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BIOMATERIAL IMPLANTS

RELATED APPLICATION

{6001]  This application claims prioviiy from ULS. Provisional Applcation
No. 61/791,705, fled April 13, 2006, the subject matier which is Incorporated heveln by

FIELD OF THE INVENTION

{60021  The present invention relates to biomaterial implants, and particnlarly relstes to
methods of producing blomaterial implants that can be used as tissue replacement materials,
BACKGROUND

{06637 Hard tissue, such as natural bone, comprises sollagen and inorganic calciure

3,

phaste, particularty biological apatite. Bone contains about 68% to 75% by weight of

i3

hivlogical apatite and tooth contains more than 98% by weight of blological apatite.

o]

tological apatite is a naturally occurring calvinm apatite-type material, which is formed in

a

e body by preeipitation from body fuids. Biological apatite has a siructure, which

o

=

simvilar to pure carbonated apatite, but contains some substitpte tons for the calohum,
phosphate gnd carbonate ions. Symthetically produced mecipitated hydroxyapatite is
tvpically more shmilar to biological apatite than are the hydroxyapatite ceramics.

804 Collagen can be mineralized by caleium phosphate minerals by inducing the
precipitation of caleium phosphate in g collagen sharry. Several patents have disclosed
methods of preparation of miveralized collagen by precipitation of calclum phosphate.
{0868]  For example, U8, Pat. No. 3,320,844 discloses a mineralized collagen composite

s

material produced by quickly adding a soluble calciom fon-containing solation and a
phosphate ion-containing solution into a collagen shurry. The pateut further discloses that the
sty 18 vigorously stivved while maintaining it at a basic pHi to thereby fnduce the
mineralization of the collagen. The minemlized collagen is disclosed as being recovered by

solid-Hguid separation and is then dried.

SUMMARY OF THE INVENTION

{08667  The present invention relates to & blomaterial implant that comprises 2
mineralized collages il scaffold, The collagen fibrils of the scalfold can be formed from

type | coliagen monomers and display native-D banding periodicity. The blomaterial implant
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can have load bearing capabilities and be replaced with native bone via normal bone

mod *Emg when implanted i a mammal’s body.

o

i an aspeot of the invention, the collagen fibrils can have an average diameter of
abowt 30 sm to about 136 am, The collagen fbrils can defive a plurality of 3&95 in the
he gaps can have an average volume of about SO mm” to abows 250 n

{6085} In anothier aspect of the invention, the collagen fibril scatfold can be mineralized

with at least one of nanoscale mineralite, calcium phosphate hased mineralite, apatiiic

5

mingralite, carbonated gpatite, or subistituted carbonated apatite. In ong example, the
mineralite can comprise carbonated apatite.

WOONY  The mineralites can by inferdigiiated between the collagen fibrils such that the
mineralites are resistant frydrolysis when implanted in the mammal. The mineralites can alse
have a calciom fo p;wspE rous ratio {{ &Py of about 1.4 1o about 1.8 and an average particle
size of about 25 mn’ to about 130 nm”

WS Inoa further aspect, the blomaterial implant can be asseoconductive and resistant to
hyrodrolysis when traplanted (s mammal. The biomaterial implant prior to implantation
can have a modulus of about 580 MPa to about 20 GPa, .o, about 5 GPa to shout 20 GPa.

H511

ypA
bum

Iy another aspect of the invention, the blomaterial fmplant can compriss at least

prrrry

one bicactive molecule, growth factor, or bone morphogenic protein. The biomaterial

Qptionally, the bicactive moisouale, growth facior, or bone morphogenic protein can be
interdigitsted between collagen molecules within the collagen fibrils w aliow for slow
diffusion of the bloactive molecule, growth faclor, or bone morphoganic protein into the
extracellular milieu as the blomatertal implant {s resorbed. In one example, the bicactive
molecule, growth factor, or bose morphogenic profein can comprise recombinant human
bone morphogenic protein.

{0012]  In yet another aspect of the myvention, the mineralized collagen fibril scaffold can
be at keast partially cross-linked with g cross-linking agent. The cross-linking agent can
inchide a D-ribose solution,

i

The method comprises forming a collagen fibril scalfold wherein the collagen fibeils display

i3

o

The present invention aiso relates to & method of forming a biowaterial lmplant,

Wi

preees

native-I} banding periodicity. The collagen fbril scaffold can be mineralizved so that the

collagen fibril scaffold has a mineral composition similar to native bone, The mineralized
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collagen fibril can be then be densificd, The densified mineralized collagen fibril scalfold

can have foad bearing capabilities and he replaced with native bone via normal bone
remedeling when implanted in 8 mammal’s body,

198141 Inenaspect of the method, the collagen Bbvil scaffold can be formed by
incubsting a type [ collagen monomer in a buffered saline solution to produce a hydrogel

The collagen Sbhrils so formed can have an average diameter of about 30 nm to about 130 nm

and define ¢ phurality of ffag)s in the svaffold. The gaps can have an average volume of sbowt

{0818]  In another aspect of the methad, the collagen bl scaffold can be mineralized by

immersing the collagen ftril scaffold in 2 mincralization solution. The mineralization

solution can have pH that is higher than the pH of the buffered saline solution, The
mineralization solution can include, for example, calchum chioride dilwvdrate, sodium

bicarhonate, potassium chioride, and potassinm phosphaie dibasic anhydrous. The

o

mineralized collagen fibril scaffold can have a calcinm to phosphorous ratie (Ca/P) of sbout
14t about L&

§'§§E§§§ in g further aspect of the method, the moineralized collagen fibril scaffold can be

¥

3

ensified by uniaxially pressing the mineralized collagen filyil soaffold. The mineralive

coflagen fibril scaffold can slso be denstfied by cold isostatic pressing the mineralized

5

W8T Ina still further aspect of the method the at least one of bioactive molecule,

-

growth factors, or bone morphogenic proteins can be interdigitated between coliagen fiber

i

and the collagen fibril can be at least partially cross-lnked.
f8818]  The present invention also relates to & method of reating a bone Injury ov defect

-~

in a subject. The method includes administering 1o 1he injury or defect of the subjest a
Biomaterial implant, The biomaterial implant ncludes a mineralized coliagen fibril scatfold.
Ths collagen Tibrils are formed from type I collagen monomers and display native-U banding
s&riaéic%ty. The implant has load bearing capabilities and Is replaced with native bone via
the normal bone remodeling when sdministered to the injury or defect. The inhury or detect

can goraprise at least one of & cranjomaxiliofacial injury or defect, a spine injury or defect, an

appendicular injury or defect, or 2 pan-skeletal injury or defect.
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8§18 In an aspect of the invention, the biomaterial inplant can be shaped with presses
that are preshaped tothe particular injury or defeet prior to implantation. The biomaterial
implant can also be machined prior 1o administration,

BN in & farther aspect, the cotlagen fibrils can have an average diameter of about

{

hyrodrolysis when implanted inthe subject. The collagen fioril scaffold can be mineralized

™

m to about 130 am. The biomaterial implant can be osteoconductive and resistant

LF5
P

with at least one of nanoscale mineralite, calciam phosphate based mineralite, spatitic

by 3 o

mineralies, carbonated amﬁt@, o substituted earbonated apatites. The mineralite can have a

caloiwm 1o phosphorous ratie (Ta/PY of about 1.4 o about 1.8,

18821} In another aspect, the blomaterial implant can include at least one of bivactive

molesyle, growth faetor, or bone morphogenic protein interdigitated between collagen

syolecules within the collagen Sbrils. The miveralized collagen fibril scaffold can be at least

1

partially cross-linked with g cross-linking agent.

BRIEF DESCRIPTION OF THE DRAWINGS

A3

{0022}  The foregoing snd other features of the present vvention will become apparent io
those skilled in the art 1o which the present invention relates upon reading the following
description with reference 1o the accompanying drawings, in which:

§:€}§§2*'§ Fig. 1 is a schematic Hlustration of a collagen fibril §n accordance with an aspeot

§§§}ZS§§ Fig. 2 is a flow diagram Hlustrating one method of forming 8 biomaterial implant
in avcordange with an aspect of the mvention,

108281 Fig. 3 illustrates 8 TEM Image (inverted} of negatively stained collagen fibwil,
Handing pattern with 67 nm periodicity {O-period) can be observed along the fong axis of the

colisgen fibril.. The hole zone is gbout 0.6 1 in length, and the mf:riapg}cd; eton is about

0.4 [ in length. Four sub-bands are observed within the hole zone (indicated by verticat
white srrows). The pleture below the TEM image ifustrates the ﬁ?ﬁarirgg of the collagen

molecules within the fibril according fo Hodge-Petruska scheme. The head and end of the

arrow represent the N- and C- ierminals of the collagen molecule. The solid rectangular

D

shapes represent the stain-penetrable hole zones.

