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Abstract Synthetic bone replacement materials are of
great interest because they offer certain advantages com-
pared with organic bone grafts. Biodegradability and pre-
operative manufacturing of patient specific implants are
further desirable features in various clinical situations.
Both can be realised by 3D powder printing. In this study,
we introduce powder-printed magnesium ammonium
phosphate (struvite) structures, accompanied by a neutral
setting reaction by printing farringtonite (Mg3(POy),)
powder with ammonium phosphate solution as binder.
Suitable powders were obtained after sintering at 1100°C
for 5 h following 20—40 min dry grinding in a ball mill.
Depending on the post-treatment of the samples, compres-
sive strengths were found to be in the range 2-7 MPa.
Cytocompatibility was demonstrated in vitro using the
human osteoblastic cell line MG63.
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1 Introduction

The demand for synthetic bone replacement materials is
still relentless due to their advantages of having a well-
defined chemistry and architecture, unlimited availability
without causing any donor site morbidity and the exclusion
of transmission of infections compared with homologous or
xenogenous grafts. Because of the chemical similarity to
the mineral phase of bone, favoured synthetic materials are
based on calcium phosphate chemistry. These materials are
usually applied as solid structures of f-tricalcium phos-
phate (B-TCP) [1] or hydroxyapatite (HA) [2] as well as
self-setting cements [3].

Calcium phosphate cement (CPC) formation is based on
the different pH-dependent solubility of cement reactants
and the final setting product, which is either hydroxyapa-
tite (HA) at pH > 4.2 or dicalcium phosphate dihydrate
(brushite) at pH < 4.2 [4]. Since self-setting cements may
offer an inconvenient workability because they are difficult
to mould in various clinical situations [5], prefabricated
solid implants with a patient-tailored shape are desirable.
Furthermore, biodegradability in physiological conditions
accompanied by osteoconductive features could be pref-
erable. The manufacturing of such implants with the aid of
rapid prototyping (rp) can be considered as state of the art
because the direct CAD/CAM processing using the
patient’s imaging data (e.g., computed tomography scans)
may help to reduce error sources [6—8]. Depending from
the rp technique, a high fitting precision can be realised
[9, 10]. A very attractive rp technique is the 3D powder
printing, since it is performed at room temperature and
thus the processing of thermo-sensitive additives, e.g.,
bioactive substances, is basically possible. Furthermore,
the technique enables the spatial distribution of such
additives.
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The 3D powder printing of dicalcium phosphate dihy-
drate (brushite) structures has been reported previously
[11-13]. The brushite material offers numerous suitable
features concerning biocompatibility, biodegradability and
mechanical performance for non- or low load-bearing
defects. The direct modification with certain additives was
reported as well [14, 15]. However, the transient acidic
environment during the printing process, which is caused
by the liquid phase phosphoric acid, could be disadvanta-
geous as far as acid-labile additives are supposed to be
processed.

Therefore the current study aimed to investigate the
fabrication of 3D powder-printed magnesium ammonium
phosphate (struvite, MgNH4PO, 6H,0) structures. Cement
formulations, which forms struvite as the setting product,
were described several times in the literature [16-19].
Here, we introduce the magnesium ammonium phosphate
chemistry into 3D powder printing. The printing process
was performed at neutral pH since farringtonite powder
was combined with diammonium hydrogen phosphate/
ammonium dihydrogen phosphate as liquid printing phase,
leading to the formation of struvite. The setting products
were characterised by their phase composition and
mechanical performance and the in vitro cytocompatibility
was evaluated using the osteoblastic cell line MG63. For
estimation of the chemical behaviour in a wet environment,
free electrolytes and pH value of the supernatant cell cul-
ture medium were analysed.

