assay)|(Cell Titer 96, Promega, Madison, WI) wesed. MTS assay is a

colorimetric method in which metabolically active seleact with MTS tetrazolium
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compound and convert it into formazan dye. This dydsoded at 490 nm and when
compared to a standard curve is directly proportional totingber of viable cells. MTS
tetrazolium compound was added to all plates and incubated hours to allow for
equilibration of the dye before absorbencies werd 3aan Emax Precision Microplate
Reader using SOFTmax Plate Reader 1993 software (Mole@#aices Corp.,
Sunnyvale, CA). Cellular attachment and growth were datedh¥ hours after seeding
(initial attachment) and at 4, 8 and 16 days of post-incubatiatro.
3.1.6. Phase Ib fluorescent labeling

Fluorescent labeling is a qualitative method for analyzing cells on the
scaffolds. Viable cells were labeled with PKH26-GL (8#y St. Louis, MO), a red
fluorescent lipophylic dye that emits at a wavelength of B8 The manufacturer’s
suggested protocol was followed. PKH26-GL stains the meralwhniable cells and is
distributed amongst cells when mitosis occurs. St@(2TD DD) and PLLA fiber
scaffolds were placed in 24-well tissue culture platessaatled with labeled cells by
pipetting a concentrated cell suspension of 1.0 %c#lls/20pl along the length of the
scaffold. The scaffolds were incubated in tissue culplaies for 4 hours to allow cell
attachment. Complete media was added to bring the witahe to approximately 1 ml.
Labeled cells were visualized using a Nikon Eclipse TE300 iedgefftuorescent
microscope (Micro Optics, Cedar Knolls, NJ) with inmag software (IPLabs Image
Analysis, Fairfax, VA).
3.1.7. Phase | statistical analysis

Table data and graphs are presented in the form of metandasd deviation.

Comparison among control, sterile and non-sterile grovges performed using a one-
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way analysis of variance (ANOVA) (p<0.05) to determingngicant differences.
Comparison between the 2 polymer types were performed withpaired Student’s t-

test (mean) (p<0.05) to determine significant differences.

3.2. Phase llin vivo pilot study using 2" generation fibers
3.2.1. Phase lla polymer source and processing

P(DTD DD) was purchased from TyRx Pharma, Inc. (folynekdvanced
Material Design) (Lot # AMD/SP11292001, Monmouth Junction, N®DTD DD)
fibers were manufactured using a James plunger fed matreminner (Charlotte, NC)
with a single 1 mm diameter die, located at the Médievice Concept Laboratory of
the New Jersey Center for Biomaterials (Newark, NJhe process was described in
detail in section 3.1.1Phase la fabrication and characterization of fibeltsrequires
p(DTD DD) to dry in a vacuum oven for 24 hours at 120 °C ufidering N.. The
polymer is then placed in the barrel gradually heated #8@°C to 140 °C. The molten
polymer, forced through the die, solidifies under ambtentperature under a take up
speed of 96 m/min. The fibers were then drawn by 2 drdes. first drum speed was 4
m/min and the second drum speed was 8 m/min at 50 °C.
3.2.2. Phase lla scaffold fabrication and sterilization

Tissue engineered scaffolds were fabricated from 500 ebpéDTD DD) fibers.
The ends were tied with 4-0 Prolene suture (Ethicon, SohegrMi]) using a constrictor
knot with a length of 4 inches. The ends of the scaffzdde glued with Polyurethane
(Elmer’s Products, Inc., Columbus, OH) to prevent sutfrees slipping and to further

hold the scaffold together. The sutures will also apghgion to the scaffold once it is
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implanted in the ACL space. The fiber scaffold wasquuthrough bone tunnels drilled
in the femoral condyle and tibial plateau and held isglay polyethylene buttons, figure

11.

Figure 11: Knee with fiber scaffold implant and buttons.

The diameters of the entire fiber scaffolds were messat 3.2 mm using 3.2
mm gauge block. Fiber scaffolds had a functional lengtfOaign. All fiber scaffold
samples were placed in Sterilization Pouches (FisaedyrPittsburgh, PA) and ETO
sterilized. Post-sterilization samples were aerdded® weeks in a vacuum. Prior to
implantation samples were hydrated in Saline SolutiomgRix Scientific, St. Joseph,

MO).
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3.2.3. Phase lla single fiber and scaffold mechanical tesg

Single non-sterile P(DTD DD) fibers (n=6) were mechalty tested as described
previously, section 3.1.3hase la single fiber mechanical testing and charaatienz
using a MTS Model 658.25 (Mechanical Testing Systems, Edaine?rMN) in a wet
environment (distilled water environmental chamber at 37 °Eipers had a 50 mm
gauge length and were elongated mechanically at a straioff@@emm/min until failure.
Fiber diameters were measured using a laser micrometaik€model 1202B, Dayton,
OH) prior to testing.

Fiber scaffolds composed of 500 p(DTD DD) fibers were meaichdly testedn
vitro using an Instron Model 4204 (Instron Corp., Canton, MAgm@ elongation of
60%/min. Single fiber diameters were measured usingea maisrometer (Z-mike model
1202B, Dayton, OH) in order to calculate the scaffoldtalt cross-sectional area.
Scaffolds (n=6) had a functional length of 20 mm and wested while gripping the ends
of the scaffold. Gripping the scaffold ends applies tandirectly to the hybrid scaffold
and are referred as our actual hybrid scaffold values, fitiire Prior to testing hybrid
scaffolds were immersed in saline solution (IVX Animablile, St. Joseph, MO) at room
temperature for 30 minutes.

The explanted femur-scaffold-tibia-complex (FSTC) wessaked in saline
solution and mechanically tested under tension untilifaibt a strain rate of 60%/min
using an Instron Model 4204 (Instron Corp., Canton, MA}wikes were used to secure
the femur and tibia to the Instron crossheads at aagpeoximately 45°, aligning the
ligament with the direction of the applied load. Threntcalateral femur-ACL-tibia

complex (FATC) was also tested under similar condstion
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3.2.4. Phase lla pre-surgical care

Surgery was performed on 3 NZW rabbits following an IACUC appd
protocol. They were weighed and anesthetized by intramarsaenjection of 7:5
ketamine (Fort Dodge Animal Health, Fort Dodge, |A):xylazing®hoenix
Pharmaceutical, St. Joseph, MO) solution (0.6 ml/kg boeight). The left hind limb
was shaved and scrubbed with betadine for sterility.esfesia was maintained by
inhalation of oxygen mixed with 1% halothane.
3.2.5. Phase lla animal surgery

The knee joint was exposed via a midline skin incisioth aateral parapatellar
arthrotomy, using electrocautery as needed, and the pataldislocated. The ACL was
removed by a sharp dissection at the tibial and fenattathment sites. A 3.2 mm
diameter tunnel was created via K-wires and a 3M minedthrough the lateral femoral
condyle and the tibia (exiting at the anatomic ACL attaahirsites). 30 minutes prior to
implantation the parallel scaffolds were hydrated imeadolution (IVX Animal Health,
St. Joseph, MO) and then placed in the joint through ¢ime bunnels. The suture ends
were secured to a polyethylene button (UMDNJ, New BrucisWNlJ) on the periosteum
under initial tension of approximately 5 N. The patella weiced, and the joint was
closed with 4-0 vicryl (Ethicon, Somerville, NJ). Theanskas closed with 4-0 monocryl
(Ethicon, Somerville, NJ) using subcuticular stitch.
3.2.6. Phase lla post-surgical care

NZW rabbits were returned to individual cages post-surgetly wnrestricted
activity and given food and wated libitum. Buprenorphine (Bedford Laboratories,

Bedford, OH) was given for a minimum of 2 days. Afferdays, analgesics were
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administered only if the animal showed signs of pain streks. Baytril (Bayer
Healthcare, Shawnee Mission, KS) was administereg ibtihe animal showed signs of
infection. Animals were euthanized at 4, 6 and 7 weeksipgpdantation by general
anesthesia with ketamine/xylazine cocktail followed byirgracardial injection of the
euthanasia solution Fatal Plus (Vortech Pharmacesitibearborn, MI). The FSTC and
the contralateral FATC were harvested for mechauicalysis.
3.2.7. Phase IlIb qualitative analysis

After mechanical testing scaffolds were stored in fdiimaand sent for
histological analysis. Samples were sent to AML labgRosedale, MD) and embedded
in paraffin for hematoxylin (H)- and eosin (E) staining. sIktaining method uses
hematoxylin dye, which colors basophilic structures witlelpurple hue, and alcohol-
based acidic eosin Y dye, which colors eosinophilic strest bright pink. Cross-
sections were composed from neoligament midsubstancexapptely 1 mm apart.
3.2.8. Phase lIbln vivo ACL reconstruction using a novel hybrid fiber scaffold
device composed of”? generation fibers
3.2.9. Phase IIb p(DTD DD) fiber processing
2" generation p(DTD DD) fibers were used and were prodessalescribed in section
3.2.1. Polymer source and processing.
3.2.10. Phase llb collagen fiber processing

Type | bovine dermal collagen dispersion was bought fromtaNCasings
(Somerville, NJ). Fibers were processed at the Or#uipaResearch Laboratory
(RWJIMS-UMDNJ, New Brunswick, NJ), as seen in figure2

1) Lyophilized collagen was grated using a hard cheese grater
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2) It was then grounded into a powder using a Wiley Milhdihas Scientific,
Swedesboro, NJ)

3) Powder was then swollen in acid (pH 2.4) and mixed witluabo Stirrer
(Fisher Scientific, Pittsburgh, PA) at low speed.

