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A BONE IMPLANT

FIELD OF THE INVENTION

The present invention relates to a bone implant. More specifically, the
present invention relates to bone implants useful for replacing an entire

section of a bone.
BACKGROUND OF THE INVENTION

Treatments of large bone defects and non-unions are challenging
problems, usually requiring transplantation of autologous bone. Although
autograft bone is one of the most commonly transplanted tissues, it has
disadvantages such as a limited supply especially in children and elderly
patients. Harvesting of bone also results in donor site pain and may lead
to other problems, such as infection of the harvesting site and problems
in re-formation of bone at the harvesting site. A variety of bone
substitutes are available, including synthetic materials, such as bioactive
glass (BAG) and calcium sulphate- and calcium phosphate based
materials. These substitutes differ in osteogenic, osteopromoting and
osteoconducting properties and in their capacity to affect bone formation

and growth.

Restoration of function and regeneration of bone in diaphyseal bone
defects is still a major clinical challenge. In 2000, Masquelet and co-
workers introduced a two-stage technique for the treatment of diaphyseal
bone defects, which combines an induced membrane-technique with the
use of cancellous autografts. This is today known as the Masquelet

technique.

In a first procedure of the Masquelet technique, a polymethyl

methacrylate (PMMA) spacer is inserted into the bone defect. After the
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insertion, a pseudo-synovial membrane will subsequently form around
the spacer. During a second operation, the spacer is removed and the
defect is reconstructed using autologous cancellous bone grafts.
Although, the induced membrane is known to increase e.g. vascular
endothelial growth factor (VEGF) secretion, the inductive capacity has
been observed to continuously diminish with time. Furthermore, the
technique, albeit an efficient one for bone re-formation, needs two

operations on the patient.

In the field of bone tissue engineering, degradable, biocompatible
composite materials made of synthetic polymers, e.g. polylactide (PLA),
polyglycolid acid (PGA) or poly(lactide-co-glycolide) (PLGA), or collagens
that are animal derived polymers, combined with calcium phosphate

ceramics or bioactive glasses (BAGs) are being increasingly studied.

Some BAGs are suitable to be used as bone substitutes as they have
osteoconductive and osteostimulative properties. These characteristics
depend on a dissolution process at the glass surface which begins
immediately after implantation. The reaction starts with a rapid sodium
hydrogen ion exchange with subsequent dissolution and re-
polymerisation of silica, which is followed by nucleation and crystallization
of calcium phosphate to hydroxyapatite at the surface of the glass. The
surface reactions give rise to an elevated pH and increased osmotic
pressure, which explains the antibacterial properties observed e.g. for
BAG-S53P4 (the composition of which will be indicated below).

The degradation products of poly(a-hydroxy esters) are acidic with a
subsequent decrease of pH in the vicinity of the implanted material. Acidic
or other types of degradation products may give rise to an inflammatory
response in the surrounding tissue. However, many degradable polymers

lack osteogenic and angiogenic activity.
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Angiogenesis including growth of blood vessels from pre-existing vessels
is a prerequisite for bone formation. It is a complex phenomenon
involving oxygen and several cell types, such as mature and progenitor
endothelial cells, leukocytes and platelets, as well as growth factors, e.qg.
vascular endothelial growth factor (VEGF), a multi-tasking cytokine,

which is known to possess a central role in the blood forming process.

Document US 2014/0277578 presents a biodegradable composite
scaffold for repairing defects in load-bearing applications. It comprises a
core of generally co-aligned biodegradable glass fibres surrounded by a
polymer layer. The fibres can be replaced with biodegradable glass

particles having a particle size of 40-425 pm.
DEFINITIONS

The terms used in this application, if not otherwise defined, are those
agreed on at the consensus conference on biomaterials in 1986, see
Williams, DF (ed.): Definitions in biomaterials: Proceedings of a
consensus conference of the European Society for Biomaterials, Chester,
England. March 3-5, 1986. Elsevier, Amsterdam 1987, and Williams DF,
Black ], Doherty PJ. Second consensus conference on definitions in
biomaterials. In: Doherty PJ], Williams RL, Williams DF, Lee AJ (eds).

Biomaterial-Tissue Interfaces. Amsterdam: Elsevier, 1992.

In this application, by bioactive material is meant a material that has
been designed to elicit or modulate biological activity. Bioactive material
is often surface-active material that is able to chemically bond with the

mammalian tissues.

The term resorbable in this context means that the material is
disintegrated, i.e. decomposed, upon prolonged implantation when
inserted into mammalian body and when it comes into contact with

physiological environment. Especially, the term resorbable glass means
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silica-rich glass that does not form a hydroxyl-carbonate apatite layer on
its surface when in contact with physiological environment. Resorbable
glass disappears from the body through resorption and does not
significantly activate cells or cell growth during its

decomposition/dissolution process.

By biomaterial is meant a material intended to interface with biological
systems to evaluate, treat, augment or replace any tissue, organ or
function of the body. By biocompatibility is meant the ability of a material
used in a medical device to perform safely and adequately by causing an
appropriate host response in a specific location. By resorption is meant
decomposition of biomaterial. By composite is meant a material
comprising at least two different constituents, for example a polymer and

a ceramic material, such as glass.

The term particle refers to an entity of irregular shape and having certain
dimensions. Particles are different from fibres, wherein fibres are defined
as having a length and a diameter, the diameter being the largest
dimension of the fibre, transverse to its length. A fibre has thus a
lengthwise dimension which is at least about 10 times the diameter of
the fibre. The term particle size refers to the largest dimension of the
particle. By granules, it is meant particles that have any regular or

irregular shape.

