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Abstract An in situ crosslinkable, biodegradable, meth-
acrylate-encapped porous bone scaffold composed of p,L-
lactide, e-caprolactone, 1,6-hexanediol and poly(ortho-
esters), in which crosslinkage is achieved by photoiniti-
ators, was developed for bone tissue regeneration. Three
different polymer mixtures (pure polymer and 30% bio-
active glass or o-tricalcium phosphate added) were tested
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in a uni-cortical tibial defect model in eight goats. The
polymers were randomly applicated in one of four (6.0 mm
diameter) defects leaving a fourth defect unfilled. Bio-
compatibility and bone healing properties were evaluated
by serial radiographies, histology and histomorphometry.
The pure polymer clearly showed excellent biocompati-
bility and moderate osteoconductive properties. The
addition of o-TCP increased the latter characteristics. This
product offers potentials as a carrier for bone healing
promoter substances.

1 Introduction

Large bone defects in man and animals are a challenge for
reconstructive surgery. Traditional techniques are based on
the transplantation of homologous bone tissue [1-4].
However, the supply of adequate bone is often limited and
the collection is painful with risk of haemorrhage, infec-
tion, nerve damage, cosmetic disability and loss of function
[S].

Newer techniques involve the use of natural and syn-
thetic bone grafts. The main recognised bone substitute
groups are: calcium phosphates (bone-derived, synthetic
ceramics, coralline hydroxyapatites, hydroxyapatite-com-
posites, tricalcium phosphates), calcium carbonates
(natural coral), calcium sulphate (plaster of Paris), glass
and glass-ceramics, polymers, metals, bone and bone-
derived materials (autograft, allograft, xenograft, demi-
neralised bone matrix) and osteoinductive growth factors
(BMPs and TGFf-family). Most of the substitutes can be
used for filler-reconstruction of moderate-sized (1-4 cm of
diameter) cystic lesions in skeleton, but only a few can be
used as a replacement for a weight bearing part of the
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skeleton. The ultimate goal is to combine the strength of
metals and polymers with the osteoconductivity, or pref-
erably osteoinductivity of other types of materials resulting
in an ideal bioactive composite implant with a suitable
hardness, strength and modulus corresponding to the bio-
mechanical properties of bone [6].

The increasing popularity of arthroscopic procedures in
orthopaedics and the requirement to bridge large and
irregular bone defects resulted in great interest in fixation
materials that are injectable, in situ forming and biode-
gradable. Several injectable materials have been used as
osteogenic bone substitutes. However, none has gained
universal acceptance. The most commonly used injectable
bone material polymethylmethacrylate is not biodegradable
and polymerizes with production of high temperatures. If
the polymerization reaction occurs outside the body, heat is
not generated during implantation but the polymer often
does not fit completely in irregular and large bone defects.
Most composite polymers are not biodegradable [7].
Injectable scaffolds generally necessitate to solidify their
constituent precursors or macromonomers into a three-
dimensional matrix. Typical solidification mechanisms
during the scaffold formation include: calcium phosphate
setting, thermally or photochemically activated radical
polymerization or crosslinking, chemical crosslinking,
enzymatic crosslinking, thermal gelation, ionic gelation,
ionic crosslinking, Michael-type addition reactions, and
self-assembly mechanisms [8]. In situ formation of these
scaffolds in the bone defect provides many advantages over
ex vivo preparation and production of a correctly sized
graft including improved contact between the scaffold and
surrounding tissue [8].

The development of injectable biodegradable orthopae-
dic biomaterials which polymerize under controlled
conditions can provide an alternative to current treatments
for debilitating orthopaedic conditions [9]. This type of
injectable material should be able to polymerize in situ in a
relatively short period of time without negative effects on
the surrounding tissue. It must be biocompatible, promote
formation of new bone tissue, have appropriate viscosity
before and efficient mechanical properties after setting, and
can be sterilized [7]. Recently, tissue engineering offered
potential solutions for functional and structural restoration
of damaged or lost tissue. Tissue engineering of bone
requires a suitable osteoconductive and inductive matrix
[10-12], and additional sources of osteogenic cells.

