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Bone replacement materials used in tissue engineering require a
high degree of safety and biological compatibility. For these rea-
sons synthetic bone replacement materials based on calcium-phos-
phates are being used more widely. To mimic natural bone, rapid
prototyping processes and especially 3D printing are favourable.
Using 3D printing, complex 3 dimensional structures can be
made easily.

In this study we successfully performed biocompatibility tests
with a Hydroxyapatite test structure (HA-S) made by 3D printing.
Cytotoxicity tests were carried out according to DIN ISO 10993-5
in static and dynamic cultivation setups. To estimate cell prolifera-
tion and analyze morphology, histological evaluation was done. In
summary, good cell viability as well as good proliferation behav-
iour were found. Moreover, these results show that the 3D printing
process in combination with the suitable material presented in this
study is well suited for fabricating scaffolds for TE in the required
accuracy and biological compatibility.
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Knochenersatzmaterialien für das Tissue Engineering (TE) erfor-
dern ein hohes Maß an Sicherheit und biologischer Verträglichkeit.
Aus diesen Gründen nehmen synthetische Knochenersatzmateria-
lien auf der Basis von Calciumphosphaten einen immer größer wer-
denden Stellenwert ein. Um der Struktur des natürlichen Knochens
so nahe wie möglich zu kommen, bieten sich Verfahren aus dem
Rapid Prototyping, insbesondere das 3D Drucken an. Dadurch las-
sen sich komplexe, dreidimensionale Strukturen für das TE einfach
herstellen.

In dieser Studie haben wir erfolgreich eine mittels 3D Drucken
hergestellte Struktur (HA-S) auf der Basis von Hydroxylapatit auf
ihre Biokompatibilität getestet. Zytotoxizitätsuntersuchungen wur-
den analog DIN ISO 10993-5 in statischer und dynamischer Kul-
tivierung durchgeführt. Zudem wurden histologische Schnitte zur
Beurteilung der Zellproliferation und -morphologie durchgeführt.
Insgesamt konnte eine gute Zellvitalität und Zellproliferation nach-
gewiesen werden. Darüber hinaus zeigen die Ergebnisse, dass das
hier vorgestellte 3D Druckverfahren mit dem hier verwendetenMa-
terial dazu geeignet ist, Strukturen für das TE in ausreichender Prä-
zision und biologischer Verträglichkeit herzustellen.

Schlüsselworte: Scaffoldherstellung, Zellkultur, Biokompatibili-
tät, Hydroxylapatit, 3D Drucken

1 Introduction

Bone grafts have been used for a long time to repair osseous
defects from trauma or disease. While autografts are limited in
availability and are difficult to shape, allo- or xenografts re-
quire extensive processing to minimize disease transmission.
In contrast, synthetic bone replacement materials are safe in
use and easy to obtain. Today, various synthetic bone replace-
ment materials based on Calciumphosphates are available [1].
Normally these materials are available as granulates or pro-
duced in simple geometries such as blocks, pins or splines
with drilled holes for medium supply.
To ensure good vascularisation of the scaffolds and good

attachment of bone cells, and to guide their growth in all di-
mensions, interconnective pores with diameters of about 500
lm are discussed in literature as to be favored [2].
The use of rapid prototyping (RP), also known as solid free-

form fabrication technology, allows the production of scaf-
folds with defined and reproducible internal structures taken

straight from computer data [3]. Each RP process has advan-
tages and disadvantages in fabricating 3D scaffolds. In litera-
ture, two different methods to generate scaffolds using RP are
described [4–11]. On the one hand, custom implants can be
fabricated directly from computer data to produce a complex
geometry using the desired material. On the other hand, there
are indirect methods where a negative mold as template for the
interconnective network of pores is fabricated via RP technol-
ogy. The negative is casted with the desired material. After
casting, the template can be removed by pyrolysis, dissolving
or melting.
For generating e.g. Hydroxyapatite (HA) or b-Tricalcium-

phosphate (b-TCP) -based scaffolds for bone replacement, RP
techniques such as stereolithography or a dispensing system
are described in literature [4–6]. Most of these techniques for
scaffold fabrication use the indirect method. For example, ne-
gative molds based on photocurable epoxy resins are created
using stereolithography. Then they are casted with a slurry
consisting of hydroxyapatite and a binder compound. The ne-
gative mold is pyrolysed in a sinter furnace. The HA positive
remains in the sinter furnace for consolidation [4]. Another
indirect fabrication method uses a dispense technique: ther-
moplastics are used as negative mold material that can be
melted at low temperature and so avoids sintering [5].
For direct fabrication of three-dimensional networks a dis-