4) The resultant 1% (w/v) collagen dispersion was rélie with a 149um
Spectra/Mesh (Rancho Dominguez, CA) and then centrifag2d00 rpm
at 20 °C for 20 minutes in 5 ml syringes.

5) A syringe pump (Sage Instruments, Boston, MA) was thed ts extrude the
dispersion through tubing (internal diameter of 0.58 mm) ifiber
formation buffer (135 mM NaCl, 30 mM N-tris(hydroxymethyl) imgit 2-
aminoethane sulfonic acid (TES), and 30mM sodiumphospihiéiesic
heptahydrate) at 37 °C, pH 7.4.

6) After 24 hours fibers were rinsed with isopropanol, tiwth distilled water
and then left overnight to hang dry at room temperature.

3.2.11. Phase IIb collagen crosslinking

Collagen fibers were crosslinked after being immersed forh@4rs in a room
temperature bath of EDC (Sigma Chemical Co., St. Low3) in 90% acetone. Fibers
were then successively rinsed in 90% acetone for 24 hodrSG# acetone for 4 hours.
They were then rinsed in 0.1 M MO, for 2 hours to hydrolyze any residual EDC or
remaining O-acylisourea group¥ ' After these initial rinses, the fibers were finally

rinsed extensively in DI water and then dried isomdtyicender ambient conditions.
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Figure 12: Schematic of the collagen fiber manufacturingge®
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3.2.12. Phase lIb scaffold preparation and Ebeam sterilization

Hybrid scaffolds were composed of 750 parallel fibers attia of 75% p(DTD
DD)/25% collagen and had a functional length of 20 mm. élrfus were secured with 4-
0 Prolene suture (Ethicon, Somerville, NJ) using a cotwstricot and then immersed in
Medical Device Urethane Adhesive (M-06FL, Loctite, Ro¢kil, CT) and allowed to
cure for at least 24 hours. The suture was long enouglote @ahchoring to polyethylene
buttons (approximately 4 inches).

All hybrid scaffold samples were placed in Sterilizati®ouches (Fisher brand,
Pittsburgh, PA) and Ebeam (E-beam, Incorporated, Cranblifjysterilized at a dosage
of 2.5 MRad. Ebeam fires a concentrated highly chargednstodaelectrons, which
disrupts deoxyribonucleic acid (DNA) chains of microorganisthss inhibiting
reproductiort® % |t has been used industrially for sterilizing medjwaducts for over
30 years.

3.2.13. Phase llb animal surgery

Surgery was performed on eight NZW rabbits following an UECapproved
protocol and as described in section 3.2.4-3.2.6. Previousl? an® diameter was
created, but with the added collagen and p(DTD DD) a 3.5dmmeter tunnel was
made. NZW Rabbits were euthanized at 2 and 4 weeks post-tatglaras previously
described. The femur-hybrid scaffold-tibia complex (FHB@Y FATC were harvested
and tested mechanically.

3.2.14. Phase IlIb hybrid scaffold mechanical testing
A modified version of ASTM D3822 was used to mechanicalty itevitro 750

p(DTD DD)(75%)/Collagen(25%) fiber scaffolds. Single filbkameters were measured
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using a laser micrometer (Z-mike model 1202B, Dayton, @H)rder to calculate the

scaffold’s total cross-sectional area. Hybrid sdd#dn=5) with a functional length of

Figure 13: Mechanical testing of scaffold gripping suture ends.

20 mm were tested separatéatyvitro while gripping the suture ends and scaffold ends.
Gripping the suture ends applies tension indirectly tostiadfold in a manner similar to
our in vivo model, which anchors the scaffold using polyethylene bufigore 13.
These values are referred as our initial hybrid scaffdldega Gripping the scaffold ends
applies tension directly to the hybrid scaffold and ferred as our actual hybrid scaffold
values, figure 14. Alin vitro hybrid scaffolds were tested to failure using an Instron
Model 5569 (Instron Corporation, Canton, MA) at a strate of 60%/min per. Prior to
testing hybrid scaffolds were soaked in saline solution (AM¥}mal Health, St. Joseph,

MO) at room temperature for 30 minutes.
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Figure 14: Mechanical testing of scaffold gripping scaffold ends

The explanted FHTC were also soaked in saline solutidmaechanically tested
under tension to failure at a strain rate of 60%/msing an Instron Model 4204.
K-wires were used to secure the femur and tibia to tistrdn crossheads at angle
approximately 45°, aligning the ligament with the direstof the applied load. The
contralateral FATC was also tested under similar ¢am.

3.2.15. Phase IIb qualitative analysis

After mechanical testing scaffolds were stored in fdimmand sent for
histological analysis. Samples were sent to AML labgRosedale, MD) and embedded
in paraffin for hematoxylin (H)- and eosin (E) staining.o§3-sections were composed
from neoligament midsubstance approximately 1 mm apart.medlical pathologist
graded slides single blinded from low-1 to high-4 at 2 weekuaterto prevent biased

ranking. Slides were ranked based on qualitative evatuafilymphocytes, eosinophils,
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multi-nucleated giant cells (MNGC), cellular infiltrati and vascular tissue and blood
vessels, as outlined by van Tienen and Fox, ét’al®® The average rank value was
reported.
3.2.16. Phase Il statistical analysis

Graphs are presented in the form of mean + standard a@eviatComparison
among 2 week and 4 week time points and their graded parametes performed using

a one-way analysis of variance (ANOVA) (p<0.05) to datee significant differences.

3.3. Phase IlI:In vivo ACL reconstruction using novel braided hybrid 3¢ generation

fiber scaffolds

3.3.1. Phase lll p(DTD DD) Fiber processing and properties

P(DTD DD) was synthesized as described in the NeweyefSenter for
Biomaterials (Piscataway, NJ) published literat(te’® It was melt-spun using an
extruder manufactured by Bradford University Research Lénitext used a plunger
inside a heated barrel. Typical spinning conditionsgaren in table 6. The spinning
was attempted at 138 as suggested in the second generation fibers. Howéeer,
polymer could only be spun above 18D, hence the spinning was performed at ~ 155
°C. The spun fiber was drawn at 76 using a heating block at draw ratio of 2. The
diameter of drawn fiber, based on 15 observations usingptcal microscope, was ~

109+ 9 um.

P(DTD DD) fibers were sent to Georgia Institute of Tedbgy (Atlanta, GA) for

drawing. The results of these trials are summaredhdle 7. The fiber could be drawn
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Melt Spinning conditions

Reservoir internal diameter
Spinneret size
Plunger speed

Spinning temperature
Take up speed
Die size

28 mm
500pum
1.5 mm/min
155°C
80 m/min
1.0 mm

Drawing Conditions

Unwind speed
Take up speed
Draw ratio
Drawing temperature (using
heating block)

2 m/min

4 m/min
2

75°C

Table 6: & generation P(DTD DD) spinning and drawing conditions

only 1.5X to a modulus of 1.3 GPa. The fiber was redrawn2y at 75 °C to achieve a

modulus of 2.4 GPa.

modifications to spinning and drawing conditions.

In the end, we were able to achieveGPa with further

Sample P(DTD DD) ¥ Gen. P(DTD DD) 29 Gen.