In the present description, the abbreviation wt-% stands for weight
percentage, and is typically expressed as a weight percentage of the total
weight. The molecular weight is the mean molecular weight, which is here

the number average molecular weight, and is expressed as g/mol.
OBJECTS AND SUMMARY OF THE INVENTION

It is an aim of the present invention to at least partially solve the above-

mentioned problems. For example, the present invention aims at
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providing a bone implant material that does not require use of autologous
bone, thus avoiding problems of harvesting the bone, complications
related to bone harvesting as well as post-operative pain. Another aim is
to provide a material that does not require a second operation, as the
presently known Masquelet-technique does. It is indeed an aim to provide
a bone implant material that is easy and safe to use, requires only one
surgical operation and causes less pain and discomfort to the patient
while also reduces risks, e.g. postoperative infection complications
related to surgical operations and other complications due to the

antibacterial effect.
The present invention relates to a bone implant comprising

- a porous body comprising particles of bioactive glass having a particle
size of at least 500 ym, wherein the composition of the bioactive glass
comprises 45-59 weight-% of SiOp, 18-25 weight-% of NayO, 17-25

weight-% of CaO and 0.1-6 weight-% of P05, and

- a film having a thickness of 10 um- 200 um, made of a biocompatible

polymer and arranged at least partially around the body.

The present invention relates also to a method of manufacturing a bone
implant as described above, comprising forming a porous body
comprising particles of bioactive glass, arranging a film made of a
biocompatible polymer at least partially around the porous body and
heating the combination to a glass transition temperature of the

biocompatible polymer.
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 schematically illustrates a bone implant according to an

embodiment, when implanted in a bone.

Fig. 2A-2C schematically illustrate a bone implant according to another

embodiment.
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Fig. 3A-3B schematically illustrate a practical use of a bone implant

according to an embodiment.

Fig. 4A-4B schematically illustrate another practical use of a bone

implant according to another embodiment.

Fig. 5 illustrates a further practical use of a bone implant according

to an embodiment.
DETAILED DESCRIPTION OF THE INVENTION
The present invention relates to a bone implant comprising

- a porous body comprising particles of bioactive glass having a particle
size of at least 500 ym, wherein the composition of the bioactive glass
comprises 45-59 weight-% of SiOp, 18-25 weight-% of NayO, 17-25

weight-% of CaO and 0.1-6 weight-% of P05, and

- a film having a thickness of 10 um- 200 um, made of a biocompatible

polymer and arranged at least partially around the body.

The present invention thus provides a bone implant that combines a
bioactive glass and a polymer film. The combination of polymer film with
a low film thickness (below 200 ym) and high particle size (above 500
um) leads to a synergistic effect. Indeed, the polymer film is thin enough
to allow rapid enough resorption and thereafter tissue ingrowth. Large
particles are needed for the large defects for which the present implant
is to be used. Indeed, small particles have a too high reactivity and risk
to irritate the surrounding tissue and thus the particles need to be rather
large. According to an embodiment, at least a majority of the particles
have a particle size above 1000 um (1 mm). For example, more than 70,
80, 90 or 95 wt-% of the total amount of particles have a particle size of
above 1000 um. In this application, by large defect are meant defects
having a size of 10 cc (cubic centimetre) or more. The defect can for

example have a size of 20 cc or more, or be even larger.
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The bone implant is especially suitable to be used similarly as the
materials in the Masquelet technique. Indeed, the BAG itself creates a
certain amount of positive irritation, necessary for the formation of
pseudo-synovial membrane and this effect is further enhanced by the
polymeric material. The BAG and polymeric material are thus selected
such that they both have an impact on the formation of pseudo-synovial
membrane, when the bone implant is implanted. The bone implant is for
implantation into a bone defect, where a bone defect can be caused by
an accident, by surgery or it may be a bone defect that has been formed
during the growth of the subject. Indeed, bone defects may be caused
for example by severe accidents where a part of a bone is so crushed that
it must be removed, or due to an illness such as cancer that requires

removal of a part of a bone.

In the induced membrane Masquelet-technique the second operation is
usually performed between four to eight weeks. The induced membrane
has osteogenesis-improving effect which, however, appears to decrease
over time. It has been speculated that the optimal time for performing
second-stage surgery may be within six weeks after implantation of
foreign material. According to the present results (see below in the
Experimental part), the inductive capacity of PMMA on VEGF expression
seems to be lowest at eight weeks, the time when most of the operations
are performed. The present bone implant thus provides a material that
can be used in the same manner as traditionally is used in the Masquelet-
technique, but the second operation is not needed. This significantly
improves the final results, as basically half of the risks of infection and
wound complications are avoided simply because a second operation is
not needed. Furthermore, as the BAG typically has antibacterial
properties, the risk of infection of even after the first operation, i.e.
implantation of the bone implant, is reduced. The overall cost is thus
significantly lower and patient satisfaction can be assumed to be

increased.
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Indeed, by coating the BAG in a study (as described below in the
Experimental part), with a degradable polymer, poly(D,L-lactide-co-
glycolide) (PLGA), the aim was to delay the BAG reaction with the
surrounding tissue until the induced membrane is created, thus
preventing resorption of the BAG. It was observed that the polymer was
resorbed and what was left was an induced membrane surrounding the
BAG, initiating the favourable reactions of the BAG at the time when
growth factor secretion from the induced membrane is at its highest. This
also means that the two-stage operation technique developed by
Masquelet now is reduced to a single-stage operation, as mentioned

above.

The bone implant may also contain 0-2 weight-% of other elements, such
as magnesium, fluor, boron, copper, cobalt, silver, zinc and strontium to
further promote osteogenesis and angiogenesis through the release of

the ionic dissolution products.

The body made of BAG is porous. The porosity can be for example 10-90
% or 10-70 % as measured by microcomputed tomography. This method
is described in the article Quantitative characterization of porous
commercial and experimental bone graft substitutes with microcomputed
tomography, Yla-Soininmaki A, Moritz N, Turco G, Paoletti S, Aro HT, ]
Biomed Mater Res B Appl Biomater. 2013 Nov; 101(8):1538-48. doi:
10.1002/jbm.b.32975. The typical porosity of BAG is about 24-36 % and
by porosity is here meant that the body is not completely solid but rather
that bodily fluids can enter the core of the body. The body thus has
interconnecting porosity. This enhances formation of new bone and
vascularisation within the pores of the implant. The porosity of the body
can be for example from 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70,
75, 80 or 85 % up to 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 70, 75, 80,
85 or 90 %.