2 Materials and methods
2.1 Powder preparation and printing process

Farringtonite powder (Mg3(PO,),) was prepared by mixing
magnesium hydroxide (Mg(OH),, Fluka, Seelze, Germany)
and magnesium  hydrogen  phosphate trihydrate
(MgHPO,-3H,0, Sigma-Aldrich, Steinheim, Germany) in
appropriate stoichometry and sintering at 1100°C for 5 h.
The sintered farringtonite cake was crushed with mortar
and pestle, ground at 200 min~' for 10-60 min in a plan-
etary ball mill (PM400, Retsch, Haan, Germany) and
sieved with a 355 um pore size mesh. Finally, the ground
powder was blended with 20% diammonium hydrogen
phosphate sieved < 355 pm ((NH4),HPO,4, DAHP, Merck,
Darmstadt, Germany) in a mixer (M5R, Lodige, Paderborn,
Germany). The binder solution was prepared by mixing
0.75 M (NHy4),HPO, and 0.75 M NH4H,PO, (Merck,
Darmstadt, Germany).

The structures were printed at room temperature using a
commercial 3D-powder printing system (Z-Corporation,
Burlington, USA) using the following parameters: 125 pum
layer thickness and a binder powder volume ratio of 0.371.

@ Springer

The solidification of the printing objects occurred accord-
ing to Equation 1:

2Mg;(PO,), + 3(NHy4),HPO, + 36H,0
— 6MgNH,PO;- 6H,0 + H3PO, (1)

The scaffolds were computer-aided designed using STL
(stereolithography) data, having a cylindrical shape with a
diameter of 15 mm and a height of 2 mm for cell culture.
After the printed samples were dried in ambient conditions
for 24 h, subsequently, the specimens were post-hardened
by immersion in the binder solution for 24 h. Finally, the
scaffolds were rinsed three times with distilled water,
soaked with 70% ethanol and air-dried.

2.2 Phase composition, particles size, setting time
and mechanical properties

X-ray diffraction patterns were recorded on a D 5005
diffractometer (Siemens, Karlsruhe, Germany). Data were
collected from 20 = 20 to 40° with a step size of 0.02°
using Cu-K, radiation. Particle sizes of farringtonite
powder of different grinding times (10, 20, 40 and
60 min) were measured with a particle size distribution
analyzer LA-300 (Horiba, Kyoto, Japan) by dispersing
approximately 100 mg powder in isopropyl alcohol. For
the setting time, 2 g of powder and 600 pl binder (pow-
der/liquid ratio = 3) were mixed with a spatula on a glass
plate and formed to a cube. The setting process is con-
sidered to be complete if the sample is hard and no longer
plastic.

Compressive strength testing was performed at a
crosshead speed of 1 mm/min using a static mechanical
testing device Zwick 1440 (Zwick, Ulm, Germany) with a
5kN load cell. For this purpose, pure and DAHP-modified
farringtonite cylindrical samples with an aspect ratio of 2:1
(d=5mm, h=10mm) were prepared as described
above and aged in double-distilled water or in binder
solution for 24 h prior to testing.

2.3 Cell culture

Human osteoblastic cells (osteosarcoma-derived cell line
MG63, ATCC No. CRL-1427, Rockville, MD, USA) were
cultured in Dulbecco’s modified Eagle’s Medium (DMEM,
Invitrogen, Karlsruhe, Germany) supplemented with 10%
fetal calf serum and 1% penicillin and streptomycin,
respectively, all from Invitrogen, in a humidified 5% CO,
atmosphere at 37°C. The struvite cell culture scaffolds
(15 mm diameter, 2 mm height) as well as standard posi-
tive (cp-titanium) and negative (copper) control specimens
with the same geometric dimension were placed into the
cavities of 24 well plates (Greiner, Frickenhausen,
Germany). The control specimens were used as received, as
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cold rolled metal sheet. Without further surface-treatment
they were sonicated and cleaned with detergent and auto-
claved at 134°C for 2 h. As further controls served cell
culture dishes (Polystyrene, PS) without any specimens.
The cells were seeded as a suspension with 2 ml medium
per well in a concentration of 5x 10*/well onto the prepared
specimens. Cells were cultured for 10 days and the medium
was changed every second day. The assays were performed
on day 2, 4, 6, 8 and 10 within three independent experi-
ments with n = 12 (test specimens) and n = 4 (controls)
each time, respectively.

