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Biocompatibility of individually designed scaffolds with human
periosteum for use in tissue engineering
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Abstract The aim of this study was to evaluate and
compare the biocompatibility of computer-assisted
designed (CAD) synthetic hydroxyapatite (HA) and tri-
calciumphosphate (TCP) blocks and natural bovine
hydroxyapatite blocks for augmentations and endocultiva-
tion by supporting and promoting the proliferation of
human periosteal cells. Human periosteum cells were cul-
tured using an osteogenic medium consisting of Dulbecco’s
modified Eagle medium supplemented with fetal calf
serum, Penicillin, Streptomycin and ascorbic acid at 37°C
with 5% CO,. Three scaffolds were tested: 3D-printed HA,
3D-printed TCP and bovine HA. Cell vitality was assessed
by Fluorescein Diacetate (FDA) and Propidium Iodide (PI)
staining, biocompatibility with LDH, MTT, WST and
BrdU tests, and scanning electron microscopy. Data were
analyzed with ANOVAs. Results: After 24 h all samples
showed viable periosteal cells, mixed with some dead cells
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for the bovine HA group and very few dead cells for the
printed HA and TCP groups. The biocompatibility tests
revealed that proliferation on all scaffolds after treatment
with eluate was sometimes even higher than controls.
Scanning electron microscopy showed that periosteal cells
formed layers covering the surfaces of all scaffolds 7 days
after seeding. Conclusion: It can be concluded from our
data that the tested materials are biocompatible for peri-
osteal cells and thus can be used as scaffolds to augment
bone using tissue engineering methods.

1 Introduction

The cultivation of large bone replacements to treat defects
due to congenital malformations, trauma, infection or
tumor resection remains a challenge today. Although sig-
nificant advances in development of bone substitutes—also
for smaller augmentations—have been made in the last
decades, transplantation of autologous bone grafts is still
the preferred therapy [1, 2]. Nevertheless autografts
increase morbidity at the donor site and are limited in size
and availability [1].

In vivo tissue engineering techniques such as intra-
muscular endocultivation, where the patient serves as his
own bioreactor, have yielded customized and vascularized
bone grafts that have been used to reconstruct the patient’s
skeleton [3, 4]. But homogeneous ossification inside the
graft and form consistency of the endocultivated bone is
still not completely predictable.

Biomaterials play a central role in tissue engineering
approaches, presenting biophysical and biochemical mili-
eus that direct cellular behavior and function [2].
Hydroxyapatite (HA) and Tricalciumphosphate (TCP) are
widely used in orthopedic and maxillofacial applications
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[2, 5-8]. Combinations of HA and TCP are also used [9] in
addition to other materials [10].

Larger and individually designed scaffolds often consist
of several material combinations, e.g. titanium to guarantee
form consistency and hydroxyapatite for bone formation.
The rapid prototyping technique of 3D printing allows for
manufacture of complex-shaped porous ceramic matrices
directly from computer data. Anatomical information
obtained from a patient can be used to design a custom-
made implant for a target defect [4, 11]. Besides shape, this
process also allows different pore sizes or rounded surface
patterns to be designed.

All these engineered bone grafts have no periosteal layer
at the beginning. Without a periosteum the instant or rapid
development of a substantial cortical layer is unlikely [12]
especially with long bones. A promotion of cortical bone
growth may increase stability of dental implants in clinical
practice.

However, little is known about biocompatibility of
scaffold materials used for tissue engineering materials
towards periosteum even though they are in the vicinity of
each other [13]. The osteoinductive and nutritious capa-
bilities of the periosteum are well known [14—16]. Perios-
teal cells proliferate faster than marrow stromal cells [17].
It is remarkable that periosteum contains many osteopro-
genitor cells that show high bone formation rates in animal
models [18]. It is also a source for mesenchymal stem cells
[19]. Thus, periosteal cells may have important advantages
for bone tissue engineering [20] and oral implantology, as
they are able to induce bone formation and may induce a
cortical margin and reduce bone overgrowth outside the
scaffolds.

Periosteum can be harvested easily during oral surgery.
Periosteal cell cultivation and proliferation to enhance cell
numbers can be performed in vitro [21]. In an earlier study,
we found collagen membranes were well suited for the
cultivation of periosteum layers [13].