{B826] Fig. 4 tlustrates SEM images of reconstituted collagen fibrils, {A) At jow

magnificstion (x 6k}, vollagen fibrils entangle together with no gpparent ordering of the
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fibrifs. (B) At high magnification (x 30 k), diameters {widths) of the reconstituted collagen

fibrils vary {0 & ceriain extent, Histogram below the SEM image shows that the diameter

9

ranges from 30 nm o 130 mm, with a mean average of T3 £ 2 nm{n = 115}

[0827]  Fig § illustrates SEM images of mineralized collagen fbrils. (&) Large
ageregates are associated with the mineralized collagen fibril surface; (8) and these
aggrogates show a plate-tike crystal habit and seem to be frapped by the entangled collagen

¥

fibrils. {C} BDX confirmed the Ca-P nature of the spherics! aggregase (indicated by arrow).

=

Faal

Other elements, including €, O, Na, B, C and P4, are also detected, At the region with no
discernable aggregate on the surface {dotted circle}, strong Ca-P signal is also detected. In
addition o those clements detected in the sphemcai aggregate, nitrogen (N} peak is alse seen,
{6028} Fig. 6 Hlustrates X-ray diffraction (XRD) patterns of synthetic apatites (A}, native
hone mineralites {1-3 week old bovine bone) (B} and sintered HA (C). Synthetic apatites
show similar diffraction peaks like native bone mineralites, No triplet peaks are ohserved in
the XRD patterns of synthetic and native mineralites between 30,5 © and 33,5 ° (28). Sintered

HA exhibits Si‘iarp diffraction peaks (parvow peak broadening), with distinctive triplet pesk

¥

(£

corresponding to 211, 112 and 300 planes of the HA crysial.

{84291 Fip. 7 illustrates 40 pm x 40 o AFM images of © (A) synthetic apatites

o

Py

Bundred

}'7

{138 pg/mi), and (B} control sample (136 yg/mi). Large objects up to sovera

,
&

nanometers tall were found on the mica surfaces of both samples { a few indicated by blue

arsow heoads), Insets of both AFM imapes are the corvoborstive SEM studies, showing plate-

T

ke aggregates deposited on cover-glass. Note: the SEM images are not actually of the black

7

boxed region, but are indicative of typical features of the sizes seen in the AFM images
0638]  Fig 8 ilustrates oblique and cross sectional views of the actua! material after

#66 hole was created by turning the plece on a lathe. Below are Ul images displayed with
the same contrast setlings used to visualize rat bone thus demonstrating effective
mingraiization

106311 Fig 9 iustrates an SEM image of the nanocomposite {A), the nanocomposite
sesded with cells and a differentiated osteociast-like cell in the yellow box after it has created
a vesorption pit (B, and & magnilied image of the resorption pit {C).

Fig, 16 Hlustrates explanted mandible (dissected free of soft tissue} of a control animal (no

implantation) st the conchision ofan § week study. On the left 15 2 lefl hembmandible
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following the creation of v unimplanted critieal size defect (arrow), On the right is the
anoperated contra-lateral side.
[832]  Fig 11 tllustrates explanted left hemimandibles {with a0t tissue attached) in the
experimental groups at the conclusion of the 8 week study. {A) Undoped nanophase
composite inyanted in the critical size defect arrow and (B} BMP? doped nanocomposite
implanted in a oritical size defect with robust bony ingrowth (arrow},
DETAILED DESCRIPTION

[9633]  The present ivvention relates to a biomaterial implant that meludes 8 blomimetic

material that is ostecconductive gud capable of osseointegration after plantation. The
biomaterial nplant can be tsed as & lond-bearing bone substitute to treat bone injuriey andfor
boae defocts o a mammalian sebject. Examples of nses of the biomaterial implant can
inchude: cranjomaxiliofacial surgery applications, such as dental appdications {e.g., alveolar

procedures, implant surgery (e, sinus Hfty), orthognathic surgery (e, used to stabilizs the

jaw in skeletal advancement) and head and neclofacial plastic and reconstructive swrgery

T

{e.g., cranioplasty, skeletal (facial) augmentation, post raumatic reconstretive work in the

b 1

craniofacial skeleton (e, orbital ¢ **ccensimci‘im}! and post cancer treatment reconstruction

{i.e., mandibular defects}; spine surgery, such a fusion, anterior, and posterior spine surgery
and spinal trawnn or oncologieal surgery; appendicular skeleton applications, such a3 the

treatment of Kb defects secondary to tranma, oucological treatment, or congenital disorders,
joint surgery either alone of in combination with other hardware {e.g., hip replacement), and
{imb lengtheniug surgery; and plastic and reconstractive surgery, such as pan-skeletal
treatment for defects that result from traums or infectious processes. The biomaterial fmplast
can also be used in the fabrication of fixation devicss, such as boue screws.

196341 The biomaterial oplant can have stractural integrity to bear a load in pants of the
skeleton once implanted and interact with osteociasts altowing for resorbtion via the normal
bone remodeling ovele as opposed o hydrolysis followed by an inflammation related Roreign
body response, By normal bone remodeling eycle, 118 meant that the biomaterial implant i
first resorbed by osteoclasts, creating shallow resorption pits in the blomateriall Osteoblasts

then deposit compact bone within the resorption pits fo replace the resorbed implant material.

The resorption can occur at a site and patient specific rate o allow for osteobistic bone

production tied {o resorption rate. The rate or resorption of the biomaterial implant can be
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e

tatlored to allow for rapid resorption without 1oss structural integrity and without inciting an

mlanunatory response bevond that expected normally affer a surgical procedure.
18835]  The biomaterial implant in accordance with the present Invention comprises

blomimetic navso-composite that includes a mineralized collagen fibeil scaffold. The collagen
X,

fibril scaffold can compriss type { collagen fibrils that display native D-banding periodicity.

Collagen is readily employed because #s degradation products integrate with ostenclastia

otivity and the normal bone remodeling oyele. Other resorbable polymeric materials that

m

have properties similar to collagen can also be employed. Such other materials can

potentially include synthetic alphs polyester, such as polylactic acid polymers, polyglycolic

acid polymers and or copolymers and blends thereof. However, these are not expected to b

as advaniageous as collagen hocause they are not replaced with bone via a cellular

remode !HE DROLLss,

{66381 The collagen fbril scaffold can inchude gap spaces that when mneralized result In

a nanophase composite similar to native bone on the sub-micron scale. One example of

tongitudinally extending collagen fitwl scaffold is schematically Hiustrated in Fig. L

Fig. 1 shows that the gap spaces can be about 50 nm” o about 250 nm” in size, for instance,
bous 100 am” {e.g., about 10 am x abowt 10 nm x 1 am) in size. The gaps can be spaced

axially about 100 nwe to abowt 300 mm apart {e.g., about 280 nom apart), radially about 8.3 nm

to about 16 nm apart (0.8, about 1.5 nm apart), and staggered away from the center of the

fibril to its peroeter by about 23 v 1o sbout 188 mm {e.g., about 67 nm) along the daxial

direction.