2.3.1 Cell viability

For evaluation of the cell viability, the WST-1 Kit (Roche
Diagnostics, Mannheim, Germany) was used. After incu-
bating the cells for 15 min with the WST reagent 1:10 in
fresh DMEM at 37°C, 100 pl of the supernatant was
transferred into 96 well microtiter plates. The absorption of
the supernatant was quantified photometrically at 440 nm
(Tecan Rainbow, Tecan, Crailsheim, Germany).

2.3.2 Chemical analysis of the culture medium

For assessment of the chemical behaviour of the scaffolds
under cell culture conditions, the supernatant culture
medium was collected within the medium changes every
second day. The concentrations of free calcium, magne-
sium and phosphate ions as well as pH-values were
investigated. The measurement of the electrolyte concen-
tration was performed by the use of commercial complex
forming test systems, which are also applied in the clinical
routine (Cobas Integra in vitro diagnostics laboratory
system, Roche Diagnostics, Mannheim, Germany). The
pH-values were measured with a pH meter (inoLab pH
Level 1 combined with a SenTix 61 electrode, WTH,
Weilheim, Germany).

2.3.3 Scanning electron microscopy

For visualisation of cell growth and cell morphology, the
cell bearing scaffolds underwent scanning electron
microscopy (SEM) (FEI, Quanta 200, Czech Republic).
Therefore, the specimens were rinsed in PBS and under-
went a fixation procedure with ice-cold glutaraldehyde (6%
in PBS, Merck, Darmstadt, Germany). After 4 rinses in
PBS, cells were dehydrated in ascending concentrations of
acetone (30, 50, 75, 90 and 5 times in 100%, Sigma-
Aldrich, Taufkirchen, Germany). After critical point drying
(CPD 030 BAL-TEC, Balzers, Liechtenstein), the samples
were coated with gold (K550, EMITECH, Kent, UK) and
analyzed by SEM.

2.4 Statistics

Data of the in vitro investigations were normally distrib-
uted. Variance analysis and statistical calculations were
performed with the program SPSS 17, SPSS Inc., Chicago,
USA. For comparision of struvite against each of the
controls, a t-test for independent samples was chosen and
significance levels were set at p < 0.05.

3 Results and discussion

3.1 Cement preparation and 3D printing
of the scaffolds

Ahead of this study the farringtonite powder was optimised
for 3DP processability concerning setting time, bulk density
and spreadability. For introduction in 3DP, powders must
fulfil two crucial criteria. Firstly they must permit the for-
mation of thin and smooth layers of 100-200 pm thickness,
and secondly they must rapidly harden with the binder
solution during printing. The first criterion is influenced by
the particle size distribution of the powder. It was previ-
ously demonstrated that ideal particle sizes are in the range
of 20-50 pm excluding small particle fractions < 5 pm [6].
Otherwise the formation of large and stable agglomerates
(up to 1-2 mm in diameter) would occur, preventing an
accurate printing result. A further possibility to obtain an
optimal spreadability of the powder is given by using a
broad particles size distribution with only a small fine
particle fraction. As it is shown in Figure 1 for 10-40 min
ground powders, a plane powder surface (not displayed)
correlated with a bimodal particle size distribution con-
taining a broad fraction of big size particles in the range of
10-100 pm with a minor fraction of particles smaller than
10 pm and a dso value of about 27 um. After 60-min
grinding, the fine fraction (<10 pum) rises, which involved a
decreasing dsy value to 19 pm and results in an agglom-
eration of powder particles. The groove-like surface of
60 min ground powder is incompatible with the printing
process due to a loss of printing accuracy. The second
criterion depends on the reactivity of the cement, including
the velocity of the cement-setting reaction and the strength
of the setting product. If the reaction is too slow, the binder
liquid spreads through the powder driven by capillary for-
ces, also leading to inaccurate printing results. Furthermore
the samples have to be strong enough to guarantee a non-
destructive removing and dedusting from the surrounding
powder. Both could be achieved by modification of the
most reactive pure farringtonite powder (20 min ground,
Table 1) with 20% of DAHP. By this, the setting time as
well as the cement conversion rate (Fig. 2) to struvite
correlated with the increased mechanical performance
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Table 1 Cement setting time of pure and DAHP-modified farring-
tonite powder (20 min ground) and a powder/liquid-ratio of 3