The aim of this study was to test the three scaffolds of
3D-printed hydroxyapatite, 3D-printed tricalciumphos-
phate and bovine hydroxyapatite for their biocompatibility
and ability to support and promote the proliferation of
human periosteal cells.

2 Materials and methods

2.1 Isolation and cultivation of cells from periosteum
Human periosteum biopsies were harvested from patients
during the course of oral surgery (wisdom tooth removal).
The study was approved by the ethics board of the Uni-

versity of Kiel (A 417/07). The cells were cultivated using
an osteogenic medium consisting of Dulbecco’s modified
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Eagle medium (DMEM) supplemented with 10% fetal calf
serum (FCS), 100 IE Penicillin/ml, 100 pg Streptomycin/ml
and 1 mmol/l ascorbic acid at 37°C with 5% CO,. Cell
seeding was performed after the second passage. During
passaging, cells were detached from 75 cm? cell culture
flasks using 5 ml of a 0.05% trypsin/0.02% EDTA solution
in Phosphate Buffered Saline (PBS). After 1:1 dilution of the
cell suspension with DMEM containing 10% FCS and cen-
trifugation at 3200x g for 3 min, cells were resuspended in
DMEM containing 10% FCS, counted and reseeded at a
density of 10° cells per 75 cm? cell culture flask. Cells were
cultured in the same medium used for cell seeding in a
humidified atmosphere with 5% CO, at 37°C. Medium
change took place every 3 days.

2.2 Matrices

The following three matrices served as scaffolds for cul-
tivation of the cells: 3D-printed hydroxyapatite, 3D-printed
TCP and bovine hydroxyapatite (BioOss, Geistlich AG
Wolhusen, CH).

The 3D printing process is a powder-based process that
builds physical 3D models layer-by-layer directly from
computer data [22, 23]. The process started with a three-
dimensional dataset that was sliced by a computer into a
stack of two-dimensional bitmap-files. The bitmap-files
represented the print matrices of the corresponding cross-
sections of the part to be built. The 3D printer laid out a
thin layer of granulates onto the top of the building box.
Liquid binder was printed on the layer of powder according
to the current print matrix using a micro-dispensing valve.
The ceramic powder was bonded in these selected regions.
When the layer was completed, the building box piston
moved down by the thickness of a layer and a new layer of
powder was deposited on the first one. These process steps
were repeated until the whole part was built within the
powder bed. The part was surrounded and supported by
loose, unbound powder. After completion, the part was
removed from the building box and cleaned using an air
blower. Finally, the 3D-printed ceramic green bodies were
consolidated at a temperature of 1250°C. Two spray-dried
granulates HA19 and TCP4 were obtained from BioCer
Entwicklungs-GmbH (Bayreuth, Germany) and used as
raw materials for 3D printing of HA and TCP scaffolds.
The mean diameter of the granulates was well below
100 pm. HA granules had a mean diameter dso of 32 pm
and TCP granules had a larger mean diameter dso of
52 um. The processing of these materials by 3D printing
has been investigated in a previous study [24]. An aqueous
solution of dextrin (20 wt%) and saccharose (2.5 wt%) was
used as printing binder. The printing raster resolution and
the thickness of the powder layers were chosen as 0.25 mm
for all specimens. The 3D printed specimens were sintered
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Fig. 1 Exemplary illustration of two different bitmaps that are used
as printing matrices (left, middle). 3D rendering of the specimen with
regular quadratic channel structure (right)

for 2 h at 1250°C in a high temperature furnace (Naber-
therm, Germany) in ambient air. The organic binder was
burnt out and the 3D printed part obtained its final prop-
erties during sintering. The sintering typically causes
shrinkage of the ceramic green body. This sintering
shrinkage is highly reproducible. Therefore, the shrinkage
effect can be compensated for by scaling the CAD model
prior to printing.

In this study, the specimen was designed by directly
generating the stack of bitmaps for the 3D printer. The stack
of bitmaps was created by drawing and copying several
bitmaps using Corel Paint Shop Pro (Corel Corporation,
Canada). Two exemplary bitmaps as well as a 3D rendering
of the specimen are depicted in Fig. 1. The external dimen-
sions of the specimen were 12.75 x 12.75 x 24.75 mm?.
The bar width and a bar distance of the internal pore network
was 0.75 mm in both cases. Since shrinkage took place
during sintering all dimensions of the final specimens were
smaller.