10

15

20

25

30

WO 2018/065665 PCT/FI12017/050693

9

The particle size of BAG within the body is at least 500 um. Typically, the
particle size of BAG is 500-3150 ym. The particle size can be for example
from 500, 550, 600, 650, 700, 800, 850, 900, 1000, 1200, 1400, 1500,
1800, 2000, 2200, 2500, 2800 or 3000 ym up to 550, 600, 650, 700,
800, 850, 900, 1000, 1200, 1400, 1500, 1800, 2000, 2200, 2500, 2800,
3000 or 3150 pm.

The body made of BAG is at least partially covered by a polymeric film.
The polymeric film may also cover the body entirely. According to an
embodiment, the film is arranged around the body so as to cover the part
of the body in contact with muscle, fascia or periosteum when the implant
is implanted in a bone. According to another embodiment, the body is in
the form of a disc and the film is arranged around the sides of the disc.
For example, when the implant is in the form of a disc, cylinder or cube
having a certain thickness, the film can be arranged on the sides of the
disc, cylinder or cube and optionally partially over the top and bottom
surfaces of the disc. The film can also be arranged only partially on the
sides or only on one of the top or bottom surfaces. The implant can also
have the form of a wedge or a part of a sphere (such as a half of a
sphere), where the film is preferably arranged at least on the surface that
will be in contact with the soft tissue, once the implant is in its place. The

present implant can also be cast in any suitable form if required.

The polymeric film can be made of any suitable biocompatible polymer.
By suitable it is here meant, as discussed above, a polymer that is capable
of inducing formation of pseudo-synovial membrane when the implant is
implanted into a bone defect. Indeed, the polymer used is a
biocompatible polymer. It is preferably also biodegradable and can be for
example a poly(a-ester), e.g. polylactide (PLA), polyglycolide (PGA),
poly(lactide-co-glycolide) (PLGA), polycaprolactone (PCL), polydioxanone
(PDS), poly(trimethylene carbonate) (PTMC), polyhydroxyalkanoate, e.g.
poly(3-hydroxybutyrate) (PHB), poly(propylene fumarate) as well as
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copolymers of aromatic and aliphatic polyesters. It may also be a
polyurethane or a poly(ether), e.g. poly(ethylene glycol) (PEG),
poly(propylene glycol) (PPG). Some other suitable polymers are polyols
e.g. poly(vinyl alcohol) (PVA), polyacetals, polycarbonates, poly(ester
amides), poly(ortho esters), polyanhydrides, polyamides, poly(amino
acids), poly(alkyl cyanoacrylates), polyphosphazenes,
polyphosphoesters, poly(aspartic acid), polysiloxanes or proteins such as
collagen, elastin, albumin or fibrin. It may still further be a
polysaccharide, such as cellulose, chondroitin sulfate, chitin, chitosan,
alginic acid or hyaluronic acid. Various blends, composites, copolymers

and modifications of the above listed polymers may also be used.

According to an embodiment, the polymer is selected from a group
consisting of polylactide, polyglycolide, poly(lactide-co-glycolide)
polycaprolactone, mixtures thereof and their mixtures with polyethylene
glycol. When poly(ethylene glycol) (PEG) is used, its molecular weight
can be for example from 1000-50000 g/mol, for example about 3000
g/mol or 35000 g/mol. The molecular weight of PEG can be for example
from 1000, 2000, 3000, 4500, 5000, 7000, 10000, 15000, 20000,
27000, 30000, 35000 or 40000 g/mol up to 2000, 3000, 4500, 5000,
7000, 10000, 15000, 20000, 27000, 30000, 35000, 40000, 45000 or
50000 g/mol. By mixtures of the polymers are meant both blends and
copolymers of the monomers used in the manufacturing of the polymers.
The polymeric film may also be formed during the manufacturing of the
bone implant, i.e. the porous body may be covered by monomers or a
mixture of monomers followed by polymerisation. In such a case, the film
will be also present inside the body, up to a certain distance from the

outer surface of the body.

The thickness of the film is 10-200 uym, for example 100-200 um. Indeed,
the thickness of the film can be from 10, 20, 30, 40, 50, 60, 70, 80, 90,
100, 110, 120, 130, 140, 150, 160, 170 or 180 um up to 20, 30, 40, 50,
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60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190 or 200

um.

In one embodiment, the film comprises bioactive glass. Preferably, the
bioactive glass is in the form of a powder, i.e. it has an average particle
size that is below 45 ym. The BAG used may be the same or a different
from that used in the body and it may also be a mixture of two or more
different BAGs. The amount of BAG can be for example from 1 to 40 wt-
% of the total weight of the film with BAG. The amount can be for
example from 1, 2, 3, 4, 5, 10, 15, 20, 25, 30 or 35 wt-% up to 2, 3, 4,
5, 10, 15, 20, 25, 30, 35 or 40 wt-%. The powder can be made for

example by crushing a block of glass or granules of glass.

The composition of the bioactive glass is as has been described above.
Within these ranges, one preferred sub-range for the composition of the
bioactive glass is 45-54 weight-% of SiO5, 22-25 weight-% of Na>O, 19-

25 weight-% of CaO and 3.5-6 weight-% of P>Osg. Another preferred
composition of bioactive glass is 53 weight-% of SiOy, 23 weight-% of

NazO, 20 weight-% of CaO and 4 weight-% of P>Osg. This glass is also

known as S53P4-glass and sold under the trade name of BonAlive®,

A yet further preferred composition of bioactive glass is 45 weight-% of
SiOp, 24.5 weight-% of Na>0, 24.5 weight-% of CaO and 6 weight-% of

P>0s5, also known as the Hench glass and sold under the trade name of

NovaBone®., The BAG used in the body may also be a mixture of two or

more different BAGs as described above.

