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Bone repalr material

The present invention relates to a sliceable bhone re
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material comprising a DOrous block-shapead seaffold
containing a hydrogel. Sald hydrogel is formed by Michael
tvpe addition of at least two yprecurscr molecules., The

scaffold i3 made of a synthetic ceramic

comprises  dinterconnected macropores  and  has

defect site, where a loss of natural bone has coourred,
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Both  naturally-derived and synthetically-produced bhons

repair materials have been used to repalr such defects.
Naturally-derived wmaterials include grafts made from
bones. The bone may be  harvested dirsctly from  the

harvested from a suitanle donor, surrogate, or cadavsr, as
in all 5 H

material, which may cause significant wmorbity at the donor
site. Autografis may alsoe show pronounced  resorphtion
making the outcome of the augmentation unpredictable,

Allogenic bone repalr materigls also unify ostecconductive

and ostecinductive properties, but fheir origin ralses
3% 4 - en o A o~ 3 +- 3 S e = M L Ny
possible pathogenic tranzfers and ethical lssues. Similar

COonCerns are brought up agalinst xenogenic graft materials.
Alternatively, naturally-derived bone repair matsrials may

etaly synthetic bone  repalr

ih 2 ...s
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to naturally-ccocurring bone repair materials, synthetic
bone repair naterials are often less ostecconductive and
hardly osteoinductive. Nevertheless, much research has

been and still is direscted toward improved synthetic bone

5  repalr materials.
In oral surgery and orthopedics, synthetic bone repair
materials on  a  hydrowyapatite (HA) andfor tricalcium
phosphate {(TCP) basiz are widely used.

{
Depending on indications, they may be applied as granules
cr pre-fabricated blocks. U3 6,511,510 relates to a porous

ceramic material from calcium phosphates obtainsd by a

materials

re applied to

a wide range of indications in terms of size and area,
20 their suitability to treat largs bone defects iz limited,
because they tend to and as  a te  be
sncapsulated. The augmented wvolums defined by the applisd
granules may collapse and fail to guide regrowth of the

25
approaches addressed the problem of providing a
material with bone- like mechanical propertiss. In US
W 6,284,726 a prousthetic bone implant 1s made of a hardened

caloium phosphate cement having an  apat phase as =z
major phas2, which comprises a dense cortical portion

bearing the majority of load, and a porous cancellous
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The ¥pression the total voelume of the interveonnacted
macroperes  means  the  vold space  of  all macropores.

gl 3

Typically, the void space of all macropores is measured by

g

mercury intrusion porosimetry according teo IS0 15801-1.

5
The porous structure may be obtained by various processes,
Usually a powder is suspended in an agqusous solutlon to
regult in a slurry. To form a porous structure, a pore
forming agent wmay be added. Alternativelyv a sponge~like

16 polymeric matrix with a determinsed pors structure or an

aggregate of spherical oblects is coated with the slurry.
After drying the siurry, the ceramic material undergoces a
sintering process at high tempervatures between 800°C and
3007°C, depending on grain size and nanoporosity desired.
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and a porous ceramic scaifold remalns. Depending on the
process  and the pore forming agent or material, the
porosity of the block-shapsd material can be adiusted o

result Iin a desired distribution and interconnectivity of

80 um) and macroporss {diameter above 100

o
42}
&

um} . For the purp of tigsug regenervation, a substantial
£ interconnected microporss and macropores  is

zsived  in order to allow cslls to migrate intoe the

[eS]
e
5
i

acaffols mataerial. Preferably mors than 30%, most

preferably 95%, of the volume of the pores »f the bloak-

shaped scaffold are micropores and macroporas. Micropores

]

fe

ars mostly not  connect

P

=d to other wmicropores but Lo

(%]