A new in situ crosslinkable, biodegradable, methacry-
late-encapped bone scaffold composed of p,L-lactide, &-
caprolactone, 1,6-hexanediol and poly(ortho-esters), in
which cross-linkage is achieved by photo-initiators, was
recently developed for bone tissue regeneration. By adding
precise amounts of gelatine particles of selected size, a
scaffold can be obtained with controlled porosity, pore size
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and pore connectivity. In addition, calcium phosphates,
other osteoconductive materials or demineralised bone can
be added to promote osteoconduction. The in vitro biore-
sorbable and osteoconductive properties of this new
polymer have been described [13].

The objective of this study was to investigate biocom-
patibility of this bone substitute in a goat model and to
evaluate its effect on bone regeneration in a uni-cortical
tibial defect study.

2 Materials and methods

The study was approved by the Ethical Committee of the
Faculty of Veterinary Medicine of the University of Ghent
(EC 2004/86).

2.1 Preparation of scaffolds

Three different scaffolds were used in the study. Composite
No. 1 was purely composed of poly-(p,L-lactide-co-¢-cap-
rolactone) with 15 wt% 2-hydroxyethyl methacrylate
polyester [13]. This basis was further mixed with 30%
bioactive glass and 30% o-tricalcium phosphate («-TCP) in
composite No. 2 and 3, respectively. In order to create
scaffolds with 70% porosity, an appropriate amount of
gelatine particles (size of 250-355 pm) was added in all
three of them.

All materials were sterilized by ethylene oxide (12 h,
37°C, 48 h degassing) and mixed under sterile conditions
immediately before implantation.

2.2 Surgical procedure

Eight adult female goats with a mean age of 2.22 + 0.55
years and a mean body weight of 53.2 + 4.9 kg were used.
The goats were housed in groups and had continuously
access to food and water.

The goats were deprived of food for 48 h and received
sodium ceftiofur (Excenel®, Pfizer Animal Health) (0.2 g
IM) and flunixine (Finadyne®, Schering Plough Animal
Health) (200 mg IM) 6 h before surgery. After sedation
with xylazine (Xyl-M®, VMD) (0.2 mg/kg IM), anaesthe-
sia was induced with midazolam (Dormicum®, Roche) and
ketamine (Anesketin®, Eurovet NV) (respectively
0.011 mg/kg, 2.2 mg/kg IV) and maintained with isoflu-
rane (IsoFlo®, Abbott) in oxygen using a routine
monitoring protocol (ECG, pulsoximetry, capnography,
direct blood pressure and arterial blood gasses). Ringer’s
lactate solution (5 ml/kg/h) was administered during the
anaesthetic period.

The animals were placed in dorsal recumbency with
both hindlegs separately suspended. After surgical
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preparation, a 10 cm longitudinal skin and periosteal
incision was made midway and medial to each tibia. The
periosteum was elevated and four holes (6.0 mm diameter)
were drilled in the medial diaphyseal cortex of the tibia
using a trephine burr (31®, Implant Innovations). Sterile
physiologic saline was used for cooling during burring. The
centre of the most proximal defect was drilled at 2.25 cm
proximal to the predetermined midpoint of the tibia. Each
additional hole was drilled 1.5 cm more distally using a
sterile plastic template. Hemostasis was provided by use of
epinephrine soaked gauzes pushed in the defects prior to
application of the bone substitute. In each leg, the three
composites were randomly assigned to a hole whereas the
fourth hole was left empty to serve as a control. Each
composite was firstly placed on the borders and bottom of
the defect and photopolymerized for 40 s (500 mW/cm?
blue light, 3M Unitek Visible Light Curing Unit™). After
setting, the remaining defect was further filled with a
second layer of additional composite that was also photo-
polymerized prior to wound closure, The surgical incision
was closed in three layers using continuous suture patterns
and resorbable sutures. Postoperatively, the animals
received sodium ceftiofur for 7 days (0.2 g IM) and flu-
nixine meglumine for 3 days (200 mg IM). Two goats
were euthanized 4 weeks and two other goats 8 weeks after
surgery. One goat was further euthanized at 12, 18, 24 and
36 weeks after surgery.

