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Abstract

Customized implants for bone replacement are a great help for a surgeon to remodel maxillofacial or craniofacial defects in an esthetical way, and
to significantly reduce operation times. The hypothesis of this study was that a composite of B-tricalcium phosphate (3-TCP) and a bioactive glass
similar to the 45S5 Henchglass® is suitable to manufacture customized implants via 3D-printing process. The composite was chosen because of
the bioresorption properties of the 3-TCP, its capability to react as bone cement, and because of the adjustability of the bioactive glass from inert to
bioresorbable. Customized implants were manufactured using the 3D-printing technique. The four point bending strength of the printed specimens
was 14.9 MPa after sintering. XRD analysis revealed the occurrence of two other phases, CaNaPO, and CaSiOs;, both biocompatible and with the
potential of biodegradation. We conclude that it is possible to print tailored bone substitute implants using a bioactive TCP/glass composite. The
glass is not involved as reactive substance in the printing process. This offers the opportunity to alter the glass composition and therefore to vary

the composition of the implant.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

The “golden standard” for treating small bone defects is
autologous bone (bone derived from the same patient). It has
excellent bioresorption capabilities and is never rejected by the
body.! However, large-scale defects are difficult to restore this
way, because the extraction of large amounts of autologous
tissue can cause donor side problems, like morbidity or iliac
wing fractures.> For those defects solid implants consisting
of synthetic materials have to be manufactured, which recon-
struct the bone and support it mechanically. Calcium phosphates
are widely used as bone substitute materials.>~’ Especially
B-tricalcium phosphate (3-TCP) is known for its good biore-
sorption properties.®1 B-TCP can react with phosphoric acid as
bone cement, forming dicalcium hydrogen phosphate (DCPD)
and dicalcium pyrophosphate (DCPP), which are also biore-
sorbable calcium phosphates.!!~!3 Biocompatible glasses, on
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the other side, can be adjusted from bioinert to bioresorbable
according to their composition.'*!> Both materials, in form of
granules or pastes, are already in clinical application.

The hypothesis of this study was that a combination of 3-TCP
and biocompatible glass is advantageous for the manufacturing
of bone implants with a 3D-printing technique. 3D printing is a
rapid manufacturing method, were a binding solution is printed
into layers of powder, accordingly to a sliced virtual model.
This method is already in the focus of scientific research for
customized scaffolds.'®!7 In this study the focus was to inves-
tigate, if the different properties of 3-TCP and biocompatible
glass could prove advantage for the 3D printing of customized,
bioresorbable, large-scale bone implants.

2. Experimental
2.1. Preparation of granulate
B-TCP was synthesized, by heating calcium deficient

hydroxyapatite (Caz(POg); art. no. 1.02143.9026 Merck Darm-
stadt, FRG) for 1h at 1000 °C. Beforehand exact calcium to
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phosphorus ratio of 1.5 was adjusted by adding 5 wt.% of cal-
cium hydrogen phosphate dihydrate (CaHPO4-2H;O art. no.
1.02144.9025 Merck Darmstadt, FRG). After heating, the mix-
ture was analyzed using XRD.

Bioactive glass similar to 45S5 Henchglass®, further referred
to as BGH glass, was synthesized using 33.67 g of silica
SiO; (SIKRONSH 200, Quarzwerke, Frechen FRG), 31.34 ¢
of sodium carbonate anhydrous (Na;COj3 art. no. 6392.5000,
Merck, Darmstadt, FRG), 26.38 g calcium carbonate (CaCO3
art. no. 1.02063.5000, Merck, Darmstadt, FRG) and 8.61¢g
of calcium hydrogen phosphate anhydrous (CaHPOy, art. no.
1.02144.9025, Merck, Darmstadt, FRG). The powders were
blended in a dry mixer for 30 min and filled in a platinum cru-
cible. The crucible was placed into a preheated furnace and the
powder was melted at 1300 °C for 1 h and 45 min. The hot melt
was poured into water. The produced glass frit was dried at
60°C for 24h and analyzed by X-ray fluorescence yield and
X-ray diffraction technique.

The granules consisting of 3-TCP and BGH glass were syn-
thesized via spray drying. First a water based suspension with
40 wt.% of B-TCP and 60 wt.% of BGH glass was prepared and
milled in a ball mill. The milled suspension was granulated at
230 °C using a spray dryer (Mobile minor 2000, Niro, Soeborg,
Denmark) and the size distribution of the obtained granulate was
analyzed by a laser granulometer.