2 macroepores. Thelr main functicon is to changs the surface

atructure and area.
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In a preferrsd embodiment of the invention, the diameter
of  the pores lies between $.05 and 750 um. More
preferably, the diameter of the micropores i1s between 1
and 100 um and the dismeter of the macropores is between
5 100 and 1000 um. Most preferably, the diamster of the
micropores 1s between 5 and 100 um and the diametsr of the
macropores 1s between 100 to 500 mm. The pores of the
preferred scaffold material according to thisg dinvention

mean

180 and

L0 300 and 800 um. The preferred embodiment further has
highly interconnected pores. The interconnegtivity can be
defined as comnsctive density (eguivalent to the terms

interco

4{2%:

connectivity

G nre

i

1883 173

a2
sreamt i mnm
VU AL L LA

Mar—Apr:

according toe this in

.
cre

-8,

¢

: :
dness? as deseribed in

L] R -SSP S 3 > i R
The seaffold material

has a connectivity, which is

above 20 per . In terms of connections per pore, which
ig egual to the ratio of interconnsctedness and the number
cf poreg per volume, the scaffold material according to
thiz invention has a connectivity per pore, which iz at
20 least 4, more preferably more than 3. As descoribed above,

Ty aoes not nead

put may be cbtained by a highly

e

be of random distribution,

~epeatad structure

spac] ing

such as  tubuli. A tubular structure with a sultable
stabillizing polymer may be if
25 strength is required.
In addition to the composition and porosity, a asultable
architecture o©f the bloock- shaped ceramic scaffold
material may further enhance bone regensration and improve
the handling properties. & portion of the block
3 oriented to  the remaining bons, ich  nesds to  be
augnented, preferably has a cancellous structure with

high proportion of macropor

as, thereby facilitating the
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ave used. The PEG-thicl can be replaced by peptides wit
twe oystein ends that are for example MMP sensitive to
produce non-hydrolyzable but enzymatically degradable gels

The rate o©f the hydrolysis reaction depends on  the

2

i
t
w
Bt
e
./
5
It
it
t
3
~+
,.,
..,;
1ot
9]
=
:

the chemical surrounding of the ester {for

ﬁxanpla acrylate wvs wmethacrylate on precursor A, the

ot ol a“
number of mathylene groups betwesn O and § in precurscr B}

and the wvalue of the pH, which is 7.4 in most tissues.
When sufficient bonds have hydrolyzed, the oross-linked
10 network degrades or breaks down. Therefore, the time of
degradation of the netwoerk can be influenced by the number
of hydrolysable bonds present per unit of wvolume. Such
cross—-linked polyethylenes glyocol hydrogels are desoribed

for exampls in BP 1 608 491,

(3]

The first pracurscr A preferably comprises a core which

carries n chains with a conjugated unsaturated group oy a

conjugated unsaturated bond attached to any of e last 20

atomg of the cohain. The later statement does nob
necasgsarily mean that the chains comprise at  least 20
20 ateomsy the chains may alsoe be shorter, in which case the
conjugated unsaturated group or a conjugated unsaturated
bond is attached to an atom, which iz closer to the end of
the chain. In a preferred enbodiment sald conjugated

unsaturated group or oonjugated unsaturated bond is

2% terminal. This means that sald group is attached to the

ilast atom of the chain, i.e. the one atom of the chain
s the furthest away from the core of the precursorn

i
ecule A, The core of the first precursor A can bs a

W

1
single atom such as a carbon or a nitrogen atom or a small
1

ecule such as an ethvlens oxide unit, an aminoe acid or

wl
<

4
O

a peptide, a sugar, a nultifuncticonal alcohol, such as
pentagrythritel, D-scorbitel, glyecercl or oligoglyveercl,

such ag hexaglycercl. The chains are polvethyvlens glycol
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chains. Beside the chains, the core of precurser A may be
ted with linear or brauched alkyl

asidues or polymers which have no conjugated unsaturated
groups or bonds. In a preferved embodiment the first

5 preoursor A& has ¢ to 10 chains, preferably 2 to 8, more

‘ 5 Yoaw - . R e B T ey Y e A o 2
preferably 2 to &, most preferably 2 to 4 chains.