The body may be in the form of sintered bioactive glass particles, or the
body may be in the form of bioactive glass particles held together by a
biodegradable polymer. In this latter embodiment, the biodegradable

polymer can be selected from a group consisting of polylactide,



10

15

20

25

WO 2018/065665 PCT/FI12017/050693

12

polyglycolide, poly(lactic-co-glycolide), polycaprolactone, poly(ethylene

glycol), natural collagen polymers and mixtures thereof.

The present bone implant may be manufactured in various ways, of which
two are explained in more detail. Indeed, the porous body made of BAG
can be manufactured by arranging BAG particles in a mould, adding the
polymer in liquid form (for example in a solution), followed by
lyophilisation, i.e. evaporation of the liquid from the polymer solution.
Thereafter, a polymeric film prepared separately is arranged around the
body thus formed and heated to approximately the Tg of the polymer, in
order to slightly soften the film so that it adheres well to the body made
of BAG.

In another embodiment, the body is manufactured by sintering, i.e.
particles of BAG are arranged in a mould, which is then heated to a high
temperature so that the particles attach to each other, i.e. are sintered.
The temperature is typically about 500-700 °C. Thereafter, the polymeric

film is arranged around the body as explained above.
DETAILED DESCRIPTION OF THE DRAWING

Figure 1 illustrates a bone implant according to an embodiment, when
implanted in a bone. The Figure shows the cortex 1 of the bone, as well
as the underlying cancellous bone 2. A bone implant 3 has been
implanted in a defect in the bone. The bone implant 3 has a body 4 made
of sintered bioactive glass particles in the form of a cylinder and one end
of the body 4 is covered by a polymeric film 5. The film 5 is arranged
such that the part of the body 4 that is in contact with cortex 1 when the

implant is in place, is covered by the film 5.

Figures 2A-2C illustrate a bone implant according to another
embodiment. Figure 2A shows a disc having a side surface 6 and a top

surface 7a. The bottom surface is not visible in Figure 2A, but it is
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essentially parallel to the top surface 7. This disc forms the body of the
implant and it is made of bioactive glass particles. Figure 2B shows the
same disc partially covered by the film 8 as a partial top view, and Figure
2C the partially covered disc from a side view. From the side view, one
can see that the side surface has been covered by the film 8, as well as

part of the bottom surface 7b and top surface 7a, too.

Figures 3A and 3B illustrate a practical use of a bone implant according
to an embodiment. In this embodiment, the bone implant is used with an
external fixation device. The bone 10, 11 contains a defect, like here a
piece extending over the entire cross-section of the bone is missing. The
bone implant 14 (shown here as a cross-section) is made of three discs
12 forming the body. The outermost discs comprise an extension
arranged to fix the bone implant into the bone and a corresponding recess
can be created at the ends of the bone parts 10, 11. The side surface of
the body is covered by a polymeric film 13. In Figure 3B the bone implant
14 is shown as arranged between the bone parts 10 and 11. The bone
parts have been fixed into place with an external fixing device 15, which

is known per se to a person skilled in the art.

Figures 4A and 4B illustrate another practical use of a bone implant
according to another embodiment, for intramedullary fixation. In this
embodiment, the bone implant 16 comprises also three discs 17 arranged
on top of each other, each disc 17 comprising a hole 18 through it, from
top surface to bottom surface. A film 19 is arranged to surround the discs,
which are cut open at one point (shown with reference number 23), in
order to make their placement around the nail (as explained below)

easier.

In Figure 4B, the bone implant 16 is shown between two bone parts 20,
21 and fixed with a nail system 22, wherein a part of the nail system

passes through the bone implant via the holes.
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Figure 5 illustrates a further practical use of a bone implant according to
an embodiment. In this embodiment, a wedge osteotomy is required to
a bone 24. The cut-out wedge can be replaced with a wedge-shaped
implant 25 made according to the present description. The end 26 of the

implant is covered with the film.
EXPERIMENTAL PART

The aim of this experimental part was to evaluate how PLGA-coated BAGs
affect the membrane induced VEGF expression, compared to uncoated
BAGs, a PMMA spacer or a trauma (control) in an in vivo induced-
membrane rabbit model. Due to the significant size difference between
humans and rabbits, the particle size of the BAG particles of the body
was smaller than 500 pm. It is however believed that the results are
transferrable to humans and larger particle sizes, i.e. that the tests show

the synergistic effect despite the smaller particle size.

Materials and methods

Bioactive glass

Bioactive glass S53P4, with a wt-% composition of 53% SiO3, 23% NaO,
20% CaO and 4% P05 was made from mixtures of Belgian sand for SiO2
and analytical grades of NapCO3, CaCO3 and CaHPO4.2H>0. The glass

was melted in a platinum crucible for 3 hours at 1360°C. After casting in
a preheated graphite mold, the glass was crushed and re-melted for
homogenization. Annealed glass blocks were crushed and sieved to a size
range fraction of 300-500 uym. The glass particles were sintered in
graphite molds at 720°C in nitrogen atmosphere for 90 minutes to

cylindrical rods with the length of 15 mm and a diameter of 5mm.
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Polymer coating

An acid terminated poly(DL-lactide-co-glycolide) (PLGA) named
PDLG5002A with a 50/50 ratio between DL-lactide and glycolide (Corbion,
Gorinchem, the Netherlands) was used for coating one end of the sintered
BAG rods. The coating was carried out by immersing approximately 2 mm
of the end of the BAG implant, in a dichloromethane solution containing
20 wt-% PLGA. The partly coated S53P4+PLGA implants were thereafter
dried in air and vacuum. The implants were gamma-sterilized with a dose
of 25 kGy. The thickness of the polymer coating on the surface of the
bioactive glass was determined from images acquired with scanning
electron microscope (SEM) of the cross-section of the implants. The
measurements were made from 25 randomly selected spots of the
coating. The average coating thickness was 84 pym with a standard
deviation of 55 pm. The variation in individual coating thickness
measurements ranged from 17 ym to 192 ym. The error margin for each
individual measurement was approximately 7 ym due to the image

resolution which was used to perform the measurements.
Pofv(methyvl methacrylate)}, PMMA