pensing method using a chitosan-HA formulation has been re-
ported [6].
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Another direct RP technique for scaffold design is the 3D
printing process [12]. To achieve a powder-based manufactur-
ing process, a computer model provides defined layers, which
are printed with a suitable binder onto a powder bed. The
wetted regions harden and the result of this layer-based print-
ing process is a 3D copy of the computer model. A main ad-
vantage of 3D printing is the great choice of materials. It is a
promising method for direct fabrication of custom implants.
Besides the possibility to control the structure of inner chan-
nels, the outer shape of the scaffold can be designed based on a
patient’s computer tomography data to design an individual
implant for a given bone defect.
In literature, 3D printing is discribed for creating resorbable

scaffolds based on poly(lactic acid) [7,8] or poly(lactic-co-
glycolic acid) [9] powder and ceramics[10]. Another author
used starch-based polymer powder [11].
Our goal is the direct fabrication of ceramic scaffolds for

bone tissue engineering using a 3D printing process. We
use HA powder to fabricate porous ceramic structures with
designed internal architecture. HA is a promising bone repla-
cement material because of its stoichiometric similarity to the
inorganic part of natural bone. We optimized the printing pro-
cess to fabricate high resolution interconnective structures
with channel diameters of less then 500 lm and a wall thick-
ness of approximately 330 lm. The whole process was pub-
lished recently by our group [13].
Because the ceramic structures will be used as scaffolds for

bone implants, it is important to investigate their biocompat-

ibility as well as ingrowth of cells into the 3D structure. There-
fore, we developed a test structure (named HA-S) with a spe-
cific design and defined internal structure for biocompatibility
tests in this study. The objective of the design was to maximize
the surface, to facilitate the seeding process for enhanced cell
adhesion, and to enable a good supply of the interior of the
scaffold with medium.
To ensure biocompatibility of the ceramic structure, cell

viability and cell morphology were investigated in static
and dynamic cultivation setups. Viability of cells was tested
using a colorimetric assay based on the reduction of a tetra-
zolium salt [14, 15]. Additionally, histological evaluation was
carried out. Cell adhesion on the designed internal structure,
cell ingrowth into the bulk material and cell morphology were
analyzed.
A flow chart of the process starting with scaffold design to

biocompatibility testing is shown in Figure 1.

2 Material and Methods

2.1 Materials

In this study we used a spraydried HA-granulate named V5.
Besides the main component HA, it contains polymeric addi-
tives to improve bonding and flowability. As a binder, we used
Schelofix which consists of water soluble polymeric com-
pounds. Materials were obtained from the Friedrich-Baur-In-
stitute (FBI, Bayreuth, Germany). For printing, the binder
powder was dissolved in water to yield a 14% solution (w/w).

2.2 Scaffold design

The design of the test structure for biocompatibility testing
was done by RP software Magics 9.14 (Materialise, Leuven,
Belgium).
The resulting Computer Added Design (CAD) test structure

HA-S was cylindrically shaped with a height of 7mm and
12mm in diameter, designed to fit into a 48 well plate cavity
as well as into a perfusion chamber (MINUCELLS and MIN-
UTISSUE GmbH, Bad Abbach, Germany) after shrinking
during the sintering process. Figure 2a shows the whole struc-
ture in front view and Figure 2b presents a horizontal clip-
plane view of the structure. The internal architecture of the
specimens was made of parallel walls all of which stand in
angles of 45� to the x-axis. The walls were held together
by a parting plane rotated by 90� about the z-axis relative
to the other walls with a tilt angle of 45� to the y-axis. To im-
prove the stability of the HA-S the walls were held together on
top by a semi-circular structure. The distance between vertical
walls was 1.2mm, wall thickness was about 1.0mm and the
overall surface was 1040mm2.

2.3 Data preparation

The CAD model (.stl format) was sliced into 300 lm ho-
rizontal layers by a slicing algorithm using the software Ma-
gics 9.14 (Materialise, Leuven, Belgium). Thereby, the data
were converted into .slc (SliCe) format. Ctools, a module
of Magics, was used to set the printing resolution in x-
(0.2mm) and y-direction (0.2mm). After defining the voxel-
size, the data were converted into bitmap files. The 2 dimen-

Figure 1. Flow chart of HA-scaffold design used for biocompat-
ibility testing.

