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Abstract

There is renewed interest in silks as a biomateriataltieeir unique mechanical
properties, highly organized structure, and diverse surfamistry. This study investigates
silk’s efficacy as an alternative biomaterial fombaegeneration and analyzes the role of
adhesion and signaling factors in the process. Femoadtdeh rodents were implanted with a
series of scaffold combinations. Parameters includdtb&taecoration (RGD or BMP-2) and
hMSCs. Radiological and DEXA analyses demonstratadstaffolds with BMP-2 and empty

scaffolds produced the most bone ingrowth and defect bridging.
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l. Introduction

In 1988 there were more than 3 million musculoskelet@jesies performed world wide
and more than 450,000 in United States alone (Lauren@h,1999. Bone that has been
damaged from degenerative disease and large bone tumofirandassive fractures, defects
and non-unions have presented major challenges to reconstisiatgery. Most procedures rely
on the traditional therapies of bone grafting, althoungind are other techniques currently being
explored. Orthopedic surgeons perform over 800,000 bone goaftqures annually, which
require donor tissue obtained from either the patieanother person and implanted at the
injury site (Laurenciret al.,1999. While these treatments have proved fairly succedskele
are several drawbacks associated with its use. A setwgatal site is required, there is a
possibility of rejection, and the graft supply may be ifisigit.

The problems associated with bone grafting have causetreagments to emerge with
promise to circumvent the limitations. Scientists hia@gun to look at tissue engineering to
restore tissue function by regenerating or growing boneeBissue engineering approaches
include the use of a 3-dimensional, porous, degradable matither approach extracts the
patient’s own bone-making cells which are grown in celt@oth of the matrices can be
transplanted back into the patient. In order to accomfiistobjective, a unique set of
environmental conditions must be met. These conditimsiade: an appropriate blood supply
which provides access for bone making cells and nutriedtelaninates wastes; and a scaffold
which serves as a template for new bone to be forregdsimilar to that during growth.
Therefore, the scaffold design must meet specific reqants for bone formation.

Previous studies of bone formation have included scaffakgmals such as synthetic and

natural polymers, ceramics, and composites. Howewetypes of materials available today



remain limited. In order to highlight the relative mewff silk-based scaffolds for bone
formation, comparisons will be made to some of thetrmosymonly used biomaterials for
scaffolds today. Collagens have fewer options for emging control of its structure and thus
mechanical properties due to the primary sequence contassagt@lly one repetitive block
(Gly-Pro-HyP). Generally, comparisons to synthetigypw@rs, such as families of polyesters,
have limited control of properties and chemical divgmsiaiinly due to the presence of only one
or two monomers in the chain (in comparison to the Zba@resent in silk proteins). Calcium
phosphates have been used due to their similarity to terahicomponent of bone. However,
the success has been limited because the biomateaacadfold lacks bioactive behavior (being
integrated into the tissue by the same processes preseatieling native bone). This limitation
is due to its stability and hence extremely slow degradaéte. The rates of degradation for silk
have the ability to be closely regulated through contirptionary sequences and crystallinity.
Matching the unique mechanical properties of native bone nsmaachallenge with many
current biomaterials.

It should be recognized that the principal scaffolds erpldo date for bone replacement
or regeneration have shown promise, some even approved ly.S. Food and Drug
Administration (FDA). However, the shortcomings asated with these biomaterials have
prompted the need to identify alternate scaffolds toamrae these limitations. Presently, there
is no bone substitute that functionally and mechanigaiiyics natural autogenous bone.

The principal goal of this project is to investigate theafs&lk fibroin as an alternative
scaffold material for the facilitation of bone regeat®n. Silks offer remarkable mechanical
properties with a very high strength and resistance t@uEssion, are readily accepted by the

body (biocompatible), and have a diverse range of sucfaemistries for selective chemical



couplings (Sofieet al.,2000). Additionally, the interactions between cell sigry factors,

human mesenchymal stem cells, and the silk proteindainarto bone formation are explored.
Specific peptides related to cell adhesion (RGD) and bameation (BMP-2) will be chemically
functionalized to the silk proteins in combinations vathwithout stem cells to develop a clearer

understanding of the relationships between decoration typeedl responses.



[l. Literature Review

Traditional surgical methods and current scaffold bionetehave not yet proved ideal
for bone regeneration. Cell-based therapies have bdgedito improve the regeneration of the
damaged osseous region. The scaffold used is an essemjabnent in tissue engineering and
must meet certain compositional, architectural, and pbiieimical requirements in order to
mimic that of natural bone and influence appropriate tifsupation. Most scaffolds used today
meet only few criteria for bone repair and therefaleis explored as a biomaterial particularly

due to their inherent mechanical properties.

1. Bone Tissue Engineering

Surgical treatments such as allografts and autograftsiiesreused to repair bone
defects. Autografts, which are transplants from thepgs own bone, are considered the gold
standard because they are able to regenerate boneiwathoimmunological affect. They also
provide osteoinductive and osteoconductive properties, angsaadly well incorporated into the
graft site (Arringtoret al, 1996). However, a second surgical site is required whaatsleo
added discomfort and an extended recovery period. Addilyoiadntaining a sufficient amount
of bone from the patient can not only be difficulif i can also be extremely painful.

Allografts, on the other hand, utilize bone from othasbone repair. With this
technique, bone repair capability is not as successfalnibre expensive, increases donor site
morbidity compared with autografts, and can be detrinhémtizae recipient if the transplant
carries a disease or causes an immunological reg&etite, 2000). Allogenic bone maintains
osteoconductive properties but loses osteoinductive potastaresult of processing and

radiation. Although these methods have been widely bgeloctors and have proved fairly
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successful, their shortcomings have prompted the medardd vo look to tissue engineering
and a variety of biologic and synthetic scaffolds tolitate bone formation.

This area of research has the capacity to repair tmreeéving tissue by using
biomaterials, stem cells, and growth factors alone combination. Therapies in bone tissue
engineering include cell, gene, or cytokine therapy (Sitd.,2003) In gene therapy, the gene
that produces a particular protein is directly transtetoethe cellsn vivoor in vitro. The gene
then releases the desired protein into the injured ahesniethod is beneficial because it allows
for a sustained local release of the protein which wouldigeca longer stimulus, maintaining
the signals to create new bone (Seit@l, 2003. Studies have aimed to modify fibroblast cells
in bone to generate bone morphogenetic protein-2 (BMP{2arathyroid hormone (PTH1-34)
(Fanget al.,1996).

Cell-based strategies have been researched for bomeeragen in which cells with
osteogenic potential, derived from the bone marrow, ansplanted directly into the defect and
differentiate into the desired lineage. Also the inooafion of proteins or genetically
engineered cells can be transplanted to promote red@mrethrough induction of osteoblast
differentiation (Saiteet al.,2003). With this comes the need to develop matrice svitiat
support the cell attachment, proliferation, differemiat as well as deliver the bioactive factors
and/or host cells (Saitet al, 2003).

The scaffold design is essential in tissue engineering.composition, architecture, and
physiochemical properties play a prominent role in the lmlfyaof new bone tissue to form.

The minimal requirements that a scaffolds should raeetliscussed in the next section.
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2. Bone Scaffold Requirements

In order to meet the challenging biological, mechanerad, degradation features of bone
repair and regeneration, there are several requirentettscaffolds must possess. Important
biological requirements are that the scaffold shouldonetiuce an inflammatory, immunogenic,
or cytotoxic responsi vivo (biocompatible). The construct should also resorb iorérolled
manner consistent with the rate of new bone ingrowthr@ledse nontoxic by-products
following degradation (Yaszemskt al.,1996). The degradation products should be
biocompatible and readily metabolized or removed froerbibdy. In addition to these
requirements, the material must be osteoinductive, induliffegentiation into osteogenic cells.

Mechanical performance of a scaffold is an imperadive difficult feature to mimic due
to the complex nature of bone. The skeleton has numsduomctions, but one important function
is its ability to bear load. The mechanical propertidsone are unique in that they have high
compressive and tensile strength. However, bone is @péblithstanding higher compressive
strengths before fracture compared to tensile strengéhmBchanical properties are attributed
to its composition; a type | collagen extracellular meand other organic materials give tensile
strength, while hydroxyapatite is responsible for resigaocompression. Around 30% of bone
is composed of the organic compound collagen (90 - 95%) vathethhainder being non-
collagenous proteins. The remaining 70% of bone is made tine aforganic mineral
hydroxyapatite. This inorganic component (§&34)2]s.Ca(OH}) is predominantly crystalline,
though may be present in amorphous forms. The mechanagadrties of different bones are
compared to some commonly used bone replacement maiarigdble 1. The scaffold should
serve as a temporary material with similar mechamicgpberties to that of the bone it is

replacing. A stress-strain curve of trabecular borshdsvn in Figure 1.
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Table 1: Mechanical Properties of Bone Compared to Bone Replkagestructures
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Figure 1: Stress-strain curve of trabecular bone

Direction of Modulus of Tensile Compressive % Strain at  Reference
Test Elasticity Strength Strength Break
(GPa) (MPa) (MPa)

Leg Bones Longitudinal Sujata, 2002

Femur 17.2 121 167 -

Tibia 18.1 140 159 -

Fibula 18.6 146 123 -
Arm Bones Longitudinal 17.2-18.6 130-149 114-132 - Sujata, 2002
Vertebrae  Longitudinal 0.09-0.23 1.2-3.7 1.9-10 - Sujata, 2002

*Bhat, Sujata. (2002) Biomaterials. Kluwer Academic Publishers

Another crucial requirement of the scaffold is that ithternal structure should

accommodate vascularization and cells from the lesagironment (osteoconductivity) and guide

deposition of bone in a way that ultimately mimics narisone. Normal bone possesses an

inherent capacity for self repair and regeneration dueetdotal environment of osteoprogenitor

cells, osteoinductive proteins, and blood vessels (Yaszahak,1996). When bone is

fractured, the repair and remodeling phases initiate anaté cellular communication network

of osteoblasts and osteoclasts. Osteoblasts syntlasintermediate collagenous framework

and then ossification of this matrix occurs to form meewven bone. The bone undergoes
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sequential resorption and deposition that ultimately finenrmineral and organic phases of bone
(Yaszemsket al.,1995). The formation of an organized mineralized matrir the direction of
the previous intermediate matrix as a result of tiallstresses applied to it (Yaszemskal.,
1995). It should be noted that during ossification, mostefimeral that is deposited forms by
growth on existing crystals. There are, however, deseasad injuries that prevent this process of
osseous self repair. The scaffold then acts as aa&rpl guide tissue ingrowth.

As a result, the macrostructure of the materiahigrgortant characteristic because it
determines the extent of vascularization and cell drolsterconnectivity, porosity, and pore
size are thus correlated with bone ingrowth. In gendralptinimum requirement of pore size is
100 m in diameter depending upon implant location and cedkg{Kimet al.,2004). Studies
by Jonest alfound that at pore sizes of 7%, the deposition of mineral salts was hindered.
More mineralized tissue was observed at pore sizes >830Kim et al.,2004). An
interconnected porous network promotes permeability ofentriand gases to the cells and
removes wastes by introducing a vascular supply intoctuifosd.

The structure should be similar in size and shape toatnee tissue/organ and also be
highly porous. This brings cellular precursors to themstracted area and promotes their
adhesion, migration, proliferation, and differentiati®he morphology and architecture of the
scaffold should be reproducible and homogenous.

The drive to create biomaterial alternatives tloaitf@rm to some of the above criteria has
lead to the development of several scaffolds used in tepadr. Scaffolds that have been
explored for orthopedic applications include syntheticrmatdral polymers, ceramics, and
composites. Table 2 provides examples of common materialsch of these classes of

materials that are being explored as bone graft sulestitut
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Table 2: Bone Replacement Materials

Classes of Materials Examples Reference

Synthetic Polymers Polyesters: poly(lactic acid (PL#®ly(glycolic | Yaszemski (1995),
acid) (PGA), their copolymer poly(lactic-co- Saito (2002)
glycolic acid) (PLGA); poly(ethylene glycol)
(PEG); polyanydrides

Natural Polymers Collagen, hyaluronic acid derivativespshit Xu (2004)

Ceramics Hydroxyapatite (HA) G#PQO,)sOH,, tricalcium | Yaszemski (1995),
phosphate (TCP), biphasic calcium phosphate| Bucholz (1987),
(BCP), bioactive glasses, calcium sulfate Laurencin (1999)

Composites HA/PLA, HA/chitosan KiKuchi (1997),

Hockin (2005)

3. Synthetic Bone Graft Substitutes

Calcium phosphates (CaPs) have been used as a scaffpidié and regenerate bone
tissue. CaPs are of interest as a substitute becatisErsimilarity to the mineral component of
bone (Bohner, 2000). Research has also shown that &@Rats used as bone substitutes are
biocompatible, bioactive, biodegradable and osteoconductivéh@lat981 & Rey, 1990). The
strong biocompatibility is directly related to its siamity in composition to bone. Natural
hydroxyapaptite (HA) is found in 45% of the total bone maasiencinet al.,1999). Calcium
phosphate ceramics also offer a potentially limitlesslability and eliminate the need for a
second morbidity site. Additionally, the macrostruetisr similar to trabecular bone and
provides a substantial interconnected pore system thatgpes vascularization and tissue
ingrowth (Laurenciret al.,1999).