Powder M, (May) 105 (kDa)

Drawn fiber My (Oct.) 104 (kDa) 88 (kDa)
Properties Modulus 2.7 Gpa 2.7 GPa

Table 7: Summary of the characteristics of the polymdrthaa fiber

3.3.2. Phase Il collagen fiber fabrication

Type | bovine collagen fibers were manufactured as preyiodsscribed in

section 3.2.9. Phase Ilb Collagen fiber processing.
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3.3.3. Phase lll collagen crosslinking

Collagen fibers were crosslinked using EDC in acetoneinvagersed in a room
temperature bath of EDC (Sigma Chemical Co., St. L.dd@) as previously described
in section 3.2.10. Phase llb collagen crosslinking.
3.3.4. Phase Il scaffold fabrication and Ebeam sterilization

Three-stranded braided hybrid scaffolds had a total lesigtbO mm with a total
of approximately 30 loops. Each strand was composed of Béf¥ fconsisting of 75%
p(DTD DD) and 25% type | bovine collagen fibers for a tofal500 fibers. The ends
were tied with 4-0 monocryl (Ethicon, Somerville, NJ)usatusing a constrictor knot and
glued with Medical Device Urethane Adhesive (M-06FL, liectRocky Hill, CT) and
allowed to cure for at least 24 hours. Suture ends hadh@snaf slack to assist in
anchoring. All hybrid scaffold samples were placed in itation Pouches (Fisher
brand, Pittsburgh, PA) and Ebeam (E-beam, Incorpor@ehbridge, NJ) sterilized at a
dosage of 2.5 MRad. The implant was inserted folded ovangdsurgery doubling the
size of the scaffold to 3000 fibers at a length of 75 mm.
3.3.5. Phase Il pre-operative procedure

Five sheep were used per IACUC approved protocol proceduresouds drior
to surgery an area over the ribcage was shaved. F&stimdhay and grain began 24 and
20 hours prior to surgery, respectively, with water givadia A Fentanyl patch (100
pg/hr) was applied to shaved skin and secured with coban2drapurs prior to surgery.
On surgery day, the animal was transported to the prepatsae its neck shaved for
insertion of a IV catheteter. Anesthesia was inductéd Sodium Pentothal (15-20

mg/kg) in Normasol solution in the jugular vein. The gheas then intubated and a
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Rumen tube was inserted into the rumen for draining. thesm was maintained with
Isoforane (1.5-3%) in @N,O (50/50). 500 mg Cefazolin was administered pre-op
intravenously and then again post-op.

3.3.6. Phase Il surgical procedure

General anesthesia was maintained by the surgical ctdffie vivarium. A
circulating hot water blanket maintained body temperatdmiée under anesthesia. ECG,
End Tidal CQ and Sp@ were monitored during the procedure.

The subject was positioned on the operating table in thexesygmsition. The
operative hind limb was then prepped and draped in the usuld fshion. The knee
joint was injected with 30 cc’'s of 0.25% Marcaine and néphrine. A lateral
arthroscopy portal was created with a #11 blade and theoscbpe was introduced
through the lateral portal. A diagnostic examinatadnthe knee was performed. A
medial arthroscopy portal was created with a #11 blade.moforized shaver was
introduced through the medial portal and a portion of amtireular fat pad was resected
to improve visualization. Using arthroscopic baskets simaver, the anterior cruciate
ligament was resected. Using a motorized shaver, waseemoved from the inner wall
of the lateral femoral condyle creating a notchpla3yis allowed visualization in the
intercondylar notch as well as visualization for anait placement of the ACL graft. A
small incision was made over the antromedial tibiateco An arthroscopic drill guide
was inserted into the knee joint through the medial pand a guide wire was drilled
through the antromedial tibial cortex into the kneiatjat the anatomic insertion site of
the ACL on the tibia. Using a cannulated reamer, a tunaelcreated in the tibia over

the guide wire. A guide wire was then inserted intokihee joint through the medial
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arthroscopy portal and placed on the anatomic insesitenof the ACL on the femur.
This guide wire was then drilled through the lateral feashoondyle of the femur and out
the anterolateral upper leg. A 6 mm tunnel was drilled inlatexal femoral condyle
using a cannulated reamer over the previously placed gurée v small incision was
made on the lateral aspect of the upper leg where the giideexits the skin and a
combination of sharp and blunt dissection was performed dowhe lateral cortex of the
femur where the tunnel exits the femur. Using a sutureepat®e braided hybrid
scaffold implant was pulled into the tibial tunnel, itbe knee joint and into the femoral
tunnel. This was all performed under arthroscopic gweanOnce the implant had
achieved an anatomic position, the implant was securetherfemoral end by tying
sutures over an extracortical polyethylene button. Thedampwvas then tensioned
against the button and secured on the tibial end with an7interference screw. Any
excess material from the braided hybrid scaffold implaas cut away leaving the
implant flush with the tibital surface. The knee jowds copiously irrigated. All of the
wounds were copiously irrigated. The subcutaneous tissgereegproximated with
interrupted 2-0 vicryl sutures and the skin incisions wereedlggimarily with running
subcuticular monocryl sutures. The arthroscopy portale wtosed with monocryl
sutures. All incisions were painted with betadine.
3.3.7. Phase Il post-surgical procedure

After 24 hours and after the last antibiotic, 5 mg oraledo$ Probios was
administered to replace gut microflora killed by antilgiofieatment. Animals were
returned to individual cages with unrestricted activind agiven water and fooad

libitum. Analgesics were given for 2 days or until no signpaih were observed. Two
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time points were assessed, a visualization time pomhtl2 week time point. After 3-6
weeks implantation, subjects were arthoscopically vised! We recorded implant
intactibility and made gross observations. After 12 weekgects were euthanized using
pentobarbital infusion. The knee joint was exposed aadhmed grossly. The Femur-
Hybrid Scaffold-Tibia Complex (FHTC) were skeletonized dwarvested for mechanical
and histological examination.
3.3.8. Phase Il arthroscopic visualization

In an effort to decrease the number of animals while miamg data collection
we performed arthroscopic visualizations at the firstetipoint between 3-6 weeks.
Previously we sacrificed animals at this initial time moto check for intactness,
incorporation and tension, all of which we can now dorasitopically with a larger
animal mode. The animals were fully anesthetized agiqugly mentioned and an
arthroscopic camera used to visualize the braided hybritbktalf we noticed scaffold
rupture, then the animal would be sacrificed to mininfimégher pain. However, if the
scaffold was intact then the animal would proceed tofuliel2 week time point. 1
animal was sacrificed even if no signs of rupture are ptesed weeks for histological
analysis. 1 week after visualizations sheep were tratexspto the Perry Sheep Farm
(Whitehouse Station, NJ) to continue rehabilitation noamal sheep environment.
3.3.9. Phase lll single fiber and braided hybrid scaffold rachanical testing

A modified version of ASTM D3822, Standard Test Method fensile
Properties of Single Textile Fibers, was used to mechlyitest single and braided
hybrid fiber scaffolds. Single non-sterile P(DTD DD) fivédn=10) were mechanically

tested as described previously, section 3Rt&se la single fiber mechanical testing and
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characterization, using an Instron Model 42Q4

Fibers had a 50 mm gauge length and weg
elongated mechanically at a strain rate of 604
min until failure. Fiber diameters were measu
using a laser micrometer (Z-mike model 1202
Dayton, OH) prior to testing.

Data from single fibers were used
calculate the total cross-sectional area of

braided hybrid scaffolds. We tested all scaffol

Figure 15: Mechanical testing of
hybrid braided scaffold while

gripping conditions: PMMA, PMMA with suturegripping PMMA.

at a strain rate of 60% min and at three differ:

and the femur-braided scaffold-tibia compld

(FBTC), figure 15. The latter was not tested u
failure and used an Instron Model 4204 and the
former used Instron Model 5569. When testi
the braided hybrid scaffold while gripping wit
just PMMA the entire load was placed direct
onto the scaffold and is considered our act
scaffold values, figure 15. When gripping t _
scaffold with one end in PMMA and the othe

with a suture we were trying to mimic surgica

Figure 16: Mechanical testing of
hybrid braided scaffold while
gripping PMMA and suture ends.

anchoring which has one end held rigid with

interference screw and the other tied down to
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endo button by suture. This type of gripping is consideredndial scaffold values and
is shown in figure 16. FBTC explants, soaked in salineg weechanically tested under
tension using K-wires to secure the femur and tibia tolnk&on crossheads at angle
approximately 45°. This aligned the ligament to the ¢read axis. The contralateral
Femur-ACL-Tibia Complex (FATC) was also tested underilamtonditions and acted
as the control, figure 17.

3.3.10. Phase Il histological analysis of scaffolds

After mechanical testing scaffolds were stored in formaind sent for histological
analysis. Samples were examined g

paraffin-embedded hematoxylin (H)-

eosin (E), Masson’s trichrome and Von Kos
stained histological slides (AML labs Inc
Rosedale, MD) at neoligament midsubsta
1 mm apart and bone tunnel sections. Slig
were labeled in three sections depending
their location, ACL space, Femur and Tibi
Hematoxylin (H)- and eosin (E) slides we
ranked based on qualitative evaluation
lymphocytes, eosinophils, multi-nucleate
giant cells (MNGC), cellular infiltration and

Figure 17: Mechanical testing of FBTC

vascular tissue and blood vessels, as explai . . .
P using K wires to align the scaffold to the

by van Tienen and Fox, et al were ranked by a

medical pathologist’” *°® Slides were ranked from low-1 to high-4 and the average
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rank was reported. Von Kossa stains calcium in miresdltissue, utilizing a silver
nitrate solution followed by sodium thiosulfate; cakifibone is stained black. Masson's
trichrome is a three-color staining protocol used in hogtplthat stains collagen or bone
blue.