2.3 Clinical and radiographic follow-up

During the study period, goats were daily evaluated for
healing of the surgical site and development of complica-
tions related to the surgical intervention.

Immediately following surgery, cranio-caudal and late-
ro-medial radiographic projections of each tibia were
taken. Both digital as well as conventional radiographs
were obtained. At 4 weeks intervals, bone healing was
further radiographically evaluated up to 18 weeks

postoperatively. A final radiographic evaluation was done
in one goat at 24 and at 36 weeks after surgery in another
animal.

The conventional radiographs were blindly evaluated for
defect density, periosteal reaction and soft tissue reaction
using the criteria of Dorea et al. [14] by two investigators
(see Table 1).

Digital radiographs were used to measure grey scale
densities at the level of the bone defects (Image J 1.34s).

2.4 Histological evaluation

After euthanasia, all soft tissue surrounding both tibias was
removed. The tibial bones were split longitudinaly and the
bone marrow was removed. Each defect site was separately
isolated and fixed in formol 10% for 12 h. The samples
were rinced with tap water and dehydrated at 4°C using an
ethanol gradient (48 h in 50, 75 and 96% and 72 h in 100%
ethanol). Afterwards samples were defatted in xylene for
48 h at 4°C and embedded in destabilised Technovit
9100 New® (Heraeus Kulzer) (polymerization for 24 h at
0°C). Four pm sections were cut with a microtome
(SM2500, Leica Microsystems), stretched with 70% etha-
nol on a slide and dried for 12 h at 60°C.

The sections were stained with haematoxylin & eosin,
Von Kossa and Toluidineblue stain. All samples were
blindly evaluated under the microscope by the same
investigator. They were evaluated for the tissue type,
presence of residual graft material within the defect, the
quality of bone healing and the presence of inflammatory
reactions.

Histomorphometric analysis (AnalySIS) was performed
on the Von Kossa stained sections obtained until 12 weeks
after surgery using a 4x magnification (Olympus BX61
microscope). The volume of Von Kossa positive (black-
brown), Von Kossa negative (violet) and colourless stained
material were measured and expressed as a percentage of
the total defect area.

Table 1 Scores for defect density, periosteal reaction and callus formation and soft tissue reaction [14]

Density Size Distribution Soft tissue
0 Radiolucent 0 None 0  None 0 No soft tissue reaction
—1  More radiolucent 1 Small 1 Regular and in the defect site 1 Moderate soft tissue reaction
1 Radiopaque 2 Moderate 2 TIrregular but in the defects site 2 Severe soft tissue reaction
2 Mildly increased radiopacity 3 Abundant 3 Regular but out of the defect site
3 Moderately increased radiopacity 4  Exaggerated 4  Irregular and out of the defect site
4  Extensively increased radiopacity

Density = density of the defect

Size = periosteal reaction and callus formation around each defect graded by size

Distribution = periosteal reaction and callus formation around each defect graded by distribution

Soft tissue = soft tissue reaction around the defects
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2.5 Statistical analysis

The conventional radiograph scores (average of the two
investigators) were compared between the three compos-
ites and the control defect by the Friedman test with tibia
and time as block factor at the 5% global significance level.
The four composites were pairwise compared by the
stratified Wilcoxon rank sum test using Bonferroni’s mul-
tiple comparisons adjustment technique.

The digital radiograph density assessments were ana-
lysed by a mixed model with tibia as random effect and
composite, time, position and the interaction between
composite and time as categorical fixed effects at the 5%
global significance level.

Histological bone healing assessments were analysed
by a mixed model with tibia as random effect and com-
posite, time and the interaction between composite and
time as categorical fixed effects at the 5% global signif-
icance level.

Pairwise comparisons in the mixed model were based on
Bonferroni’s multiple comparisons adjustment technique.

3 Results

Profuse bleeding was encountered during the creation of 25
uni-cortical bone defects which could be stopped by epi-
nephrine soaked gauzes providing an acceptable
hemostasis. All of the graft materials were easily implanted
into the tibial defects and were considered stable prior to
wound closure. None of the goats showed signs of pain or
lameness during the study period. Except for discrete
subcutaneous fluid accumulation in five animals at 4 weeks
after surgery no other clinically visible adverse tissue
reactions were observed.