Currently, the major calcium phosphate ceramics incBstiecalcium phosphate (3-TCP)
which is widely used in the forms of powders, granudedlocks, and hydroxyapatite (HA),
Cayo(POy)sOHz, which is highly crystalline, osteoconductive and isrtiwest stable CaP at

neutral pH (Gauthieet al, 1999 & Bohner, 2000). R —TCP (34R0;),) has been shown to
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degrade faster than HAMore recently, biphasic calcium phosphate (BCP) has lkeenployed
to overcome HAs limited bioactivity by combining it witRTICP in adequate ratios, usually 60%
HA and 40% RR-TCP (Bohner, 2000).

Despite its osseointegration capabilities and its ctalnaind crystallographic similarity
to the carbonated apatite in normal bone, CaPs beteand poor mechanical properties limit
their use to non-stress applications @al, 2004). The newly implanted ceramic lacks
immediate structural support due to its low compressiveensllé strength. As a result,
researchers have investigated the application of cotegp§laPs mixed with polymers such as
hydroxy-propyl-methyl-cellulose and poly-L-lactic acid, atgbaas coatings on metallic
implants (Gauthieet al, 1999 & Kikuchiet al.,1997).

Polymers provide flexibility in their design due to theingmosition and structure. This
makes them an attractive material because their @iyamncl chemical properties can be tailored
to elicit a specific function. In addition, unlike thewl degrading ceramics that persist for
months after implantation, polymers are biodegradabligniws that have been investigated in
orthopedic applications for bone augmentation in loadifmgapplications are shown in Table 3.
The effectiveness of a polymer as a scaffold in regartiene regeneration is briefly described

in comparison to other polymers.
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Table 3: Properties of Selected Synthetic Biodegradable Polymers

Polymer Advantages Disadvantages Authors

Polyesters Extensively Weak mechanical Agrawal, 2000
studied, adjust properties, can Taylor., 1994
degradation rate, have toxic by-
easily processed, products, bulk

degradation

Polyanhydride Rapid and well  Poor mechanical Agrawal, 2000
defined surface properties
erosion, surface

erosion

Polyorthoester Degrades by Weak mechanical Agrawal, 2000
surface erosion properties

Polycaprolactone  Slower Insufficient Agrawal, 2000
degradation rates mechanical
in comparison properties

Polycarbonate Less immunogenid@oughness up to  Agrawal, 2000

140°C
Polyfumarate Mechanical Agrawal, 2000

properties similar
to trabecular bone

Polymeric scaffolds used for bone augmentation presegetadimitations. It is evident
in Table 3 that a common disadvantage of polymers ismeochanical properties. The most
extensively used synthetic polymers in biomedical apjpdicatare the polyesters such as poly-L-
lactic acid or poly(lactic-co-glycolic acid). Howeysome polyester polymers present major
disadvantages. They degrade fast relative to the anodtinte it takes for host tissue to
regenerate. This is a result of their hydrophilic natunelwvcauses them to degrade by a bulk
degradation mechanism. Such degradation denotes masshagdscivanges the structure of ht e
scaffolds, and ultimately leads to a collapsed templegiefore eliminating the structural
support necessary to promote normal bone regenerahos.tie mechanical properties initially

prescribed to the polymer early on in the degradation pso&ee reduced. They also tend to be
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too elastic and do not exhibit osteoconductive properties.ifitial mechanical properties of

some of the bioresorbable polymers used are shown in Fable

The products of degradation have also raised concerratioreto toxicity. Although

polymers have proved to be biocompatible, bulk degradation podytesed to result in an acid

burst that can result in inflammation. Studies to addiesse concerns were conducted by

Tayloret al.in 1994. PLA and PGA, along with four other polymers, vatuoelied over 16

weeks. Toxicity, rates of degradation, and toxicity of degtian components were determined.

The degradation products of PGA and PLA were toxic at 10alaygl weeks respectively.

Table 4: Mechanical Properties of Select Biodegradable Polymers

Polymer (MW) Tensile Tensile Flexural Elongation
Strength Modulus Modulus Yield/Break
(MPa) (MPa) (MPa) (%)
PGA (50,000) - - - -
L-PLA (50,000) 28 1200 1400 3.7/6.0
D,L-PLA (107,000) 29 1900 1950 4.0/6.0
Polyanhydride
Poly(CPP- SA- - - - -
ISO) (31,000)
Poly (SA-HAD) 4 45 - 14/85
(142,000)
Polyorthoester
DETOSU:t- 20 820 950 4.1/220
CDM:1,6-HD
(99,700)
Polycaprolactone
(44.000) 16 400 500 7.0/80
Polycarbonate
Poly(BPA- 50 2150 2400 3.5/4.0
imino) (105,000)
Poly(DTH- 40 1630 - 3.5/7.0
imino) (101,000)

* Agrawal et al., 2000
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Composites were developed to overcome limitations ofjusanamics and polymers
independently. Ceramics are brittle and osteoconductiygalymers are flexible,
biodegradable, and have no osteoconductivity. By combiningvievith the following
characteristics, the osseointegration and biocompatibiithe material is improved. In addition,

the mechanical properties are improved (Kikustal.,1997)

4. Natural Bone Graft Substitutes

Collagen has been utilized as a bone template scéitalause it exhibits important
mechanical. It is additionally believed to be promising tuthe fact that natural bone is
composed of mainly type Il collagen. It is biocompatdobel can be genetically manipulated for
control purposes (Meinel al, 2004). However, studies show that the fast degradatierofat
collagen prevents substantial calcification and causestthcture to collapse. An vitro study
by Meinelet al. demonstrated that by four weeks of culture, calcium depaositithe collagen
scaffold had significantly decreased. This was attribudetid degradation of the scaffold since
there was progression between 2-4 weeks (Meinal, 2004).

Today, collagen is one of the most widely used bionstefor scaffolds. However, they
have limited options for engineering control of stawmetand thus limited mechanical function.
This is due to the primary sequence containing essentiallyepesétive block (Gly-Pro-HyP)
that is well conserved (Kaplan, 2000)

Although the synthetic and natural bone substitutesisssx provide many important
benefits, they still present disadvantages that keemtdical world in search of new
alternatives. A brief overview of the advantages andddeatages of clinical bone grafts and

bone replacement substitutes are shown in Table$ettident that the structural support and
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mechanical integrity of scaffolds becomes a problenomeklissue engineering. The mechanical
properties of some of the commonly used bone replacemegetials discussed above are
presented in Table 6.

Table 5: Comparison of Bone Graft Materials

Gratft Properties Advantages Disadvantages
Autograft Osteogenic, No host rejection, Second donor-site
osteoinductive,  no disease morbidity, limited
osteoconductive transmission, availability, costly
retains viable
osteoblasts
Allograft Osteoconductive, Greater Immunogenic,
weakly availability than  disease transfer
osteoinductive autogratft, risk, not
customized forms osteogenic,
available, no expensive
additional
surgical
procedure
Ceramics Osteoconductive  Limitless Not osteogenic or
(TCP, HA) availability, no osteoinductive,
additional weak immediate
surgical mechanical

procedure, similar support, difficult
compositionto  fabrication

bone process, brittle
Collagen Favorable matrix Minimal

to bone structural support

regeneration potentially

immunogenic
Demineralized Osteoconductive, Ease of use, no  No structural

Bone Matrix  osteoinductive additional support, not

(DBM) surgical site osteogenic

Synthetic Low density, Low mechanical

polymers Easy to fabricate strength, not
osteoconductive,
may cause tissue
reaction

Abbreviations: TCP= tricalcium phosphate, HA= hydroxyapatite *Adopted frapidf, 2000
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Table 6: Mechanical Properties of common bone replacementtstasc

Modulus of Tensile  Compressive % Strain at  Reference
Elasticity Strength Strength Break
(GPa) (MPa) (MPa)
HA 7-13 38-48 350-450 - Bhat, 2002
PGA 8.4 890 - 30 Bhat, 2002
Altman,
PLA 1.2-3.0 28-50 - 2-6 2002
0.0018-0.046 Altman,
Collagen 0.9-74 - 24-68 2002

*Bhat, Sujata. (2002) Biomaterials. Kluwer Academic Publishers

Abbreviations: HA= hydroxyapatite, PGA=polyglycolic acid, PLA=apacttic acid with molecular
weights ranging from 50,000-300,000, Collagen= rat tail collagere Tegtruded fibers tested after
stretching from 0-50%

A reoccurring weakness presented in Table 5 with mattyeadynthetic and natural
structures used for bone regeneration is the absensteoenic or osteoinductive properties.
The mechanical integrity of the scaffolds also becoangblem when introduced into the
unique osseous environment (stress/strain/compression).

It can be concluded that in order to effectively tissuggreeer bone, the following
minimum requirements should be met: 1) an appropriate@ous substrate must be used to
ensure cell attachment, growth, and differentiation, @@ production and to promote nutrient
and waste exchange; 2) provide optimal mechanical prop#raematch and support those of
native tissues; 3) biodegradable, biocompatible and resordaiacteristics; 4) allow for
bioactive molecule delivery, and have a suitable suidaesnistry; 5) a reproducible architecture
to maintain homogeneity. The common matrices used in tiEswee engineering have been
evaluated, and their shortcomings have proved that thexa an ideal bone scaffold as of yet.
Most scaffolds reported only conform to a few of thieecia discussed. Therefore, there is a

need for new biomaterials that are capable of inducimg lmrmation. To meet the challenging
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native environment of bone as well as meet the chlifigrscaffold requirements, researchers

have been exploring silks with their unique mechanicdlfanctional properties.

6. Silk Scaffold for Bone Formation

Silks are generally defined as spun fibrous protein polynoeesens synthesized by a
variety of organisms including silkworms, spiders, scormqionites and flies. Silk fibers are
usually spun into the air; however, some aquatic inggouce silks spun under water (Zleto
al., 2002). Silks differ in composition, structure, and propgdiepending on the specific
source. The mechanical properties are tailored to thafisgeactions of the silk. They are
known to have a wide range of native functions sudhigs strength netting to entrap insects
and the protective membranes that prevent environmental h&ther functions include
reproduction as cocoon capsular structures, web constractébadhesion, and lifeline support
(Altmanet al.,2002). The most extensively characterized silks are $itkmvorm, Bombyx
mori, and from spiders\lephila clavipesndAraneus diadematu&ltmanet al.,2002).

Fibrous proteins are characterized by a highly repetitivegoy sequence which leads to
significant homogeneity in secondary structure. Tlgawization of the primary structural
components from a range of lepidopteran silk and onénaichare shown in Figure 2. The
primary structural sequence consists of a central reygeanit containing mostly hydrophobic
amino acids that are interspersed with a more conipldsophilic, amorphous region. This
region is referred to as a “spacer” and is less thaneb the size of the hydrophobic regions
(Altmanet al.,2002 & Biniet al.,2004). The N- and C-termini regions are non-repetitive and
hydrophilic in nature. The sizes of these termini in aetyof silks are shown in Table 7.

Additionally, this table summarizes other component#odin primary sequences. It should be
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noted that although there is variability among silke,dhganization of the components is

similar.
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Figure 2: Organization of hydrophilic and hydrophobic domains in sititgins. Shown is the heavy fibroin chain
of B. mori, A. yamamaheavy fibroin chain o6 .mellonellaandN. madascariensias indicated by respective
fragments. *(Biniet al.,2004)
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Table 7: Summary of Components of Hydrophilic and Hydrophobic Compisnef fibroin

Seqguences
Hydrophilic blocks Hydrophobic blocks
N- C- Size of Ratio Ratio Range Average No. of Core
term term  hydrophilic N- C- (no. (no. aa) blocks Repeat
size size spacer (no.aa) term term aa) Sequence
(aa) (aa) & aa: spacer
representative spacer aa:
Sequence sequence aa  spacer
aa
Lepidoptera
Bombyx mori 151 50 32-33, 4.7 15 159- 425.7 12 *Shown
TGSSGRGPY 607 below
VGGYSG
Bombyx 151 YEYAWSSE
mandarina
Antheraea mylitta 86 b SDFGTGS
Antheraea pernyi 87 32
Antheraea 87 32 7, RRAGYDR 12.4 4.5 140- 149.6 16
yamamai 340
Galleria 189 60 6-8 27 9.5 75-99  89.38 13
mellonella EVIVIDDR
Arachnida
Flagelliform
Nephila clavipes 115 89
Nephihla 115 89 26, 3.4 4.4 260- 3415 g
madascariensis TTHEDLDITI 380
DGADGPI
Major ampullata
Nephila clavipes 2 97 No spacer 19-46
Gasteracantha a 89 No spacer
mammosa
Argiope aurantia 2 82 No spacer
Nephila a 82 No spacer
senegalensis
Latrodectus a 88 No spacer
geometricus
Araneus a 94 No spacer
diadematus

& N-terminal sequences of these proteins were not available
P C-terminal ends not available.
¢ N- and C-terminal were obtained from two fragmentthefsequence. These w&e
mellonellg N. clavipesandN. madascariensis
4Sequences were incomplete. Number of blocks, averagarsizeanges were based on the

fragments available
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Table 7 cont: *Core Repeat Sequence

Bombyx mori| Antheraea | Galleria Nephila Nephila
yamamai mellonella madascariensis clavipes
Core (GAGAGS). | (S14A1119, | (S12A14)12 (GP(GGX)1- | GAG(A)6-
Repeat 15, (GX)5.15, GX1.4GGX, | GLGGLG, 4Y)n (X=Y, V, | 7TGGA,GGX
Sequence | (X=V, |, A,)), | GGGX GXGGXG S, A), GXGXX
GAAS (X=A, S,Y,R, | (X=L,I,V,P), | GRGGAN, (X=Q,Y,L,A,
DV, W,R, D | GPC (X=L,Y, | GGXn(X=A, S, R)
) T,V,S)

*Adopted from Biniet al.2004

The secondary structure of the fibrous protein can coosether helical, 3-sheet (chain
axis is parallel to the fiber axis) or cross-3-sheedifcaxis is perpendicular to the fiber axis)
(Valluzi et al.,2002). Both the spider dragline silk fradephila clavipesand the silkworm silk
B. mori,are characterized by a secondary structure of 3-plshests, as is the case for most
silks (Valluziet al.,2002). Polypeptide chains are extended from the [3-pleatedsshezttire in
which the carbonyl oxygens and amide hydrogens are atigeaangles to the long axis of the
chain. The carbonyl oxygens form hydrogen bonds with thdehydrogens on neighboring
chains resulting in a pleated structure along the baekbbthe peptide chain. There is extensive
hydrogen bonding in silk as well as van der Waals intenagffor stacked sheets due to the
dominant amino acids such as glycine, alanine, and s&fatielfi et al.,2002).