Commercially available PMMA bone cement Palacos + G (Heraeus Medical
GmbH, Wehrheim, Germany) was mixed according to the manufacturer’s
instructions. PMMA rods with a length of 15 mm and a diameter of 5 mm
size were made under sterile conditions and sterilized in an autoclave

oven prior to animal surgery.
Animals and surgery

Thirty-six skeletally mature rabbits (NZW, Harlan Laboratories) were
used. The animal study was approved by the Animal Experimental Board
of Finland (ESAVI/440/04.10.07/2014) and the principles of laboratory

animal care of the University of Helsinki were strictly followed.
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The operations were performed under general anaesthesia using
subcutaneous medetomidine hydrochloride and ketamine hydrochloride.
A bone defect was performed by drilling a 6 mm horizontal hole from the
lateral to the medial part of the distal metaphyseal region of the femur.
One 5x15 mm rod of either S53P4, S53P4+PLGA or PMMA was implanted
in the created bone defect. The S53P4+PLGA rods were implanted placing
the coated end in the cortical region of the bone against soft tissue. Three
parallel experiments for each combination of rod and time point were
used. Three defects per time point were left empty for control.
Cefuroxime, buprenorphine and carprofen were given for 3 days
postoperatively to prevent infections and to relieve pain. Postoperatively
at 2, 4 and 8 weeks, the animals were euthanized with an overdose of
pentobarbital. The membranes induced at the end of the implants as well
as at the site of the control hole were collected. For histochemistry the
samples were stored in 10 % formalin overnight, then washed and stored
in 70 % ethanol to be further processed. Samples for real-time
quantitative polymerase chain reaction (RT-gPCR) analysis were stored
in RNA later solution (AM7020) at 4°C overnight and then stored in sterile

tubes at -80°C to await further processing.
Real-time quantitative polymerase chain reaction (RT-gPCR)

Induced-membrane tissue samples of 30-50 mg were homogenized in
Trizol solution (Invitrogen / Life Technologies Paisley, UK) with an Ultra-
Turrax homogenizer. Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, Valaencia, CA, USA) according to the manufacturer's instructions.
cDNA was synthesized from 600 ng of isolated RNA using an iScript cDNA
synthesis kit (BioRad, Hercules, CA, USA) and diluted 1:3 with RNA free
water. cDNA synthesis was performed two separate times from the same
total RNA samples, and qPCR was performed twice for both samples using
iQ5 real-time PCR detection system (Bio-Rad). The reaction mixture for
gRTPCR was 10 pl of iQ SYBR green, 7 pl of water, 2 ul of cDNA (20 ng)
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and 1 yl of 5 yM primers. The primer sequences were as follows; VEGF
(247bp; Acc no. AY196796): sense 5 -CACCCATGGCAGAAGAAGGA-3’,
anti-sense 5 -ATCCGCATGATCTGCATGGT-3" and for TNF (281bp; Acc
no. NM_001082263): sense 5 -GAGTCCCCAAACAACCTCCA-3°, anti-
sense 5 -TGAGTGAGGAGCACGTAGGA-3". As a reference gene, GAPDH
(207bp; Acc no. NM_001082253) was used with the following sequence:
sense 5 -CGAGCTGAACGGGAAACTCA-3 ', anti-sense 5'-
TGGGTGGCACTGTTGAAGTC-3 . Results were calculated with Gene

expression macro for Microsoft Excel, version 1.1 (BioRad).
Haematoxylin and eosin staining

Samples of the induced membrane were, after harvesting, fixated in
formalin for haematoxylin and eosin (H&E) staining. The samples were
embedded in paraffin and cut into 3 pm sections. The sections were

deparaffinized and H&E stained.

The H&E stained sections were evaluated for the presence of capillary
beds using a Leica DM6000 B/M light microscope connected to a digital
camera (DFC420 and DFC365FX; Leica Microsystems, Wetzlar,
Germany). The amount of capillary beds in a standardized area with 10x
magnification was graded by two authors (RB and GS) in a blinded way
on a 3-point scale: 1 - low density of capillary beds, 2 - moderate density

of capillary beds, 3 - high density of capillary beds.
Statistical analysis

One rabbit deceased 3 days after the surgical procedure from diarrhea
for an unknown reason, resulting in duplicate samples for PMMA at 2
weeks compared to triplicates for S53P4 and S53P4+PLGA.

One-way ANOVA analysis followed by Sidak’s multiple comparison test

were used to calculate statistical differences using Prism software
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(version 7.0a, GraphPad Software, Inc.). P < 0.05 was chosen as the

threshold of statistical significance.
Results
Real-time quantitative polymerase chain reaction (RT-gPCR)

A high expression of VEGF for the control membrane was observed at 2
weeks, but the expression levels rapidly declined, not being applicable
for analysis at 8 weeks. This was in contrast to the PMMA treated group,
for which the expression of VEGF remained constant up to 4 weeks.
Relative to the PMMA group, the expression of VEGF for the uncoated
S53P4 induced membranes was highly up-regulated at the early 2-week
and the middle 4-week time-points, but declined to the level for PMMA at
Interestingly, the PLGA coated S53P4
(S53P4+PLGA) changed the pattern of VEGF expression and, rather than

declining over time, a steady increase from low to high VEGF expression

the late 8-week time-point.

over the 8-week period could be observed. The high level of VEGF
expression observed for PLGA coated S53P4 compared with PMMA at 8

weeks was significant (p<0.05). The results are presented in Table 1.