3.1 Conventional radiographs

A significant difference between the composites was found
for the density of each defect over time (P < 0.0001), with
significant pairwise comparisons between the control and
composite No. 1 (P = 0.0002) and between composite No.
1 and No. 3 (P = 0.0008) (see Fig. 1). The size of the
periostal reaction and callus formation around each defect
(P = 0.0018) differed significantly between the compos-
ites, with significant pairwise comparisons between the
control and composite No. 1 (P = 0.0007) and between
composite No. 1 and No. 3 (P = 0.0046) (see Fig. 2). No
significant differences were found between the composites
with respect to the distribution of the periosteal reaction
and callus formation (P = 0.17) and the soft tissue reaction
(P = 0.179) (see Figs. 3 and 4).
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Fig. 1 Evolution of the mean densities of unicortical tibial defects
treated with different composites based on serial conventional
radiographic evaluation in eight goats
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Fig. 2 Evolution of the mean periosteal reaction and callus formation
around unicortical tibial defects treated with different composites
based on serial conventional radiographic evaluation in eight goats

3.2 Digital radiographs

The mean density of the control defect and the defects with
composites No. 1, No. 2 and No. 3 were respectively
79.5 £ 29, 76.0 £2.9, 77.6 £ 2.9 and 77.9 &+ 2.9. No
significant differences were found between the composites
(P = 0.64), nor was there a significant interaction between
composite and time (P = 0.93). Densities however differed
significantly between radiographic projections
(P < 0.0001). An overall mean density of 89.68 was cal-
culated on latero-medial projections compared to 65.83 on
cranio-caudal projections.
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treated with different composites based on serial conventional
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3.3 Histological evaluation

New bone formation was most pronounced in the control
defects causing bridging of the defect by bone tissue as
soon as 8 weeks after surgery (see Fig. 5). Independent of
the type of composite used, the new bone formation was
most pronounced at the periosteal and endosteal sides of
the defects (see Fig. 6) which specifically resulted in the
development of pronounced callus tissue on the periosteal
side (see Fig. 7).

All composite treated defects were filled with a mixture
of composite and both fibrous and bone tissue. Fibrous
tissue was localised in the periphery and in the centre of the
different composite materials. No bone precursors such as
cartilage were observed. There was a slight ingrowth of

Fig. 5 Photomicrograph of a tibial control defect 8 weeks postoper-
ative in a goat. A bridge of trabecular primary bone covers more than
50% of the original cortical defect. (1: periost; 2: normal corticalis
surrounding defect; 3: medulla) (Von Kossa)

Fig. 6 Photomicrograph of a tibial defect treated with composite
No. 3, 8 weeks postoperatively. The new bone formation is most
pronounced at the periosteal and endosteal side of the defect. There is
a slight ingrowth of bone at the periphery of the composite material
(4) (1: periost; 2: normal cortex surrounding the defect; 3: medulla)
(Von Kossa)

bone at the periphery of the composite materials visible
(see Figs. 6 and 7). The quantitiy of composite material
gradually decreased over time to completely disappear no
sooner than 32 weeks after surgery (see Fig. 8). None of
the defects showed signs of inflammatory or immunologic
reactions.

@ Springer



2766

J Mater Sci: Mater Med (2008) 19:2761-2769

Fig. 7 Photomicrograph of a tibial defect treated with composite No.
2, 8 weeks postoperatively. A big bony callus is visible at the
periosteal side of the defect. There is a slight ingrowth of bone at the
periphery of the composite material (4) (1: periost; 2: normal cortex
surrounding the defect; 3: medulla) (Von Kossa)

[

Fig. 8 Photomicrograph of a tibial defect treated with composite No.
2, 32 weeks postoperatively. Almost no composite left anymore. (1:
periost; 2: normal cortex surrounding the defect; 3: medulla) (Von
Kossa)

3.4 Histomorphometry (see Fig. 9)

The percentages of Von Kossa positive staining were sig-
nificantly (P = 0.0016) influenced by the type of material
used. Control defects contained significantly more Von
Kossa positive material (mean 31.1% =+ 4.4) compared to
composites No. 1 (P = 0.0012) and 2 (P = 0.0211) (mean
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for goats that lived no longer then 12 weeks post-surgery)

values of 13.4% =+ 4.4 and 18.2% =+ 4.4, respectively). No
differences were found between control defects and defects
containing composite No. 3 (23.9% 4 4.4, P = 0.3096),
nor between the three composites.