3.3.11. Phase Il statistical analysis

Table data and graphs are presented in the form of mstamdard deviation.
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4. RESULTS

4.1. Phase | studies

4.1.1. Phase la fiber degradation results

The mechanical properties of single fibers in dry (cdnamod PBS environments
are summarized in table 8. P(DTD DD) and PLLA fiber baschad an average diameter
of 91 + 2 and 88 + 3um, respectively. No statistically significant difégices were

detected in fiber diameters.

Material Average Dry Saline Saline
Properties (Control) (Initial) 64 Weeks

Yield o (MPa) 191 +11 144 +17 55 + 24

Non-Sterile  Yield & (%) 98+12 96+1.4 3.6 +2.0
POTDDD)  youngE (GPa) 27+02 1.8+02 2.8+0.8
MW (kDa) 90 + 6 85+ 2 35+2

Yield o (MPa) 125 + 13 95 + 16 38+21

Non-Sterile  Yield & (%) 34+04 28+06 3.0+23
PLLA YoungE (GPa) 54+0.2 4.8+03 4.6+0.8
MW (kDa) 144 + 2 145 + 7 43+ 15

Yield o (MPa) 185+12 150+ 22 37 +20

Sterile Yield & (%) 10.1+1.0 105+1.6 26+1.2
P(DTD DD)  youngE (GPa) 26+03 1.7+0.1 27+04
MW (kDa) 86 + 3 85 + 3 35+2

Yield o (MPa) 118 + 9 87 +12 44 + 23

Sterile Yield & (%) 32+03 28+04 1.8+1.1
PLLA YoungE (GPa) 52+03 4.4+0.3 45+1.2
MW (kDa) 148 + 6 149 + 5 53+ 17

Table 8: Mechanical properties of single fibers in dry aithe environments.
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There were no statistically significant differendetween sterile and non-sterile

fibers. Mechanical testing of control sterile singleefs resulted in an average yield

stress of 185 + 12 and 118 + 9 MPa for p(DTD DD) and PLLA,cWwhivere not

significantly different from the non-sterile value 191 + 11 (p=0.981) and 125 * 13

MPa (p=0.828), respectively. Yield stress values remainadistently over 100 MPa

for both polymers up to 24 weeks. At 32 weeks p(DTD DD) desee to 49%, 91 + 9

MPa (p=0.003), of the initial value and PLLA decreased to B&4; 7 MPa (p=0.003),

of the initial value. After 64 weeks of incubation fibéresgth retention decreased to

20% and 37% for the sterile p(DTD DD) and PLLA fibers and 28 31% for the non-

sterile fibers, respectively, figures 18 and 19.

Initial moduli for control dry fibers were 2.6 £ 0.3 and 5.D.8 GPa for p(DTD
DD) and PLLA, respectively. When tested wet (at 37°€)timoduli decreased to 65%,
1.7 £ 0.1 (p<0.05) and 86%, 4.4 = 0.3 (p=0.009) GPa of the dry vallere was a
significant difference between the moduli for p(DTD D& the 32 and 64 week time
points as it increased from 1.7 £ 0.2 to 2.7 £ 0.4 GPa (p=p.001

Similar to the yield stress values, a general downwaad was observed with
the MW vs. incubation time, as expected. There wagraficant difference between the
32 (53 £ 3 kDa) and 64 (35 = 2 kDa) week time points for sterild p(DD), p=0.001,
and between 24 (97 £ 15 kDa) and 64 (53 = 17 kDa) week timespoinsterile PLLA

fibers, p=0.017. After 64 weeks p(DTD DD) and PLLA MW valdesreased to 41%
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and 36% and non-sterile polymers decreased to 39% (43 + 15 &B&)30% (35 + 2
kDa) of the initial MWSs, respectively, figures 20 and 21.

There was a significant decreaseTlyifor sterile p(DTD DD) from 39.8 £ 0.1 to
38 + 0.1 °C (p=0.001) between the 32 and 64 week time points. Tleralso a
significant increase iy, for sterile p(DTD DD) from 59.1 + 2.6 to 63.5 + 0.2 °C
(p=0.01). This increase if, contrasts with the decreaseTlin observed in sterile PLLA.
Figures 22 and 23 show the DSC scans of sterile p(DTD &) PLLA fibers at 16
weeks, respectively. The DSC of PLLA is straightfordvaluring heating there isTg at
60.3 °C, cold crystallization at 99.5 °C anhglat 174.7 °C; during cooling there was melt
crystallization at 101.6 °C anf, at 56.7 °C. Thd, of PLLA decreased from 174.2 +
0.2 to 168.8 + 3.2 °C (p=0.043) between the 32 and 64 week time pdihe
interpretation of DSC scan of p(DTD DD) was more ctaxpbecause of the liquid
crystalline characteristics that could be present ingbigmer’?”* The main melting at
55.5 °C was followed by secondary melting at 66.9 °C, beydnchwhe polymer looses
its birefringence and remnants of any order. Although p(0OM) passes through
various types of ordering as it was heated into theopx state, the main endothermic
peak at 55.5 °C can be regarded as the main melting pgak,Upon cooling, the
polymer crystallized at 39.3°C.
4.1.2. Phase Ib scaffolan vitro results

Rabbit skin fibroblasts attached and proliferated in apdet@ media solution on
both p(DTD DD) and PLLA scaffolds after cell culturedaseeding, figure 24. Initial
cell attachment values with standard error of the méan 4 hours were 500 + 200 and

1800 + 900 cells for p(DTD DD) and PLLA fiber scaffolds, respety.
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Figure 22:T; andT, values for PLLA fiber at 16 weeks, DSC.
Table of average sterile PLLA fib@&t and T, values up to 64 weeks.
1.5 39,370
T=
Average Sterile Fiber Time (Weeks)
Temp. 'C) 0 16 32 B4
1.0+ P({DTD DD} Tm 621+04] 594241 591+26] 635202
I P{OTD DO} Te 393201 303201 308x01 3Bx01
% 05 |
: |
g J |
= |
£ oo ST : =y
o i
0.5 . {
1
||I )
T~
55.45°C
0% [} 20 40 €0 €0 160 120 140 160
Exo Up Temperature (°C) Universal V260 TA Instrumenis
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Rabbit Skin Fibroblast
mP(DTD DD) OPLLA
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Figure 24: Fibroblast cell count.
P(DTD DD) and PLLA fiber scaffolds for 4 hours, 4, 8 andda§s time point (Standard
error of the mean). * indicates a significant diffeze, p-value < 0.05 with respect to 16
days.

Viable cells labeled with red fluorescent dye were seéstributed along the
length of the fiber, figures 25A,B and 26A,B. After 16 s&0,300 and 23,000 cells
were attached to p(DTD DD) and PLLA scaffolds, respetyiv There was a 3 fold
increase for both p(DTD DD) and PLLA scaffolds betwdsn4 and 16-day time points
according to MTS Assay readings and there was a signtfidifference between the
average values between the 4 hour and 16 day time point2330. There was no

significant difference found between the number of cedipulating p(DTD DD) and

PLLA scaffolds after 16 days.
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Figure 25A,B: Red Fluorescence labeled fibroblast attachment.
Sterile p(DTD DD) fiber scaffolds. (A) P(DTD DD) 4t days (B) P(DTD DD) at 16
days. Cells were distributed along the lengths of idd& fibers.
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Figure 26A,B: Red Fluorescence labeled fibroblast attachment.
Sterile PLLA fiber scaffolds. (A) PLLA at 4 days (BLLA at 16 days time points.
Cells were distributed along the lengths of individuaefs.
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4.2. Phase llin vivo 2" generation fibers studies
4.2.1. Phase lla mechanical and histological results

Single p(DTD DD) fibers were mechanically tested undillure in a saline
environment. P(DTD DD) fibers had an average diamet&lot 2um. Single fiber
yield stress and modulus values were measured at 94 + 11 MPh4b + 0.06 GPa,
respectively. The FSTC had a break load of 45 N at 4 wesltsirpplantation. The
initial p(DTD DD) scaffolds had a break load of 208 + 67 The control values, rabbit’s
contralateral ACL, had a load of 231 N. Tiheitro scaffold and FSTC break loads were
measured at 87 and 20 %, respectively, of the control vdigese 27. After 4 weeks,
the scaffold’s maximum strength decreased to 23% otdinérol value and upon gross
observation was approximately 60% intact with no sigrextbiritis or excess fluid in the
knee. At the 6 week time point the FSTC was totally tordsubstance and the rabbit
knee showed no signs of arthritis or excess fluidwéek 7 the scaffold was once again
totally torn midsubstance, showed no signs of excess, fbut arthritic formation was
observed. For both the 6 and 7 week time points fibers stdl intact despite the fiber
scaffold had completely ruptured. The modulus ofithétro scaffold was measured at
635 + 289 MPa, while the 4 week FSTC and rabbit initial ACL hawbdulus of 530 and
126 MPa, respectively. FSTC at 6 and 7 weeks were notameally tested due to
premature rupture.