Powder Setting time/min
Mg3(PO,), 25
Mg3(PO,4), modified with 20% DAHP 26

(Table 2). Consequently, the processability and dimen-
sional precision of the structures could be improved by
DAHP modification compared with pure farringtonite
powder.

3.2 Phase composition and mechanical properties

Typical X-ray diffraction patterns of the 3D printed mag-
nesium ammonium phosphate cement are shown in Fig. 2.
The raw starting powder was identified to be phase pure
farringtonite (Mg3(PO,4),, PDF-No. 33-0876). The degree
of cement conversion immediately after printing was rel-
atively low as indicated by the only weak struvite (PDF-
No. 15-0762) signal at 20 = 20.9° and weak compressive
strengths of the specimens. For improvement of the cement
conversion rate (Fig. 2) and thus for mechanical rein-
forcement (Table 2), farringtonite powder was (1) modified
with 20% DAHP powder and (2) the printed structures
were post-hardened by immersion in the binder solution for
24 h. Both process modifications strongly increased the
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degree of conversion to struvite as it can be seen by an
increase of reflection peak intensity of struvite and a
decrease of the farringtonite peak intensity in XRD. As a
by-product a small amount newberryite (MgHPO,4-3H,0,
PDF-No. 35-0780) was formed.

3.3 Cell culture
3.3.1 Cell viability

Over the course of 10 days, the cell viability within the
struvite cultures increased continually until day 8, followed
by a slight decline on day 10. Positive control cultures,
both titanium and PS, respectively, also presented a con-
tinual increase from day 2 till day 8, with a markedly
decrease on day 10. Compared to the positive controls, the
cell viability of the struvite cultures was significantly
inferior, up to nearly 60% (day 10, compared with PS). As
expected, the negative control cultures showed no cell
growth in an effective manner, due to the cytotoxicity of
copper (Fig. 3). The data indicates a reduced cytocompat-
ibility of the powder printed struvite scaffolds in vitro. This
behaviour could be caused by chemical features of the
ceramic surface, e.g., partial dissolution in physiological
environment, resulting in changes of the ion concentrations
of the cell culture medium (see below). Decrease of cell
viability on day 10, which was observed in the struvite and
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Fig. 2 XRD of magnesium phosphate raw powder (farringtonite),
powder after printing, and powder after printing and immersion in
0.75 M AHP + 0.75 M DAHP-binder solution for 24 h. Most
relevant peaks are marked for struvite(s) and newberryite (n).
Unlabeled peaks correspond to farringtonite

Table 2 Compressive strength of printed and post-treated struvite
samples (n = 10)

Post-treatment Compressive strength/MPa

conditions -
Mg3(PO4)2 Mg3(PO4)2 modified
with 20% DAHP
After printing 0.23 £+ 1.37 2.12 £ 040
After printing and 0.82 + 0.15 2.92 + 0.39
immersion in H,O
After printing and 7.01 £ 1.37 6.26 + 1.73

immersion in binder

in the positive control cultures as well, certainly results
from reaching a dense cell culture stage.