B8371 The Sequency of the D-banding of the collagen fibril scaffold is such that

nancscale mineralites can be interdigitated within the colllagen fibril scaffold and sterically

o

hindered so that the mineralites do not diffise away from biomaterial implai when the
Hiomaterial implant {s exposed 1o aqueous solutions. In one example, the frequency banding
can have a period of about 50 min to about 100 nm. In another example, the frequency
bamgding can have a period of about 60 mm 1o about 735 s, A frequency banding of about 36
o to shout 100 nm {e.g., about 60 nm to about 75 nm) indicates that the collagen fibrid
seaffold has an internal void spaces necessary 1o achiove biomimetically distribned mineral

within the collagen {ibril scaffold.
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{90381  The collagen fibrils of the scaffold can also have and average diameter of about
30 any o abowt 130 nm. By way of example, the colioagen fibrils can have an average
diameter of about 50 nm to about 100 nm {e.g, 75 nm).
{#839]  The minerals or mineralites provided ju the collagan fibril scaffold of the
composite can include minerals typieally found in natural bone. These munerals can include
calcium phosphate based minerals, such as nsno-scale mineralite, carbonated nano-apatite,
calciom phosphate based mineralite, triscalciuny phosphate, octa~caloium phosphate, caleium
deficient apatite, amorphons calchnn phosphate, hydroxyapatite, substitute apatite,
carhonated apatite-like minerals, highly substiiuted carbonated apatiies or & mixture thereot
i one example, the minerals provided in the collagen fibril scaffold comprise nanoscals
carbonated apatite.
{0848]  The concentration or density of minerslization of the collagen fibril seaffold can
be that density of mineralization which is similar to that of natural bone. The desired mingral
density can be determined by comparison with a standard, Allematively, the desired mineral
density or conceniration can be determined by a non-nvasive bone mineral density
assessment of the patient and then selection of a material that maiched the patients” native
mineral coneentration.
[0041]  The density of the mineralization of the biomaterial fimplant need not be uniform
geross the biomaterial implant and can depend on the specific therapentic application. For

example, the density of mineralization of an owter region of the blomaterial fmplant can be

less than the density of mineralization of an inner region of the biomaterial implard. A fess
densely mrineralized outer region can permit more rapid natural bone in growth and a move

densely mineralized inner region can provide greater and more long-term load besring

CCJ,

capablities. In other examples, the mineral density of the inner region of the Momateris]
implant may be less dense than the mineral density of the cuter region of the biomaterial
imnplant.

{8642]  The mineralization content of the collagen fibril scaffold can be quantified by
fooking af the size and shape of the mineral g5 well as its clemental composition and atomic
crystallinity. These studies have been performed predominantly on powders isolated from

¥

mingralized gels using hydrazine extraction. The mineral powders can be dispersed in

»

0

sthanol and imaged by, for example, atomic force microscopy {AFM). Mincralization of the
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collagen fibril scaffold can slso he measwved using Energy Dispersive Absorption of Xerays
(EDAX} to assay the chemical commposition of mineral within the collagen
19043 it has been shown that 3 structurally blomimetic bone substitute needs to contain
spatitic mineralites that are, for example, about 1 nm x about 18 nm x about 10 am. Nature
meets this design constraint by templating minerslization using collagen fibrils, The
sanoscale voids within a self-assembled native collagen fibrll Bmits the size 1o which the
minerafites can easily grow and entraps the mineralites so they do net diffuse away from the

collagen fbrils. In fabricating the composite malerial, ihis process has been essentially

replicated.
{6044} The size of the minerals formed in collagen fbrtl scaffold can correspond to that
of lightly mineralized collagen. For example, the size of the minerals can be about 24 amy” to

-

shout 106 nm3 {e.g., about 9 s+ abont 3 am x & mm £ about 2 nm x 2 Tabout T am), This
COFT cs;m.a\is to the mineralization of about 1 to about 3 month old bovine cow bone. Hithe
coliggen fibril scaffold is more heavily mineralized, the size of the minerals can be, for
exanpie, abowt 12 naw 16 om x 0.6 nm. This mineralization corresponds to matars bovine
cow bone.
{8645]  The vatio of caleium to phosphorous of the mineralization material can also be
selected. One example of # target calcium to phosphorus ratio of biommaterial Implant 53
determined by EDAX is about 1.66 2033 {corresponding to an apatitic composition within
the conventional ervor of the FDAX measurement). & will be appreciated that the target Ca/P

$

ratio need not necessarily be about 1.66. A higher or lower Ca/P ratio can also is alse

N

acceptable as long as it is similar to natural bone, which has a Ca/P ration of about 1.4 1o

o

about 1.8, Inaddition, the minerals in the material may also contain carbonate groups, liks

~

nitural bone, and FTIR (infraved spectroscopy) or Nuclear Magnetic Resonance (NMR} may

1

be employed to detect these

o

257

66461  The mineralization of the collagen el structure (and of the blomaterial Iimplant}
can further be measured using x-ray diffraction (XRD) spectroscopy. One example of g

R } £ & L4
target XRD spectra shows stightly broadened (002 and 310 peaks along with a single broad
peak arcund 32 degrees corresponding to a substantially broadened 211, 112, 300 set of
peaks, This is the typical spectra obtained with the very small highly sut s& ftuted apatifes

previously isolated from bons samples.
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10047]  The blomaterial immplants of the present invention can also incorporate bicactive
agenis or drugs, such as antibiotics, bone morphogenetic proteins {e.g., recombinant human
hone morphogenic protein 2 (thBMP2Y), other bone growth factors, skin growth factors or
snti-scarring agents, such as transforming growth factor-Besa. In such case, the drugs can be
doped or interdigitated in between collagen molecnles within the fibril scaficdd,

[6848]  In order to enhance the mechanical strength of the collagen fibril scaffulds, the

3

colfagen fibril seaffolds can be oross-linked using various sugar derivatives, such as glvoxal,

¥

Di-ribose, or genipin, (ther oross-linking agents, such as glutaraldehyde, can also be used.
Concentrations of the crosshinking agent as well as time and temperature used for
crosaiinking can be varied to obtain the optimal results.

156491 in an aspect of the invention, the biomaterial implant can have a dry modulys of

. In ancther aspect, the modulus of the blomaterial implant

o
A
21
Tl
>
o
w5
Y

about 300 MPa to alw
can be about 10 Gps to about 20 Gpa, which is typical for cortical bong. The wet modulus of
the biomaterial implant can be about 5.0 Mpa to about 10.0 Mpa {c.g. about 6.0 MPa).

The biomaterial implant can have a shape similar to the shape of the defect or injury being
treated andior repaired. For example, blomaterial implants In accordance with the presend
used to repaiy bone deficits oan have a shape of the deficlt to which the implant isto be
applied. In other spplications where the blomaterial ruplant i used as a resorbabis load
bearding fixation device the biomaterial implant can have the shape of 2 bone sorew, such g
helical bone serew.

U

process. Fig: 2 illustrates a schematic How diagram of a synthetic method 10 of synthesizing

]

e biomaterial implant of present invention can be synthesized using a multi-step

a biomaterial implant tn accordance with an aspect of the invention.
{0058]  In the method, at 20, g collagen fibril scaffold comprising collagen fibrils having a
diameter of about 30 nm to sbout 134 nny {e.g., about 75 nm digmeter) is formad fom

type 1 colia somers. The type § eollages monomers can inclode, for axample, purified

f:ﬂg

boving s::@isa,gm. An exampile of a stock of collagen monomers that can be used is lightly
pepsin digested acid solubilized type { calf skin collagen {obtained from Cohesion corp. as
YITROGEN). Another example of stock of collagen monomers can be obtained from
Inamed Biomaterials, under the trade name PURECOL. The collagen fibvils can be formed

Y3

from the coliagen monomers 3o that they display native type D-banding periedicity (Hodge-
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siviska model), The native D-banding periodicity can have a frequency banding of about
50 om to shout 100 nm {e.g., about 60 m o about 75 nm).
(88521 One example of a method of forming collagen fibrils displaying D-banding
periodicity from the collagen monomers includes combining a stock solution with the
cotlagen monomers and simulaneous neutralizing aud warming the collagen monomers,
Any suitable buffer can used as stock solution. Such buffers can include, for sxampls,

phosphate buffered saline or TES, An example of one buffer that hss been used is prepared

&

by measuring oot sbout 730 mi of purified water and they adding to the water with stipring

TES,

3
rxs)

<

and gentie heating (the solution is not brog ghi £o 2 boily about 6.458g Nat’i, abowt 6.88 ¢

,

t

and about 4.26 g NaHFO,, About | N HCL van be added to the stock solution to bring the

ol o about 7.2, The stock solution can then be toppad off with purified water o bring the

{8831 About 15 mi of the stock solution car be measured and then heated to
about 36.3°C. While at abowt 36.5°C, 1 mi of the collagen source {equivalent to about 3 myg