Histological analysis of the explants revealed fibagbhttachment and ingrowth,
reaching the center of the implants, figure 28A. Thereewao visible signs of

inflammatory cells regardless of time points, figure 28B.
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Figure 27A,B: Peak load.
(A) and Modulus (B) of the FSTC at 4 weeks explanat@ontrol ACL
and 500 fibers scaffold.



Figure 28A,B: Histological slides.
Cross sectional fiber scaffold explants after hemdioxy{)- and eosin
(E) staining and imbedding in paraffin at neoligament midsuost 6
week time point at 20x exposure (A) and 200x exposures (B).

63
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4.2.2. Phase IIb mechanical and histological results

Collagen fibers had an average diameter of 6 i3 respectively. Mechanical
analysis of the initial hybrid scaffold resulted in adkdéoad of 87 + 9 N and modulus of
294 + 41 MPa. Actual hybrid scaffold mechanical analysisltegbun a break load of
314 + 65 N and a modulus of 747 + 126 MPa. FHTC were explaht2dvaek and 4
week time points. At 2 weeks it was grossly observat 2tof the hybrid scaffolds were
approximately 90% intact, 1 was approximately 25% intact andad approximately
33% intact. The 90% intact hybrid scaffolds (n=2) were usedhe FHTC and
mechanically elongated until failure and had a break loddw@dulus of 39 + 14 N and
48 + 5 MPa, respectively. The 25% and 33% intact scaffaitesd during preparation
and are not reported. The rabbit’s contralateral EAfeak load and modulus were 206
+ 83 N and 2892 + 1082 MPa, respectively. No mechanical data attaieed at 4
weeks. At 4 weeks 2 of the hybrid scaffolds were approxignagand 15% intact while
the remaining 2 were totally ruptured at the tibial bone tisite

Histological analysis of the explants revealed caflaind vascular infiltration at 2
(n=4) and 4 (n=4) week time points with an increased iafiin at 4 weeks. Based on
our qualitative grading scale we see an upward trend farlaelhfiltration, presence of
vascular tissue and blood vessels, lymphocytes, eosiso@hd multi-nucleated giant
cells (MNGC) from the 2 week time point to the 4 weehetipoint, Figure 29.

Figure 30A,B shows a cross sectional view of the scafivlthe 2 and 4 week
time point, the opaque circles at the outer regionstereollagen fibers and the clear
circles, concentrated in the center, are the gho8&i$[P(DD) fibers. The periphery of

the scaffolds at both time points shows a much largecerdration of cells, particularly
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around the regions of the collagen fibers, figures 30AB3HMA,B. The 2 week scaffold

did show signs of fibrin, the early stage of collagéngreater degree of cell infiltration

was
Histology Ranking of Hybrid Fiber Scaffolds

4.0
< 3.01
2
-
<
= 02 Weeks
S 204 m 4 Weeks
=)
> |
o
(&
9D 1.0

0.0 ‘

Lymphocytes Eosinophils MNGCs Cellular Vascular
Infiltration Tissue and
Blood Vessels

Figure 29: Average grading of hybrid scaffold.
Based on cross sections mid-substance using hematokijinafd eosin (E)tained
slides. Parameters measured were lymphocytes, eoss)ddNIGC, cellular infiltration
and vascular tissue and blood vessels.
also found at the center of the 4 week scaffold. Infl@tion was also more evident at
the 4 week time point than at 2 weeks with a higher poesehmacrophages, MNGC's,
lymphocytes, as well as foreign body granuloma, figira,B.

Vascular tissue and blood vessels are clearly more r@vatethe 4 week time

point with the presence of red blood cells surrounded bydatkelium, figure 32A,B.



66

s *.% .
e 1 mmr

Figure 30A,B: Cellular infiltration of hybrid scaffolds.
(A) 2 weeks and (B) 4 weeks post-implantation at 20x exposOsdiular infiltration
was concentrated in the periphery of the scaffolth wibre developed collagen at the
4 week time point. P(DTD DD) fibers can be distinguishieg their clear circular
shape and collagen was seen as circular opaque shapes.
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Figure 31A, B: Granuloma, fibroblasts, collagen and fiboimation.
(A) 2 week and (B) 4 week time points on the outer csession of hybrid scaffold mid-
substance. At 4 weeks there also seems to be a nmmeupced inflammatory reaction
and cellular encapsulation than at 2 weeks. P(DTD fiig)s can be distinguished by
their clear circular shape and collagen was seeim@sar opaque shapes.
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Figure 32A,B: Vascular tissue and blood vessels analysis
(A) 2 weeks and (B) 4 weeks post-implantation at 400x exposirel weeks red blood
cells, surrounded by an epithelial wall, are more visitien at 2 weeks. Cellular
infiltration was also far more developed. P(DTD Dilefs are seen as clear circular
shapes.
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4.3. Phase lllin vivo 3 generation fibers mechanical and histological results
P(DTD DD) and collagen fibers had an average diameté&6af 2 and 63im,

respectively. Mechanical analysis of the actual braiddatithyscaffolds resulted in a
break load of 934 + 160 N and modulus of 353 + 80 MPa. Imiteted hybrid scaffold
mechanical analysis resulted in a break load of 313 + HhdNa modulus of 150 + 8
MPa. Visualizations at 3-6 week time points showed #ilascaffolds were intact,
showed no major signs of inflammation and were underdensiFBTC were explanted
for testing at 12 weeks and had a modulus of 7 + 4 Migaref 33. The sheep’s
contralateral FATC break load and modulus were 1219 + 376d\3ant 12 MPa,

respectively.

Mechanical Analysis of Braided Hybrid Scaffold at 12 Weeks
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¥4 ) .-\1
60 i
)’_{ iy ..x‘h\..
sl / s
—
S 40+
8
-
301
20 i
10l
0_ 1 l 1 1
0 2 4 6 8 10
Deformation (mm]

Figure 33: In vivo 12 week mechanical analysis.
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Arthroscopic visualization was performed at 3-6 week timatppfigure 34A,B.
All braided hybrid scaffolds were found to be intact. rEheas a decrease in the amount
of tension applied to the scaffold. A synovial sheatts noted on the braided fiber

scaffold as well as tissue infiltration and encapsufatid here were also some signs of

fiber fraying around the femoral tunnel with most of tbaffold intact.

4

Figure 34A,B: Arthoscopic view of braided hybrid fiber schifo
A) 4 week and B) 6 week time points.

All sheep were euthanized at the 12 week time point.s$sobersvations of the
implant revealed a large amount of tissue infiltnatand encapsulation, figure 35A,B.
This was verified with our qualitative histological anayshich revealed cellular and
vascular infiltration at both the 4 week and 12 week fiomts with an increased trend
of infiltration at 12 weeks, figure 36. There was alsoirmrease in lymphocytes,
decrease in eosinophile, and no change in MNGCs.

At 12 weeks each scaffold was cut into three sectiond, #gace, femur and
tibia, and ranked for cellular infiltration and an inflanation response. Ranking showed

an increased trend for cellular infiltration and vasculssue and blood vessels for the
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ACL space sections versus the bone tunnel sectionsamnfhtory marker, eosinophils,

remained low while MNGC'’s were more pronounced in theufesections, figure 37.

Figure 35A,B: Gross observations of braided hybrid scaffaid® week time point.
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Figure 36: Average grading of braided hybrid scaffold mid-substance

Parameters measured were lymphocytes, eosinophils, MN@&DJar infiltration and
vascular tissue and blood vessels.
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Histology Ranking of Hybrid Fiber Scaffolds in the ACL Space vs. Bone Tunnels ¢
12 weeks

4.0

O ACL Space
B Femur
Tibia
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Lymphocytes  Eosinophils MNGCs Cellular Vascular
Infiltration Tissue and
Blood Vessels

Figure 37: Average grading of braided hybrid scaffold in ACL sjgactions.
Parameters measured were lymphocytes, eosinophils, MN@lDJar infiltration and
vascular tissue and blood vessels.

The periphery of the scaffolds at both time pointswshca much larger
concentration of cells with a greater amount seehenl®? week time point. There was
also a more pronounced cellular infiltration around thev&2k scaffold in the periphery
as well as surrounding the collagen fibers, figure 38AB.greater degree of cell
infiltration was also found at the center of the &ddfat 12 weeks. There was no change
observed in the amount of MNGCs, while eosinophilsrezkto decrease. Lymphocytes
showed a small increase. Inflammation was also madeset at the 4 week time point
than at 2 weeks with a higher presence of macrophage§Q\ lymphocytes, as well
as foreign body granuloma, figure 39A,B.