Generally, spider dragline and silkworm silks are careid semicrystalline materials
with amorphous flexible chains reinforced by strong crysfidie crystalline regions (I3 —sheets)
throughout the silk are very hydrophobic and consist of higihdgred protein crystals of alanine
or alanine-glycine peptides (Kaplan, 1998). This gives silkmlination of stiffness and
strength. Silk’s elastic property is a result of theodilered, loose, coil-like protein chains of

glycine peptides which aggregate to form the amorphous ediess ordered alanine-rich
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crystalline regions have also been identified and bedi¢gweonnect the amorphous regions with
the 3-sheets. The structural properties of the vastksdepend on the composition and

arrangement of these proteins. The crystalline and amasplegions are shown in Figure 3.

*Zhaoet al. (2002)

Figure 3: Schematic organization of crystalline and amorphous megioa silk fiber. The red and yellow blocks
represent the crystalline and amorphous regions regglgctihe black canted sheet-like structures are weakly
oriented, yet crystalline. Not drawn to scale, in tgdhe glycine-rich amorphous regions compose about 70% of
the fiber.

In silkkworm fiber, the 3-sheets consist of the glgealanine crystalline repeats. All of
the crystalline regions in spider dragline fibers, initaid to the silkwormAntherea pernyiare
composed of alanine-rich sequences. The amino acid corpssiti four different silk species
are shown in Table 8. Generally, the crystalline neg@re interspersed by domains of 34-40
amino acids that make up the non-crystalline, or amorpmeg®ns of the protein. The

proportions of crystalline and amorphous regions in thedspend on the type of silk. Protein
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crystals account for 40-50% Bf morisilk and 15% of silks produced by the major ampullate

when hydrated (Craigt al.,2002).

Table 8: Amino acid composition of silk fibroin and one glue prot@nol%) from four different
species

Amino acids B. mori fibroin B. mori sericin S.c. ricini A. pernyi A. yamamai
fibroin fibroin fibroin
Gly 42.9 13.5 33.2 26.7 26.1
Ala 30 5.8 48.4 48.1 48.1
Ser 12.2 34 5.5 9.1 9
Tyr 4.8 3.6 4.5 4.1 3.9
Asp 1.9 14.6 2.7 4.2 4.5
Arg 0.5 3.1 1.7 29 3.5
His 0.2 1.4 1 0.8 0.8
Glu 1.4 6.2 0.7 0.8 0.7
Lys 0.4 3.5 0.2 0.2 0.1
Val 25 29 0.4 0.7 0.7
Leu 0.6 0.7 0.3 0.3 0.3
lle 0.6 0.7 0.4 0.4 0.4
Phe 0.7 0.4 0.2 0.3 0.2
Pro 0.5 0.6 0.4 0.3 0.4
Thr 0.9 8.8 0.5 0.5 0.6
Met 0.1 0.1 Trace Trace Trace
Cys Trace 0.1 Trace Trace Trace
Trp - 0.3 0.6 0.7

*Adopted from Zhao et al.,2001

Silks are produced in modified salivary glands for bothL#gidoptera and Diptera.
Spiders, however, produce silks in multiple glands apat&jly use more than one type of silk to
make their nests, traps and cocoons (Ceag.,2002. A list of selected species (there are over

34,000 species of spiders) and the corresponding gland thiatcesothe silk is listed in Table 9.
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Table 9: List of Lepidoptera, Diptera, and spider species and $ilkiproducing gland

Species Producing Gland
Lepidoptera & Diptera
Antheraea pernyi Salivary
Antheraea yamamai Salivary
Galleria mellonella Salivary
Bombyx mori Salivary
Bombyx mandarina Salivary
Antheraea mylitta Salivary
Chironomus tentans Salivary
Spiders
Nephila clavipes Major ampullate
Nephila senegalensis Major ampullate
Gasteracantha mammosa Major ampullate
Argiope aurantia Major ampullate
Araneus diadematus Major ampullate
Latrodectus geometricus Major ampullate
Araneus bicentenarius Major ampullate
Tetragnatha versicolor Major ampullate
Araneus ventricosus Major ampullate
Nephila Clavipes Minor ampullate
Dolomedes tenebrosus Ampullate
Euagrus chisoseus Combined
Plectreurys tristis Larger ampule-shaped
Argiope trifasciata Flagelliform
Nephila madagascariensis Flagelliform
Nephila clavipes Flagelliform

* Adopted from Biniet al., 2004

All of the organisms that produce silk synthesize taskipadk with divergent
mechanical properties depending on its function (Schetbé4). Adult spiders have seven
different types of glands that yield four fibroin silasd three types of protein glue (Craigal.,
2002). The type, function, and mechanical properties of spiltteand silkworm silk are shown
in Table 10. For the purpose of the paper, only the gldradroduce the fibroin silks are

discussed.
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Table 10: Comparison of extensibility, elastic modulus, and terssidength of silks

Silk Silk Gland Function Extension | Elastic Tensile References
(%) modulus | strength
(GPa) (kpsi)

Dragline | Major Orb web frame, 35 10-50 400 Kaplan, 1997
ampullate radii, ampullate

Minor Minor Orb web frame 5 * 100 Kaplan, 1997
ampullate

Viscid Flagelliform Prey capture, 200 * 100 Kaplan, 1997

sticky spiral

Cocoon | Cylindrical Reproduction * * * Kaplan, 1997
(tubuliform)
Salivary

Major and minor ampullate silk values are forclavipesSimilar values were found with silk
from Areneus gemmoideBlagelliform silk values are fokraneus diademadus. *Indicate that
the values were not found.

Most silks assume different secondary structures ardift points during th& vivo
processing. In general, there are two distinct structategjorized as Silk | and Silk II. Before
spinning, the silk proteins are water-soluble with high mdé&oweights (Silk I). They are stored
at high concentrations in their respective glandss photein solution forms the silk dope which
displays properties of a liquid crystal. In this st#te, peptide motifs are thought to adopt an
helical conformation, -turns, or random coil conformation. In spider draglihe, polyalanine
motifs adopt an-helical conformation, while the glycine-rich motitsrin either -turns or
random coil conformation (Scheibel, 2004).

The protein liquid crystal solution passes through theomang tubes of the spinning
duct in both spider and silkworm glands. Here, watatiuso, and chloride are extracted from
the solution. The pH is also lowered and initiates gartifolding of the proteins. The silk

proteins slightly extend, align, and pack much closer tegd€Scheibel, 2004). Partial
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crystallization occurs parallel to the fibre axis. pider dragline, as the hydrophobic polyalanine
segments of the silk align, they are exposed to arasingly hydrophobic environment,
triggering their conversion from-helical to -pleated sheet structures (Scheibel, 2004). After
spinning, it is then converted into water-insoluble fib&ik(ll) (Kaplan, 1997).

Silk proteins exhibit impressive mechanical properties thee baen shown to exceed
that of high performance fibers such as Kevlar (Altraegal.,2002). Table 11 shows the
mechanical properties &. morisilk and spider dragline silk froil. clavipegwhich is
regarded as nature’s high performance fiber) and compamstthother materials.. The stress-
strain curve foB. morisilk is shown in Figure 4. The highly organized structurelkf s
contributes to its mechanical properties

Research has shown that the amphiphilic nature girtftein is responsible for the
mechanical properties of silks having a unique combinationthf &trength and toughness
(Altmanet al.,2002). The predominantly hydrophobic nature of the crystalig®mns is
essential to exclude water and in turn produce a high packingydehB-sheet crystals that are
believed responsible for the high strength and stiffnesscated with the fiber, while the
elasticity of the silk fibroin arises from the amorphalesnain (Zhacet al.,2002). This also
explains why the silk is water insoluble, in which thaevanolecules are unable to penetrate the
strongly bonded-sheets. In addition, unlike globular proteins, silk fidease extensive
hydrogen bonding. These properties provide silk fibers wipleisor environmental stability

(Altmanet al.,2002).
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Table 11: Mechanical properties of silkkworm and dragline silk compéoeather materials

Material UTS (MPa) Modulus (GPa) % Strain at Authors
break
B. morisilk® (w/ 500 5-12 19 Perez-Rigueist
sericin) al.
B. morisilk® (w/o | 610-690 15-17 4-16 Perez-Riguead
sericin) al.
B. morisilk* 740 10 20 Cunnifét al.
Spider silk 875-972 11-13 17-18 Cunniét al.
Collagen 0.9-7.4 0.0018-0.046 24-68 Piasal.
Collagen X-linked | 47-72 0.4-0.8 12-16 Piret al
PLA 28-50 1.2-3.0 2-6 Engelberg and
Kohn

Tendon 150 1.5 12 Goslinet al.
(comprised mainly
of collagen)
Kevlar (49 fiber) 3600 130 2.7 Goslie¢ al.
Synthetic Rubber | 50 0.001 850 Gosletal.

*Altman et al.,2003

& Bombyx moriilkworm silk: determined from bave (multithread fibessumally produced from
silk worm coated in sericin).

® Bombyx morsilkworm silk: determined from single brins (individudirbin filaments
following extraction of sericin).

¢ Bombyx morkilkworm silk: average calculated from data in Cuniff, 1994.

4 Nephila clavipesilk produced naturally and through controlled silking.

® Rat-tail collagen Type | extruded fibers tested aftetaing from 0% to 50%.

" Rat-tail collagen dehydrothermally cross-linked and testied stretching from 0% to 50%.

9 Polylactic acid with molecular weights ranging from 50,@9300,000.
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Figure 4: Stress-strain curves of (a) natBemorisilk fibroin fiber and (b)-(e) regenerat&d morifibroin fibers
after postspinning treatments. The cross signs reprigseakperimental errorsAtlopted from Zhao et al., 2002

In the stress-strain curve, the silk material walt relax to its initial shape after the force
is removed once it is past the elastic limit. Lookihgrly curve (a), the elastic limit is
underneath the area before the line begins to curveislihie point where the deformation
(strain) of the material is irreversible (Zhabal.,2002). This occurs in between the elastic and
plastic regions of the stress-strain curve. Thersaterial will actually break at the ultimate
tensile strength (UTS) (located in the stress-sttame Figure 4) (Zhaet al.,2002).

B. morisilk has been used commercially as biomedical suturetefmdes. Although
spider silks have also been well characterized, theg hat been used for biomedical
applications largely due to the predatory nature of spamighe low level of production when
compared to that of silkworm (Altmaat al.,2003). In addition, current research with precise

silkworm silk fibers and films suggests that core silk fibriibers demonstrate analogous
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biocompatibilityin vitro andin vivo with other biomaterials such as collagen (Altredal.,
2002).

In silkworm silk derived from the cocoon Bf mori,the fibroin fibers are the core
filaments and contain at least two major fibroin prageil hey are the heavy chain fibroin (325
kDA) and a light chain fibroin (25 kDAB. morialso produces a sericin coat that encases the
core fibers. It is a glue-like protein that holds tie fibroin fibers together to form the
composite fibers of the cocoon case. The sequence obtbeepeats in the fibroin heavy chain
of theB. moricontains alanine-glycine repeats as well as seringasitg (Altmaret al.,2002).

A study conducted by West al.in 1990, indicated that there were some adverse effects
including bioincompatibility and hypersensitivity to virgin silkb{in containing sericin gum).
The adverse effects were attributed to sericin (\&tead.,1990). Recent studies demonstrate
improved methods that completely extract sericin blirgpthe cocoons, removing its antigenic
effects. The resulting silk fibroin material produced inmmlogical reactions similar to common
biomedical materials such as polyesterene (Meinel, 2088f&, 2000).

Silk is also an attractive material because of its slegradation rate. This allows for a
temporary scaffold that maintains mechanical integrniyl lhost tissue regenerates. Studies have
determined that silk is degradable over a long period of b@eause of proteolytic degradation
often mediated by a foreign body response (lediral., 1995, Uffet al.,1995). Most silk fibers
lose the bulk of their strength within 1 yeavivoand are unrecognizable within 2 years
(Altmanet al.,2002). Studies performed on sitkvitro have shown that proteases cleave the
less-crystalline regions of the protein to peptides whiehitzen able to be phagocytosed for

additional metabolism by the cell (Asakwtaal.,1997). Studies have also demonstrated that
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protease cocktails and chymotrypsin are able to enzymgtitedrade silk (Asakurat al.,
1997).