The condugated unsaturated bonds arve preferably acrviate

roups,  guinine  groups, 2~ or 4=

Jroups,

5

vinylipyri vinylsulfone groups, maleimide

r o= o s R o e ~ T T e b - .
10 groups or itaconate ester groups of formula Ia or Ib

Chain g “Chain {10}

wherein R1 and R2Z are independently hydrogen, wmethyl,

JEa N ~ cyp b S TV -
etiyi, RXo }’J, oroputy

. angd R3 iz & lineary or branched 1

s
[y}

to CLCG hydrocarbon chain, preferably methvi, ethyl, propyl
or butyl.
In a nost preferred embodiment the precurser & has a core

[ - 5

which ocaryies 2 to 6 polyethylen:t

~ T ey . b - * 7 Ay e § e o~ 3 -3 -
20 chain having a terminal acryvlate group {also called a

0
]
{ £y
;_ﬁ}
b
-
9]
3
Z«\...a
]
o
3]
; 3
ps;
s}
o
[
I
»
ju
b

multi-arm FPEG acrylate). The core of the precursoer A is

preferably a pentasrythritol molety.

The second precursoy B compriges a core ¢arrving m chains
each having a thiol or an amine group attached to any of

25 the last 20 atoms at the end of the ghain. The later

4]

tatemant  does not necessarily mean  tha the c¢hains
comprise  at  least 20 atoms; the chains may also be

ghorter, in which case the thicl or the amine group is
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The second precursor has twoe polyvethylens glyecel chains

TP Ty prapey Ty 4 . [ . ¢ b
naving =ach a thiol group as terminal

group or attachesd to

the sscond to  last carbon atom of the chain and a
a

ar weight of 3.4 kDa Such & hydrogel he

¢

4
5 egquilibriam concentration of sbout 5% by weight.

The precursors forming the cress-linked gpolvethylense

’D

glycol hydrogel are dissolved or suspended in  agueous
- X0 e e sy e N S - g 1
splutions. BSince ne corganic soclivents are necessary, only
a4 . L. x 7 . N 4 - oy R - A} o
10 aguecus solutions and/or suspensions are presgent. Theas
gy A

. I e - PN oy - . S S . o s
are easy to handle and do not regulre any laborious

- O S - 4 3 . Ry s ooy § o o z e -
precautions as might be the case if crganic solvents wers

present. Furthermors, organic solvents are an additional

risk for the health of the staff and the patients exposed

-
(%11
ot
9]
¢t
7y
I}
0

s2 soelvents. The present invention eliminates sald

Said agueous solution comprising the first and the second

pracursoer can have a neutral pH or can be acidic, such as

diluted acetic acld., To =aid solution or suspension
20 optionally a hioactive agent may be added. Optionally saic

golution or suspension has to be diluted further in order

to obtain a total gpolyethylene glveol concentration of
e

za5 than 5% by weight {(depending

preferably 8.0 to 9.5, Sald suwp9nsian. or soluticn i3
a

antration of the precurscors increases and reaches the

[95)
oy
§]
~
N
>-o
\

minimal gelation cooncentraticon and therefore gelatd
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cocurs. Typically, after dryving under vacuum for 12 te 20

-
kS

hours  xsroges contained in  the bone repailr material
aceording to the present invention has a water content of
less than 10%, preferably of less than 5%, Before use said

3
5 Dbone repailvr material, the xerogel has to be reconstituted

F - o= o o ! ¥ oy Y $- ~ o < 3 BN 3y ~ ]
by the surgeon, by rehydrating the dried hydrogel
§ x o o oy ; R ; . -~ 3 N Vi 45 e ey o P ~
{xerogel} with water or with a buffered solution or
N : By Tmeg v 4 [N R | U S T

sgaking 1t for a few minutes in blood in order to allow

5,

the hvdrogel it swell. Such  a  regeonstituted swelled

gt

10 wydregel comprises typically about 5% to 8% PEG in total

el
and has a water content of 92 to 98% by weight.