Vascular tissue and blood vessels are clearly more @vadehe 12 week time
point with the presence of red blood cells surrounded by dotleglium, figure 40A,B.

Gross observation showed that the bone was imbedd#teibraided hybrid fiber
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Figure 38A,B: Cellular infiltration of braided hybrid scdffcACL space sections
(A) 4 weeks and (B) 12 weeks post-implantation at 20x expadtee hematoxylin (H)-
and eosin (E) staining. Cellular infiltration was cartcated in the periphery of the
scaffold at the 12 weeks. P(DTD DD) fibers can berdjsished by their clear circular
shape and collagen was seen as circular opague shapes.
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Figure 39A, B: Granuloma, fibroblasts, collagen and fiboimation.
(A) 4 week and (B) 12 week time points hybrid scaffold in #t&L Space section at
400x exposure and after hematoxylin (H)- and eosin (E) stairi?(DTD DD) fibers can
be distinguished by their clear circular shape and callages seen as circular opaque
shapes.
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Figure 40A,B: Vascular tissue and blood vessels analysieedkCL sectioned.
(A) 4 weeks and (B) 12 weeks at 400x exposure and after herhiat@*)+ and eosin (E)
staining. P(DTD DD) fibers can be distinguished by tlwdar circular shape and
collagen was seen as circular opaque shapes.
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scaffold at 12 weeks. Bone growth was also observedeapériphery and within the
braided hybrid scaffold fiber. Figure 41 shows bone growtrhénpgeriphery of the
scaffold in the ACL space near the bone tunnel afterat@xylin (H)- and eosin (E)
staining. Figures 42A,B shows bone growth within the etéfin the femoral bone
tunnel after Masson’s Trichrome and Von Kossa'’s stginiFigures 43A,B shows bone
growth within the scaffold in the tibial bone tunnel afdasson’s Trichrome and Von
Kossa’s staining. It should also be noted when theaintiplias sent for histological slide
preparation the bone surrounding the implant was afsossee there was a considerable

amount of bone-growth within the scaffold.

Figure 41: Histological analysis of bone growth at 12 weeks
at 40x exposure and after hematoxylin (H)- and eosin @t)isy. P(DTD DD) fibers
can be distinguished by their clear circular shape alidgen was seen as circular
opaque shapes.
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Figure 42A,B: Histological analysis of bone growth at 4 kgee
(A) after Masson’s Trichrome staining at 20x exposure and afer Von Kossa’'s
staining at 40x exposure. P(DTD DD) fibers can be distgigd by their clear circular
shape and collagen was seen as circular opague shapes.
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Figure 43A,B: Histological analysis of bone growth at 12ksee
(A) after Masson’s Trichrome staining at 20x exposure and afier Von Kossa’'s
staining at 40x exposure. P(DTD DD) fibers can be distgigd by their clear circular
shape and collagen was seen as circular opague shapes.
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5. DISCUSSION

5.1. Phase |

The purpose of this study was to evaluate the performane@dD DD) fibers
as a material for a ACL reconstruction scaffold DPD DD) fibers were compared to
PLLA fibers since PLLA is a well-studied resorbable polymdth a history of use in
FDA-approved devices. Our objectives were to determindif p(DD) (a) was capable
of withstanding processing conditions to form fibensl &’'s mechanical properties and
degradability was not affected by sterilization, (b) fibeaa sustain fibroblast attachment
and growthin vitro (c) fibers have yield loads within the range requireddwstruct a
tissue engineered scaffold to withstand forces typicagn on a human ACL.

Fibers were fabricated from raw polymers by a melt spmrprocess. Ideal
processing would result in a fiber of sufficient strengtid cell compatibility to support
ACL reconstruction. Fiber strength depends on the akgrrof polymer chains along
the load axis, conditions achieved by varying processing tetnperaraw ratio, MW of
polymer, structure, and crystallinity. Assuming fiberkof@ the two-parameter Weibull
distribution, we calculated the number of fibers needeslisbain loads typically seen on
a rabbit'® and humarnt? ACL. Numerous researchers have successfully useabait r
model to study numerous orthopaedic applicatign§” 8 93 94 98. 97 Thig calculation
was attained by using Chi's load strain formula for a byntd&sed on Coleman’s

survival function for a single filament to a bundfé **°

P(¢) = AE, &N, exp - L(ij
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WhereP(¢) is the tensile loadh is the cross-sectional area of a single fikgrs Young'’s
modulus for a single fiber\, is the fiber countg is the applied strair, is the fiber
length. The Weibull shape parameteand scale parametey were measured to be 1.45

and 2.25, respectively, with the following equations as show@hi'®®

1( &S,
m=-—
In{ P,

Mechanical data was attained from a 500 p(DTD DD) fibmaffeld, figure 44, as

described in section 3.2.3. Phase lla single fiber andoddaffechanical testing.

500 p(DTD DD) fiber scaffold Load vs. Strain graph
250
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Figure 44: Load versus strain graph of 500 parallel fiber faldaf
composed of p(DTD DD).

Inserting the Weibull parameters back into Chi's loadistequation it was calculated

that p(DTD DD) fiber scaffolds composed of 750 fibers (srssctional area of 4.5 fim
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would potentially sustain loads of a rabbit ACL, 360 + 28N For a human ACL with
a breaking load of 2160 + 157 N a scaffold composed of 5000 fibers (cross-sectional
area of 29.7 mf) would potentially suffice.

The strength retention and MW of non-sterile and ET@ilzed fibers were
evaluated through 64 weeks of incubation in PBS with a pH4#&t 37 °C. It was found
that ETO sterilization did not significantly affectQp{D DD) or PLLA fiber mechanical
properties and MW. Strength retention decreased to 20 ancaB@YMW decreased to
41 and 36% for ETO sterilized p(DTD DD) and PLLA fibemspectively. P(DTD DD)
yield stress values remained significantly higher (p=0.01) upe® week time point in
which yield stress values were 49% higher than PLLA,A42Z8VPa versus 86 + 12 MPa.
The decrease iM. of p(DTD DD) between the 32 and 64 week time points was
consistent with the observed decrease in yield streagidh,could be attributed to the
decrease in the molecular weight due to degradation. Ldwand the increased,
could both be indicative of the mesogenic ordering of thgnper chains that contributes
to the higher modulus at 32-64 week time points. No sudbrioig was observed in
PLLA as indicated by decrease Th. While the decrease ifi, could be attributed to
decrease in crystalline order (decrease in size oraseré the number of defects) in
PLLA, the increase i, suggests aging-induced reordering of the mesogenic chains in
p(DTD DD). This was consistent with the observedaase in the modulus of p(DTD
DD) fibers at the 64 week time point despite a decraaseolecular weight associated
with degradation, table 8.

Values at the 64 week time point were used to predict the tn which the

strength retention and MW would reach 0%. At 86 and 99 wetkeagth retention
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would reach 0% and 127 and 124 weeks MW retention would readbrQ8¢DTD DD)
and PLLA, respectively. The MW of the materials @éased over time due to
degradation of the backbone chain, caused by the polyrhgdsophilic sensitivity,
which decreased the strength of the polymer. This was stlea# our goal was to have
the material resorb, allowing the neoligament tissutake on the axial load gradually

over time. A graphical analysis of strength retentiersis MW curve confirmed that

the result was linear, figure 45.

Strength Retention % V's. MW Retention
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Figure 45: Sterile p(DTD DD) and PLLA fiber linear tremais.
Percent strength retention versus percent molecudaghiv with linear trendlines
after 64 weeks of incubation PBS with a pH of 7.4 at 37°C.
The moduli of the ACL’s anteromedial bundle (AMB)daposterolateral bundle
(PMB) have been measured at 283 + 114 and 155 + 120 MPa, resjyeCti If the

modulus of the implant exceeds that of the neoligamegrowth tissue stress shielding

would occur and the load-deprived neoligament tissue magnattre. It was therefore
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important that the moduli be low enough to allow formak neoligament remodeling but
strong enough to protect the scaffold from high loads eneldrly postoperative period.
P(DTD DD) was stronger than PLLA and has a signifigalaswver modulus at both the
initial (1.69 = 0.10 vs. 4.43 £ 0.3, p=0.001) and 64 week time pdé8 (* 0.4 vs. 4.46

+ 1.2, p=0.005).