The highly organized structure of silk not only contributegstonechanical properties
but also affects its degradation. Degradation rate eaitéred by changing the content of the 3-
sheets. A high content of [3-sheets causes the sifklsiciy degrade more slowly while a low
content degrades fast. This is because more hydrogembggnrdvides for closely packed sheets
that make it more difficult for water molecules toptrate and break the bonds. Therefore, by
modifying the organizational structure of the 3-sheetldgradation rate can be more closely
matched with bone tissue ingrowth at the implant site.

Silk fibroin presents versatility in matrix scaffold dgsfor an array of tissue
engineering needs (Altmaat al.,2002). Scientists are able to process silk fibroin foéms,
films, fibers and meshes (Minoueaal.,1995, Altmaret al.,2002). The change in morphology
and architecture, such as pore size, porosity, and intexcbwvity can be controlled based on the
mode of preparation (Kirat al.,2004). This is critical to tha vivo mechanical behavior of the
scaffold. To date, fabrication methods that have beiBreat are solvent casting, particulate
leaching, freeze-drying, gas foaming, melt molding, and phasea®n (Nazaroet al.,2003)
The diverse amino acid side chains allow for seleahamical couplings for tissue engineering.
Also, it has been demonstrated that silk matrices prewcwll attachment, proliferation, and
differentiation.

Studies conducted on silk scaffolds demonstrated the deperafeseadfold integrity on
such properties as pore size and homogeneity. It wagedgbat a more uniform pore
distribution improved the mechanical properties of tladfstd (Kim, 2004). Stress that is

applied to the scaffold is concentrated at the porefates, and if it is not uniform, quicker
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deformation will occur as well as a decrease in consprestrength and modulus (Kiet al,
2004).

An example of silk’'s matrix versatility is evident iesearch conducted by Duanal.in
1992. This study demonstrated that silk fibers are superamitegen fibers and other enhanced
scaffolds such as collagen fiber-PLA constructs (Detrad. 1992). During the study, Durat
al. analyzed the development of a collagenous anteriorateuigament (ACL) prosthesis. The
results showed inconsistent neoligament formation andiderable weakening of the collagen
prosthesis in a rabbit model (Duahal. 1992). They also utilized enhanced scaffolds such as a
collagen fiber-PLA composite in order to maintain mectanntegrity to allow for neoligament
tissue ingrowth (Dunet al. 1992). But in both studies, merely half of the strietistayed
intact 4 weeks post-reconstruction. This implied thatdollagen and PLA composite was
insufficient for the demandinig vivoenvironment of the ACL (Dunet al. 1992). However,
silk fibroin fibers woven into a wire-rope geometry prgsel unique mechanical properties
similar to that of the native ACL and supported hosugsingrowth that surpassed that of
collagen and the collagen/PLA construct (Altnedral. 2003).

As discussed, an attractive characteristic of siltsigliverse amino acid side chains that
can be modified. Recent evidence suggests that a affiolscdecorated with RGD, when
compared with other integrin recognition sequences, ineteasteoblast differentiation and
mineralizationin vitro (Sofia, 2000).

Other research demonstrates that the incorporatiarR&D peptide in a silk scaffold
significantly increased the amount of calcium presedet &ur weeks in culture compared to an
undecorated silk scaffold (Meinel, 2004).The void area wasptaiely filled with ECM which

consisted of organized parallel collagen bundles and osstdikla cells, and few with
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fibroblast-like morphology. Both of the silk groups hadrencalcium deposition than the
collagen scaffolds (Meinel, 2004).

This mechanical attachment of the intracellular dygéteton of cells to their extracellular
matrix is important in modulating a number of celldlanctions such as cell proliferation and
migration. Integrins accomplish this by recognizing thggrame-glycine-aspartate (RGD)
sequence motif located in proteins found in the ECM. RGDsignthetic peptide that acts as
active modulators of cell adhesion. This process istefest to tissue engineers because it
provides a means to control cellular function on aetgiof matrices by covalently attaching
RGD peptides to the surface of the material.

Incorporating stem cells onto a scaffold has shown {g®m generating engineered
tissues and organs. Human MSCs have been researdi@akitissue engineering due to their
capacity to differentiate into bone-making cells. The typkneage adopted is dependent on the
extrinsic signals from cytokines and other local algn Direct control of differentiation of
hMSCs are currently represented by demonstration oblolsistic differentiation in various
biologically or synthetic derived matrices. These preaucells are easily isolated and capable
of in vitro proliferation and differentiation. They can then béwed on a matrixn vitro prior to
implantation to repair the defect or implanted immethatipon seeding (Pittenget al.,1999).

Human MSCs seeded on silk films and silk films covajebtiund to the amino acid
sequence (RGD) boih vitro andin vivowas studied by Meingt al Thein vitro analysis
compared cells grown on tissue culture plastic (TCPatnegycontrol), TCP coated with
lipopolysaccaride (LPS; positive control) and collagéndi The hMSCs formed monolayers on
both of the silk films and clustered on the collagen.fil@ell proliferation was significantly

higher on the silk films compared to the collagen or TCRese findings were substantiated by
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in vivo studies in which the silk films, collagen film, and a Ptil& were implanted
intramuscularly into the quadriceps, triceps and regbad®minus muscles (Meinet al, 2004).
Cell proliferation was advanced on the silk films, gatarly on silk with RGD (Meineét al,
2004).

A study conducted by Meinet alin 2004 substantiated the suitability to attach hMSCs
to silk in order to promote bone formation. Both sitidaollagen scaffolds were studied with
the same microstructure. When cultured on the silky s&dls expressed strong transcript levels
of all three bone markers studied: bone sialoprotiedP|B&steopontin and BMP-2. They also
accumulated bone-like matrix containing alkaline phosphatademineral. The bone formation
resulted in interconnected trabeculae of bone-lé®ue. Collagen scaffolds could not generate
similar outcomes as a result of its rapid degradation.

Research has also demonstrated that the osteogenidgdaitatscaffold can be
improved by incorporating certain bioactive molecules kméavinduce bone formation.
Osteogenic molecules, particularly of the transformiraywin factor (TGF)-I3 superfamily, play
a key role in bone formation and repair.

Other osteoinductive bioactive molecules that are iragbim new bone formation and
remodeling include: 1) insulin-like growth factors (IGF);sReletal growth factors (SGF); 3)
transforming growth factors (TGF); 4) osteoblast derivexwn factors (BDGFSs); 5) epidermal
growth factors; 6) vascular endothelial growth fact@ydpone morphogenetic proteins (BMPSs).
Although BMP is one among a list of growth factorss ithe only one that is capable of
transforming connective tissue cells into osteoprogendts.

BMPs induce undifferentiated mesenchyn®lls to differentiate through the

chondrogenetic or osteogengiathway. This can result in bone formation in noreoss
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environments. ThBMPs accomplish this by forming a complex of two diffatgpes of
serine/threonine kinase receptors: type | and lty@dée receptors are induced at physiological
and pathological ossification sites and are essantihe development of new bone. Once
ligands bind to both the receptors, phosphorylation of tymeurs by type II. This
phosphorylation results in an increase of specificagwes in the cell cytoplasm such as alkaline
phosphatase and collagen synthesis.

Bone morphogenetic proteins (BMP), including BMP-2-15, arsnbaes of the TGH
superfamily and were initially identified as bioactivelezules in the demineralized bone
matrix, discovered by Marshall Urist in 1965 (Sykagtal, 2001). These can be further divided
into three different subfamilies: BMP-2, BMP-3, and BMPThere have been over 15 BMPs
cloned and expressed in humans and mice. Thel@ &fperfamily is an assemblage of
multifunctional cytokines which have vital roles in dieyament and in the regulation of
differentiation and proliferation of mesenchymal stegitsg including cartilage and bone
formation (Scheufleet al, 1999). The cytokines act on mesenchymal cells in a otrat®n-
dependent manner, and are based on thresholds.

The different isoforms of BMP have different roieslevelopmental processes during
embryogenesis and during repair. For example, BMP 2-7 iroluoe formation and
differentiation. Bone morphogenetic protein-2 (BMP-2)n& of the key representatives of the
collection of bone morphogenetic proteins (Schewdteal, 1999). BMP-2 is synthesized as a
453 amino acid proprotein which is glycosylated, proteolyicadéaved and dimerized to result
in a mature homodimeric protein consisting of 114 C-teahproprotein residues (Scheufir

al., 1999). The dimensions of the dimer are 70 Ax 35 A x 30 A.
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Each monomer contains a cystine-knot that is assehitdm six cystine residues, with three
intrachain disulfide bridges. Comparable cyseine-knate been discovered in transforming
growth factors, vascular endothelial growth factor,gidtderived growth factoh nerve growth
factor, brain-derived neurotrophic factor as well as gomagot (Scheufleet al, 1999).

Because the proteins of this BMP family lack the famtigdrophobic core that globular

proteins contain, the cystine-knot scaffold is importamrder to stabilize the structure. BMP-2
stabilizes itself additionally by dimerization, wheréydrophobic core is generated between the
monomers (Scheuflet al, 1999).

Protein-based polymers, specifically silks, are logitalices for scaffolding for the
formation of bone. It can be concluded from the liwm@that the reasons for the optimism are
many-fold. Some of the reasons discussed included: 1ptheahrole of the structural proteins
of silks in tissue remodeling, including collagens in tiBAMVE 2) its biocompatibility (silks have
been used as sutures) with potential resorbable propertigg B)echanical integrity (unique
stress/strain/compression); 4) silks can be processauabth varying techniques with the ability
to control architecture; 5) suitable surface chemistry¢hatbe decorated with a direct level of
control (as shown through extensive research); 6) thieyabiself-assemble. These important
controls of polymer structure can potentially addressideels for bone tissue regeneration and

provide an alternative, improved biomaterial for scafiold
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lll. Objectives

The objectives of this research are to characterizsaffolds in their ability to generate
bone in critically sized femoral defects to be usethentreatment of bone disease and/or
replacement. The specific goals are:

- To study silk as an alternative bone graft substitutedmpte bone formation
- To analyze the osseointegration of different silk ytbkines +/- cells combinations with BMP-

2 or RGD and hMSCs

- To identify the most suitable combinations of scaffold seaffold decorations to optimize

bone formation
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IV. Materials and Methods

The overall goals of the project were to determinesiflafibroin is a suitable scaffold
biomaterial for osseous treatments. The preparatioriednitation methods of the silk fibroin
are discussed in the following section. The specifioatmf how osseointegration was measured

are described in detalil.

7. Materials

Fetal bovine serum (FBS), RPMI 1640 medium, Dulbecco’difal Eagle’s Medium
(DMEM), transforming growth factor-33 (TGF-33) werenfr&®&D System in Minneapolis,
MN. Basic fibroblast growth factor (BFGF) were fronfd_irechnologies, Rockville, MD.
Silkworm cocoons were supplied by M. Tsukada (Institute at&leure, Tsukuda, Japan) and
Marion Goldsmith (University of Rhode Island, Cranstol), Rl other reagents were of
analytical or pharmaceutical grade and obtained from &i@h Lous, MO). BMP-2 was a gift
from Wyeth Pharmaceuticals, Andover, MA (Thomas Phrtéexafluoro-2-propanol (HFIP)

and methanol were purchased from Aldrich.

8. Silk Preparation

The processing of the silk was done at Tufts Universithi@aMedford campus, MA. The
basic principles of this process are shown in Figureapldh, 2000). After receiving the
silkworm cocoons from Japan, the worm was extracted @od@ns were cut into 8 parts. The
cocoons oB. morisilk were boiled for 1 hour in an aqueous solution of 0.0ZCKgaand 0.3%
(w/v) Ilvory soap solution. The silk was completelypsierged at all times. Then the silk was

rinsed with 1 L of hot unpurified tap water (UPW) and th@rtimes with 1 L of cold UPW to
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remove sericin proteins. The silk was dried overniglat fame hood and the dry weight was
measured.

The next day, the purified silk was dissolved in a 9 Brlgolution at 55°C for 5 hours to
give a 10% (w/v) solution of dried silk. The solution viiiered with a 5 pm syringe filter. 12
mL of the filtered solution was then inserted into id&sh-Lyzer dialysis cassette and dialyzed
against 1 L of UPW. The UPW was changed after 1 housu8h6 hours, 9 hours and 12
hours. The dialyzed solution was pipetted into 25 ml atgjuo50 ml Falcon tubes. It was then
lyophilized and dissolved in hexafluoro-2-propanol (HFBPYive a 2-3% (w/v) solution, which
was determined by weighing the remaining solid after drying.