5

In  a preferred embodiment

comprisaed in the porous block-shaped scaffold has a pH in
a range of 8.0 to 9.5, preferably from 8.6 to #.5. The
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o
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o
W
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o
s,
4
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?...L

“has” a pH of for example §.6

<l
after its formation brought to a pH of §.6. That d1s, the
pH is measured either 3) in the buifered soluticn before
adding said buffered sclution to the precursors: or b}
20 directly after mixing the precursor before crossliinking
oeoursy or ¢} in the buffered solution before adding the
buffered sciution to the dried product. Alternatively, the

pH of the hydrogel can also be determined by caloulation

o
411
0]
D

od on the proiected amounts and concentrations of the

25 reagents in the reactlon mixture. Preferably

before scaking the scafifold with the mizxture and before
drying the bone rvepalr material. Alternatively, the pH of
usted by rehydrating the dried

33 bone repair material in a buffered solution having the

found that in the case of a bone
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N " 3 e Ty TN - o ot 1
contained therein, TGE~beta, IGE, Dentonin, and el

recognition segusnges  such as  RGD, KHER, ata Mozt

T 3 ped e oy . - N ey gen - o 3 ey oy Y s e e~y 3 b oy
3 hydrogel, e.g. this can be achieved by a thiosl molsty

prasant  in the bloacti

,_j@
o)
o
o
o
jo
}J'
0
4
0]
57
.
&
5
=
; A
g -+
* k]
3
-

conjugated unsaturated group or bond present in pregursor

A upon wmixing. A& thiol moiety is gpresent,

the unstanle

> agent is

active agents may simply be

bone repair material,

gent can be added when nmiwing the other

Peet
L

a
componants of the composition. The bileoactive agent 1s then
X

ing and/or after degradation of

I

3 IR e T 4 e e IR ! 3 PR 3 i . e
the hydrogel. It 1 also possibles to adsorb the biocactive

5

agant on the block-shaped scaffeold prior to ¢
ne golutions comprising the first precur

20 the gseoond preoursor B,

The mechanical strength of the block shaped

1

.

be further enhanced by embedding one or mors additiona

]

Gt T4 e e o Sy T b eengg ey N .- s p Iy b - e
stabllizing polymers, Librous or i ilamentous supplements
such as carbory methyl cellulese, alginates, xanthan gum

25 2,

In a preferred embodiment the bon2 repalr material 4is

preparad as follows: In a first step a porous block-shaped
synthetic scalifcld is prepared comprising interconnested

- e , : . -
-y R - = o e P N P > ety - S9N -
porag. Said geaffold has a total porosity of B0 to 95i%,

3

Ll
<
o
w5
w

second step an agueous solution comprising the first
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precursaer A is mixed with an aguscus solution of a second
precurscer B, whereby the concentration of the first
precursor A and the second precursor B together is less

e

Lo

ncentration

iy

O the swollian

o

5 hydrogel preferably less than 5 % by weight, wmost
pxafezauly less than 4%, resulting in a mixturse in which
the total concentration of the reactive groups at the PEG
molecules in the mixture is not high encugh to allow the
crosa~linking reaction to rveach the peint of galation,

i i.e. a gel doez not form.  Thus, depending on  their
molecular weights, the total concentration and the
individual concentrations of the first precursor A and the

t
second precurscr B may differ.

In & third step the block-shaped synthetic scaffold is

15 soaked in the pixture obtained in step two. Finally the
bone repair material obtained in step three is vacuumead,
resulting in a gradual increase of the concentration of

the precursors, allowing the cross-linking reaction of the

two precursors. The method is preferably carvied out at

20 rowm temperature. However,

influsnce rate the

cresslinking. Preferably, the

ed slowly overnight under gr

evaporation and of the
bone repalr wmaterial was

adually

in order to aveid foaming.