The scaffolds were divided into quadratic pieces of side
length 7 mm and placed in 24-well cell culture plates
(Nunc, Germany). Cells were seeded on scaffold pieces at a
density of 10* cells/well. Cells were cultured on scaffold
pieces in 2000 pl of the same medium used for cell seeding
in a humidified atmosphere with 5% CO, at 37°C. Medium
change took place every 3 days. At these points cultures
were checked microscopically.

2.3 Assessment of cell vitality

Cell vitality was assessed by Fluorescein Diacetate (FDA)
and Propidium lodide (PI) staining. Staining was per-
formed on cells cultured in eluate from scaffolds after 24 h
incubation in cell culture medium. 5 x 10° cells in cell
culture medium with 10% FCS were seeded on 8-well
objectives. After 1 day of culture, 200 pl eluate from
scaffolds immersed in serum-free cell culture medium for
24 h was added to cells. After 24 h incubation at 37°C and
5% COQO,, cells were rinsed with PBS and immersed in an
FDA solution made by diluting 30 pl x 1 mg FDA/ml
acetone in 10 ml PBS. After incubation for 15 min at
37°C in the dark, the FDA solution was removed by suction

and replaced with a PI solution made by diluting
500 Wl x 1 mg/ml PI in 10 ml PBS. After incubation for
2 min at room temperature in the dark, scaffolds were
rinsed twice in PBS. While still immersed in PBS, scaf-
folds were then subjected to fluorescence microscopy with
excitation at 488 nm and detection at 530 nm (FDA, green)
and 620 nm (PI, red).

2.4 Biocompatibility tests

Tests were performed according to the protocols of another
study [13].

2.5 LDH and BrdU, MTT and WST tests

LDH tests can show cell death and lysis. Cells were seeded
in 96-well cell culture plates (Nunc, Germany) in 100 pl
DMEM at a concentration of 5 x 10° cells/well. After 24 h
culture in a humidified atmosphere with 5% CO, at 37°C,
medium was removed and replaced with 150 pl eluate from
the scaffolds. Cells cultured in 2% Triton-X-100 in serum-
free DMEM served as high controls. Cells cultured in
serum-free DMEM served as low controls. After 24 h
incubation, 100 pl eluate was transferred to another 96-well
cell culture plate. Extracellular LDH activity was measured
with the help of an LDH Detection Kit (Roche Diagnostics,
Mannheim, Germany, Cat. No. 11644793001). Absorbance
was measured at 490 nm. The remaining 50 pl eluate per
well remaining in the cell culture plate was removed and
replaced with 100 pl DMEM containing 10% fetal calf
serum (FCS), Penicillin/ml, 100 pg Streptomycin/ml and
1 mmol/l ascorbic acid. After 7 days incubation, prolifer-
ation was measured with the help of a BrdU Cell Prolifer-
ation ELISA Kit (Roche Diagnostics, Mannheim, Germany,
Cat. No. 11647229001). Absorbance was measured at
450 nm.

After 24 h incubation with eluate from the scaffolds,
proliferation was assessed with the aid of a MTT Cell
Proliferation Kit (Roche Diagnostics, Mannheim, Ger-
many, Cat. No. 11465007001). Calibration curves of
0.16-10 x 10° cells/well served as standards. Absorbance
was measured at 450 nm.

As mentioned previously, scaffold pieces were seeded at
a density of 10* cells/piece. After 7 days culture in 2000 pl
cell culture medium, proliferation was assessed with the aid
of a Cell Proliferation Reagent WST-1 (Roche Diagnostics,
Mannheim, Germany, Cat. No. 116446807001). Briefly,
200 pl WST-1 reagent was added to each well at a 1:10
ratio to cell culture medium. After 4 h incubation in a
humidified atmosphere with 5% CO, at 37°C, medium was
transferred to 96-well plates and absorbance was measured
at 450 nm. Cells cultured in wells without scaffold pieces
at a density of 10* cells/well served as controls.
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2.6 Scanning electron microscopy (SEM) examinations

Scanning electron microscopy (SEM) investigations were
carried out 1 week after cell seeding using a XL30CP
device (Phillips Electron Optics GmbH, Kassel, Germany)
operating at 10-25 kV, as used by Yang et al. [25]. As
preparation for the SEM investigation, cell-seeded scaf-
folds and scaffolds without cells as controls were first
rinsed using phosphate buffered saline (PBS) to remove
cell culture medium. Cells were then fixed using 3% glu-
taraldehyde in PBS at pH 7.4 for 24 h. After removal of
glutaraldehyde solution, cells were dehydrated by incu-
bating scaffolds in a series of ethanol solutions of
increasing concentration. Scaffolds were immersed for
5 min in each of the following ethanol dilutions: 50, 60, 70,
80, 90 and 100%. Subsequently critical point drying was
performed using a K850 Critical Point Dryer (Emitech,
USA) followed by gold sputtering with an SCD 500 device
(CAL-Tec, Ashford, UK).