~

he

of collagen) can be added to the heated solution and then incubated for sbouwt 24 bows. 1
incubated sohution can form a gel that comprises the collagen fibrils that display native type

D-banding perindicity,

EE it was observed that in preparation of the collagen fibrils, the addition of collagen

monomers 1o the buffer tends drive the buffer toward acidic pH. [ the pH drops substantially

below 7.0, fibeils will not form. Thus, a relatively strong buffer s needed i

obigin a high inital collagen il

{00537 It will be appreciated that the present invention is not Hmited to this particaiar

method and that other methods can be employed 1o form collagen fibrils displaying

-banding periodicity from the collagen monomers, These other methods can include

o -

conventional methods typically used for forming coliagen fibrils displaying D-banding
{0088 Substantially simultaneous with 20, at 30, recombinant human bone morphogenic
proteln 2 {rhBMP2), or anpther bioactive factor, can be interdigitated between collagen

molecules of the collagen fibril scaffold. RhBMP2 is a known as a potent osteoinductive

terdigitating rhBMP2 between collagen raolecules renders it more effective by

w3
5
’\ S
c'-}
&
=3
e 2
£
e
]

allowing for slow release of the thBMP? into the extraceliular matrix as the implanted
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biommaterial i remodeled and replaced with bone. This increases the material’s
Qsié:ainduaﬁvis‘; by improving penetration of the (hBMPL into the material and prolonging s
effect while reducing the necessary quantity and cost.

BE
[0057]  The BMPZ can be placed in solution with the collagen monomers so that when the

monomers assembie into fibvils, some of the gap spaces will be filled with BMP2. BMP2
that locates in places other than a futire gap space will likely prevent acoumuiation of further

collagen monomers and stop fibril growth, Thus, the final location of BMP2 in assemblad
fibrils is predominantly in the gap spaces. The fibril pmvides substantial sterie hindrance 1o
any enzymes o other molecules with characteristic dimensions larger than a fow Angstroms

from gaining access 1o the BMPZ. Thus, the BMPZ can remain stable until the fibeil s

g o

degraded during the remodeling process. Since BMPs in general are used naturally as growth

§
73

factors during remodeling, i expected that the cocktall of enzymes released by resorbing
oatecclasts fs uniikely to braak down the BMP2.
{B058] At 40, the collagen fibrll scaffold can be mineralized with minerals typlcally

tound in natural bone so that the minerals are provided in the gaps and pore regions within

the fbeils. In one cxaraple, nanoseale carbonated apatites ave formed n the hole zones and
pore regions within the fibrils using a metastable mineralization solution of caloium

phoshphate {Ca-F} butfered to 2 pH and temperature to promote mineralization. The pH and

teruperature of the mineralization solution can be for example, respectively, about 8.0 1o

o

i+

abowt 8.4 and about 36.5 °C. By way of example, the mineralization solution can inchy

2

odtum carbonate (NaHCO;), potassiurn chloride (KCH, sodium chloride (Nal

1

13 potassivm

o

phosphate dibasic anhydrous {(HPOY), calchum chioride dihydrate {CaCl- HoO), defonized
water, and TES buffer,
{56391 1 another aspect, since the mineralizing solution resulls in 1 metastable stats,
coutinuous addition of long fo the solution cay be used to maintain minerslization over
extended periods, For example, two solutions: one with CaCly and NaCl, the other with
KoHPFOy and NaHOOy can be pdaced in separate burettes and dispensed via a computer
aivolled titrator. The system utilizes pH {monitored with ¢ glass/Ag/ApCl clectrode) as the
control parameter. As apatitic minewalites fovm, basic carbonate groups become incorporated
in the mineral precipitating owt of solution resulting in s drop in pH. By detecting small
drops {about .003 unitsy in pH and then simultaneously releasing the two solutions, the fonic

concentration can be kept constant thus roaintaining & constant molar composition of the
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reactants, €Oy can be excluded from the sohdions by bobbling Na gas prior to and during
mineralization. The time of mineralization can he varied to yield a material that 18 most
biomimetic with the best mechanical properties,

(886 At 50, before, during, andfor aller mineralization, the mineralized fibrils can be

so that the mineraiized collagen fibril scaffold has a strength snd modulys that

|99
[0
=
743
P4
"""’c
Gda
e
o
€
E)

density of the mineralized collagen fibril

'

£

closely approximates bone, I one aspect, th
scaffold can be increased by mechanically pressing the mineralized collagen §
myineralized collagen fbrtls can be mechanically prasseé by placing the mineralized collagen
fibril scaffold i a2 uniaxial press and pressing the mineralized collagen Gbnls af a pressure
and thrwe period effective to increase the density mineralized coliagen scaffold. By way of
example, the mineralized collagen fibril scaffold can be placed In & uniaxial press and pressed
at & pregaure of about 400 kPa to about 608 kPa {e.g., about 300 kPA) for about 12 1o sbout
36 houss {e.g., about 24 hours), After mechanically pressing mechanical prossing, the

3z "

mineralized collagen fibril scaffold van be dehydrated to vigld the densified biomaterial

[

mnplant,

196611 Optionally, the uniaxially prossed blomaterial implant can be subiected to cold

isnstatic pressing (CIP) at about 150 MPs to about 230 Mpa {e.g., about 200 Mpa) fw
variable {engths of time {e.g., about S hours). For example, the biomaterial implant can be

cold isotatic pressed about 200 MPa for abowt 3 hours in an Inpovare Hydrostatic Extrusion
Rig uitlizing peanut ofl as a pressure medium, The rational for this pressure and time 8
supported by (Lewandowski, L., Lowhaphandy, P., “Effects of hydrostatic pressure on
mechanical behavior and deformation processing of materials,” Iternationa! Materials
Reviews, 1898, 43(4), pp. 145-187.)

88621 Further, th

m

implants can be perforated in various orientations to allow for better

!

fibrovaseular ingrowih following implantation. Additionally, the presses wsed for cold
isostatic pressing andfor uniadally pressing the biomaterial implant can be preshaped to 8
particutar defect for custon: fabrication of the implants.

08631 At 60, following {or before) mineralization, andfor before, during, after

densification, the collagen fibrils can be cross-linked. Crosslinking of the collagen fibers

can be performed wsing various sugar derivatives, such as glyoxal, D-ribose, or gm\ipa:

2
-
%
el
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\vv‘
4]
o
oo
=
e
3
e
8
e
o
7,
ke
£
gﬂ
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though several others agents (such gs ghitaraldehyde) are alao
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Concentrations of the crossiinking agent as well as fime of crosslinking can be varied o
shizin the optimal results,
{0864 AU 70, before, during ov following densification and/or cross-linking, the

mineratized collagen fibril scaffold cab be shaped to a desired configuration for implantation

it the subject being treated. It one sspect, the mineralized collagen fibril scaffold can be

\

§

shaped by pressing the mineralized collagen fibri! scaffold in a press that s preshaped o the
parficular injury or defect. The press can be the same press that s wsed duving the
densification of the miveralized collagen fibril scaffold.
{86651 In another aspect, the mineralized collagen fibril scafibld can be machined after
densifieation to 2 shape that can be used for treating the injury or defect. By way of example,
the densified mineralized collagen fibril can be machined with hand-held grinder fo the

osived shape for the speeific application prior to implaniation in the manumal.
100667  Itis to be understood and approciated that the Hlustrated steps may oocur in
different orders and/or concurrently with other actions, For example, densification may oocar
before, afler, and/or during cross-Unking of the blomaterial implant. Moveover, not all

features Hlustrated in Fig. 2 may be required to implement a method.

8867  Below is a description of the design, manufacture, and implantation of an cxample
of & blomaterial implant in accordance with the present invention, The fabrication 8
deseribed followed b}f physico-chemical characterization and in-vitro oytocompatibitity
studies. Finally a pilot study in rats is deseribed and implant efficacy is evaluated using

o

mechanica! studies

{6068}  Brielly, inplanis were formed In a three step process involving: formation of
collagen fibril gel, mineralization of the gel, and pressing of the gel into a surgically useful
form. Hach of these steps is descridbed inmore detail below. Al steps were carried oot using

03

standard aseptic technigques.
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Reconstitution of collagen fibrils

Eﬁ%%} Highly purified lightly pepsin-solubilized bovine dermal collagen {Vitrogen from
Coheston, Paln A,Ete} was dituted to gbout 8.2 mg/m! in phosphate buffered saline solution
{PRE, & ma} at pH 4 and 36.53%C, and incubated for 24 hours. This produced visible

hydrogels that conld be removed intact from their beskers using a forceps.