Films were formed by pipetting a volume of the solubaito the substrate (Falcon
plates) to cover the surface area and then dried fous h@isk-shaped scaffolds (5mm
diameter by 3mm thick) were prepared from the parentaddsly using a dermal punch and

autoclaved.
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B. mori silk cocoons + 1 L UPW + 0.02 M pE0O; + 0.3% (w/v) Ivory Soap

A\ 4
Boil and stir for 1 hour > Rinse silk

A 4

Dry overnight in fume hood

A 4

10% (w/v) solution of dried silkle— Dissolve in 9 M LiBr solution at 55°C for 5 hours

A

A 4

Filter solution with 5 pum syringe Insert 12 mL filtered solution into a Slide-a-Lyzer dsasy

"| cassette

A 4

Pipet dialyzed solution into 25 mL | Change UPW after 1 hour, 3 hours, 6 hours, 9 hours
aliquots in 50 mL Falcon tubes D & 12 hours

A
Lyophilize and dissolve in HFIP = 2-3% | Pipet solution onto Falcon plates and dry for 5 hoprs

A

(w/v) solution

y

dermal punch

Disk shape scaffolds 5 mm x 2 mm by using a

Figure 5: Methodology for Silk Scaffold Preparatigonpublished data, 2005)
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9. Silk Scaffold Fabrication

The fabrication technique utilized was salt leaching.ssmus solution was prepared by
dissolving the silk in HFIP. Sodium particles acting as parsgeere added to the plates and the
silk/HFIP solution was then added (Unpublished data, 2005)der to allow for homogenous
distribution of the solution, the plates were coveretetluce evaporation rate. The solvent in the
mixture of the silk/porogen composite was evaporated at temperature. This composite was
then immersed in methanol to inducsheet structure. The composites were then placed in
water for 24 hours to ensure that all of the sodiurtigges had leached from the matrices. The

fabrication process that follows the silk preparat®ahown in Figure 6.

NaCl g -wweed  Add porogens |

v
g | HFIF evaparation |
v

J, e Methanol |

Leaching salt in
water at room

@ temp., 24 hrs
v

b . .
| Porous silk marix |

Figure 6: Silk scaffold fabrication flowchart with HFIP-derivetdks* Adopted from Nazarov et al.
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10. Modification of Silk by Covalent Coupling ofgides

The silk films were modified, or decorated, with théolwing peptides: arginine-glycine-
aspartic acid (RGD) peptides or BMP-2 by covalently bonthegamines on the peptide with
the silk fibroin. The silk fibroin films that were staafter the addition of HFIP (as discussed
above) were soaked in MES buffer (0.1 M MES, 0.5 M Np#ll6) per dialysis cassette. This
was done to hydrate the films and change surface arrangbynerposing hydrophilic
functional groups. The MES buffer was changed the nexnhimg. The fabrication technique

used to form porous three-dimensional matrices wasesadhing.

The next evening the silk solution was carefully remdvenh the dialysis cassette and
injected into a glass bottle with a syringe. 0.4 mg/rhiL-ethyl-3-
(dimethylaminopropyl)carbodiimide hydrochloride (EDC) andrhd/mL N-
hydroxysuccinimide (NHS) were added to the solution and aliotiem to react for 15 minutes
at room temperature. These reagents activate ¢hgboxyl (COOH) groups from aspartic and
glutamic acids, which represent 2-3% of amino acids basédeoamino acid composition of
silk fibroin. The activated carboxyls are extremelyctea towards the primary amines on the

peptides and form a stable covalent amide bond with thélsoin (Grabareket al.,1990).

Under a fume hood, 1.4 of 2-mercaptoethanol per ml solution were added in daler
qguench the EDC. 7.5 mg of RGD or BMP-2 was then add#teteeaction mixture and allowed
the proteins to react at room temperature for 2 houng. rédaction was stopped by adding 10
mM of hydroxylamine HCI. This method hydrolyzes any unrehttelS present on the silk’s
surface and results in the regeneration of the origiddoxyls. Then 6-8 ml of the silk-RGD or

silk-BMP-2 solution was inserted into a dialysis cassattedialyzed against 1 L of UPW per
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cassette. The UPW was changed after 1 hour, 3 houosyr§, 19 hours and 12 hours. The
dialyzed solution was pipetted into 25 ml aliquots in 50 aitén tubes. The solution was
frozen for 2 hours at -75°C. It was then lyophilizedlutnivas completely dried, leaving a
porous matrix, taking approximately 3 days. The silk filnesexsubsequently treated with 90%
methanol (v/v) to induce crystallization, induce afcomational change in silk to 3-sheets, and
to prevent resolubilization in the cell culture mediagkuraet al.,1994). The lyophilized silk
solution was then stored at room temperature. The belwodology of this process is shown
in Figure 7. This process starts off with the silk filbréim that was cast after the addition of

HFIP, as shown in Figure 5.
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Hydrate silk fibroin film in MES buffer (0.1 MES, 0.5 MaCI, pH 6/ dialysis cassette

A\ 4

Change MES buffer next morning

A\ 4

Remove silk solution from cassette + 0.4 mg/mL of EDCl+Hig/mL NHS

y
Allow to react=15 minutes

y
Under fume hood + 1.4l of 2-mercaptoethano/ml solution

y
Mixture + 7.5 mg of peptide and allow to react for 2 hours

y

Add 10 mM of HCL

y
Insert 6-8 ml silk solution into dialysis cassette &ylie against 1 L UPW/cassette

174

y

Change UPW after 1 hour, 3 hours, 6 hours, 9 hours & 12 hours

y
Pipette solution into 25 ml aliquots in 50 ml Falcon tubs

D
2]

y
Freeze solution for 2 hours at -759C

y

Lyophilize silk solution for 3 days then add 90% methan)(\

y
Store silk solution at room temperature

Figure 7: Process by which the silk was modified by covalent coupliig&GD peptides. Note: This process starts
off with the silk fibroin film that was cast after taddition of HFIP, as shown in Figure 3.
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11.Human Mesenchymal Stem Cell Isolation and Expansion

The hMSCs were isolated and expanded according to previetheds discussed
(Meinel et al.,2004). Whole human bone marrow (25°dmarvests) was obtained from Clonetics
(Santa Rosa, CA) and was diluted in 100 mL of isolatiediom (RPMI 1640 supplemented
with 5% FBS). The hMSCs were isolated by density gradientrifugation. The bone marrow
suspension (20 mL aliquots) were overlaid on polysucrose (1.0Z/glstopaque, Sigma, St.
Louis, MO) and centrifuged at 800 g for 30 minutes at room teatyoe. The cell layer that
formed was removed and washed in 10 ml isolation medyeitgted and the contaminated red
blood cells were lysed in 5 ml of Pure-Gene lysis satutidhe cells were then pelleted and
suspended in a medium of DMEM supplemented with 10% FBM angdml bFGF and seeded
in T75 flasks at a density of 5 x*l€ells/cnf. 80% confluence was reached after 12-17 days for
the first passage (P1). The cells were trypsinizedateg] and passaged for a second time (P2)
reaching 80% confluence after 7 days. The P2 cells were aistreefexperiments (Meinet al.,

2004).

12.Operative Procedure

Surgery was performed on one hind limb and the full leagthe femur was exposed. A
5 mm critically sized defect was created in the rodéatsur. Silk implants were then placed
into the defect. The specimens were administeredpjipriate medication and observed on a
daily basis over an eight week period.

12.1 Femoral Segmental Defect

Prior to the surgery, 8 male nude rats weighing 325-375 g weraiathmed

buprenorphine subcutaneously (0.05mg/kg) and procaine penicillimuascularly
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(200,0001U/kg). They were labeled #69-76 and weighed before undgrgimigery. They were
anesthetized with isoflurane (4-5%) and 1000 mL/min & then transferred to the surgical
table where anesthesia at 0.5-2% isoflurane and 600 mLfroixygen were administered
through a nose cone face mask. Once the anesthesalmasstered, the rat’s respiratory rate
and pattern were monitored every 5 -10 minutes throughosutigery.

The anesthetized rat was positioned in left lateralmdx@ncy and one hind limb was
prepared and draped in a sterile fashion. An approximately 2®ngskin incision was made
cranial to the femur and continued distally to the l@f¢he lateral femoral condyle (Figure 8A).
The subcutaneous tissue, facia lata, and lateral da¢he vastus muscle were carefully incised
and separated. Retraction tools were used to pull the Bempsis muscle posteriorly and the
vastus muscle was retracted anteriorly. This expogetlithength of the femur (Figure 8B).
An aluminum external fixation plate (15x4x4 mm) was pthover the lateral aspect of the
femur and positioned appropriately in order to drill 4 holethénbone, 2 in the proximal
metaphysis and 2 in the distal metaphysis (Figure 8B).e @hedrilling was complete, four 0.99
mm transverse-threaded Kirschner wires were extended 0.beywnd the transcortex which
was marked by a black line on the screws (Figure 8C, D, an&iBall incisions were made to
the skin caudal to the 25 mm incision allowing it to beqautyver the Kirschner pins. The
external fixator was then secured to the pins (Figure 8F.mm critical-sized full-thickness
defect was created in the diaphysis with a 5 mm cuttimgvhile the area was irrigated with
saline solution to remove bone debris as necessary (RB&)rd he implants were then inserted
into the defect (Figure 8G, H). Upon insertion, the cteiand subcutaneous tissues were

sutured with a 4-0 Maxon suture. The skin was then clageatrately with at 4-0 PDS 1l suture.
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Figure 8: Surgical procedure for placing silk scaffolds in criticalesfemoral defects. A) skin incision, B) using
fixator plate as a template for drilling, C) drilling pinl@oD) placing fixator pins, E) cutting pins, F) emptyetef
with fixator plate, G) placing implants into defect, H) etfwith implants

Implanted in each femoral defect were two silk scaffigdthced longitudinally along the
defect. A diagram of the external fixator and placemoé¢the scaffolds are shown in Figure 9.
The defects were filled with one of a series of défe silk +/- cell +/- cytokine implant

combinations that was based on the results of thedtepsr implantations (Table 12).
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Figure 9: Critical size femoral defect fixed externally with atel

Table 12: Scaffold Groups

Rat # Treatment Group#
69 Defects with tissue-engineered scaffolds 3
covalently bound to RGD
70 Scaffolds with covalently bound RGD and 4
undifferentiated hMSCs
71 Scaffolds with covalently bound RGD and 4
undifferentiated hMSCs
72 Scaffolds with covalently bound RGD and 4
undifferentiated hMSCs
73 BMP-2 loaded scaffold and undifferentiated 7
hMSCs (seeded the day before the surgery,
74 Empty defect 1
75 Scaffolds with covalently bound RGD only 2
76 Scaffolds with covalently bound RGD only 2

12.2 Post-Operative Procedure

Immediately following surgery, the rats were administé&reag/kg of Carprofen
subcutaneously. Each rat was wrapped in a paper towelacetph a clean cage with heat
provided by a heat lamp and monitored for cognizance every 15awifartl hour until the rat

was ambulatory and cognizant of its environment. Thevagtthen administered 0.025 mg/kg
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Burenorphine subcutaneously 8 hours and 16 hours post-op. haiuggl post-op, they were
given 5 mg/kg of Carprofen and 0.025 mg/kg Buprenorphine subcutanemasB00,000 IU/kg
Procaine Penicillin intramuscularly. The weights atle animal were recorded. At 32 hours
post-op, another 0.025 mg/kg of Buprenorphine was administeredtanbously if the animal
appeared to need it. At 48 hours post-op, the rats viieer § mg/kg Carprofen subcutaneously
and 200,000 IU/kg procaine penicillin intramuscularly. Eathves then weighed again.
Depending on the condition of each rat, additional dos&arprofen were administered once
every 24 hours and doses of Buprenorphine were administezedl®/hours if needed. If the
rats need any additional doses of procaine penicillimag administered, but not more than a
total of 4 doses.

Each rat was weighed twice a week until the study wawmptete. They were weighed more
often if excessive weight loss was observed. As ne¢ledurgical wound was cleaned with
chlorhexiderm and alcohol. Each rat was checked twicdgenoting the following:

Attitude and response to contact

Changes in behavior, activity or posture,

Pain or discomfort evidenced by twitching, falling over, bating or lameness
Observing the procedure area for redness, swelling, discbadghiscence

Ensuring adequate daily food and/or water consumption
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13. Scanning Electron Microscopy (SEM)

The segments of the silk scaffolds were fracturedjind nitrogen (Kimet al.,2004).
The specimens were sputter coated with gold. The sdaffmiorphologies and poor
distributions, sizes and interconnectivity were obsdnwith a LEO Gemini 982 Field Emission
Gun SEM (Kimet al.,2004). The pore sizes were determined by measuring raradopies of
100 pores from the SEM images using ImageJ software dededdple US National Institutes

of Health (Kimet al.,2004).

14. Radiographs

Radiographs of the femoral defect were taken every tegka/to observe the progress of
bone formation. The animals were sacrificed 8 weeksgueration via carbon dioxide
suffocation. The external fixator and implant remaimeplace following sacrifice. A
gualitative evaluation from the X-rays was performedetiamn the bridging of the defect and the
percentage of bone ingrowth following the qualitative measeants defined in Table 13. The

evaluation from the X-rays was performed by 2 independesdroers.
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Table 13: Qualitative X-ray Measurements

Bridging of Defect Parameters Percentage of Bone Ingrowth Pameters
Grade 1 trace radiodense material in the | Grade 1. minimal new bone composed of
defect noncontiguous areas of minimal density

Grade 2 flocculent radiodensity with flecks| Grade 2 new bone present as mostly
of calcification and incomplete bridging of | contiguous areas of normal density and

the defect filling<50% of defect

Grade 3 bridging of the defect in at least on&rade 3 new bone present as mostly
location with material of non-uniform contiguous areas of normal density and fills
radiodensity 51-95% of the defect

Grade 4 bridging of the defect at both the ¢iSrade 4 new bone a solid contiguous mass
and trans cortex with material uniform that fills>95% of the defect

radiodensity, cut ends of cortex remain

visible

Grade 5 obscuring of at least one of the two
cortices by new bone

Grade 6: bridging of the defect by uniform
new bone, cut ends of cortex not seen

15. Dual Energy X-ray Absorptiometry (DEXA) Scagnin

Following euthanasia after eight weeks post-operativefethars were scanned using a
Hologic QDR 1000W with the regional high resolution soaode. The external fixators and k-
wires remained in the femur. A general, or global, regibinterest was selected to include the
area of the defect in addition to the proximal and dpaiions of the femur. The k-wires were
not included in the selected area. There were threegioins selected to only include the defect
area. Region 1 was a small area the same size dsfdt. Region 2 was approximately 5 mm
in height with a length three times the width of théede This would provide a means to include
any bone or callous formation that occurred beyond thectieggion. Region 3 was the same
length as region 2, however it was half of the heights placed it directly in the center of the

defect.
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Each specimen was scanned twice with a third scan tltkenscans varied more than
5%. In this case, the two closest were averaged tonatbtaivalues. The values determined from
the DEXA scans were bone area frhone content (g), and bone mineral density (§/cithe
obtained values for regions 1-3 and the global valuebedound in Appendix C.