VEGF 2 weeks 4 weeks 8 weeks
S53P4 + PLGA 5.7 8.9 16.8
S53P4 14.3 22.4 5.0
PMMA 6.9 7.0 5.3
Control drill 13.1 1.4 0.0
Table 1

The TNF expression for the control drill samples was low throughout the
follow-up, being inadequate for analysis at 8 weeks. The TNF expression
for PMMA reached its peak at 2 weeks, with a declining trend towards the
end of the follow-up. Uncoated S53P4 samples showed a peak of TNF
expression at 4 weeks. This was in contrast to the PLGA coated S53P4,
for which an increase in TNF expression, consistent with the VEGF

expression pattern for PLGA-coated S53P4, was observed throughout the
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follow-up (Table 2). However, no statistically significant differences were

seen between the different implants or time-points.

TNF-a 2 weeks 4 weeks 8 weeks
S53P4 + PLGA 3.3 7.8 17.8
S53P4 2.9 13.7 2.5
PMMA 11.2 4.5 4.2
Control drill 3.4 1.8 0

Table 2

Histology

A relatively high presence of capillary beds was observed at 2 weeks in
the control drill membrane specimens. The number declined during
follow-up and at 8 weeks only a few capillary beds were observed. The
PMMA induced membranes showed a similar pattern, but a moderately

higher capillary density was observed at 8 weeks than in the control drill.

Compared with the PMMA group, the presence of capillary beds in the
BAG induced membranes was more ample at 4 and 8 weeks. Non-coated
S53P4 showed a very stable high presence of capillary beds over the
different time intervals. Compared with S53P4, PLGA coated S53P4
induced membranes showed an equally high capillary density, except at
4 weeks, when the amount of capillary beds was even higher for
S53P4+PLGA (Table 3, which shows the average of three parallel

samples).

Capillary beds |2 weeks 4 weeks |8 weeks
S53P4 + PLGA |2.3 2.7 2.3
S53P4 2.3 2.3 2.3
PMMA 2.0 1.7 1.7
Control drill 2.0 1.7 1.3
Table 3

The grading of the capillary beds was as follows.

0 = no capillaries
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1 = few capillaries
2 = moderate capillaries

3 = rich capillaries
Discussion

We evaluated the pro-angiogenetic activity as VEGF expression in an
induced membrane formed on the soft tissue interface of S53P4 and PLGA
coated S53P4 (S53P4+PLGA) rods in comparison to PMMA, the standard
material used in the two-stage induced-membrane technique, at the time
of writing this description. Of the combinations of materials tested, only
the S53P4+PLGA induced membrane showed a continuous increase in
VEGF expression, which was observed to be at its highest level at eight
weeks. To our knowledge a similar continuous increase of VEGF
expression has not been reported earlier. During the same time period
the VEGF expression of the PMMA induced membrane decreased
constantly, in concordance with observations in a comparable study in

humans as well as in an in vivo rabbit study.

The pro-angiogenetic potential that we observed for BAGs, i.e. the
increase of VEGF expression, is consistent with several previous in vitro
and in vivo studies. Particles of bioactive glass 4555 particles have been
shown to increase VEGF secretion from human fibroblast cells in a size-
and concentration-dependent manner. Fibroblasts stimulated with
bioactive glass 45S5 particles are known, from scientific publications, to
increase proliferation of human dermal microvascular endothelial cells
and enhance neovascularization. 4555 has also been found to increase
the pro-angiogenetic properties of degradable polymers. PLGA spheres
containing 10 % (w/v) 45S5 particles have been demonstrated to
stimulate an increase of VEGF by fibroblasts. Compared with pure
poly(D,L-lactide) (PDLLA), an addition of BAG to a PDLLA matrix also
stimulated angiogenic signaling in fibroblasts by increasing VEGF

secretion in a dose-dependent manner.
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It is not known how PLGA coating of BAGs affects VEGF expression in an
induced membrane. In general, it is however, known that coating BAGs
with a biodegradable polymer decreases the dissolution rate of the glass.
The expression pattern in the induced membrane may be explained as
follows: according to the expected chemical reactions at the PLGA coated
S53P4 surface, the polymer will degrade, subsequently increasing the
angiogenic potential of the BAG. Simultaneously with the degradation of
the polymer, the surface reactions at the BAG will occur as a continuous
release of Ca, Na, P and Si from the BAG in solution has been
demonstrated to occur after implantation, thus continuing the increase of

VEGF expression observed for BAGs

The higher VEFG expression of the S53P4 induced membrane compared
to the S53P4+PLGA induced membrane at two weeks suggests that the
ions released from S53P4 positively affect the VEGF expression and that
the polymer effectively slows down the ion release and the gene
expression. This retarding effect can depend on the polymer barrier
preventing contact with the uncoated part of the S53P4 scaffold or the
ability of the polymer degradation products to neutralize the interfacial
solution and thus slow down the ion release rate from the glass. At
prolonged implantation the polymer will partly degrade allowing a higher
ion release from the S53P4 based structure. This implies that the partly
polymer coated scaffold enables a continuous release of ions over a
longer period of time at concentrations high enough to support VEGF

expression than the uncoated scaffold.

The Ca2+ ion is known to play a significant role in the VEGF-regulated

multifunctional signalling pathway, which is known to influence the

mobilization of Ca2+. Bone marrow-derived progenitor cells, important
in angiogenesis, have been demonstrated to respond to changes in
extracellular calcium, through a calcium-sensing receptor as well. The
high VEGF expression for both S53P4 and S53P4+PLGA may depend on
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the ion release of Ca2t, which takes place at the surface of the glass.
Scaffolds with incorporated BAGs have also been demonstrated to

stimulate neovascularization. The mechanisms are unknown, but they are

thought to depend on the Ca2* ion release at the glass surface. The
increase in VEGF secretion from human fibroblast cells induced by S53P4
has also been demonstrated to depend on the size of the reacting glass
granules, in favour of smaller particles. This may be explained by higher
concentrations of ions released from the smaller particles possessing a
higher surface area to solution volume ratio, influencing the dissolution

process of the glass.