HEv

Minsralization of collagen fibsils

{8678 Mineralization of collagen fbeils was carried out tn a metastable MSBF (Modified
Sisndated Bone Fluid), The MSBF was prepared by adding the following chemicals {o
730m! defonized water:

s 200mi TES (N-Tristhydroxymethy Dmethyi-2-aminocthanesulfonic Acid, FLW. 2290
buffer 100mbd. This solution is prepaved by adding 12.1g TES white crystals to 1L
defonized water and pH adjusted to 7.4,

¢ 8g NaCL {Soduum Chioride, F.W, 38.44)

s $.352¢ NaHCQ; {Sodium Bicarbonate, FLW. 84.01)

s 0.224g KO (Potassiom Chioride, FLW. 74,55}

s $.174g KoHPO, (Potassium Phosphate Dibasie Anhydrous, FLW. 174.18)
s §.368g CaClyHh8 (Calclum Chioride Dihydrate, FW. 147.03)

s Addittonal deionized water 1o make 1L of fluid
The solstion was adinsted to pH 8.2 just prior to mineralization by adding | M NMaOH,

{yels were incubated af 36.5 °C for 24 hours.

Mechanical pressing

{00711 Mineralized gels were rinsed in pure ethanol several times then placed intn ABS

designed to create a shape that conformed to the oritical size defect ina rat

()‘14

plastic presse
mandibie {circular discs about § mm in diameter and about 2 mm thick), Sapphire flats

placed on either side of the gel provide unitorm surface geometry, The press body had small

T

racial holes which allowed water 1o be extruded from the gel during woechanical dehydration,

&

The material was pressad ssing 347 KPa for 24h.

¥
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Physico-Chemical Analysis of Implant Material

L

Characterization of Collagen Phas

{8872} We intended to manufacture navoapatites interdigitated within collagen fbnids by

m

templating mineralization within a native D-banded collagen beil. To assay whether the
first eotlagen {ibril formation step described above produced such fibrils, we used uranyi
acetate negative staining of these gels followed by transmission elecivon microscopy imaging,

o preparation for TEM imaging

ERE

Staining of collagen fiby

08731 Fibrils were depasited on a carbon film supported by a copper grid and rinsed with
pore water three times. The collagen fibrils were subsequently stained with 19 wranyl
acetate (pH 4.3} then dried overnight in a clean container before imaging by transmission
glectron microscopy (JEGL 1200 EXL).

3

{Cheracterizgtion of Mineral Pha

{0741 To measure sizes of mineral components too small to be easily seen by TEM, we
used atomic fores microscopy {AFMY To ensure the surfaces imaged by AFM contained
only the mineral phase of our nanccomposite, we performed & hydrazine extraction on the

£

mineralized gols.

-~
£

Hydrazing extraction of mincratized collagen

N

196751 Mineralized collsgen was washed extensively using 100% ethanol. Four oveles of

g

dispersed in aphydrous hydrazin

L]

the following two steps were used. First, the gels were
{Rigma) at 4°C o7 24 bours (1.3 mgeollagen / | mbhydrazine). Second, the solution was
sentrifuged at 14,000 g for haif an hour and the supernatant was exiracted for disposal.
Hydrazine extracted mineralites were subseguently washed four times at 4°C by adding

100 % ethanad, centrifuging, and extracting the supernatant. The finad product was obiained

&

vy

by evaporating the ethenol in the centrifuge tube in a 25 mi container coverad by filter pap

3

fibril formation, mineralization, and

=ty

A control sample was prepared using all the stepso

hydrazine extraction but without collagen added.

AFM samnle preparation and imaging

f‘”
:4
2

{B076)  AFM subsirates were prepared on freshly cleaved mxica (Laboratory High Quali
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Mica, Ashevilie-Schoonmaker Mica Co). Dry powders of the isolated synthetic apatites
weore suspended in 100% sthano! in a glass visl scaled using Parafilm. To ensure powder
dispersion in the ethanol, vials were sonicated for 5 minutes at 4° €. While the vials were
insonified, a 5 ul aliquot was removed from the center of the glass vial, deposiied on the mica
and placed in & covered petri dish overnight. The control sample was prepared under the
same condition.

10877} Samples were imaged in alr with an atomic force microsenpe (Nanoscope il
Multimode, D¥gital Instrianents, Santa Rarbara, CA} operated in tapping mode using g silicon
cantilever (Nominal spring constant: 42 Nim, Nanosensor, Wetzlar-Blankenfeld, Germany).

Operation of an AFM in general and tapping mode in particular have been well describad

ks

2

slsewhere. The precision of cur measurements was liaited by digltization of the data o
ahout 0.0 nm for thickness and | am for fength and width, Notse in the thickness
measuremenis was about 0.2 nm rms. To account for the tip dilation antifact, probe tips were
measyred using a Nioprobe standard {Electron Microscopy Sciences, F.T. Washington, PA)Y
and a blind reconstruction algorithm used 0 reconstruct the prode shape. Morphological
erosion was then performed prior to measuring mineralite sizes from the AFM data,

I8878]  To examine how closely our mineralife crystallinity matched with mineralites
isolated fromy mammatian bone, we perfiormed X-ray diffraction on the hydrazine extracted

mineralites.

Keray diffraction (XRD) of the synthetic apalites

0879 /20ditfractometer seans of svathetic mineralites were recorded on a Phillips PN

~

3550 diffractoneter (Ni-filtered Cu Ko radiation). The dafe was collected at 28 incroments

of 8.05 degrees with a 30 s counting time af roon temperature between 3%-60 ° (28]

Cvtocorapatability of bmplant Material

X

106891 To see if our material was eytocompatible with cell tvpes found in bone, we
performed an In-vitro assay. This assay was done using mineralized gels that had not yet

heen pressed.

In Vitro Ovincontpatibility studiss

081} A coculture of mesenchyvmal support cells and hematopoietic progenitor cells was

utilized. Frozen ceils from the ST2 mesenchymal cell line (Riken cell bank) were thawed and



WO 2007/121345 PCT/US2007/066614

J18-

suspended in Gibeo o-MEM supplemented with 10% heat inactivated fetal bovine serum
{Hyclone, Logan, UTy, 2 mM Leglutamine {Mediatech, Holly Hill, FL), 1060 Ulnl penieillin
{Mediatech), and 100 pli/mb streptomyein (Mediatech). The cell suspension was plated in
100 mm Falcon culture dishes and incubated at 37°C and 8% CO2. After conflucnee was
reached, the ST2 cells were lifted from their plates with pronase (Sigma-Aldrich) and plated

onto 3 different substrates: collagen scaffold {unmineralized), sintered hydroxyapatite, and
the nanocomposite at a density of 1700 cells/om?. Cullures were maintained 8¢ 37°C and 3%
.

[0082]  The next day, 6 © 14 week-old mice {strain C57BLE) were asphydated by 02,

vm

The mice were treated in accordance with the National Instiutes of Health guide for the Care
and Use of Laboratory Antmals, Afterwards the spleens were dissected from the mice and
the contents enucleated and placed in basal MEM (Gibeo) supplemmented with 10% FBS,

2 mM L-ghulamine, non-esseniial amino scids {Mediatech), 100 U/t penicillin, and

&

108 pl/ml streplomycin, Erythrocyies were eliminated by adding 0.83% ammonium

d

chioride to the suspension. The remaining cells were plated onto the 3 differens substrates at

a denstty of $20,000 cells/ons®. Cells were also plated on a fow samp ples of elephant ivory as a
positive control for osteociast formation and activation. Supplements Including 100 aM
dexamethasone {Sigma), 1 nM LIS(OHRD, (Biomol), and 50 pe/mi ascorhate {GIBCM
were subsequently added to the cultures, Media and supplements were changed every 3 days.