The percentages of Von Kossa negative staining did not
differ between the defects (P = 0.366). The mean per-
centages of control defects and defects filled with
composites No. 1, 2 and 3 were 49.5% + 4.9,
48.3% =+ 5.0,55.1% +£ 5.0 and 48.7% =+ 5.0, respectively.

Significant differences were found between the four
groups (P = 0.0036) when evaluating the percentages of
the colourless material. Empty defects (19.44% =+ 3.4)
contained significantly (P = 0.002) less colourless mate-
rial compared to defects filled with composite No. 1
(37.6% =+ 3.5). The other composites did not differ sig-
nificantly (mean of composite No. 2: 25.99% =+ 3.5; mean
of composite No. 3: 26.82% =+ 3.5).

4 Discussion

A new in situ crosslinkable, biodegradable, methacrylate-
encapped bone scaffold composed of p,L-lactide, ¢-capro-
lactone, 1,6-hexanediol as well as poly(ortho-esters) was
recently developed for bone tissue regeneration. Solidifi-
cation is done by photopolymerization, a commonly used
technique in dental restorative procedures [15]. Photopo-
lymerization has several advantages over conventional
polymerization techniques including spatial and temporal
control over polymerization, fast curing rates (less than a
second to a few minutes) at room or physiological tem-
perature, and minimal heat production [16]. Gelatine
particles were included in the polymer to create porous
scaffolds facilitating tissue ingrowth and vascularization.
These characteristics have been demonstrated by Declercq
et al. [13] who compared the osteoconductivity of scaffolds
with different apparent porosities (50, 60 and 70) and dif-
ferent porosigens (gelatine, sodium chloride, and sugar) by
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scanning electron microscopy and histological analysis.
The same authors further proved the bioresorbable and
osteoconductive properties of the polymer in an in vitro
setting using osteoblast cell cultures. In the present study
these same properties were tested in an in vivo setting
using the pure scaffold and combinations with bone sub-
stitutes («-TCP and bioactive glass) that have proven their
influence on bone healing in other studies [17, 18].

Goats were used in the present study because of their
easiness in handling and housing and their frequent use as
experimental animals in orthopaedic and bone substitute
research [19-24]. The use of a critical sized defect model,
as has been described in small laboratory animals [25-33]
as well as sheep [34-38], was considered too invasive in
the current stadium of the ongoing research. The use of
uni-cortical cylindrical defects has been reported for
experimental work on bone substitutes and bone healing
[14, 39-42]. The medial diaphyseal cortex of the tibia was
preferred for creation of cortical defects because it can be
easily approached for surgical intervention with minimal
dissection. Although none of the animals in the present
study developed important postoperative complications
related to the surgical intervention, specific care should be
taken to prevent excessive weight-bearing and possible
tibial fracture as has been observed in comparable experi-
ments using sheep (Vertenten, personal communication).

During the surgical interventions profuse bleeding from
the bone marrow hindered the static positioning of the bone
substitutes before setting as this experimental substance did
not stick to bone in humid environments. This problem was
easily overcome by using epinephrine soaked gauzes to
provide hemostasis. To avoid inadvertent application of the
composite in the medullary cavity, photopolymerisation
was performed in two steps. This further assured complete
polymerisation of the entire volume of applicated bone
substitute.