Abbildung 1. Flussdiagramm des Prozessablaufs vom Scaffoldde-
sign zur Biokompatibilitätsprüfung.
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sional bitmap files were imported into the print control soft-
ware.

2.4 3D printing and post processing

In this study we used a 3D printing test setup which we de-
veloped in cooperation with Generis GmbH (Augsburg, Ger-
many). The flexibility of this test setup makes it possible to
investigate new process techniques as well as new material
combinations. The sliced layers were built up by the printer
setup to create the three dimensional HA-S layer by layer. Af-
ter printing each layer the platform was lowered according to
the layer thickness of 300 lm and a new layer of ceramic pow-
der was deposited onto the former one. After finishing, slight
air flow was used to remove unbound powder trapped in in-
ternal structures of the HA-S. To receive sufficient strength of
the test bodies and to remove the organic binder compound,
specimens were sintered for two hours at 1300 �C in a high
temperature furnace (Carbolite GmbH, Ulbstadt-Weiher, Ger-
many ). The size of the HA-S was about 9,5mm in diameter
and 5,5mm in height. The shrinkage of the HA-S was approxi-
mately 18 – 20% in all directions.

2.5 SEM analysis

SEM analysis was performed on LEO supra 55 SEM (Carl
Zeiss SMT AG, Oberkochen, Germany). The scaffolds – one
of themwas embedded in poly(urethane) - were sputtered with
a gold layer of approximately 18 nm (MED 20, BAL-TEC
AG, Balzers, Liechtenstein). Scaffolds were examined under
high vacuum conditions at 10 kV.

2.6 Cell culture

MC3T3-E1 osteoblast-like cells were obtained from DSZM
(Braunschweig, Germany). Cells were cultured in a-MEM
(GibcoJ Invitrogen Cell Culture, Karlsruhe, Germany) sup-
plemented with ribonucleosides, deoxyribonucleosides and
2mM GlutaMAXTMI manufactured containing 10% (v/v)
heat-inactivated fetal calf serum (Sigma, Munich, Germany),
40 IU/ml penicillin (GibcoJ Invitrogen Cell Culture, Karls-
ruhe, Germany) and 40 lg/ml streptomycin (GibcoJ Invitro-

gen Cell Culture, Karlsruhe, Germany) in a humidified incu-
bator at 37 �C with 5% CO2. The medium was refreshed every
3-4 days and cells were passaged after reaching a confluence
of 90 to 100%.

2.7 Scaffold seeding

Before cell seeding, each steam sterilised HA-S was placed
into a 48 well plate cavity (Nunc, Wiesbaden, Germany) and
prewetted with cell culture medium for 6 to 8 hours and with
heat-inactivated fetal calf serum over night. For cell viability
and morphological investigations, the scaffolds were seeded
with 5 x 104 MC3T3-E1 murine fibroblasts contained in
600 ll suspension per scaffold to enable covering of the scaf-
folds. Throughout the whole seeding process, the HA-S were
incubated at 37 �C with 5% CO2. During the first 2 hours, the
cell suspension was resuspended every 20 minutes and the
HA-S subsequently turned. This procedure was repeated
once an hour for the next 2 to 3 hours. The HA-S were incu-
bated for 1 hour and then they were transferred into a new
cavity of a 48 well plate for cultivation. Altogether, the pro-
cess of seeding took 5–6 hours. Seeding efficiency was cal-
culated by counting the number of cells remaining in the
48 well cavity where the seeding was carried out. For static
culture each scaffold was cultivated up to 7 days in one cavity
of a 48 well plate with 600 ll cultivation medium. The me-
dium was changed twice a week. Dynamic cultivation was
performed using a pump with a flow rate of 18 ll/min (Isma-
tec GmbH, Wertheim-Mondfeld, Germany) in perfusion con-
tainers (MINUCELLS and MINUTISSUE GmbH, Bad Ab-
bach, Germany) in a humidified incubator at 37 �C and
with 5% CO2. On day 1 and day 7 after seeding, HA-S
were embedded into methyl methacrylate (MMA) to investi-
gate cell viability and cell morphology.

2.8 Cell viability assay

Cell activity of seeded HA-S was measured by performing a
tetrazolium assay (WST-1, Roche, Mannheim, Germany). As
control, MC3T3-E1 cells were used. To apply cell numbers
comparable to those on HA-S we seeded MC3T3-E1 cells
in 12 well plates at a density 4 x 104 cells/well depending
on a seeding efficiency on HA-S of approximately 82%.