Culture was ended afler ton days, Cultures were performed 3 separate times on 3 different

In=vive Assayv of Implant Materdal

inpisntation of nanocomposite in rat mandible oritical sived defects
$883

Primitive responses of bene to basic functional craniofacial skeletal manipulations are share

This study tnvolves manipulation of the craniofacial tissue on a minimal jevel

2]
s

pree

£

e

by el mammals, Therefore the rat, 25 a generie antmal suedel, is considered o be approprists
o &

for this level of iypothesis testing. The purpose of this pilot study was o establish proof of
concept and not necessarily 1o generate statistically significant data. Adult Sprague Dawiey
rats were divided in four groups with 2 rats in each group--two control groups and two

experimental groups. Al animals had critical size defocts. The control groups included a

defoct with pnothing implanted and a collagen sponge implantation. Bxperimental groups
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included implantation with a nanocomposite and & nanocomposite doped with hEMPL.
{6084]  The rats were anesthetized with an intraperitones! mjection of a standard
anesthetic cockiail composed of ketamine hydrochlovide (60mg/kg) and xylazine (Smgkgl
Surgery on the mandible commenced when adequacy of the anesthesia haa been confirmed.
A linear lncision was made along the inferior border of the mandible.  Alter the subcutaneous

¥

tissues were divided, the masseter muscle was sepavated from the mandible at s inferior

3

border and the body of the mandible exposed in the subperiosteai plane, & full thickness

[

critical sized defeet {(5x5mm) wag created in the body of the mandible i all exporinental and
coutrol animals using a medium speed drill with a dabmond burr and copious rigation.
{008S]  In group 1, the wound was closed inmediately following oreation of the oritical
size defect. The wound of every antmal was closed maticuiousty in twe layers using
resorbable suture. Special attention was given to olosing the periosteal layer so theve was
complete periosteal coverage of the defect. In group 2, a collagen sponge was placed in the
defect. Group 3 had a uniaxially pressed nanocomposite placed into the bony detect,
Custom uniaxial presses were destgned to enable a precise fit of the implant into the defect.
The shape sllowed the implant to be wedged into place. The implants were all stable and did
reguire any other fixation. In group 4 the pressed nancconposite was doped with
shBMP? prior to iraplartation.
{3686 ost-operatively, the srimals were freated with antibiotics (kefzol}, steroids
{dscadron}, and pain medications {(buprenorphine). They were housed in an animal facility,
initially in individual cages and fod soft diets {ground it chow) ad lib for the Srst week,
Within the first 7 days, when given the choice, all rats chose a regular diet of rat chow which
is what they were fed for the romainder of the study. At 56 days the avimals were cuthanized
by lethal infection (>150mgfkg of pentobarbital given ntraperitonsally). The mandibles were
harvested for examination.
{86871  Mandibles with eritical sive defects {no Implantation) and those in groups 3 and
4 were s;‘}}it in the midline to create hemimandibles for mechanical studies. The other
mandibles were subject to other processing and were not avatlable for mechanical testing.

e
v
)

Four point mechanica! bend tests were performed on each hemimandible. For each animal

the 4-point bend was performed on the operated hemimandible and the unoperated

-

contralateral side, The resulting load and stiffhess were then measured and expressed asa

ratic of the operated to the anoperated side. In this way, the values were controlied for
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intor-animal variabitity.
O8] The snimal study was performed with LACUC approval at the animal resource

center at Case Medical School.
Resulig

Phyvaico-Chemical Analvsis of Implant Material
Structure and sizes of reconstituted collagen fibrils

100851 Fig. 3 shows a representative TEM image of the negative stgined collagen fibril,

oy

The image shows alternating bright-dark bands at two distinet spatial perfodicities. The
lower frequency banding has & perind of 6744 nm. This indicates that our fabrication
procedure produces a template having internal vold spaces necessary o achieve
biomvimetically distributed nineral within the collagen phase. The diagram below the TEM

1

image Hnstrates the ordering of collagen moleonles (long arrows) within the fibeil and the
stain-penetrable hole zones according to Hodge-Petruska scheme. An SEM image at low
magnification shows that the fibrils show no apparent ordering and are at least 13 um long
between branching points, Fibril dianieters mcasured fronm the SEM images at high

magnification (K30 Ky (Fig. 4 are 75221 om,

Characterization of mineralized collagen fibrils

RN SEM images show roughly spherical structures associated with the collagen fibrils
{a fow indicated by arvows In Fig. Sa. These structures appear 1o consist of aggregates of
many plate-like structures with the individual plates being about 100 nm in thickness and
several hundred nanometers in length and width, Sizes of the sggregates vary from several
hundred nanometers o several microns, These plate-like ageregates seem {o be entangled
within the cotlagen fibrils (Fig. 35}

{0691}  EDX({Fig Scand corresponding BDNX spectrum) confirmed the mineral nature of
thess aggregates showing the presence of calehum and phosphorus et a ratio of sbout1.76.
This is consistent with these mincral objects being apatitic. indicated by arrow in Fig. 3¢,
Sezides caleium {Ca) and phosphorous (P}, sodium (Na), chioride (T, carbon {¢), oxygen
{0} and palladium {Pd) peaks are aiso present inthe EDX spectrum of the spherical

aggregate, Detwsction of Na and Cl peaks are possibly due to their clements! incorporation of

o

he erystal structure of synthetic apatites, which s also observed i bone mineralites. No
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aitrogen (N} peak is discernible in the EDX spectrum, indicating that most ofthe Cand @

signals come diveetly from the s_{ﬁ}eric.ai sgpregate (If C and O come from cczﬁ&ge;z, a

surface,

{80921 Interestingly, EIXX analysis of regions contalming none of the spherical straciures
discussed above also showed calcium and phosphate signals with Ca/P ratio of about 1 .45,
This indicates the presence of g Ca-P phase within or on the collagen Bibrils (region within
the dotted white Hne in Fig. 5¢ See the corresponding EDX spectrum). Here, the N pesk fa
presumably due to N in the amino acids of collagen molecuies, I

olearly revealed

o 3

nanoapatites similar to those measured previously do exist in our material, they wonld not be
visibie by SEM imaging, To test for the presence of these very small mineralites, we used

K-ray diffraction and stomic force microscopy to gunalyze the hydrazing extracted mineralites

pastt)

from our materia

Characierization of Wvdearine sxiaeted syvnthetic apatites by XBIY snd AFM

[0093]  Fig Sa shows the XRD patierns of hydrazine extracted synthetic apatites. Mo

iriples peaks {211, 112, 300} were observed in the range of 30.5° and 33.5° {28) by x-ray
diffraction, as would normally be seen in highly erystalline carbonated apatite {Fig. ¢}
Pig: &b is the XRIT patiers of the native bone mineralites {1-3 month old bovine cortical hone

mineratiies), “ﬁg\'z ficant peak broadening can be seen, both in the synthetic a.pa‘iiae and native

]

which originated from instrumental broadening

88941 Fig 7ais 8 40 wm x 40 pm AFM fmage of the synthetic apatites on mica surface,

s

The z-range of the image is from § o | pm. Features several bundred nanometers tall are

observed (8 few indivated by blue arrow heads on Fig. 7-8a). Corroborative SEM Images

-

{inset of Fig. 7a) show the large apatites are plate-like aggregates, similar to the apatites

naged on collagen fibril surfaces. Similar plate-like aggregates are also seen in the contral

x

sample (Fig. 7b} indicating that features of this type do not require collagen fibrils for thelr

wroduction. By decreasing the Z-mange to 10 v and the X-Y rangeto 10 pm x M um, a

large mumber of much smaller features were observed, Control samples do not show these

96951 Measurement of faatures in the AFM tmages shows that 99.8% of all the fatures
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are the small features seen only in the higher resohstion images. Measuring a fow hundred of
these small features shows them to be about 10 s v length and about 2.3 nn o thickness.
This is consistent with the size of an object that would easily it within the gap zone of the

Hodge-Petruska D-staggered array.

Gross Material Characteris

j8896]  Aller compistion of the pressing step, a material had grossly strong mechanical
properties. It was not at all fiable and conld be eastly machined by gripping # in a lathe and

drilling a hole through the long axis of the Implant (Fig. 8).