2.7 Statistical evaluation

Absorbance values of the tests were related to the mean
results obtained without scaffold materials. All values of
the LDH test were divided by 0.33 (mean of low con-
trol), the values of the MTT test by 0.46, the WST
results by 0.77 and the BrdU values by 1.18. These
results were analysed by ANOVAS for each test with the
factors material (printed HA, printed TCP and bovine
HA) and fime (10 min, 1 and 24 h). Least squared means
and 95% confidence intervals are presented in text and
figures.

3 Results
3.1 Assessment of cell vitality on scaffolds

After 24 h all probes showed viable periosteal cells. The
green color of the cells due to Fluorescein Diacetate
(FDA) staining demonstrated their vitality on all scaf-
folds, while there were red cells visible despite Propidium
Iodide (PI) staining indicating some dead cells for the
bovine HA group, while only very few red cells were
visible for the printed HA and printed TCP and no red
cells in the control group. These results are illustrated in
Fig. 2.

3.2 Biocompatibility tests

In the case of the LDH test, cytotoxicity of all scaffolds
after treatment with eluate was lower than the low control
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Fig. 2 Fluorescence microscopy images of human periosteal cells
after staining with Fluorescein Diacetate (green) and Propidium
Iodide (red = dead cells): Note the green color indicating living cells.
Some dead cells appeared for the bovine HA group, while only very
few red cells were visible for the printed HA and printed TCP and no
red cells in the control group. a Bovine HA; b printed HA; ¢ printed
TCP; d control

LDH rel.

LDH/Low Control
o
B

BioOss HA TCP

Fig. 3 LDH test of cells from human periosteum on bovine HA,
printed HA and printed TCP. Values are lower than the low control
for all materials

(zero cytotoxicity; see Fig. 3). There was no statistically
significant difference between the materials (P = 0.126).

The MTT test gives a measure of cellular metabolic
activity dependent on living cells, proliferation, viability
and cytotoxicity. At a later point than MTT, the WST test
indicates the metabolic activity of cells. In the case of the
MTT test, metabolic activity was higher than the control
(>1) for the scaffolds and the materials showed different
results (P < 0.0001; see Fig. 4). The WST test revealed
values around 0.6 for the printed HA and 0.9 for the TCP.
Bovine HA values were close to zero (P < 0.0001; see
Fig. 5). BrdU tests show cell proliferation by incorporation
of BrdU during DNA synthesis. The results were between
0.6 (TCP), 0.85 (bovine HA) and 0.9 (printed HA;
P < 0.0001; see Fig. 6).
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Fig. 4 MTT test of cells from human periosteum on bovine HA,
printed HA and printed TCP showing high proliferation rates for all
scaffolds tested. Polystyrene served as a control
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Fig. 5 Successful WST test results of cells from human periosteum
on printed HA and printed TCP. Bovine HA showed no proliferation.
Polystyrene served as a control
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Fig. 6 Proliferation (BrdU) test of cells from human periosteum on
bovine HA, printed HA and printed TCP. Polystyrene served as a
control

3.3 SEM investigations of cell morphology
on membranes

Periosteal cells formed layers covering the surfaces of all
scaffolds 7 days after seeding. The representative SEM
images in Fig. 7 demonstrate that all scaffolds were covered
by cells, which had an elongated morphology with numer-
ous cell pseudopodia, suggesting good biocompatibility.

3.4 Printed scaffolds

The linear sintering shrinkage of the specimen was in the
range of 23-25% for the printed TCP and 27-30% for
printed HA blocks. The real dimensions of the pore
channels were measured to 550 pum for the printed TCP
and 480 pm for the printed HA constructs. The micro-
scopic surface texture of the sintered parts was charac-
terized by spherical particles, since the shape of the
powder granules was preserved after sintering (see
Fig. 7c—f). Consequently, the surface has a big area and a
high surface roughness.