3.3.2 Chemical analysis of the culture medium

The pH-values of the struvite cell culture medium have
never been beyond a physiological range and rated in the
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Fig. 3 Cell viability of MG63 cultured on 3D powder printed
magnesium ammonium phosphate (struvite) scaffolds compared with
positive (titanium and PS) and negative (copper) controls. The
differences between struvite and each of the controls are always
significant (p < 0.05). Results are displayed as mean of n = 12
specimens =+ standard deviation

same magnitude compared with the medium of the titanium
and PS control cultures. The differences were partly sig-
nificant, partly they were not (Fig. 4a). In all groups except
copper the pH-values were somewhat lower than that of
fresh culture medium (pH 8.03) due to cell metabolism.
The concentrations of free Mg”" ions were significantly
enhanced within the struvite cell culture medium. Whereas
the values of the controls remained constant over the
course, the Mg2+ concentration of the struvite cultures was
nearly 8.6-fold increased at the beginning (day 2) and
declined continually and significantly over the course of
10 days until it was nearly 7.1-fold increased at day 10
(Fig. 4b). The same behaviour was observed regarding free
PO,>~ ions (Fig. 4c). The concentrations of the struvite
cultures were significantly increased, nearly 7.5-fold at day
2, and continually and significantly declined until day 10
(nearly 5.2-fold).

A converse situation was noticed concerning the con-
centration of free Ca®" ions. In the struvite cell culture
medium, it was significantly reduced compared with the
controls (nearly 50% at day 2) and showed a slight but
significant increase up to nearly 60% at the end of the
course (Fig. 4d). The observed electrolyte alterations of the
struvite cell culture medium do result from the consider-
able solubility of the powder printed struvite ceramic.
Because the supernatant medium was refreshed every
second day, the concentrations of free Mg®" and PO,*~
ions decreased gently over the course of 10 days. Since
calcium phosphates have lower solubility than magnesium
phosphates, calcium ions originally of the culture medium
are precipitated by the abundant phosphate ions, leading to
a decrease of free Ca>* ions. However, these alterations of
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Fig. 5 Scanning electron microscopy (SEM) of the magnesium
ammonium phosphate (struvite) matrices immediately after fabrica-
tion (a) and after seeding of MG63 cells at the middle of the course of

free electrolytes with possible adverse effects to cyto-
compatibility in vitro should be negligible in vivo at a
sufficiently vascularised implantation site leading to a
continuous fluid exchange compared with the cell culture
model with discontinuous fluid refreshment merely every
second day.

3.3.3 Scanning electron microscopy
SEM of the surface of the powder printed struvite matrices
showed crystals with different sizes and blunt edges

(Fig. 5a). A typical micrograph of a cell bearing struvite
scaffold at the end of the course of 10 days is shown in
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10 days (b). Additionally, some macrostructures (cylinder, cuboid,
part of orbital rim) are shown in (c)

Fig. 5b. The rough surface of the material with the abun-
dant osteoblastic cells is clearly to be seen.

4 Conclusion

The current study demonstrated for the first time 3D
powder printing of magnesium ammonium phosphate
(struvite) cell culture scaffolds. The magnesium phosphate
powder was produced by sintering mixtures of Mg(OH),
and MgHPO,-3H,0 at temperature of 1100°C and opti-
mised for 3DP concerning setting time, bulk density,
spreadability and the mechanical performance of the
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printed matrix. Cell culture studies indicated a suitable
cytocompatibility for osteoblastic cells. The reduced cell
viability compared with the titanium and polystyrene
controls is likely resulting from the considerable solubility
of the struvite structures in a wet environment as indicated
by significantly altered free electrolytes of the cell culture
medium. Due to the current results we conclude that the
magnesium ammonium phosphate cement introduced here
provides suitable features for its use as material for hard
tissue regeneration. The processability at room temperature
using the 3D printing technique as well as the setting
reaction at neutral pH would enable the direct modification
with thermo- and acid-labile additives. Further in vivo
investigations are required to prove other biological fea-
tures like resorption kinetics at the implantation site and
osteo-conductive properties.
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