Z5 In a preferred embodimsnt the first precursor A has s
concentration of 0.353% teo 4.53% by weight, preferably of 1.5
to 4.5% by weight, most preferably 2.0 te Z.5% by weilght,
and the gecond pregursor B has a concentration of 0.%% Lo
4.5% by welght, preferably of 0.5 to 3.0% by weight, most

30 preferably 2.0 to 2.5%, before miwing them together, and
the total concentration of the first precurszscor A and the

X ~ . BT T RN
second precursor B in solution

added to synthetic ceramic
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d-arm PEG with acrylate end grougs (M, = 15 kia)

L S N oy ) - i I ~ T o 3 + e 1 . N ONAR o SRS 3
3.5 kDa) were dissclved in 6% pl of 0.04% agueocus acetic

acid., Te the solution, 25 gl of §.1 M triethanclamine were
&

5 added, yielding & solution containing 5.0 wtd PEG. At 25°
the solution yielded an elastic hydrogel, softer than the
4.8 wtd hydrogel in 16 min.
.32 mg of d-arm FEG with acryvlate snd groups (M, = 15 kda)
cropyithiol end groups (M, =
10 ul of 0.04% agueocus acetic

M - 4. B s e 3 . -~
3.1 M triethanolamine wars
aining 2.0 wit$ PES. At 25°C

Eaw -

a hydrogel within  the

1% Exampls 8

e ~ P O O ] e 2 . o e o) : I - . y |
A gel containing 2.8 wi% PEC was placed in PERS at pH 7.4
o - X s

v
f"

it

swollen to 2.

e’

and 37°C. After © hours the gel
its original weight. After that, elling continued at a
20 slowe pace  and after 11 days the gel was completely

digsolve

T ey PO LA, b O ke ¢ g ame T ] 3 B 3
A gel containing 5.0 wi% FEG was placed in PRS at pH 7.4

G
LB IPSN AR T T ~ ~ o FEL T ~ W~ o~ ¥ PR, b T
and 37°C, After & hours the gel had swollen to 1.1-fold

its original weilght. After that, swelling continued at a

g 1 2 oy e oy gy o ) 5 $os 0z TN I & 2
$%  slower pace and after 11 days the gel was completely

. ﬁ
digsolved.
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Example 3:

Gelation sxperiment denser hydrogel

700 mg of d-arm acrylate end groups My = 15 kDa) and 1.1

mg of 4-~arm PEG with propylthicl end groups (M, = 2.3 kDa)
were disscolved in 68.4 ul of §.04% aguecus acetic acid. To
the sciution, 25 gl of 0.2 M triethancilamine/HC1 buffer
{pH 8.5} were added, vielding a soluticon containing 8.0

i

W

;"!'
oF

PEG. A% 25°C the solution vielded & firm hydrogel in 2

to 3 omin,
Dagradation denser hydrogel

Tha denser gel containing €.0 wt% PEG was placed in PBS at
pH 7.4 and 37°C. After & hours the gel had swollen te 1.2

fold idits original welight and after 28 davs the gel was

Example 4
Combination hone blogk and PEG hydrogel
PEG A solution:

356 mg of linear PEG with propylthiol end groups (M, = 3.5
kDa) were dissolved I 6.33 ml of 0.04% agueous acetic

aclid.

FRG OB solution:

3

686 mg ¢f 4 arm PEG with acryvlate end groups (Mp= 1% kDa)

were dissolved in 6.00 ml of 0.04 2 agueous acetic acid.

Activator solution:
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5% PEG hydrogel hydrogel solution

341 pl of PEG A solution, 341 pl of PEG B solution, 1035 al
of water and 2863 ul of activator sclutlion were combined in

a tubs.
3% FEG hydrogel solution

204.8 pl of PEG A solution, 204.8 nl of PEG B solution,
482 pl of water and 157.5 ul of activatoer solution were

combined in a tube,
2% PEG hydrogel solutdion

i36.5 pl of PEG A solution, 136.5 ul of PEG B solution,
672 ul of water and 105 pl of activatoer sclution were

combined in a tube.

1% PEG hydrogel solution

y o

e8.3 ul of PEG A sclution, £8.3 pl of PREG B soluticn, B&1
ni  of water and 52.% pl of activatc solutlion were

combined in a tube.
Bone blogok

Immediately after mixing, the 1050 ul of hydrogel solution
was apglied tco a bone block {8 x & x 20 mm3) with a

poroaity of 90% which absorbed the liguid completely.

The §£illed block was 2d in an ewsiceator that was

5

plac
heated to 37°C and the pressure was gradually reduced to

mhar over the course of 5 hours, after which the block was
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Mindipig implantation

and the r
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