An ACL reconstruction device has to maintain a populatérfibroblasts to
achieve deposition of new extracellular matrix. We evalbliazell compatibility of a
sterile scaffold in complete media by determining ceichment and growth, which are
affected by surface characteristics and geométfy '** Results confirmed cell
compatibility, by the attachment and proliferation ofdiblasts on both types of scaffold.
At 4 hours, cell attachment was low for both p(DTD Ddhid PLLA and showed an
increased trend up to 16 with no significant differencénendell attachment between the
two polymers. In contrast when comparing our 16 day pmiat to the 14 day time

point of a collagen scaffold by Carusbal, collagen had approximately three times the

population of fibroblasts, but lacked the strength of thehgyit polymers®,

5.2. Phase lla

From phase la and Ib we optimized first generation fibersustain mechanical
and biological functionality. Once these parameters \&#sened the focus changed to
Phase lla: a piloin vivo ACL reconstruction using a p(DTD DD) scaffold from ced
generation fibers. This study gave us insight to thedimns of fibroblast attachment

compared to collagen fibefd
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Mechanical and histological evaluation on this pilot stoyACL implanted scaffolds
indicated mixed results. It was evident p(DTD DD) waglkcompatible material in the
rabbit knee up to 7 weeks, but the scaffold had ruptured even thadigldual fibers
showed mechanical integrity when subjected to tensiblechanically, we were only
able to test at the 4 week time point in which 60% offthers were intact. It was
difficult to conclude whether scaffold fibers failed duddtgue or an abrupt rupture due
to the rabbit jumping. There were no signs of a majonune response in the explants
and fibroblasts were concentrated around the fibers instaéfold. This was seen
throughout the 4, 6, and 7 week time points. To redisé issues the focus for Phase
llb was to maximize fibroblast attachment while mamitay mechanical function
through a hybrid synthetic/natural fiber scaffold. Dwetral previously tried a hybrid
PLA fiber scaffold with a collagen matrix to some ssx®®. Blassingameet al
continued this hybrid design comparing p(DTD DD) and PLiiéh varying ratios of
ultraviolet (UV) crosslinked collagefibers in anin vitro model®®. This study calculated
the scaffold’s optimal ratio (figures 46 and 47A,B) betwsgnthetic and natural fibers
using 2° generation p(DTD DD) fibers processed as described in Betiol. Phase Ila
polymer source and processing.  Scaffolds were prepacedesuled as described in
section 3.1.4. Phase |b scaffold preparation and calirggand 3.1.5. Phase Ib scaffold
cell compatibility measurement, respectively. Witlstim mind the phase Ilb consisted
of a much larger 750 parallel fiber scaffold composed of 75%I'P(DD) and 25%

Collagen
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Figure 46: Average cell number parnitro seeded scaffold with varying ratios.
There was no significant difference between the ageemumbers of cells that initially
attached to each scaffold. * indicates a significaffeince with respect to 100%
Collagen at day 4. T indicates a significant differenith vespect to 50%Collagen/50%
PLLA at day 4. T indicates a significant differencehwitspect to 100% P(DTD DD) at
day 8. # indicates a significant difference with respgec50%Collagen/50% PLLA at
day 16. ¢ indicates a significant difference with respect to 100éagen at day 16.
Significant differences have a p<0.55
5.3. Phase lIb

We previously tested p(DTD DD) single fibers and scaffaldsvitro as a
potential biomaterial for the reconstruction of the AClt was concluded that p(DTD
DD) was able to sustain fibroblast attachment and grovahhigher initial strength than
PLLA and lower modulus, both of which are necessaryrpaters to support the initial
loads found in the knee and the ACL, while preventingsstrshielding. These

fundamental differences as well as favorable degradgirmducts of p(DTD DD)

encouraged us to proceed to timsivo safety study.
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Figure 47A,B:Breaking load and stiffness ofh vitro seeded scaffolds with varying
ratios. Within each group there was an insignificarfedhce in the structural properties
over each time period, yet differences were found whessereferencing; (A) Average
Breaking Load; (B) Average Stiffness; * indicates a sigaifit difference with respect to
100% Collagen, t indicates a significant difference webpect to 100% PLLA, *
indicates a significant difference with respect to 100%TE{ DD), # indicates a
significant difference with respect to 25%Collagen/75%PL),A&;indicates a significant
difference with respect to 25%Collagen/75% P(DTD DD)indicates a significant
differencewith respect to 50%Collagen/50% PLLA. Signiftcaifferences have a

p<0.05%,
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We testedn vivo a novel hybrid p(DTD DD) and Collagen fiber scaffold thasw
sterilized by Ebeam and monitored parameters such ag,sstfeingth retention, cellular
in-growth, inflammation and tissue remodeling as a functionnee post-implantation.
Ebeam sterilization is a reliable, cost-effectivetime used to sterilize most degradable
polymeric devices that would not survive sterilization viast, dry heat or irradiation.
We previously used ethylene oxide sterilization but opted ¢d &beam due to its high
electron penetration, dose uniformity, increased spesteanlization and lack of aeration
post-sterilization'** *> Besides testing for the biological safety of our f/scaffold
we also examined the safety of the surgical technique. u®ésl current surgical
anchoring and implantation techniques that potentiallyowasl immediate joint
stabilization post-operatively. Anchoring the implanhda post-operative joint
stabilization are both necessary considerations whieg as animal model that does not
receive any form of leg restraint. This safety studyegas insight to both the surgical
and biological safety measures that should be consideeéore moving to a larger
animal model, i.e. sheep.

Within 5 hours post-operatively all NZW rabbits were fudlwake, responsive
and sternal, a clear sign of immediate joint stabiliThere were no signs of swelling
post-operatively or species specific signs of pain.erAttdays of the required analgesics,
per an IACUC approved protocol, all NZW rabbits resumed abmamtivity and were
bearing weight on their surgical leg. Analgesics oibatics were no longer necessary
after this time. Only 1 NZW rabbit was noted as having sighsrthritis when

euthanized at 4 weeks.



88

The hybrid scaffold was composed of 750 parallel fibers ati@ of 75% p(DTD
DD) with 25% collagen in the periphery. Fibers wereredd)parallel in the scaffold to
imitate the morphology of the native NZW rabbit’'s ACMechanical analysis of the 2
week FHTC samples showed a 55% and 84% decrease in stramgjtimodulus,
respectively, when compared to the initial hybrid scaffoléfsevious studies calculated
the break load and modulus of the rabbit ACL at 360 = 20 N &l + 64 MPa,
respectively, which are similar to our actual hybrid sdd#d. A review of our surgical
anchoring method, where most of the load was applietttty to the scaffold instead to
indirectly through suture tension, was explored in Iastedies. The application of an
interference screw as an anchor instead of a polyetyetton is a prime example. The
thread within the screw would apply pressure onto theddadind the bone tunnels as it
is screwed in.

Qualitative analysis of histological slides suggests kybscaffolds may
encourage cellular in-growth and remodeling allowing ftte formation for a
neoligament as a function of time post-implantatidh.was observed that at 2 weeks
there was far less cell infiltration, vascular tisare inflammation than its 4 week
counterpart. Collagen was more developed at the 4 weekgoint and cellular in-
growth was apparent even at the center of the scaffblds migration suggests that the
spacing between fibers was large enough to allow cellsgmata freely throughout the
scaffold, which is essential in the formation of a m@ohent. There was also more
vascular tissue, including red blood cells found throughous¢h&old. Angiogenesis is
an important parameter in the repair and restoratiosodtf tissues since it supplies

necessary nutrients to surrounding cells. There wecefat more inflammatory cells at
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4 weeks that seemed to be concentrated on the peripA¢ weeks it was difficult to
fully differentiate between an inflammatory responeethe surgery or the scaffold
implant. It was important to note that it was unusbat at 2 weeks there were far less
inflammatory cells since an immediate inflammatoryaie reaction would be expected
due to surgery followed by a decrease over time. In oartb@se seems to be a delayed
response or decreased reaction at 2 weeks followed lngiease at 4 weeks.

The major difference between the initial and 2 weeibitaexplant can be
attributed to the biomechanical function of the knee.thi healthy human knee, for
example, the average ratio of the peak joint contacet on the medial tibial plateau to
that on the lateral plateau was 2.2 + 8% The rabbit knee joint spends a majority of the
time in a hyperflexed state. A study by Gushue et al f@aupcevalence of forces on the
lateral plateau during normal rabbit hopping, with the agei@ntact force ratio on the
medial tibial plateau to that on the lateral plateauhiopping trials measure at 0.89 +
0.25". This was further corroborated by Messner et al whadaan increased mineral
density in the lateral tibial plateau when compared tontkdial platead'® The small
intra-articular ligaments also make surgery difficuitldimits scaffold size. These knee
biomechanics and size factors may have contributed tqrmature failure of our
scaffold and makes it difficult to truly predict how tiieechanical integrity of the implant
would react in a human model. It was also possibles ltannels may have played an
unexpected role. During explantation at the 2 and 4 week gmmts 6 out of 8 of the
scaffolds were either considerably or completely tdmmt, individual fibers were still
capable of sustaining an applied load. We speculate the tommels unexpectedly

applied a shear force perpendicular to the parallel fiblensly tearing the scaffold. To
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rectify this issue we researched numerous studies tha bBhown the potential of
braided, twisted or knitted fiber scaffolds for the retartsion of the ACL and other soft

tissueSS& 77, 85, 88.