Cyiocompatibility studies

{86971 To test the eytocompatibility of our material with osteoblast-like cxlls, we seeded
512 cells onlo our material. These cells robustly adhered, spread and proliferated on the
surfaces growing to conflucnes it a matter of days, Using primary cel isolates from fotal
smouse spleans, along with dexamethasone and ascorbie acld, we were able {o get the stem
cells to differentiate along the ostoeclast cell fine and obtaln mature, active, multinuciesr
ostesclasts, These cells stained robustly with tartrate resistang acid phsophatase and were
found fo produce resorption-like plts on our materdal surface as determined by SEM imaging
{Fig. ). To compare our material with unminerslized collagen gels and sintered
hydroxyapatite, we detennined the number of resorption events visible on a surface and

novmalized this to the number of osteoclasts present on the sirface. A resorption event was

¥

defined to be an SEM visible depression in the surface which showed a visible bowndary

o

around at least 75% of the depressions perimeter. In addition, the roughness of

within the depression as determined by the standard deviation of gray values in the SEM

image had to be at least 14X larger thay the standard deviation on an equal sized region

=

e,

3 &

measured just outside the perimeter of the ovent. Using this analysis, we fouad the number of
resorplion features per cell was twice as high on the nanocomposite as it was on the
unmineralized collagen fibrils ar the sintered HA.

I0098]  With the resuits in hand that we had physico~chemically duplicated mueh of the

submicron chemistry and architecture of bone and the cell sfudies indicating out material was

cytocompatable and appeared {o cliclt an osteoclast mediated resorption response, we set out
v by Ed

¥

1o perform an animal pilot study
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08891 The nanocomposite demonstrated more compressibility in the agueons in-vivo
environment than it dd i & norvageeous environment, However, both the controf and
experimental anfmals recovered quickly afler the surgery and were back to a normal dist
within & week. There did not appear to be any significant difference between the control or
experimental animals i terms of weight fluctuation or ability 1o eat solid food.

8388 The defect in the unimplanted animals was minimally changed after § weeks.
This demonstrated that the defect created was in fact a eritical size defect (Pig. 10). The

was some remodeling at the edges of the defect but hitle change in the overall igmms ons of
the defect. There was no evidence of any romaining implant material in any of the implasted
animals. The animals with the collagen sponge implanted showed Hitle change in defect
dimensions with no bony response. There was no gross inflarmmation noted in this groap.
The rats with the nanocomposite implanted had a greater degree of closing of the defect than
the controls but there was not complete spanning of the defect with new bone, There was o
gross inflammation noted in this group. The rhBMP? doped nanocomposite group
demonstrated complete boay healing with spauning of the entire defect with what grossly
appearsd to be cortical bone (Fig. 11} There was no gross inflaromation in this group as

wall,

Mechanical testing resully

10018 The ratios of operated Yo unoperated mechanical properties are presented in
Table 1, The unoperated hemi-mandibles were able to withstand greater load than the
operated mandibles (40.8M vs 80.8N, p<0.05). When expressed as a ratio of operated to

13

unoperated hemimandible the 2 rats with rhBMP2 doped implants withstood the greatest foad

i‘,;

+

and had the greatest stiffuess relative to both those with nndoped implants and those with no
tmplants. The frend was for animals with nondoped implants to have belter mechanical

properties than those that had not been implanted at all,
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Table |
Ratios of Operated to Unoperated Mechanical
Properties
fmplant Type Load % | Stiffness %

Control 23 67
ontrod 25 17
impdant with no BMP &1 1S
hmplant with no BMP 42 73
fmplant with BMP &7 P
Implant with BMP 63 100

B6102]  The data reprosents the ratios expressed as a %. Note the increasing load
necessary to produce fatlure when comparing the control to the undoped nanocomposite and
to the doped nanocomposite. Stiffness is increased in both experimental groups when
compared to the conrols.

[08103]  There are several synthetic bone substitute products available to the surgem
reconstitution of bony defects. They generally @il to meet the functional reguirements of
bone because they do not replicate the blology, chemistry, and/or architecture of boue. Bong
is & complex nanocomposite consisting of an organic phase-which can be further broken
down nto a Shrillar or collagenous matrix and a non-fhvillar protein matrix—and an

inorganic phase. The inorganic or mineral component of bane is generally agreed to take the
) ¥ é ” bl

be

H
X

form of an apatitic mineral structure. The mineral has also been fairly well established to be
carbonated apatite where a phosphate anion s substituted for g carbonate. §§ has been shown
that & structurally biomimetic bone substitute needs to contain apatitic mineralites that are
about | nm X 18w X 10 nm. Two technological problems exist in meeting this design
constraint. First, it is diffteult 1o synthesize such small mineralites. Second, implantation of
a powder this size would result In migration of the material away from the implant site.
Mature has solved both of these probloms by teraplating mineralization using collagen fibrils.
The nanoscale voids within a selfassembled native collagen filrll Himit the size to which the
mineralites can easily grow. In addition, the formed mincralites ave entrapped within the

lagen fitrils so they do net diffuse away, In this way bone becomes both structrally stiff
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and chemically aceessibie to the remodeling activities of osteoclasts.

1661841 Through the process herein described sanometer-sized carbonated apatitic crystals
were created using & native-type collagen fibrils, The sizes and shapes of the syathetic
carbonated apatites mimic biclogically derived bone minsralites. The average size and shape
of the synthetic nanoapatites agree with the size and shape of native bone mineralites within
one standard deviation. There are other reports in the lterature of similar compaosite

s in development,  One research group made a mineralized collagen material in
which they S}-'mhss§z§:d collagen Hheils and mineralized them simultaneousty. They pressed
the material 1o form clinfeally usefid shapes with strength and moduli similar 1o trabecundar
hone., Studies in beagles showed dogs were able o bear weight on oritical size full thickness
fower Himb defocts filled with the material two weeks after implaniation, Our matesial ditfers
front the previously stadied material In that we are careful to form native coliagen fibrils
prior to mineralization, This is the way bone is formed naturally and it ensures that the size
and distribution of the mineralites within the collagen fibrils is biomimetic.

{06185 Using a ool culture assay, we found that the sanocomposite described here

supports adhesion and division of osteoblast ke colis. We also found hematopoeitic sten

tt;i

enee

cells can bo enticed o difforentiate 110 osteoclasts on the material, These osteoclasts formed
resarption pits visible after two weeks of cell culture. Usteoclast resorption activity was

highest ou the nan c‘c.e:;mp«;)site which had at feast twice as many resorption phis as cither

(9

collagen fibrils or sintered HA aslone

[88186]  The sanocomposite, once unisxially pressed. is strong epough to machine in a
lathe though it is not as strong or tough as cortical bone. One feature noted in the material
characteristics during implantation was an apparent increase In compressibility in the agueons
in-vive environment relative o the dry state. However, there was no clinical mzmiﬁastaticm of
implant failure based on animal behavior or the characieristics of the mandible upon
explantation. Most notable in the pilot study was the bony response to the rhBMP2 doped
implant. thBMP2, 2 member of the TGFP family, is well known o be highly osteoinductive
and has gained wide clinieal sceeptance in medicine. In this study, when doped with
thBMP?2 the material produced complete spamning of the defect with grosaly normal
appearing cortical bone. This demonstrates that the material appears o function well as 8
carsier for thEMP2 and possibly for other bloactive molecules as well.

[06197]  When mechanically tested there was a significant decrease in the mechanical
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progerties of the mandible after creation of a defect. This is most notable in the maximum
load that the mandibles were able to withstand before fracture. As seen in Table 1, the
maximum load of all mandibles decreased after defect oreation. This is bnporfant because i
demonstrates that implants were in fact bearing a load, Not surprisingly, the control
mandibles had the largest decrease In madmum load, with the mandibles fracturing at around
20% of the magimow load of the unoperated mandibles. In implanted mandibles the

decrease in ruaximum load was less pronounced. Rats that reesived an implant without
BMP; fractured at arcund 40-60% of the unoperated joad, while rats {hal recetved o
BhP-doped implant fracturcd at around 68-90% of the unoperated load.