In the induced-membrane technique, the second operation is usually
performed between four and eight weeks after the first procedure, but it
has been speculated that the optimal time for performing the second-
stage surgery may be within a month after implantation of PMMA. This is
based on histological observations showing that the vascularization in
PMMA-induced membranes is ample in one-month-old samples and
decreases to less than 60 % in three-month-old samples. This finding is
supported by our study, as the inductive capacity of PMMA on VEGF
expression seems to be lowest at eight weeks, the time when many
operations are performed. In our study, the PMMA-induced membranes
and membranes of the control drill showed their highest capillary density
at two weeks, with a decreasing trend during follow-up, compared with
the BAG-induced membranes, which showed high capillary density

throughout the follow-up.

Fracture healing and bone regeneration are complex processes that
involve coordinated interplay between the cells of the innate immune
system and various osteoprogenitor cells. Fracture healing is initiated by
an acute inflammation characterized by production of pro-inflammatory
cytokines e.g. TNF that regulate the recruitment and differentiation of

mesenchymal stem cells along the chondrogenic and osteogenic lineages.
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Indeed, a short period of TNF production is crucial for bone regeneration.
In the subsequent state of fracture healing, ingrowth of vasculature to
the fracture site is crucial for the bone regeneration. This angiogenesis is
mediated by growth factors such as VEGF. Thus both TNF and VEGF have

been shown to play a key role in the various stages of bone regeneration.

The expression of TNF for PMMA constantly decreased during the eight-
week period, in accordance with previously described observations of low
VEGF expression for PMMA. For S53P4, which clinically is known to be a
well-tolerated bone substitute without observed inflammatory response,

an increase of TNF expression was observed at four weeks.

In summary, our study reveals that both uncoated and coated porous
S53P4 implants positively affect the expression of VEGF and TNF,
resulting in higher amounts of capillary beds observed in histological
samples, compared with the lower expression of VEGF and less capillary

beds observed in control and PMMA samples.

The induced membrane of PMMA is known to have angiogenetic-
improving properties, which, however, appear to decrease over time. In
the induced membrane of PLGA coated S53P4, we observed an inductive
expression of VEGF that increased with time. At eight weeks, the
expression of VEGF was significantly higher for coated S53P4 than for
PMMA (p<0.05).
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CLAIMS
1. A bone implant comprising

- a porous body comprising particles of bioactive glass having a particle
size of at least 500 ym, wherein the composition of the bioactive glass
comprises 45-59 weight-% of SiOp, 18-25 weight-% of NayO, 17-25

weight-% of CaO and 0.1-6 weight-% of P05, and

- a film having a thickness of 10 um- 200 um, made of a biocompatible

polymer and arranged at least partially around the body.

2. A bone implant according to claim 1, wherein the film is arranged
around the body so as to cover the part of the body in contact with

muscle, fascia or periosteum when the implant is implanted in a bone.

3. A bone implant according to any of the preceding claims, wherein the
polymer is selected from a group consisting of polylactide, polyglycolide,
poly(lactide-co-glycolide), polycaprolactone, natural collagen polymers

and their mixtures with polyethylene glycol.

4. A bone implant according to any of the preceding claims, wherein the

particle size of particles of bioactive glass is 500-3150 ym.

5. A bone implant according to any of the preceding claims, wherein
thickness of the film is 100-200 pym.

6. A bone implant according to any of the preceding claims, wherein the

filmm comprises bioactive glass.

7. A bone implant according to claim 6, wherein the bioactive glass of the
film is in the form of a powder having an average particle size of less than

45 pm.
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8. A bone implant according to any of the preceding claims, wherein

composition of the bioactive glass is 45-54 weight-% of SiOp, 22-25
weight-% of Naz0, 19-25 weight-% of CaO and 3.5-6 weight-% of P20s.

9. A bone implant according to any of the preceding claims, wherein

composition of the bioactive glass is 53 weight-% of SiO», 23 weight-%
of Nax0O, 20 weight-% of CaO and 4 weight-% of P70s.

10. A bone implant according to any of the preceding claims, wherein the
body is in the form of a disc and the film is arranged around the sides of
the disc.

11. A bone implant according to any of the preceding claims, wherein the

body is in the form of sintered bioactive glass particles.

12. A bone implant according to any of the claims 1-9, wherein the body
is in the form of bioactive glass particles held together by a biodegradable

polymer.

13. A bone implant according to claim 12, wherein the biodegradable
polymer is selected from a group consisting of polylactide, polyglycolide,
poly(lactic-co-glycolide), polycaprolactone, polyethylene glycol, collagen

and mixtures thereof.

14. A method of manufacturing a bone implant according to any of the
claims 1-13, comprising forming a porous body comprising particles of
bioactive glass, arranging a film made of a biocompatible polymer at least
partially around the porous body and heating the combination to a glass

transition temperature of the biocompatible polymer.

15. A method according to claim 14, wherein the porous body comprising
particles of bioactive glass is manufactured using a mould and one of

sintering and polymeric binding material.



WO 2018/065665 PCT/FI12017/050693

Ry S IR e b SRR PSRRI S
O S p i OADABOR 8 SUGO O RS R SUCO O L OG0 L)
s2edonnsudadalodesstaeloRogetu
0058550308005 3550%000862533%0 0!

oSoSolnluladeRolulnlaloloSolndnd

653580000685 20302000 5 8udale 00s 85 20T 000!
S R A C e
Soodalelu o tokoteli oo tateldutototeludu
500050300000 005080 20 358050005006 05030 Se !
g Sugaoto

6504020200

Sode!