Braided structures have a high compliance in axial raddl
directions and low compliance in shear directioimsijlar to that of the native ACE® and

may be better suited than a parallel matrix.

5.4. Phase lll

We previously tested a hybrid p(DTD DD) and Collagen parébelts scaffold
and its safety as a potential biomaterial compositéhereconstruction of the ACL. It
was concluded that after 4 weeks the hybrid scaffold hadnarease in cellular
infiltration and vascular tissue, both of which are dgt¢ally necessary in the repair and
reconstruction of the ACL. These fundamental pararaghowever; were not sufficient
to address the biomechanical requirements in the NZW r&hbé. At 4 weeks the
hybrid scaffolds had ruptured and failed even though therestidasiechanical integrity
in individual fibers when subjected to tension. This dateoaraged us to proceed to
phase Ill, which made three significant changes: (1) Gédithe parallel configuration to
a three-strand braid, (2) Used a larger animal model vitzet more similar to the
biomechanics in a human knee and (3) Modified the amdhoechnique to better apply
mechanical loads to the hybrid scaffold.

Using a sheep model, we tested a braided hybrid p(DTD D@)Catiagen fiber
scaffold that was sterilized by Ebeam. We monitored patensisuch as immediate joint
stability, cellular infiltration, and inflammation foup to 12 weeks post-implantation.

Previously we used a surgical anchoring with endo butbonisoth the femur and tibial
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ends that applied tensile load indirectly to the parairid scaffold through suture. For
the sheep model we used an endo button on the fenmata@nel an interference screw on
the tibial end. This configuration applied direct tensiartlee braided hybrid scaffold on
the tibial end and indirect tension on the femoral ehldis anchoring technique allowed
for immediate joint stabilization post-operatively, aiiwas necessary when using an
animal model that would not have its leg restrained.

All sheep knee joints were stable post-operatively aackwwearing some weight
on their surgical leg within 36 hours. After 15 * 4 days anigor limping was observed
for all sheep. After 40 + 10 days all sheep showed ncs safriimping and resumed
normal activity for the remaining days. It should béedathat sheep are social and when
animal interaction was restricted for more than 48 h@ast-operative the sheep no
longer wanted to walk or eat. Sheep that were pernittesbcialize quickly resumed
normal exploratory behavior and appetite.

The braided hybrid scaffold was composed of 3000 braidedsfiea ratio of
75% p(DTD DD) with 25% collagen. Mechanical analysishef12 week post-operative
FBTC samples showed a modulus that was 7% of the indlaks. The actual braided
hybrid scaffold was 3x the break load of the initial valaled the modulus was more than
2x the initial values. This suggests the need for an eremte screw to be used for the
tibial end instead of the endo button. There was nocembie rupture within the
scaffolds at 12 weeks, but it was noted that during thecatbpic visualizations the
braided hybrid scaffolds were not as tense.

Qualitative analysis of histological slides of the sreectioned braided hybrid

scaffolds had an increase in the amount of cellulaitredfion after 12 weeks post-
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operatively when compared to the 4 week samples. lolsearved that at 4 weeks there
was far less cell infiltration, vascular tissue aywhphocytes than at 12 weeks. Cellular
infiltration was apparent even at the center of tladfsltl regardless of time point, which
suggests that spacing between fibers was large enouglowo aalls to migrate freely
throughout the scaffold. This migration was essentighénproduction of neoligament,
which acts to reconstruct the ACL. There was alsoemascular tissue, including red
blood cells found throughout the scaffold at 12 weeks, wie$an important parameter
in the repair and restoration of soft tissues. There avaecrease in the amount of
eosinophils at 12 weeks and no change in the number of MNG@he ACL space
section of the braided hybrid scaffold. When comparingA@é space cross-section to
the femoral and tibial cross-sections there wasrgetaamount of cellular infiltration,
vascular tissue and blood vessels in the ACL space. nidysbe due to the bone growth
within the bone tunnels which may obstruct the flow ofscelWhen comparing the
braided hybrid scaffold in the femoral and tibial bone tusiwed found an increase of
eosinophils in the femoral tunnel sections. This may fect@r of fixation and not an
effect of the graft due to the floating fixation in tlemoral section. The tibial fixation

on the other hand used a rigid screw fixation.
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6. CONCLUSION

6.1. Phase |

These data suggest that p(DTD DD) was able to sustairblastoattachment and
growth and has higher initial strength than PLLA, whieks necessary to support the
mechanical requirements typically seen on a human AQ@lthough the biological
responses of the PLLA and p(DTD DD) are similar, thanges in the mechanical
behavior of the two materials after incubation in PBS37 °C have different profiles.
These differences are attributed to the semicrystatisteire of PLLA and the small
degree of crystallinity induced by mesogenic ordering in p(DTD).D These
fundamental structural differences as well as favordblgradation products in p(DTD

DD) encourage us to proceed to phase lipamvo model.

6.2. Phase Il

There was in increase in cellular infiltration as a fiorcof time. There was also
an inflammatory response present surrounding the scaffbltds reaction however was
most likely due to the natural repair reaction to surgamg not the implant. The
unexpected premature failure of the scaffold brought to queeite functional stability
of a parallel scaffold. The rabbit model was also lagovariable to consider changing
during phase lll. Even though it was a decent preliminaoyofpical model a much

larger animal model was needed.
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6.3. Phase llI

There was in increase in cellular infiltration, vaseulssue and blood vessels as a
function of time. There was a decrease in the inflatony response present surrounding
the scaffold after 12 weeks. We may consider an anchongthod with interference
screws on both the femoral and tibial ends and a laimgerpoint for future studies. At
12 weeks all braided hybrid scaffolds seemed intact andwelis able to move freely
throughout the matrix. There was also a need for durtimechanical data post-

implantation for mechanical integrity analysis.

6.4 Phase IV

Our hypothesis stated that A tissue engineered scaffoldG@h reconstruction
would a) provide adequate initial strength for immediate ko stability, b) sustain
cellular infiltration and c) degrade gradually over tine dllow for neoligament
formation.

a) We have shown that only after a few days post-surgerysbeep model was
capable of placing weight on surgical leg and showed nws ©if limping weeks
later. All braided hybrid scaffolds were intact.

b) Cellular infiltration and proliferation was apparent ar on vitro Phase | study.
Our in vivo models all showed signs of cellular infiltration adlva@d a synovial
sheath was apparent both our rabbit and sheep modelse Rhasd I,
respectively.

c) During Phase | we showed that strength retention andaulalr weight decreased

over time up to 64 weeks in a PBS environment at 37 °C. Tisflimtion was



95

apparent in our Sheep model up to 12 weeks in our Phasadll sith signs of
vascular tissue, blood vessels, collagen and celluldtratibn throughout our

scaffold and bone growth within the tibial and femoraidtunnels.
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Average Tm (n=6)

Fiber Name 1] 1 2 4 16 32 64
p(DTD DD} Hon-Sterile 62.03 58.86 558.00 59.18 59.61 60.31 £3.02
PLLA Hon-Sterile 173.27| 17382 17386 17361 17307 174.29] 16718
p(DTD DDj Sterile 62.13 59.25 62.46 529.12 59.38 59.09 63.46
PLLA Sterile 17445 17356 17405 17349 17353 17423 166.43
Average StDev Tm

Fiber Hame 1] 1 2 4 16 32 64
p(DTD DD} Hon-Sterile 0.15 361 3.10 3.96 407 4.16 4.07
PLLA Non-Sterile 1.58 1.79 1.83 1.98 1.63 1.09 477
p(DTD DD) Sterile 0.44 380 4 87 4.04 413 259 022
PLLA Sterile 1.80 219 1.78 1.74 1.43 1.22 726
Average Tc [n=6)

Fiber Name 0 1 2z 4 16 32 64
p{DTD DD} Non-Sterile 3925 39.50 39.36 39.45 39.38 3988 38.73
PLLA Hon-Sterile 104.71 10185 10076 10251 104.50] 10827  1068.41
p(DTD DD} Sterile 39.32 39.47 39.40 39.46 39.33 3977 3785
PLLA Sterile 104 68| 103.33] 10235 10237 10313| 10534 10661
Average StDev Tc

Fiber Name 0 1 2 4 16 32 64
p(DTD DD) Non-Sterile 0.05 0.07 0.03 0.07 0.07 0.19 0.88
PLLA Non-Sterile 0.44 1.75 266 0.56 0.89 0.85 1.03
p(DTD DD) Sterile 0.05 017 0.1 0.03 0.06 0.10 013
PLLA Sterile 034 0.55 075 0E2 0.94 097 1.89
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