B43188]  Similar results were seen when comparing the stithhess of the operated and

S

unoperated mandibles. Again, the control mandibles demonstrated the larg
stiffness as a fonction of defeet creation although there was a large variability between the
2 animals, The experimental snimals demonstrated no significant change in stiffness after

surgery and implantation. Little difference was observad between the two experimental

(661891 The results presented here support several conclusions about this nanocomposite
bone substitute. The material appears to be osteoconductive and with rhBMP2
ossecinductive aliowing bony growth in a relatively short time span. It supports osteoclastie
retodeling -vitro and and appears to do so in-vivo gs well though this is clearly needs fo be
studied on a largey scale. Larger animal studies with carefud histological analysis wilt be
necessary to fully evaluate the biological response o the tmplant, However, grossiy the
material does not behave like a foreign body and after 8 weeks is entirely resorbed. The
resulis with rhBMP2 were very encouraging and suggest that the nanocomposite bas promise
as a highly effective carrier of thBMP2 specifically and bioactive molecules in general.
Studies are underway 1o evaluate 2 roethod for sterically interdigitating biosctive molecules
within fibrils. This approach would enable a slow diffusion of the molecule into the
exiraceliidar miliou as the implant is resorbed. This would extend the activity of the
bioactive agent. 1t could alse reduce to quantity of the bioactive molecule needed which
wouold dramatically cut down on the cost of the tnplant

186118]  The material deseribed here has strong potential as a load bearing bone substitute.
it is 1ot as strong as cortical bone bt the mechanical properties are being further enhanced.

Several strategies are belag emploved to achieve this objective. Biclogical bone undergoes
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inoreasing mineralization during dovelopment. The material described here appears to be
sndermineralized relative to native bone which results in a weaker substrate. Methods are
hetng songht o increase intrafibrillar mineralization. Another important area of rescarch is
the role of the non-collagenous protein matrix. This matrix is theorized to play an important
role i the mechanical properties of bone. Techaigues are being investigated o increase
intra- and extra-fibrillar bonds. Finally, the type of mechanical dehydration van also he
aitered to offect & greater degree of strength and toughpess, This {ast step, however, has to be

b}

carefilly balanced against the reduction in porosity that is inevitable with increased wmaterial

B8118] A novel nanpecompuosite biomaterial ts deseribed which was designed specifically
to function as a load bearing bone substitute. Physicochemical characterization has
demonstrated that the material is chemically and architectirally bipmimetic on 2 nanoscale.

fn-vitro oviocompatibility studies showed that the nanccomposite sapports osteoclastic

("D

differentiation and resorption. A pilot study using a critical size defect in the rat mandible
has established proof of coneept that this nanccomposite, when doped with hBMPZ, has
promise as a load bearing bone substitute. I is resorbed via the bone remodeting cyele and

§

replaced by normal bone.
{00182} Fromy the above description of the invention, those skilled in the art will appreciae
improvements, changes, and modifications. Such improvements, changes and modifications

%

are intended to be covered by the appended claims,
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Having described the invention the following is clalmed:

P
»,
2
oyt
g

biomaterial implant comprising:

a mingralized coliagen fibnil scaffold, collagen fbrils of the scaffold being
formed fom fype | collagen monomers and displaying native-1 banding periodicity, the
implant having load bearing capabilities and baing replaced with native bone via the normal

bone remodeling when implanted in a mammal’s body.

2. The bismaterial kmplant of claim 1, the collagen fibvils having an average

diameter ofabout 30 no to about 38 mm.

3 The biomaterial fvplant of claim 1| the collagen fbrils defining a plurality of

22

%

gaps in the scaffold, the gaps having an average volume of about 50 nm® 1o about 250 nm”.

nplant of olain 1 being ossecconductive and resistant to

X

4, The biomaterial i

o

hyrodrolysis when implanted in a8 mammal.

5. The biomaterial implant of claim 1, the collagen fibril scaffold being
mineralized with &t least one of nanoseale mineralite, calciom phosphate based minerslite,

apstitic mineralite, varbonsted apatite, or substituted carbonated apatite.

. The homaterial implant of claim 3, the mineralite b
between the collagen fibrils such that the mineralite is resistant i

manmal,

7. The biomaterw! implant of olaim 5, the mineralite having a calchum o

\

phosphate ratio (Ca/Py of about 1.4 to about 1.8,

. The blomaterial implant of claim 5, the mineralitc comprising erystaliing

carbonated apafite.
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9. The blomaterial implant of claim 5, the mineralite having an average pasticle

size of shout 23 wn’ to about 150 nny’,
1. The biomateris! Implant of elaim § having a dry modulus of about 300 MPato

about 20 GPs.

11, The biomaterial implant of claim 1, further comprising at least one of
bioactive molecule, growth factor, or bone morphogenic protein interdigriated betwesn

=

collagen molecules within collagen fbrils,

12, The biomaterial implant of claim 1, the mineralized collagen bl scaffold
being at least partially eross-linked with a cross-linking agent.

13, The biomaterial implant of clatm 12, the collagen fibril scaffold being cross-

tinked with a Drribose solution.

14, A method of forming & blomaterial implant, the method comprising:
forming a collagen fibril scaffold, collagen frbrils of the scaffoid displaying
native-D banding periodicity;
mineralizing the collagen fibeil scaffold so that collagen fibril scaffold has a
mineral composition simifar to native bone; and
densifying the mineralized collagen fibril scaffold, the densified mineralized
collagen fbeil scaffold having load bearing capabilities and being replaced with native bone
via the normal bone remodeling when implanted in a mammal’s body,

Le

15, The method of claim 14, the collage fibril scaffold being formead by incubating

A’

atype | collagen monomer in a butfered saline solution to produce a hydrogel.

16, The method of claim 14, the collagen {ibrils having an averags dlameter of

about 3 sim 16 about 130 oot
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17.  The method of claim 14, the collagen fibrils defining a plurality of gaps in the

e . % . N ‘ 3 3 Y 2
scafinld, the gaps having an average volume of about 50 nmy” to about 250 raw’,

18.  The method of claim 14, the collagen fbril scaffold being mineralized by
immersing the collagen fibril scaffold in a mineralization solution, the minerglization solution

having pH thay is higher than the pH of the buffered saline solution.

19, The method of claim 18, the nuineralization solution comprising calcium
chioride dikydrate, sodhum bicarbonate, potassium chioride, and potassium phosphate diliasic

anhydrous.

20, The mathod of clalm 14, the mineralized collagen fibril scaffold having a

calcium to phosphate (Ca/Py of about 1.4 to about LA,

21, The method of claim 14, the minerslized collsgen fbril scaifuld being
densified by unfaxially pressing the mineralized collagen Sl seaffold,
22,  The method of claim 14, the mineralized collagen fibril scaffold being

densified by cold isostatic pressing the mineralized collagen Hbril scatfold.

ar

24, The method of claim 14, further comprising at least partially cross-linking the

25, The method of claim 14, the blomaterial implant being shaped by presses that

are preshapsd o a particalar defect,

26, A msthed of treating a bune intury or defect in a subject, comprising:

administering 10 the infury or defect of the subject a blomaterial in}piaﬁg the

hicmaterial implant incloding a roineralized collagen Bbril scaffold, the collagen fibrils belng
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formed from fype § collagen monomers and displaying native-D banding peviodicity, the
implant having load bearing capabilities and being replaced with native bone via the normal

hone remodeling when administered o the injury or defect.

27, The method of olaim 26, the Injury or defect comprising at feast one of g

craniomaxiloficial Injury or defect, a spine ijury ordefect, an appendicuiar Injury or defect,

or g pan-skeletal injury or defect,
28 The method of elaim 27, further comprising shaping the biomateria! implant

with presses that are preshaped to the particular injury or defect prioy to implantation.
29, The method of clalm 27, further comprising machining the biomaterial

implang prior to administration,

38 The method of claim 27, the collagen fibrils having an average dlameter of

ahout 30 v {0 about 130 mm.

31, The method of claim 27, being ossteoconductive and resistant 1o hyrodrolysis

when implanted in the subjec

32, The method of claim 27, the collagen fibril scaffold belng mineralized with at
least one of nenoscale mineralite, calcium phosphate based mineralite, apatitic mineralite,

carhonated apatiis, or substituted carbonated apatite.

33, The method of claim 32, the mineralite having a caleium o phosphate ratio

o

{Ca/P) of about 1.4 to about 1.3,

o

34, The method of ¢lalm 27, biomaterial implant further comprising at least one of
Woastive nwlesule, growth factors, or bone morphogenic proteins interdigitated between

collagen molecules within the collagen fibrils.
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35, The method of clatm 27, the mineralized collagen fibril scaffold being at least

partially cross-Hnked with g eross-linking agent.
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