Figure 2a. Front view of designed CAD test structure for biocompatibility testing. 2b) horizontal clip-plane view.

Abbildung 2a. Vorderansicht der CAD Teststruktur zur Biokompatibilitätsprüfung. 2b) Ansicht horizontale Schnittfläche.
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Non-seeded HA-S and plastic dishes were cultured similarly
and served as a blank for seeded HA-S and plastic dishes, re-
spectively. The scaffolds were transferred to new 48 well plate
cavities and 600 ll WST-1 reagent 1:10 diluted in medium
was added. After 2 hours incubation at 37 �C and 5% CO2,
two times 100 ll supernatant were transferred from each sam-
ple to a 96 well plate. The absorbance was measured at 450 nm
using a spectrophotometer (MRX TL, DYNEX Technologies,
Virginia, USA). The background (reference wavelength) was
determined at 630 nm and was substracted from the absor-
bance at 450 nm.

2.9 Histological examination

One sample of each group was collected at day 1 and day 7
for histological examination. The specimens were fixed in
100% methanol, incubated in 50% methyl metharcylate
(MMA) (Merck, Schuchardt OHG, Hohenbrunn, Germany)
and 50% methanol for 3 days, followed by two times
100% MMA incubation for three days. Then the specimens
were incubated in MMA-polymerization medium for three
days and finally transferred into air tight glass vials filled
with the sameMMA-medium. The polymerization was started
by rising the temperature to about 27 �C and the blocks were
hardened for approx. 7 days. After removal of the glass, the
embedded samples were sectioned orthogonal to the flat sur-
face of the scaffolds at 100 � 10 lm using a saw microtome
SP1600 (Leica, Wetzlar, Germany). Sections were stained
with paragon to visualise cells and nuclei. The specimens
were mounted on glass slides with EUKIT (O. Kindler
GmbH&Co, Freiburg, Germany) and then were examined un-
der a light microscope (Zeiss Axiophot, Carl Zeiss AG, Jena,
Germany). Representative images were acquired using a 3-
CCD Colour Video Camera (Sony, Köln, Germany) and
KS400 software (Carl Zeiss AG, Jena, Germany).

3 Results

3.1 Printing results and SEM analysis

We successfully printed HA-S for the biocompatibility
tests. The specimens were stable and trapped HA-powder
could be removed easily with slight airflow. No distortion
was detectable. Figure 3 shows the whole HA-S after sinter-
ing. To examine the surface structure of the HA-S, SEM ana-
lysis was performed. Figure 4a – c show a top view of the
surface structure of a HA-S. Figure 4d – f represent cross-sec-
tions in different magnifications to observe inner structures.
Figure 4a shows the surface structure of the whole HA-S
in 28-fold magnification, while a 65-fold magnification show-
ing an insight of a cavity is provided in Fig. 4b. The geometry
of the HA-S is remained after sintering (Figure 4a). Its con-
tours are largely accurate while the granule structure of the
HA-powder is still distinguishable (Figure 4b). Figure 4c
shows the granule structure in detail with its characteristic mi-
croporosity. Over the whole HA-S this porosity is almost
homogenous (Figure 4d, 4e). Moreover, there are sinter necks
which contribute to mechanical stability (Figure 4f).

3.2 Cell viability and histological evaluation

To test for the biocompatibility of a given material in direct
contact to tissue, the ISO 10933-5 norm allows for a qualita-
tive assessment of cytotoxicity. Therefore, we analysed cell
activity and cell morphology at day 1 and day 7 for two sam-
ples.
Seeding efficiency was improved by modifying conven-

tional static cell seeding protocols. Cell suspension was mixed
every 20 min for 2 hours. By extending the seeding time to an
overall of 5 to 6 hours we obtained seeding efficiencies of ap-
proximately 82%.
The vitality of MC3T3-E1 cells seeded onto HA-S and sub-

sequently cultivated statically or dynamically were studied by
theWST-1 viability assay, which allows to correlate an optical
signal (absorbance (A450 nm – A630 nm)) with the number of
viable cells [16]. Figure 5 summarizes the cell vitality data of
MC3T3-E1 cells on the surfaces of porous HA-S and plastic
wells. Absorbance (A450 nm – A630 nm) increased from day
1 to day 7. In contrast to cells on plastic, cells on HA-S ex-
hibited a lower absorbance (A450 nm – A630 nm) at day 1.
Within the first week absorbance (A450 nm – A630 nm)
showed a five-fold increase for cells cultivated on plastic.
Cells cultivated statically or dynamically on HA-S gave
rise to a 13-fold and 16-fold stronger absorbance (A450
nm – A630 nm) up to day 7, respectively. Under static culture
conditions cell outgrowth from the HA-S to the plastic surface
was observed within a few days. These cells adhered to the
dish and formed a monolayer culture (not shown).
To further assess cell proliferation and cell growth on HA-