In order to have control values to compare the defeatwi#h, scans were taken of the
healthy femur on the opposite leg. This was done inaheesnanner as described above. A
global region and regions 1-3 were acquired and these adudse found in Appendix D.
Similarly, the values that were obtained were boee &ni), bone content (g), and bone

mineral density (g/cA).
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V. Experimental Design

This section explains the rationale behind the procekaeted up to a final silk matrix.
These include matrix fabrication, control of the amttitire, and decoration. Such controls were

analyzed using SEM, DEXA, and radiographs.

16. Matrix Preparation

Based on data gathered in a previous study conducted atJhifessity, a salt leaching
method was adopted in the experiment. The researtyzadahree methods of scaffold
preparation for silk based on their prior use in processingher types of polymers (Nazarov,
2003). These included freeze-drying, salt leaching, and gas foahiegnost promising
methods were determined by comparing the mechanical pegpéartmpressive resistance) and
porosities.

For the freeze-drying method, the scaffolds that formese highly interconnected and
porous however the pore sizes were very small (Naza@®3). The porosities were 99%
regardless of the variables studied (Table 14). The passlarger with the salt leaching
method (202) in comparison to the freeze-drying method. Thegtaucture, however, was not
as highly interconnected. NaCl was used as a porogen imétisd and was leached out in
water to form the porous matrix (Nazarov, 2003). Scanningrgledlicroscopy (SEM) images
showed that the gas foaming method also had a highly ameected pore structures compared
to salt leaching (Figure 10) with pore sizes around 155 (Naz2083). However, as the
porosity increased the scaffolds were not as stroddlaked apart. The salt leaching and the gas
foaming methods had varying porosities as the porogen-toasitin was varied (Table 14)
(Nazarov, 2003). The complete data are shown in TabletetmEchanical data that was

collected can be found in Table 15.
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Table 14: Porosity and Density of the Scaffolds (Average = SNZ3) for Porosity and Density
Measures (for Pore Sizes, N= 200)

Methods Sample (%)? Density Pore Size
(mg/mL)
Gas foaming NH4HCOs/silk (wt %)
10:1 87.0+x20 100 £ 10 155 + 114
20:1 97.0+1.0 40+ 5
Salt leaching NaCl/silk (wt %)
10:1 84.0+2.0 120+ 2 202 £ 112
20:1 98.0+1.0 40 + 13
Freeze-drying alcohol treatmefit
(frozen at -20°C)| 15% methanol 98.0 £ 0.10 20+ 2
25% methanol 99.0 £ 0.01 30+1 50 + 20
15% propanol 98.0 £ 0.01 30+£3
25% propanol 99.0 £ 0.20 30+£3
(frozen at -80°C)| 15% methanol 99.0 £ 0.30 503
25% methanol 99.0 £ 0.03 40+1 157
15% propanol 97.0£0.20 30+3
25% propanol 99.0 £ 0.02 305

2 Porosity.” Weight ratio of water in alcoholAdopted from Nazarov et al.

Figure 10: SEM images of the inner and outer structure of the silfabddy salt leaching and gas foaming after
methanol treatment (scale bar: 208) a.) NaCl:silk (10:1 wt%) (inner) b.) NaCl:silk (10wt%) (outer) c.)
NH4HCO;:silk (10:1 wt%) (inner) d.) NFHCOs:silk (10:1 wt%) (outer) Adopted from Nazarov et al.
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Table 15: Compressive Stress and Modulus of the Silk Scaffolds

Method Sample Alcohol Compressive Compressive
Treatment® Stress (kPa) | Modulus (kPa)
gas foaming | NH4HCOs/silk (wt %) | methanol 280+4 900 + 94
10:1 1-butanol 2309 500 = 37
2-propanaol 250 = 28 800 *+ 44
20:1 methanol 250+ 21 1000 + 75
1-butanol 150+ 8 300 + 40
2-propanol 100 + 11 200 + 30
salt leaching | NaCl/silk (wt %)
10:1 methanol 30+ 10 100+ 2
1-butanol 150 + 14 400 £ 50
2-propanol 100 = 20 400 + 58
20:1 methanol 175+ 3 450 + 94
1-butanol 250+4 490 + 94
2-propanol 200+ 3 790 + 3
freeze-drying | freeze temperature
none 80zx1 170+ 7
15% methanol 10+ 2 201
-20°C 25% methanol 10+3 10+3
15% 2-propanol 102 40+ 4
25% 2-propanol 10+3 50+8
none 20+ 2 2207
15% methanol 20+ 3 90+ 21
-80 °C 25% 2-propanol 54 90 + 40
15% methanol 30+2 1001
25% 2-propanol 20+ 1 130+ 1

#100% unless otherwise indicated, weight percent of tluhalén water *Adopted from

Nazarov, et al.

Table 16: Average Compressive Strength and Average Compressive Marfukess Foamed
and Salt Leached Scaffold at 1% and 2% Strain under Commréssad (N=2)

Scaffold Porogen Average Average Average Average
Ratio Compressive Compressive Compressive | Compressive
Modulus (KPa) at Strength (KPa) at Modulus (KPa)| Modulus (KPa)
1% strain 1% strain at 2% Strain | at 2% Strain
Salt leached
10:1 40 0.40 400 8
20:1 1600 16 1200 24
Gas formed
10:1 500 5 200 16
20:1 5000 50 3000 60

*Adopted from Nazarov, et al.

58




The gas foamed scaffolds reached a definitive compregsidepoint where the scaffold
was permanently deformed. However, the salt leachdfbksademonstrated characteristics that
were more ductile and sponge-like in behavior (Nazatal.,2003). Table 15 shows that the
gas foamed scaffolds had a higher compressive strength anpdessive modulus than the salt
leached scaffolds. However, both of the methods wargacable in terms of mechanical
properties with other polymeric biomaterial scaffoldsdusebone tissue engineering (Nazarov
et al.,2003). In bone related engineering applications, matrieedesigned to hold a load
allowing for 1-2% strain. The gas foamed and salt leachedtbsts prepared with methanol
were analyzed as a load is applied (Table 16). Of théottmprepared, these groups were
determined to be the most likely used in bone engineappiications (Nazarost al.,2003).

Although the scaffolds formed by gas foaming had higher casmeproperties and
porosity based on the above study, the salt leachingooheths adopted in the present
experiment. The characteristics shown from thelsaéthing method meet the requirements
related to bone tissue engineering. Additionally, afpeaking with Dr. Kaplan and Dr. Kirker-
Head of Tufts University, it was established that thelsatthing method would suffice for the
experiment.

Methanol is used in order to induce a conformationahgéan the silk (silk I) to the
crystalline 3-sheet structure (Nazaei\al.,2003). When methanol is immersed in the silk
solutions, water is removed from the hydrated hydrophobiad@@and increases chain-chain
contact and formation of 3-sheet structures. Othehals, such as 2-propanol, are less
hydrophilic and therefore are less miscible with wal&zarovet al.,2003). When immersed in
the silk solution, less dehydration occurs and fewer Btstructures are induced when

compared to methanol treated scaffolds. In the pregeetienent 90% methanol is used to
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induce transformation (Nazarev al.,2003). Studies have shown that with an increase in the
concentration of methanol, the compressive moduluisasiacreased. This is due to the increase
in crystallinity of the silk after introducing the matiol. Additionally, at a higher concentration,
the chain rearrangements are more rapid and extensiveaaghtb an increase in 3-sheet content
(Nazarowet al.,2003).

The pore size and the porosity of the scaffolds wegalated by the addition of granular
NaCl with particle sizes ranging from 100-1008@ in diameter. In this process, most of the salt
particles were retained in the scaffold while the serfaicthe salt dissolved in the fibroin
solution. Previous studies observed that the solubifitih@silk protein decreased when NaCl
concentration was increased (Kenal.,2004). With a higher salt concentration, more water
molecules are needed to hydrate the ions. As a rdseiliydter molecules are easily removed
from the fibrous proteins and interactions among the pretecomes favored. This provides for
a more stable structure and the induced chain-chainatitara result in (3-sheet formation (Kim

et al.,2004).

17. Characterization of Matrix

The silk scaffolds were characterized by Scanning Eledflioroscopy (SEM) to
determine the porosities and homogeneity in structure (Uisiiebl data, 2005). The pore size
was calculated from means with at least 100 pores detatrinjnenage analysis and the values
were reported as a means * standard deviation (Unpublisted2@86). This analysis was
conducted before any peptides or cells were incorpora@dha scaffold. Similar analyses were
also conducted after cell and bone growth to determinetzmges in the structure and the
distribution of the changes (Unpublished data, 2005). Thistque is routine in the labs at

Tufts University.
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18. Peptide Coupling

Another objective in designing the experiment was to agbesrole of cell signaling
factors immobilized on silk as a biomaterial templa@eeliminary tests were conducted with
different combinations and concentrations of diffesaghaling factors (Unpublished data,
2005). These included GRGDS containing the adhesion ligand B8PDS (control), the first
34 amino acids of parathyroid hormone (PTH1-34) and a reddiersion of PTH1-34. Each of
the following signaling factors is related to the inductad bone formation. The GRGDS
peptide was selected on the basis of being well-documantkthe interaction between the
GRGDS sequence found in fibronectin and integrins (Unpuldislaé, 2005). GRYDS is used
as a control sequence in order to compare to RGD. Pnalignstudies were conducted to clarify
the role of the control RYD versus RGD and PTH 1-34usethe modified PTH 1-34 and also
to use the information found in the next phase of theystudpublished data, 2005).

In preliminary studies, the adhesion of human osteblit@scells were analyzed after 4
hours of attachment to the substrates in the presdéri®é and 10% serum or no serum
(Unpublished data, 2005). In serum free cultures, significamtre cells adhered to the
RGD/silk, PTH/silk substrates than to silk alone. Ttileesion of the cells to the control
substrates was comparable to that of silk (Unpublished 2@0&,). Similar results were found

when bovine mesenchymal stromal cells were incorporatedha scaffolds (Figure 11).
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Figure 11: Adhesion of bovine mesenchymal stem cell fibroblastslk substrates in the presence or absence of
serum "Adopted from Sofia et al., 2000

The number and size of the nodules found in the cultere aiso determined
(Unpublished data, 2005). According to the work of Belletval, if numerous nodules are
found in the culture, it provides a rough estimate of gteaprogenitor cells present that are
capable of proliferating and differentiating (Belloetsal,, 1989). If there are few large nodules
present, it can be presumed that there are fewerpwstgnitor cells, but the osteoblasts present
in the nodule are rapidly differentiating and incragsnineralization of the matrix (Bellovet
al., 1989).

The number of nodules determined on each substrate 8 fiodfigure 12A (Sofiat al.,
2000). By 4 weeks of culture, there were no significanhgea observed except with RGD/silk
substrate with a 25% increase in the number of noddlbs. suggests that the number of
osteoprogenitors is rapidly increasing on this subst&déget al.,2000). It was also found that
nodule area increased on the RGD substrate, insinuatirgaged osteoblast differentiation
(Figure 12B) (Sofieet al.,2000). The response of the osteoblasts to the decor&tedpports
silk as a suitable bone-inducing matrix. The resultsicarthat this is particularly true for the

RGD/silk substrates, but not for either PTH substr@tdid et al.,2000). This provided a means
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to narrow the choices for the type of surface modibecaused. The next phase focused only on
the peptide RGD and the growth factor BMP-2 (Sefial.,2000). Because the PTH substrates
did not prove to serve as suitable matrices, anothmidgerelated to bone formation was studied
(BMP-2). BMP2-7 plays an active role in bone developrasatgrowth where BMP-2 was used

in the following experiments because it was gracioushatkd by Wyeth Pharmaceuticals.

Figure 12: (A) Nodule numbers and (B) areas formed by the Saose@ldast-like, human osteoblasts grown on
the various silk films at 2 and 4 weeks. =< 0.05 compared to control (silk). **Adopted from Sadiaal, 2000

19. Model System

Living animals are required for this study due to the complexithe processes being
evaluated and therefore were unable to be duplicated or rdadedenpler systems
(Unpublished data, 2005). Additionally, there is little knoanout bone morphogenesis and
repair processes that would allow an appropriate nonlivindeén addition, preclinical studies

in living animals are necessary prior to human testihgp(iblished data, 2005).
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Since these investigations are evaluating a novel rabgard there has not been
extensive research before this point, a rodent modgbisal. Once it is demonstrated that silk is
a promising material for orthopedic applications, the ahmwadel system can progress to larger
animals with a similar bone physiology to humans (Unpubtistata, 2005).