2.2. 3D-printing tests

The granulate was used as powder in a 3D-printing device
(Designmate CX, Z-Corporation, Burlington, USA). For the
3D-printing tests the binding solution, the layer thickness, the
saturation, and the geometry in the building chamber was inves-
tigated. Different combinations of orthophosphoric acid (H3PO4
art. no. 30417, Sigma—Aldrich, Seelze, FRG) and pyrophospho-
ric acid (H7PO7 art. no. 60352, Sigma—Aldrich, Seelze, FRG),
varying between 0 and 1.5 mol, in combination with isopropanol
were tested as printing solutions. The phosphoric acids were
dissolved in distilled water and mixed with isopropanol as nec-
essary. The solutions were filled into the printing heads of the
3D-printer device and printed into the powder bed. The amount
of solution printed per mm? granulate was varied between 0.376
and 0.94ml. Structures with different thicknesses of the lay-
ers were built up. The thickness of the applied powder layers
was varied between 25 and 100 pm. The printed structures were
taken out of the powder bed and cleaned using oil free com-
pressed air supplied in-house from the university hospital. The
samples were post processed at 1000 °C to increase the mechan-
ical strength. The temperature of 1000 °C was chosen to avoid
the forming of a-TCP, which starts at 1125 °C.

2.3. Mechanical tests

The mechanical tests were performed on specimens with
rectangular cross section (6 mm x 8 mm x 45 mm). The char-
acteristic strength o was determined in a four point bending
test. The inner and outer roller spans were 20 and 40 mm. The
cross-head speed during loading in the universal testing machine

Table 1
Phase composition of the synthesized BGH glass in comparison to the theoretical
composition of 4585 Henchglass®.

Component 45S5 Henchglass® theoretical BGH glass

Si0, 45.00 wt.% 4535 £+ 0.01 wt.%
AL O3 0.00 wt.% 0.14 £ 0.01 wt.%
TiO; 0.00 wt.% 0.02 £+ 0.01 wt.%
CaO 24.50 wt.% 24.92 + 0.01 wt.%
Na,O 24.50 wt.% 23.10 £ 0.01 wt.%
P,0s5 6.00 wt.% 6.21 £ 0.01 wt.%

(Z030, Zwick, Ulm, FRG) was 5 mm/min. Ten specimens that
were heat treated at 1000 °C were tested.

2.4. Generation of a 3D implant model

A virtual 3D model of an implant was derived from a com-
puter tomography data set. The model was converted into a
stl-file (surface tesselation language) which is a standard soft-
ware interface for rapid manufacturing devices. The model was
printed with the 3D printer and heat treated at 1000 °C.

3. Results

The XRD analysis of the synthesized calcium phosphate
showed a pure 3-TCP phase. Hydroxyapatite, which forms when
the Ca/P ratio is higher than 1.5, was not detected. The accuracy
of the XRD analysis of B-TCP inrespect of the HA content is less
than 1%. The synthesized BGH glass was also analyzed using
XRD and its element composition was determined using X-ray
fluorescence yield. The XRD diagram did not reveal any peaks of
crystallized material, only an intensity increase between 20 = 28°
and 20 =35°, which is typical for the short range order of glass
phases. The X-ray fluorescence yield showed a phase composi-
tion close to the theoretical composition of 45S5 Henchglass®
(Table 1). The spray dried granules of 60 wt.% BGH glass and
40 wt.% B-TCP had a grain size distribution of djg=18 wm,
dso=41 pm and dop =92 wm. The grains consisted out of a
homogeneous mixture of BGH glass and B-TCP (Fig. 1).

Printing solutions with concentrations of phosphoric acid
lower than 2 mol/l were not suitable for binding the printed struc-
tures with high enough strength to get them safely out of the
powder bed. Concentrations of phosphoric acid with 2 or more
mol/l were only printable with the addition of 20 wt.% of iso-
propanol. Without isopropanol the print heads overheated and
the process became instable. Therefore the best solution for the
printing process was the combination of 1 mol/l of orthophos-
phoric acid and 1 mol/l of pyrophosphoric acid with 20 wt.%
of isopropanol. The printed structures could be easily taken out
of the powder bed and cleaned with compressive air. 0.414 ml
of binding solution per mm?® granulate was ideal for a detailed
profile of the printed structures in combination with sufficient
mechanical strength for cleaning the structures with compres-
sive air. Higher amounts of solution per mm? granulate degraded
the profile accuracy.
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Fig. 1. SEM micrograph of a 60 wt.% BGH glass and 40 wt.% (3-TCP granule.
Both components are distributed homogeneously.

The layer thickness had also a high influence on the mechani-
cal strength of the printed structures. With a thickness of 87.5 pm
or higher only very brittle structures were producible. Single lay-
ers easily broke under shear stresses. On the other hand a too
small layer thickness of 35 wm or lower caused direct sheering
of the layers during the printing process. The best printing results
were achieved using a layer thickness between 50 and 75 pm.