Bone healing is routinely analysed by histomorpholog-
ical, histometrical and immunohistochemical techniques as
means of assessing the differentiation status of bone
deposition and growth. Currently, few embedding resins
exist for which both morphological and immunohisto-
chemical analyses can be performed on mineralised tissue.
Paraffin, the standard embedding medium for bone enzyme
and immunohistochemistry is only suitable for use with
demineralised tissue that often shows badly preserved tra-
becular structure [43]. Methyl methacrylate (MMA) which
is the first choice embedding resin for histological exami-
nation of undecalcified bone precludes immunohistochemal
analysis because of its exothermic polymerisation reaction
destroying both enzyme activity and tissue antigenicity.
Technovit 9100 New® is a low temperature MMA
embedding resin that has been reported to significantly
improve tissue antigenicity preservation as it allows

polymerisation at —20°C [43]. Therefore, this resin was
chosen to allow optimal immunohistochemical analysis of
the obtained bone samples in this study. A supplementary
difficulty of MMA embedded tissue is the difficulty to
make thin sections. Sections are usually cut between 50 um
and 500 pm [44—47] and sometimes grinded to 10—40 pm
[48-50]. With the SM2500 microtome undecalcified sec-
tions of 4 um could be made. Those thin sections were very
fragile, so gentle manipulation was needed. Nevertheless
thin sections make it easier to evaluate the tissues as there
is less superposition of several tissue layers. As grinding of
the section is unnecessary, more sections can be made and
tissue can be evaluated at more levels and by more dif-
ferent stainings.

Bone healing was evaluated by both conventional as
well as digital radiographs on fixed time intervals. The
conventional radiographs were interpreted blindly by two
persons in a similar way as Dorea et al. [14] using cate-
gorical variables what increases the likelihood of finding
significant differences in contrast to the use of continual
variables as were produced in density measurements on
digital radiographies. The highest overall mean density was
observed in the control defect followed by composites No.
3, No. 2 and No. 1, respectively. The observed differences
in densities between the different projections can be
explained by the superposition of the lateral cortex on the
latero-medial projections causing a larger density then on
cranio-caudal projections.

The observed density differences between composites
and the more pronounced periosteal reaction of composite
No. 3 based on conventional radiographs suggest an
advantage of adding «-TCP to the polymer. The absence of
distribution differences of the periosteal reaction, callus
formation and soft tissue reactions might indicate a com-
parable immunologic reaction to the different bone
substitutes.

The present study clearly illustrated the excellent bio-
compatibility of the different polymer mixtures illustrated
by the absence of inflammatory signs on histological
examination.

Von Kossa positive material corresponds with phosphate
and carbonate, the anions that bind calcium in tissues. On
the bone sections in the present study, this corresponded
with mineralized bone as well as the presence of bioactive
glass and o-TCP particles. Von Kossa negative material
mainly represents the presence of fibrous tissue whereas
colourless zones indicated the presence of the pure polymer
as well as artifacts. No histomorphometric evaluation of
bone samples obtained after more than 12 weeks postop-
eratively was performed as it was impossible to identify the
original defects in these cases because of pronounced
periosteal reactions. Histomorphometrical evaluation
demonstrated slower bone healing and remodelling in the
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presence of composites in comparison with control defects.
This was not a surprising result as tissue ingrowth and
gradual degradation of bone substitutes is more time con-
suming than the rate of new bone formation in the absence
of foreign material. Polymer degradation was not optimal
as was illustrated by the formation of fibrous tissue in and
around the composite material. The polymer did not induce
fibrous tissue formation as no differences in terms of per-
centage were seen between control and treated defects. The
lack of new bone formation in the centre of the different
composite treated defects reflects a lack of osteoconductive
properties despite the porous architecture of the used
polymers. This problem might be improved by the addition
of cellular bone precursors or osteoconductive inducing
substances.

5 Conclusion

This study demonstrated the excellent biocompatible
results of the examined polymer poly(p,L-lactide-co-¢-
caprolactone) + 15 wt% 2-hydroxyethyl methacrylate but
was unable to show osteoconductive properties after
application in non critical sized defects in goats tibias . The
addition of o-TCP had a positive influence on bone healing.
Further biochemical enhancement is needed to optimize
porous architecture and degradation properties. It can be
concluded that this material offers potentials as a carrier for
other bone healing promoting substances.
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