Rats are a well established model for testing osteoinguataterials when combined
with carrier substrates (Unpublished data, 2005). Therefogegnimal model system of choice
was the nude rat. Rats are financially feasible ingammon to larger animals. The use of nude
rats also allows the use of non-rodent cell typesusecthey lack an immune response and
therefore will not reject human mesenchymal stens eglbn implantation (Unpublished data,
2005). This species has been selected because a large elatasizswhich would allow
comparisons with previous data. Nude rats are also the phyicajey lowest species that
provides adequate size, tissue, and anatomy for the progtosiyd Unpublished data, 2005).
Additionally, the background of this project was estabtisinegprevious studies at Tufts using
the nude rat species.

The number of rats required for the study of silk asaffald for bone tissue regeneration
is 328 over a period of three years. During this timis,ifitended to complete 66 heterotopic
implantations. To date, Tufts has used 35 rats for thdys This total will provide
approximately 100 combinations of silk +/- cytokine +/- cekglditionally, there have been 37
out of 200 rats approved for this phase of the study, whiaksessing orthotopic bone formation
in vivoin critically-sized femoral defects. This enables up ted®binations of silk +/- cytokine

+/- cells in these defects to be tested.
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20. Assessment of in vivo Bone Formation

In order to determine the osteogenic potential of thessaffolds post-implantation,
plain radiographs were taken at 0, 2, 4, 6, and 8 weekvals. This method provides a means to
gualitatively determine whether or not bone formatios decurred. It provides a means to
visually account for density changes. In order to obtaimtifasive data to better understand
how the scaffold combinations affected bone ingrowth, DEEXAlyses were performed post
mortem. These forms of analyses were suggested by pPlaiKand Dr. Kirker-Head from Tufts
University. They were also performed in the prelimindugd®s and therefore to maintain
consistency in evaluating results, the preceding nastiaere adopted in this phase of the

experiment.
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VI. Results

21. X-ray Evaluation

The defects with the RGD covalently bound to scaffelde TE hMSCs (Rat 69) and
one rat in the RGD and undifferentiated hMSCs (ratsh®wed trace radiodense material
(Figure 13A) and minimal new bone (Figure 13B) for all tpaents. There was minimal bone
ingrowth for Rat 71 (RGD and scaffold with undiffererghihMSCs), and Rat 75 and 76 (RGD
scaffold only) for all time points. The addition of hMS&®oth undifferentiated and TE) to the
scaffolds with covalently bound RGD did not induce bmdgof the defect or percentage of bone
ingrowth. The results were comparable to that of the R@®&lently bound to scaffolds only.

Healing was evident in the X-rays for Rat 73. The sdddfloaded with BMP-2 showed
bridging of the defect in at least one location witit@nial of non-uniform radiodensity. Bone
ingrowth of normal density and filling was present in lss1 50% of the defect (Figure 13B).
Both occurred in the sixth week post-operative. Resaltgparing the addition of
undifferentiated verse tissue engineered hMSCs coulbdenatade since only BMP-2 loaded
scaffolds with undifferentiated hMSCs were used in thgeement.

These results show that the BMP-2 loaded scaffolts undifferentiated hMSCs and the
empty defect induced bridging of the defect and bone ingraditiough the latter obscured the
most of the two cut cortices and formed new bone irertltan 50% of the defect, the results
were unexpected.

It should be noted that results are not available to##8. It was a member of the
treatment group with RGD covalently bound to the scd#fevith undifferentiated hMSCs. The

death occurred two days post-surgery and was possibly thleata reaction to the injections.
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The death of the rat does not have an impact on shdtsebtained since there were still two
other rats in the same treatment group in this phageaxperiment.
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Figure 13: Qualitative analyses for bridging of the defect and peegee of bone ingrowth are shown in graphs A
and B respectively. This scoring was done for defeitts RGD covalently bound to scaffolds with tissue-
engineered hMSCs (Rat 69), defects with RGD covalentinthoo scaffolds with undifferentiated hMSCs (Rat 71
and Rat 72), defects with BMP-2 loaded scaffolds with urrdiffeated hMSCs (Rat 73), empty defects (Rat 74),
and defects with RGD covalently bound to scaffolds onbt (5 and Rat 76).

The final X-rays from the different rats are presdnn Figure 14. All of the radiographs

taken at each time period can be found in Appendix B.€Tiseminimal healing in A, B, C, F,
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and G. It should be noted that the below X-rays dematesthat the most activity is occurring in

E which is counterintuitive considering that it is thepgyrdefect.
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Figure 14: X-rays that were taken of the femoral defect of Rat*g9Rat 71 (B), Rat 72 (C), Rat 73 (D), Rat 74
(E), Rat 75 (F), and Rat 76 (G).
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22. DEXA scanning

The results obtained from qualitative scoring of theajysrwere compared with DEXA
scanning after the rats were euthanized (Figure 15). Thesvdlaewere obtained for bone area,
content, and mineral density for the defected area céoubd in Appendix C. In general, rats
69, 71, and 72, which had the scaffolds with covalently bousd Rith hMSCs, showed the
least bone ingrowth (Figure 15). However, the densityRfatr72 was higher than for Rat 71
even though they are both in the same group (RGD andfenashfiated hMSCs).

The density of the new bone was highest for rat #75 (0.g/t2f) with the RGD
scaffold implanted in the defect. However, Rats 73&#4, did not show a significant
difference in the area, mineral content, and minenasitheof the newly formed bone. Rat 76

had similar mineral density, area and content valuestt@®Rand 69 (Figure 15).

DEXA Averages of Region 1-3

0.2500

0.2000 - _ []

0.1500 A O Area Average
B BMC Average

0.1000 1 O BMD Average

0.0500 - j

0.0000 ‘

69 71 72 73 74 75 76
Rat

Figure 15: DEXA scanning of femoral defect with implants for nraedensity (g/crf), area (crf), and bone

content (g). The data is from each rat: RGD covajdmdlind to scaffolds with tissue-engineered hMSCs (Rat 69),
RGD covalently bound to scaffolds with undifferentiated hid$Rat 71 and Rat 72), BMP-2 loaded scaffolds with
undifferentiated hMSCs (Rat 73), empty defects (Rat 74), &1d €dvalently bound to scaffolds only (Rat 75 and

Rat 76).

70



The average values for Regions 1-3 were also compaceshtm| values for bone
mineral content, area, and density that were obtaioed &malysis of the healthy, unaffected
femur (Figure 16A-C). The bone content and area valuegined extremely small (if not zero)
compared to the control values for rats 69, 71, and 72 (afhwiil and 72 are in the same
group), the bone density was closer to the contraldo#72. The control bone density value was
58% higher than the recorded DEXA value. Rat #72 also igtlglincreased values for
bridging of the defect scoring compared to rat #71 (Figure .1B#g radiographs also
corroborate the DEXA in regards to Rat 69. The X-ragsv&d trace radiodense material and
minimal bone ingrowth and according to Figure 15, Rat 63H&smallest bone density value
compared to the other specimens.

The bone mineral density values for Rats 73, 74, and 73csestto their corresponding
control density values. The control bone density valuee 25%, 18%, and 14% higher than the
recorded values for Rats 73, 74, and 75 respectively (FigAg The qualitative analysis
confirms this for Rats 73 and 74. However, there is litlae growth activity occurring in the
defected area of Rat 75 according to Figure 13. In the X-t@yaon, rats 75 and 76 showed
new bone area and content comparable to rats 71 and 720fBbéhgroups (rats 75 &76
members of group 2 and rats 71 &72 members of group 4) displagedahnew bone and
bridging in the X-rays (Figure 14B, C, F, and G). Themfotine qualitative analysis for Rat 75 is
not corroborated by the DEXA analysis.

Rats 73, 74, and 75 also shows high bone mineral contear@advithin a decent range
to the control values in comparison to the other raddwdr rat 73, the control values were 33%
higher compared to the defected bone area value, and 48% ¢tugheared to content.

Similarly, for rat 74, the control values were 51% and 4i@her than the values recorded
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within the defect for bone content and area respect(\edyire 16A, B). This, however, is
corroborated by the qualitative evaluation (Figure 13A &Bje control values were 59% and

55% higher than the defected values for content and-@spactively for rat 75.
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Figure 16: The average DEXA values (Regions 1-3) were compared tootealues of the healthy, opposite hind
limb of the rodents (A) Bone mineral density valueseneompared to control density values (B) Bone arazegal
were compared to control area values (C) Bone miergent values were compared to control content values22
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22. Morphology

The HFIP-derived scaffolds are characterized by a highdyconnected network of
pores and smooth surfaces (Figure 17). The pore sizes hadrageadiameter of 890£50n. In
preliminary studies with HFIP silk scaffolds, the poees followed a Gaussian distribution due
to the NaCl porogens not being sieved. Passage 2 hMS€se&ded onto the HFIP-derived
silk and were analyzed after 1, 14, and 28 days. SEM andbsienstrated that the distribution

of the hMSCs was non-uniform (Figure 17).

Figure 17: SEM of hMSCs in HFIP silk scaffolds. The images inrilgat column are magnified images of the
boxed areas in the left column.

74



VII. Discussion

This study reports tissue-engineering of bone-like structuresstigating hMSCs
(isolated from bone marrow), BMP-2 delivery, and sitkdin scaffolds (in some cases
decorated with RGD sequences). Tin&ivo DEXA results demonstrated that the defects with
scaffolds loaded with BMP-2 and undifferentiated hMS@s 1B), the empty scaffolds (rat 74),
and scaffolds with covalently bound RGD (rat 75) had layea, content, and mineral density
closest to their corresponding control values (Figure-C§AThe highest density values were
evident for rats 74 and 75 (Figure 15). This data does not porré@so the qualitative evaluation
performed which showed rats 73 and 74 to have the most fomadtnew bone and bridging of
the defect area (Figure 13). Since the qualitative evatuaibased on two independent
observers, and is in fact qualitative, it is feastblsuspect inconsistencies within the analysts’
evaluation. To resolve this uncertainty, more obserseudd be included in the evaluation.
Despite this one contradiction, the remainder of theitatige X-ray evaluation is corroborated
by the DEXA.

The data gathered from this phase of the study conflitihsobservations made from
earlier results gathered by Hyeon Joo Kim and David Kaijptan Tufts University. The number

of rats studied and their corresponding treatment greumarable 17.
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Table 17: Treatment groups for previous group of rats studied for dréiza femoral defects

Group# Treatment Animals/group
1 Empty defect 4
2 Scaffolds with covalently bound RGD only 3
3 Defects with tissue-engineered scaffolds covalently 4

bound to RGD (spinner flasks for 4 weeks)
4 Scaffolds with covalently bound RGD and 2
undifferentiated hMSCs
5 BMP-2 loaded scaffolds 6
6 Scaffolds loaded with BMP-2 and tissue-engineeréed 5
hMSCs
/ BMP-2 loaded scaffold and undifferentiated hMSCs 4
(seeded the day before the surgery)

A qualitative evaluation was performed on this experiaegioup based on the same

parameters defined in Table 14 (based on the bridging of teet @nd the percentage of bone

ingrowth). According to the qualitative scorings in the presiphase of the study, empty defects

and defects with RGD covalently bound to scaffolds hadmal bone ingrowth and trace

radiodense material over the 8 week time period (FigureV¥Ben undifferentiated hMSCs

were added to the RGD scaffolds, there was no signifinarease in new bone or bridging of

the defect. There was, however, gradual bridging of thectlat both the cis and trans cortex

when tissue engineered hMSCs were added (Figure 18A). Alnl@goint, there was also new

bone ingrowth that filled more than 50% of the defeqjfeé 18B). The results also show that

there is little difference in new bone and bridginghe defect between the tissue engineered

scaffolds covalently bound to RGD and any of the BMPa2iénl groups (Figure 18).
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Figure 18: Qualitative analyses for bridging of the defect and peegee of bone ingrowth are shown in graphs A
and B respectively. This was done for empty defects®f), defects with scaffolds with covalently bound RGD
(Group 2), defects with tissue engineered scaffolds vaalently bound RGD (Group 3), defects with scaffolds
with covalently bound RGD and undifferentiated hMSCs (Grlefects with BMP-2 loaded scaffolds (Group
5), defects with tissue-engineered BMP-2 loaded scaffolosuff>6) and defects with BMP-2 loaded scaffolds and
undifferentiated hMSCs (Group 7). Data are representeceaages (n=2-6). Standard deviations ranged 0-0.98
(except for Group 4 where n=2)adopted from Kaplan
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DEXA scanning results for new bone area, mineral dergsity,content were also
performed as was in the current experiment and did supogualitative scoring obtained in
Figure 18 (Figure 19). The defects that were loaded with BN##Zer alone or with hMSCs)
and the scaffolds covalently bound RGD and tissue eaggdehMSCs showed the highest bone
ingrowth. These results show that effective ostecgjsrmecurred when hMSCs were tissue
engineerecx vivoin spinner flasks for four weeks. In contrast, BMP-2 dyesthanced healing

of the defect and the effect induced by BMP-2 was indepe¢dé¢ine presence of hMSCs.