S, we performed a histological analysis of slides taken at var-
ious depths from the seeded surface at day 1 and day 7. On day
1 of culture, paragon staining revealed the presence of cells
spread over the material’s surface. At this stage, only single
cells were observed under static and dynamic culture condi-
tions, as is shown in Figure 6a for static cultivation. After one
week in culture, the number of cells attached to the materials
surfaces had increased. All test structures were now covered
with multiple layers of cells (Figure 6b). Cells were present in
both the outer and the inner parts of the HA-S as shown in
Figure 6c and Figure 6d, respectively. Both cultivation meth-

Figure 3. Printed test structure HA-S after sintering.

Abbildung 3. 3D gedrucktes Testbauteil HA-S nach dem Sintern.
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ods were clearly distinguishable with respect to growth behav-
iour of cells on and into cavities of HA granules: While cells
on statically cultured scaffolds formed multiple layers and
were located mostly on the surface of the HA-S (Figure
6b), cells on dynamically cultured HA structures tended to
grow into cavities of the granules (Figure 6c and Figure 6d).

4 Discussion

In this study, we showed that the V5-hydroxyapatite scaf-
folds (HA-S) made by 3D printing caused no cytotoxicity after
sintering. For the biocompatibility tests we developed a spe-
cific test structure with inclined layers of 45� (Figures 2a and
2b) Advantages of this specific structure are facilitation of the
seeding process, because cells do not slip off the structure, and
proliferation to the inside of the HA-S without clogging. The

powder-based 3D printing process enabled us to create struc-
tures with a high surface roughness. In literature, the influence
of surface roughness on cell attachment and proliferation is
described mainly in conjunction with grinded surfaces and
is discussed controversial [17]. When trying to relieve cells
from our HA-S with Trypsin in preliminary studies, we ob-
served very strong cell attachment. Moreover, we received
a good seeding efficiency of the HA-S of about 82%measured
according to our conditions. Therefore we assume, that the
remaining of the granule structure in range of less then 100
lm is a promising environment for cell attachment.
The 3D printing process creates a structure with high mi-

croporosity. A highly porous structure is important for future
application as scaffold material for bone repair because micro-
porosity is supposed to improve the biodegradability [18]. In
comparison to dense HA-ceramics, the higher surface of 3D
printed HA-S might improve the slow resorption rate of HA.
Additionally, the formation of new bone was reported of sin-

Figure 4a. – c. SEM pictures of surface structure (top view). The granule structure is visible after sintering.

Abbildung 4a. – c. SEM Abbildung der Oberflächenstruktur. Gut zu erkennen ist der Erhalt der Granalienstruktur nach dem Sintern.

Figure 4d. – f. Corresponding SEM cross-sections in top view. Homogenous porosity is detectable. The white arrow shows a sinter neck.

Abbildung 4d. – f. Dazugehörige Schliffbilder in Aufsicht. Eine gleichmäßige Porosität ist erkennbar. Der weiße Pfeil zeigt einen aus-
geprägten Sinterhals.
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tered 3D printed HA-scaffolds implanted into a rabbit. They
observed unusually amounts of new bone in pores smaller
than 20 lm [10].

Examining the cell viability we observed clear differences
between cells on HA-S and control dishes on day 1. Stress e.g.

due to the seeding procedure one day before, could have
caused a lowered absorbance (A450 nm – A630 nm) com-
pared to cells seeded conventionally due to the fact that stress
seems to reduceWST-1 reduction [19]. Alternatively different
seeding conditions and/or growth conditions could change
oxygen supply resulting in an altered amount of superoxide
which is generated by oxygen reduction and which is respon-
sible for WST-1 reduction [20, 21, 22]. Another reason might
be that a major part of cells attached on the HA surface have
died [23]. On day 7, cells seeded on HA-S and cultured dy-
namically showed a higher cell activity than statically cul-
tured cells either on plastic or on HA structures. A dynamic
cell culture system seems to allow for an adequate supply of
nutrients, resulting in higher cell activity or cell proliferation
compared to statically cultured cells [24]. It is important to
point out that the results of the WST-1 assay do not allow
quantification of cell number; the results only allow for a re-
lative comparison of overall metabolic activity. The assay is,
however, useful to compare different experimental conditions
in a three-dimensional construct.
The histological examination allows for evaluation of local