The mechanical properties were significantly increased by the
heat treatment of the printed structures. The bending strength
of the specimens treated at 1000 °C was 14.9 3.6 MPa. The
heat treatment changed the phase composition of the printed
structures. Fig. 2 shows the XRD diagrams of the specimens
before and after the heat treatment. The 3-TCP phase which is
the only dominant phase in the non-treated sample disappeared
and was replaced by a phase mixture of NaCaPO, and CaSiO3.
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Fig. 2. XRD diagrams of an untreated (grey line marked with black squares)
and at 1050 °C heat treated (black line marked with white circles) printed struc-
ture. After the heat treatment, the 3-TCP phase disappeared and new phases
(NaCaPO, and CaSiO3) occurred.

4. Discussion

The calcium to phosphorus ratio of hydroxyapatite (HA)
is 10% higher than that of B-TCP (B-TCP Ca/P=1.5, HA
Ca/P=1.67). One may assume that 1% of HA will form as a
second phase during the synthesis of 3-TCP, when there is 0.1%
more calcium in the mixture than needed for the exact Ca/P ratio
of B-TCP. If the ratio is lower than 1.5 calcium pyrophosphate
(CPP) (Ca/P=1) will be formed as a second phase. In this case
0.3% of CPP will form, if there is 0.1% less calcium in the start-
ing mixture than needed for the synthesis of 3-TCP. The missing
main peak of HA at 20=31.73° (ICDD no. 24-33) in the XRD
diagram indicates a phase purity of the 3-TCP with an error of
less than 1%, as Peters et al. already described elsewhere.!8

The BGH glass was synthesized with a composition simi-
lar, but not exactly as the theoretical composition of the 4555
Henchglass®. Yet the BGH glass is still within the compo-
sition range of a bioactive glass, as described by different
researchers. #1920 As found by the researchers the glass can
be bond to both, hard and soft tissue.

The size distribution and round shape of the spray dried gran-
ulates were suitable for producing plain and flawless powder
layers during the 3D-printing process. The granules had also a
homogeneous distribution of the two components 3-TCP and
BGH glass, which is important for a reliable binding reaction
during the printing process and homogeneous properties of the
fabricated implant.

For the optimization of the 3D-printing parameters not only
the mechanical strength of the build-up structure had to be taken
into account, but also the profile and the bonding between each
layer. Higher amounts of acid solution printed into the pow-
der bed caused an intensification of the binding reaction, but
deteriorated the profile of the 3D structures. A too thin or too
thick layer thickness influenced the bonding between the pow-
der layers, resulting in shearing of the layers during or after
the printing process. The best parameters found for the printing
of structures using a granulate consisting of B-TCP with BGH
glass were a layer thickness between 50 and 75 pm, a concen-
tration of the binding solution of 1 mol/l orthophosphoric acid,
1 mol/l of pyrophosphoric acid and 20 wt.% of isopropanol, and
0.414 ml of solution printed per 1 mm?® B-TCP granulate. With
these parameters the reconstruction of an implant derived from
CT data was printed (Fig. 3).

The heat treatment of the B-TCP, BGH glass mixture
increased the four point bending strength two times higher
than a post treatment of printed structures consisting of pure
calcium phosphates.?!~23 Nevertheless the bending strength of
approximately 15 MPa is still 10 times lower than that of natural
bone.?*

Reactions between the 3-TCP, the DCPD and the bioactive
glass during the heat treatment of the printed structures, gener-
ated the phases CaNaPO4 and CaSiO3. Those two phases are
both bioactive with the potential of biodegradation depending
on the phase composition and the porosity of the implant.>>~30
Respecting the printing process of the structures, the glassy
phase of the granules has no effect on the cement reaction.
Therefore the glass content can be varied to generate tailored
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Fig. 3. Printed structure of a model of an implant generated from CT data. The
implant was printed with a commercial 3D printer using granulate consisting of
B-TCP and BGH glass.

biodegradation capabilities of the implant after the treatment
process.

5. Conclusion

The study confirmed that a composite material made of 3-
TCP and a bioactive glass is suitable for the build-up of 3D
printed structures. The samples were printed with a maximum
resolution of 50 wm according to the smallest applied layers.
Structures generated from computer tomography data, display-
ing implants for real applications, were producible. Although
the phase composition changed to wollastonite (CaSiO3) and
rhenanite (CaNaPQy) after the post process at 1000 °C the bio-
compatibility should still be given as proved by others.>3°
Only the B-TCP phase was necessary for the printing process,
while the glass phase had no influence. Therefore the adjusta-
bility of the glass composition holds the possibility for tailored
biodegradation kinetics in an in vivo application.

The disadvantage of customized, 3D-printed implants is the
high production costs for a limited number of cases. Also a par-
tially degradation of synthetic implants is not a priori advantage
for the patient in every case, because remaining fragments can
weaken the mechanical strength of the new grown bone. In fur-
ther developments the degradation behavior of the implants has
to be improved by optimizing the phase composition and poros-
ity. The formation of new tissue should also be stimulated by
the addition of growth factors or other pharmaceuticals.
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