Figure 19: DEXA scanning of femoral defect with implants for nesnb area (cm2) (black columns), mineral
density (g/cm2) (white columns) and content (g) (graumools) for empty defects (Group 1), defects with scaffolds
with covalently bound RGD (Group 2), defects with scaffoldhk wovalently bound RGD and tissue engineered
hMSCs (Group 3), defects with scaffolds with covalebtynd RGD and undifferentiated hMSCs (Group 4),
defects with BMP-2 loaded scaffolds (Group 5), defects tigdue-engineered BMP-2 loaded scaffolds (Group 6)
and defects with BMP-2 loaded scaffolds and undifferemtiaSCs (Group 7). Data are represented as averages
+standard deviation (n=3-6). No standard deviation welsded for Group 4, since n=2adopted from Kaplan

In the above group, the extent of osteogenesis wereedigrhigher, according to all
measured parameters, for defects with RGD covalentindbto scaffolds with tissue engineered
hMSCs and for all scaffolds loaded with BMP-2. This leisunconsistent with the current data
collected. Although there was high bone ingrowth for BRMIBaded scaffolds with
undifferentiated hMSCs, growth was also significantdiopty defects (rat 74) and RGD
scaffolds (rat 75) (Figure 15 & 16). These differences coalldttsibuted to, at least in part, to

the small groups that were used in this phase of the stedy (=0, or n=2). Additionally, rat 76
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did not show as significant healing as did rat 75, whichadestrates that there is great rat to rat
variation considering they are both in treatment g@up

In the qualitative evaluation and the DEXA scanning, thptg defect resulted in the
most new bone growth and the most bridging (Figure 13) @eaj eontent, and density values
similar to the control (Figure 16). It is evident frongiie 14E that the empty defect induced the
most new bone and obscured most of the cut cortitbeugh there were still cut edges visible.
This indicates that osteoconductivity (presence ofta#@d) was sufficient to provide healing.
The progression and extent of osteogenesis for sifkostshas been recognized in biomedical
application, however it has been with the incorporabibgrowth factors and/or stem cells
(Meinelet al.,2004; Sofieet al.,2000).

Tissue engineering of autologous bone using hMSCs arevayustsource of cells as
long as they are seeded onto an appropriate substratehdVvethe capability to proliferate in
an undifferentiated state with the appropriate signdéntprs. Additionally, they can be easily
isolated and it has been proposed that the osteogenwgyeaiththeir default lineage (Meinet
al., 2004, Banfiet al.,2002). It has been demonstrated that the addition of hNSSIlk/RGD
constructs are effective only if tissue engineenedivo.RGD is capable of binding the
intracellular cytoskeleton of the hMSCs to the matinowever it is not osteoinductive. This is
true with the previous results. The RGD constructs adtichénduce bone formation, however.
This is attributed to rat to rat variation rather thathe effectiveness of the scaffold itself.

The effect of BMP-2 on bone formation was dominatediyeffect of hMSCs (Figures
18 & 19). This proves that the addition of BMP-2 was enooghduce osteoinductivity. The

current experiment could not generate this conclusiorusecanly one specimen had BMP-2
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incorporated onto the scaffold. However, the data suggestethéhformation of new bone was
significant for the rat with BMP-2 (rat 73) (Figure 15 & 16).

In regards to the treatment group with the RGD scaffalg, dhe previous data are in
accordance with the current results for the qualitaiaduations. However, the current DEXA
data (Figure 15) shows that there were high bone miderality, content, and area for rat 75
and high density for rat 76 which are not evident in FigrelLis evident that the data
generated in this experiment did not mirror that of tlipus one. As mentioned, possibilities
for these differences may stem from smaller sarsgkes and great rat to rat variation. It can also
be speculated that the fabrication method of the@daffresulted in significant matrix
heterogeneity. This is likely due to the evaporation efshlvent (Nazarogt al.,2003). As a
result there can also be scaffold to scaffold vamatmhich will ultimately change the healing
process and new bone formation independent of the gifaatibrs or stem cells. Research has
suggested that the silk scaffold geometry and morphologyteredaes the geometry of the
new engineered bone. It can be speculated that thehology of the certain scaffolds imparted
diffusional limitations which restricted the formatiof compact and contiguous bone.

Another study conducted at Tufts University by Ketral. described a new process to
form silk scaffolds. This aqueous-derived scaffold avoidedisieeof organic solvents and
resulted in a more uniform morphology compared to th#teHFIP-derived silk scaffolds used
in this experiment. The more homogenous a scaffold-agtout will provide improved
mechanical properties of the matrix. This is becaugssis concentrated at pore interfaces and
the lack of uniformity typically causes deformationatér stresses (Harret al.,1998).

In summary, tissue engineered bone was created for siéhattwere empty and defects

with scaffolds loaded with BMP-2. This was corroboratéith DEXA scanning. DEXA,
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however, also demonstrated that new bone was formeabédatefects with silk/RGD constructs
only (rat 75 but not rat 76). This data differs from theiteggathered from the previous group
that was analyzed. Such differences could be explaingiebgmall experimental groups, rat to

rat variation, and scaffold to scaffold variation tbames from the fabrication method.
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VIIl. Conclusions

Porous, three-dimensional silk fibroin matrices wer@@red from the addition of HFIP
and methanol and fabricated by a method of salt leachmmb®@ations of RGD +/- hMSCs or
BMP-2 +/- hMSCs were added to the silk scaffolds to dete¥mihich combination induced
tissue engineered bone. According to qualitative analy@#, vivo study demonstrated that the
defects with the empty scaffolds (rat 74) and scaffaddéd with BMP-2 and undifferentiated
hMSCs (rat 73) induced formation of new bone and bridgedefext over an eight week time
period. The DEXA analysis showed similar results extepdefects with silk/RGD constructs
only (rat 75) had similar bone ingrowth to rats 73 and 74.

The distinguishing features of silk fibroin made it ppealing scaffold biomaterial for
the demanding and unique environment of bone. The protein prove&sanical integrity that
match the repair site and also allows for contrahefproperties through various processing
methods. Additionally, silk is biocompatible, resorbahkes a diverse surface chemistry, is
highly organized, and has a beneficial overall tailorahihiat is unattainable with other
biomaterials used in today’s technology.

Although there are some contradictory results withendata, when the mechanical
features of silk are considered in addition to biocompatbthiodegradability, and versatility in
chemistry, these silk biomaterials offer new and imgoaroptions in designing three-
dimensional matrices. Furthermore, when coupled wghprocessing and fabrication options
available for silks, the biomaterial can be improved gawkrate a range of materials and

properties.
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IX. Future Recommendations

Further analysis is needed to confirm the osteogeaé#ie scaffold: 1) Investigate
tissue reaction to the silk constructs by histology t@sttuding necrosis, inflammation, giant
cells, macrophages, and scarring); 2) Micro-computer ¢paphy; 3) Measure degradation rate
of the product as well as mechanical properties (Youngtuag and compression).

In order to better evaluate osseointegration ofiisei¢ engineered construct, a 3-D
evaluation technique could be employed called micro-computedgi@aphy. This non-
destructive method could characterize the regeneratibara tissue at the micron scale. Such a
technique would also help to further understand the procéssé engineered bone ingrowth.
This, in turn, could potentially optimize scaffold desigrce there is still a great deal unknown
about structural and transport properties during tissuewntgrd his type of analysis could
complement the type of analysis techniques performed amgeaqgsestions that would
otherwise be unanswered. For example, the technique estaldlish if the bone within the
scaffold is interacting with the native bone and deteerthe direction of mineralization. This is
important because with the 2-D analysis that was coaduotthe current experiment, it is
difficult to determine whether the observed growthasfithe host femur bone or rather
outgrowth for the silk construct.

During experimental process, there were a few poirgdsrobd that may be conducted
slightly different during future experiments in orderngrove the outcome of the results.
When the X-rays were taken of the rats’ femurs, thege not all taken in the same position.
This could have obscured the qualitative analysis intbtleabhew bone growth was not seen
clearly. When future experiments are conducted, thghtniy positioning all of the legs in the

exact same angle, possibly through building an apparahadddhe femur in place.
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Additionally, the constructs should be enhanced basetieknowledge obtained from
the experiment to more fully meet the structural, rmedaal, and physiochemical properties of

bone scaffolds.
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Appendices
Appendix A

Methods of Analysis

Dual-Energy X-ray Absorptiometry

In order to measure bone density, scientists oftentlmak enhanced form of x-ray
technology called dual-energy x-ray absorptiometry (DEXZEXA has become the standard
for measuring bone mineral density (BMD) (Americanl€gd of Radiology & Radiological
Society of North America, 2003). The procedure is adadtpainless method for measuring if
bone loss or formation is occurring.

The DEXA procedure takes between 10 and 30 minutes to periiiendevice transfers
a visible beam of low-density x-rays through the bone bgnea@f two energy streams
(American College of Radiology & Radiological Sogietf North America, 2003). It relies on
two distinct energy peaks: one peak is absorbed mainlyfbtissue and the other by bone. The
soft tissue amount can be subtracted from the totdlwdat remains is a patient's bone mineral
density (American College of Radiology & Radiologi&aiciety of North America, 2003). The
data then is displayed on a computer screen in ordeake a diagnosis.

Computed Tomography (CT) Scan

A micro Computed Tomography (CT) scan, particularly theeZglore RS model, is
also utilized in order to measure the success of bioraksterit is an ideal instrument for
biomedical research laboratories to non-destructivejyiae 3-D images of botim vivo andin
vitro specimens” (GE Healthcare, 2004). The GE eXplore RSead particularly for small

laboratory animals such as rats or mice. It is ab@pture whole body images at 45 or 90 um
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andin vitro specimens at 27 um (GE Healthcare, 2004). GE eXploreTR&#&hs have
Conebeam CT technology, enabling the total volumesainaple to be imaged in one rotation,
instead of having to measure slice by slice.

Radiographs

This technique is used to follow healing after bone deteetsnade. Usually the wound
is followed radiographically every 2 or 4 weeks. Such ppstative procedures provide a
means to qualitatively monitor the level of bone regeimrand implant resorption. However,

there are methods in which the radiographs can bezeigito present quantitative data.
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Appendix B

Radiographs
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Rat #71:
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Rat #72:
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Rat #74:

Week O

Week 4

Week 2

Week 6

97



Week 8

Rat #75:

Week 0

Week 2

98



Week 4

Week 8

Week 6

99



Rat #76:
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Appendix C

DEXA Scanning of Defected Area

Rat #69:

Defect Area

Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.2143 0.0596 0.2780
R1 0.0047 0.005 0.1056
R2 0.0056 0.0006 0.1138
R3 0.0000 0.0000 0.0000
Rat #71:
Defect Area
Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.1565 0.0484 0.3090
R1 0.0000 0.0000 0.0000
R2 0.0000 0.0000 0.0000
R3 0.0000 0.0000 0.0000
Rat #72:
Defect Area
Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.1593 0.0431 0.2704
R1 0.0093 0.0013 0.1355
R2 0.0093 0.0013 0.1355
R3 0.0000 0.0000 0.0000
Rat #73:
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Defect Area

Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.4081 0.1137 0.2786
R1 0.1360 0.0224 0.1647
R2 0.1854 0.0298 0.1608
R3 0.0811 0.0099 0.1222
Rat #74:
Defect Area
Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.3317 0.0819 0.2470
R1 0.1258 0.0250 0.1985
R2 0.1277 0.0252 0.1970
R3 0.0457 0.0084 0.1834
Rat #75:
Defect Area
Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.3942 0.1187 0.3012
R1 0.0801 0.0189 0.2363
R2 0.1323 0.0296 0.2236
R3 0.0112 0.0020 0.1765
Rat #76:
Defect Area
Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.2357 0.0567 0.2403
R1 0.0307 0.0055 0.1782
R2 0.0345 0.0058 0.0169
R3 0.0000 0.0000 0.0000
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Appendix D

DEXA Scanning of Control Area

Rat #69:

Control Area

Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.4137 0.0913 0.2206
R1 0.2069 0.0440 0.2128
R2 0.2078 0.0446 0.2144
R3 0.2059 0.0436 0.2117
Rat #71:
Control Area
Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.3839 0.0811 0.2138
R1 0.1901 0.0406 0.2137
R2 0.1892 0.0394 0.2085
R3 0.1901 0.0414 0.2177
Rat #72:
Control Area
Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.4072 0.0886 0.2177
R1 0.1975 0.0427 0.2159
R2 0.1966 0.0414 0.2105
R3 0.1975 0.0431 0.2182
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Rat #73:

Control Area

Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.4147 0.0870 0.2099
R1 0.2003 0.0397 0.1979
R2 0.2013 0.0397 0.1973
R3 0.2013 0.0400 0.1990
Rat #74:
Control Area
Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.3355 0.0798 0.2378
R1 0.1696 0.0396 0.2337
R2 0.1705 0.0412 0.2416
R3 0.1668 0.0386 0.2316
Rat #75:
Control Area
Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.5106 0.1293 0.2532
R1 0.1659 0.0409 0.2467
R2 0.1649 0.0406 0.2460
R3 0.1668 0.0411 0.2464
Rat #76:
Control Area
Region Area (cnf) Bone mineral Bone mineral density
content (g) (g/cn)
Global 0.4137 0.0714 0.1727
R1 0.1985 0.0334 0.1685
R2 0.1966 0.0332 0.1689
R3 0.2050 0.0346 0.1688
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