cell distribution, morphology and proliferation within diffe-
rent regions of the HA scaffolds.
Paragon staining after 7 days in culture verified that cells

populated the outer and inner surface of HA-S, thus forming a
continuous layer which delineates the scaffold contour. Dy-
namic cell culture led to a large number of cells growing
into the cavities between HA granules. This type of growth
was different from that of statically cultured cells. The perfu-
sion cell system seems to facilitate the supply with nutrients

Figure 5. Cell viability analysis of MC3T3-E1 fibroblasts seeded
on porous HA scaffolds cultured statically and dynamically. As
control the plastic surface of the microtiter plate was used.
WST-1 assay were performed on day 1 and day 7. OD 450 value
was averaged from two experiments.

Abbildung 5. Zellvitalitätssassay: MC3T3-E1 Fibroblasten wur-
den auf die porösen HA Scaffolds ausgesät und diese unter stati-
schen und dynamischen Bedingungen kultiviert. Als Kontrolle
diente die besiedelte Plastikoberfläche der Mikrotiterplatte. Die
Zellvitalität wurde an Tag 1 und Tag 7 der Kultivierung bestimmt.
Es wurde der Mittelwert aus zwei Versuchen gebildet.

Figure 6. Paragon-stained cross-sections of HA scaffolds seeded withMC3T3-E1 cells and cultured statically or dynamically up to 7 days.
The grey area represents HA ceramic. Paragon-stained cells (cytoplasm and cell nuclei) are marked in a) and b) by arrows pointing to a
single cell or cell layer, respectively. In c) and d) paragon stained cells are clearly darker than surrounding HA ceramic. a: statically cultured
for one day. b: statically cultured for 7 days. c: dynamically cultured for 7 days (outer part). d: dynamically cultured for 7 days (inner part).

Abbildung 6. Mittels Paragon gefärbte Schnittbilder der HA-Scaffolds. Die Scaffolds wurden statisch und dynamisch bis zu 7 Tagen
kultiviert. Die grauen Bereiche zeigen die HA-Keramik. Mit Paragon gefärbte Zellen (Zellkerne und Zytoplasma) sind in Abbildung
a) und b) mit Pfeilen markiert, die einzelne Zellen (a) oder Zelllayer (b) zeigen. In Abbildung c) und d) sind die Zellen deutlich dunkler
als die umliegende HA- Keramik. a: Statische Kultivierung 1 Tag. b: Statische Kultivierung 7 Tage. c: Dynamische Kultivierung 7 Tage
(äußerer Bereich). d: Dynamische Kultivierung 7 Tage (innerer Bereich).
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and oxygen leading to better ingrowth of cells into the scaf-
folds’ cavities. An alternative explanation might be that cells
on HA-S have grown deeply into the cavities between HA
granules to take shelter from the fluid shear forces caused
by a flow rate of 18ll/min [25].
Both approaches demonstrate that cells maintain their mor-

phology, attach well to and proliferate on HA-S. These find-
ings are important for further engineering of bone grafts, be-
cause growth and differentiation capabilities of cells seeded
onto HA-S should be retained for a certain period of culture
in order to achieve a better outcome.

5 Conclusions

In this study we designed a special HA-S for biocompatibil-
ity tests. Cells cultured on these structures showed good via-
bility. Furthermore, especially in dynamic cultivation, the
cells colonized inner portions of the test structure whilst re-
taining their morphology.
These results are of relevance for future application of HA-

S in bone tissue engineering. It is obvious that this material
does not exert any cytotoxicity after sintering and that adher-
ing cells proliferate adequately. The flexibility of the 3D print-
ing process offers the possibility to realize more complex
structures than described in this paper. By now we have mod-
ified the presented test structure design and asses osteogenic
differentiation in 3D culture. This advanced structure has
more than one parting wall to create more channel-like struc-
tures as it is required for bone tissue engineering.
Together, the results of this study are important for future

applications of sintered HA-S as scaffold material for bone
replacement. Hence, the 3D printing process based on HA
powder is promising for producing patient-specific implants
for bone repair with interconnective 3D structures.
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