4 Discussion

The main goal of augmentations and bone tissue engi-
neering is to create bone. By the use of biomaterials,
additional surgical defects for transplant harvesting after
tumor surgery or to correct bone hypoplasia or atrophy can
be avoided [4]. In this process, biomaterials play a central
role [2] as scaffolds for cell attachment, proliferation, and
differentiation and to provide the three dimensional struc-
ture. On the basis of the results of the SEM investigations,
the cell vitality staining and the biocompatibility tests
(LDH, MTT, BrdU, WST), it can be concluded from our
results that the scaffolds tested are biocompatible for cells
derived from human periosteum. This is especially
important as augmentation materials have direct contact to
the periosteum. The results are in accordance to other
investigations: In a study human osteoprogenitor cells
derived from periosteum were reimplanted intramuscularly
in mice and HA and TCP/HA constructs showed evidence
of cell proliferation, calcium deposition, and collagen
bundle formation [26].

Hydroxyapatite, the inorganic component of bone [27],
is widely used in orthopedic and maxillofacial applications
[2, 28]. TCP has also proven to be of good biocompatibility
and biodegradability and is extremely osteoconductive [5].
Beta-TCP is known to have the property of complete bio-
degradation with no adverse biological response. It has the
advantage of appropriate porosity to allow osteogenic cell
migration, serving as an osteoconductive scaffold for bone
ingrowth, retention, and gradual release of osteogenic
factors with sufficient strength [29]. In bilateral sinus
grafting in patients TCP showed good results [8]. More-
over, combinations of HA and TCP were widely used [9].
After testing the influence of different bone substitute
materials on the viability of human osteoblasts it was
concluded that HA and TCP support surface- and non-
surface-related cell viability [1]. The combination graft of
periosteum and beta-TCP showed marked bone formation
in rat calvarial defects [16].
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Fig. 7 Close-up SEM images
of scaffolds seeded with human
periosteal cells and controls

7 days after seeding. The
scaffolds were covered by cells
with elongated morphology and
numerous cell pseudopodia,
suggesting good
biocompatibility. a Bovine HA
with cells; b bovine HA without
cells; ¢ printed HA with cells;
d printed HA without cells;

e printed TCP with cells;

f printed TCP without cells.
Bar = 50 um

In earlier stages of endocultivation, it was necessary to
use internal scaffolds for bone generation and external
scaffolds for stability and form consistency. Bovine
hydroxyapatite blocks already displayed successful induc-
tion of new bone on the trabeculae [3]. But external
titanium meshes are suboptimal because they are non-
degradable [30].

The rapid prototyping technique 3D-printing allows for
the manufacture of complex-shaped porous ceramic
matrices directly from powder materials. Anatomical
information obtained from a patient can be used to design
the implant for a target defect. As biocompatibility and
bone generation of the printed materials is similar to the
ones established in our study, future studies may evaluate
the stability of larger constructs to generate bone replace-
ments of an individual shape even without external
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titanium cages. The investigation of differences in osteo-
genesis and resorption between hydroxyapatite and beta-
tricalcium phosphate implanted on the parietal bone of rats
revealed that HA blocks were suitable for onlay grafts
because of its stability and osteogenesis, while beta-TCP
was not stable. [31].

There is growing interest in the use of multipotent
mesenchymal stem cells and so-called osteoprogenitor
cells harvested from bone marrow or periosteum for in
vitro and in vivo osteogenesis. These cells can be differ-
entiated to several cell types by the application of different
growth and differentiation factors and suitable matrices as
cell adhesives [4, 32-35]. The most important growth
factors for differentiation of mesenchymal stem cells to
osteogenic cells are BMP-2 and BMP-7 from of the TGF-
beta superfamily. Periosteal MSCs are said to be ideal
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candidates for utilization in practical bone tissue regener-
ation [19].

Further in vivo studies should be performed to obtain
results in living organisms.

It can be concluded from our data that the 3D-printed
hydroxyapatite and 3D-printed TCP as well as bovine HA
blocks are biocompatible for cells derived from human
periosteum. This is an important issue for augmentations
and tissue engineering as periosteal cells have direct con-
tact to the materials in many situations.
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