O,
e e
DT R A PRSI PN B )i

i NG

&
=
:

&

7a

/"Z ///

S i)




WO 2018/065665 PCT/FI12017/050693

274
10
14 .
K ““““““ N e L
____________ VAN vl
B
N \iﬁa >

> /’i’i

10 - ] 2N
VAN
TN




PCT/FI12017/050693

WO 2018/065665

4..
MW Cd
N N\
2 N
¢
— N - 7N \
N N T
4 / i
A H i
; P
ﬂ, _ _W
ﬁ, P
/ . | i
j v
/ Ao Y 7
/ I // . N
¥ A O
48 / N
S <
/ // { / i \ /
i 4 \ 3 \
/ \ \ i i
j ﬂ | ' 1 o0
fon _ .m ; \ﬂ, o
RN
S i —
/ 4 { / / !
/ L / / /
m A4 / / S
; P Y
/
Yavi i~
/ |
e} }
pend (9

FIG. 4A

]

LA A

000200010

<

v

\Y

v

FIG. 4B



WO 2018/065665 PCT/FI12017/050693

4/4

24




INTERNATIONAL SEARCH REPORT International application No.

PCT/FI12017/050693

A. CLASSIFICATION OF SUBJECT MATTER
See extra sheet

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC: AG1L

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

FI, SE, NO, DK

Electronic data base consulted during the international search (name of data base, and, where practicable, search terms used)

EPODOC, EPO-Internal full-text databases, Full-text translation databases from Asian languages, WPIAP,
PRH-Internal, XPESP, BIOSIS, EMBASE, MEDLINE

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X WO 2014152113 A2 (PROSIDYAN INC [US]) 1, 3, 4, 6-15
25 September 2014 (25.09.2014)
Y page 8, lines 26-28, page 12, lines 25-27; page 22, lines 1-2; page 24, 2,5

lines 16-23; page 26, lines 1-5 and 18-27; page 33, lines 8-11; page 44,
lines 20-22, 25-27; claims 5, 7; figure 4C

Y EP 1433489 A1 (DEGRADABLE SOLUTIONS AG [CH]) 2,5
30 June 2004 (30.06.2004)

paragraphs [0015], [0025], [0026], [0044]-[0046], [0060]-[0068]; claims 5,
6; figures 1,6

A WO 02087647 A1 (PIRHONEN EIJA [FI]) 1-15
07 November 2002 (07.11.2002)
whole document

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A"  document defining the general state of the art which is not considered he ‘ - ‘
the principle or theory underlying the invention

to be of particular relevance
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive step
"L"  document which may throw doubts on priority claim(s) or which when the document is taken alone
is cited to establish the publication date of another citation or other "y"  document of particular relevance; the claimed invention cannot
special reason (as specified) be considered to involve an inventive step when the document is
"O"  document referring to an oral disclosure, use, exhibition or other means combined with one or more other such documents, such combination
"pP"  document published prior to the international filing date but later than being obvious to a person skilled in the art
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
31 January 2018 (31.01.2018) 05 February 2018 (05.02.2018)
Name and mailing address of the ISA/FI Authorized officer
Finnish Patent and Registration Office Taija Tammi
FI-00091 PRH, FINLAND
Facsimile No. +358 29 509 5328 Telephone No. +358 29 509 5000

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT

International application No.

04 December 2013 (04.12.2013)
whole document

PCT/FI2017/050693
C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A EP 2668967 A1 (SKULLE IMPLANTS OY [FI]) 1-15

Form PCT/ISA/210 (continuation of second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.
Information on Patent Family Members

PCT/FI2017/050693
Patent document Publication Patent family members(s) Publication
cited in search report date date
WO 2014152113 A2 25/09/2014 AU 2014240108 A1 20/08/2015
AU 2014240108 B2 28/09/2017
CN 105246518 A 13/01/2016
EP 2968658 A2 20/01/2016
JP 2016517319 A 16/06/2016
US 2014271786 A1 18/09/2014
US 8889178 B2 18/11/2014
US 2014271779 A1 18/09/2014
US 9381274 B2 05/07/2016
US 2015071983 A1 12/03/2015
US 2016310638 A1 27/10/2016
EP 1433489 A1 30/06/2004 AT 519509 T 15/08/2011
AU 2003296713 A1 14/07/2004
EP 1575636 A2 21/09/2005
EP 1575636 B1 10/08/2011
ES 2369080 T3 25/11/2011
JP 2006515767 A 08/06/2006
JP 4873600 B2 08/02/2012
US 2006136071 A1 22/06/2006
US 7731756 B2 08/06/2010
WO 2004056405 A2 08/07/2004
WO 02087647 A1 07/11/2002 F1 20010873 A 27/10/2002
FI 117963 B 15/05/2007
US 2002160175 A1 31/10/2002
US 7241486 B2 10/07/2007
EP 2668967 A1 04/12/2013 EP 2668967 B1 14/05/2014
AU 2013269704 A1 18/09/2014
AU 2013269704 B2 03/12/2015
CA 2865602 A1 05/12/2013
CA 2865602 C 26/07/2016
CN 104349799 A 11/02/2015
CN 104349799 B 18/05/2016
DK 2668967 T3 07/07/2014
ES 2485381 T3 13/08/2014
HK 1202271 A1 25/09/2015
IL 234571 A 31/05/2015
JP 2015517859 A 25/06/2015
JP 5833796 B2 16/12/2015
KR 20140114452 A 26/09/2014
KR 101500951 B1 13/03/2015

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.
Information on Patent Family Members PCT/FI2017/050693
Patent document Publication Patent family members(s) Publication
cited in search report date date
MX 2014014167 A 04/02/2015
NZ 630312 A 26/06/2015
PT 2668967 E 30/07/2014
RU 2589839 C1 10/07/2016
SG 11201404950U A 26/09/2014
US 2015032224 A1 29/01/2015
US 9084844 B2 21/07/2015
WO 2013178637 A1 05/12/2013
ZA 201406102 B 30/03/2016

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.
PCT/FI2017/050693

CLASSIFICATION OF SUBJECT MATTER

IPC

AG61L 27/42 (2006.01
A61L 27/10 (2006.01
AG61L 27/54 (2006.01
A61L 27/56 (2006.01
AG61L 27/58 (2006.01

Form PCT/ISA/210 (extra sheet)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - wo-search-report
	Page 32 - wo-search-report
	Page 33 - wo-search-report
	Page 34 - wo-search-report
	Page 35 - wo-search-report

