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Abstract
Present surgical situations require a bone adhesive which has not yet been developed for use in clinical applications.
Recently, phosphoserine modified cements (PMC) based on mixtures of o-phosphoserine (OPLS) and calcium phosphates,
such as tetracalcium phosphate (TTCP) or α-tricalcium phosphate (α-TCP) as well as chelate setting magnesium phosphate
cements have gained increasing popularity for their use as mineral bone adhesives. Here, we investigated new mineral-
organic bone cements based on phosphoserine and magnesium phosphates or oxides, which possess excellent adhesive
properties. These were analyzed by X-ray diffraction, Fourier infrared spectroscopy and electron microscopy and subjected
to mechanical tests to determine the bond strength to bone after ageing at physiological conditions. The novel biomineral
adhesives demonstrate excellent bond strength to bone with approximately 6.6–7.3MPa under shear load. The adhesives are
also promising due to their cohesive failure pattern and ductile character. In this context, the new adhesive cements are
superior to currently prevailing bone adhesives. Future efforts on bone adhesives made from phosphoserine and Mg2+

appear to be very worthwhile.

Graphical Abstract

1 Introduction

The fixation of small fragments, such as in comminuted
fractures, currently presents surgeons with a major chal-
lenge. Some fracture configurations cannot be repaired at all,
or only inadequately with currently used methods such as
plate and screw osteosynthesis [1]. Therefore, the develop-
ment of an absorbable bone adhesive, especially for fixing
small unloaded fragments has long been desired [2–4] but
not established in routine practise [5]. The reason for this is
that the development of a bone adhesive is far from trivial.
Necessary requirements are cyto- and biocompatibility,
biodegradability and the replacement of the adhesive by new
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bone tissue [5]. These challenges, as well as the difficult
curing conditions, challenge researchers. While polymeric
adhesives based on polymethylmethacrylate (PMMA) bone
cements or various cyanoacrylates show sufficient adhesive
strengths of up to 0.35–1.9MPa (PMMA) [6–8] and
0.16–12.1MPa (cyanoacrylates) [8–12], they are not bio-
degradable and therefore present barriers with respect to
bony remodelling processes. PMMA can also lead to bone
necrosis via monomer release and heat generation during
polymerization [13]. Cyanoacrylates specifically lead to
cytotoxic and other adverse biological processes [14–16]. In
contrast, biocompatible bone adhesives, such as aluminum-
free glass ionomer cements [17], fibrin glue [8, 12] or
gelatine-resorcine-formaline (GRF) based adhesives [12],
have significantly lower bond strengths to bone and are
obviously inferior to the formulations studied.

Various mineral bone adhesives have been investigated,
which are commonly based on a chelation reaction between
a calcium or magnesium phosphate and an organic com-
ponent bearing various chelating moieties such as phos-
phate, carboxylate or amino groups. Brückner et al. [18]
investigated a magnesium phosphate cement containing
farringtonite (Mg3(PO4)2), MgO, and phytic acid as che-
lating agent and achieved an adhesive strength of
0.81 ± 0.12MPa on cortical bone substrates after one week
of storage in PBS buffer [18]. Other approaches are based
on the reaction of various calcium phosphates such as
α-tricalcium phosphate (α-TCP) or tetracalcium phosphate
(TTCP) with ortho-phospho-L-serine (OPLS), named as
Tetranite® [19] and OsStic™ [20]. Here, adhesive strengths
of up to 2.5–4MPa were recorded for a combination of
phosphoserine and α-TCP when cured in an aqueous
environment [21], while the reaction between TTCP and
OPLS resulted in an adhesive strength of ~2MPa to cortical
bone substrates [22]. The use of a phosphorylated amino
acid in these bone adhesives is not arbitrary. Phosphoserine
is an important component of non-collagenous proteins of
bone metabolism such as osteopontin or bone sialoprotein
and mediates interactions with the hydroxyapatite crystals
of the inorganic bone matrix [23–27]. Bone cements
modified with phosphoserine showed increased osteoblast
proliferation and differentiation, enhanced monocyte acti-
vation and, in animal studies, improved osteoconduction, as
well as a generally increased bone remodelling rate [28].
Phosphoserine is also assumed to play a major role in
organic adhesives produced by animals, such as the com-
mon blue mussel [29–31], the sandcastle worm [32–36] or
the caddis fly [37].

The aim of this work was to investigate new mineral-
organic bone cements based on phosphoserine and mag-
nesium phosphates or magnesium oxides. These are
thought to possess strong adhesive properties since Mg2+

in biocomplexes demonstrate a strong complexation to

the phosphate group of phosphorylated amino acids
which, depending on the pH, partly does not complex at
all [38]. Suitable formulations were identified, which
were analyzed by X-ray diffraction, Fourier infrared
spectroscopy and electron microscopy and subjected to
mechanical tests. A novel mechanical test method was
used to determine the bond strength to bone. Different
calcined magnesium oxides with varying reactivity were
used in the determination of suitable adhesive cement
compositions. In addition, various magnesium phos-
phates, such as tribasic magnesium phosphate hydrate or
farringtonite, were used. The advantages and adhesive
mechanical superiority over previously used bone adhe-
sives were discussed and the special potential of this new
system was elaborated.

2 Materials and methods

For the preparation of farringtonite raw powder, magne-
sium hydrogen phosphate (Sigma-Aldrich/ Honeywell,
Missouri, United States) was sieved to ≤125 µm (Retsch
Technology GmbH, Haan, Germany) and the obtained
powder was dry ground in an agate jar for one hour at
200 rpm. The ground powder was mixed with magnesium
hydroxide (VWR Prolabo, Pennsylvania, United States) in
a 2:1 molar ratio and the mixture was sintered at 1100 °C
for five hours, followed by grinding and sieving it to
≤355 µm. Finally, the powder was dry ground again for one
hour. The commercially available Mg3(PO4)2∙xH2O (Acros
Organics, New Jersey, United States) raw powder was heat
treated in a high-temperature furnace (Nabertherm GmbH,
Lilienthal, Germany) at 400 °C for 6 h. TTCP powder was
synthesized from a mixture of 12.1 mol CaHPO4 (Fluka
Honeywell, New Jersey, United States) and 11.5 mol
CaCO3 (Merck, Darmstadt, Germany) by sintering at
1500 °C for five hours. Finally, sieving to 125 μm was
performed to the TTCP powder.

The following powders were used as reactants: crys-
talline farringtonite, temperature-treated TMP hydrate, and
two magnesium oxides with different reactivity (Magnesia
291 and Magnesia 27, Magnesia GmbH, Lüneburg,
Germany). These were combined with phosphoserine
(Sigma-Adrich GmbH, Steinheim, Germany) and a reac-
tion was induced by the addition of water. When produ-
cing the adhesive cements the dry mass was always mixed
homogeneously in advance. All components were mixed
rapidly on a glass plate with a spatula. In preceding phases
of the experimental determination to identify suitable
cement compositions, a defined quantity of OPLS was first
methodically mixed in systematic series with different
quantities of magnesium oxide and/ or magnesium phos-
phate raw powders, which in turn were then tested in
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different ratios to one another. The dry mixes were each
combined with water at different PLRs. The presumed
effects of individual parameters on the cement’s properties
were recorded. Most of the compositions were unusable as
bone adhesives. In most cases they did not have a suitable
viscosity, cured too fast, too slowly or not at all, or
apparently had no adhesive properties. When a paste with
suitable characteristics occurred, it was immediately either
filled into moulds or bone specimens were bonded with it.
Suitable characteristics were: an uncomplicated homo-
geneous mixing to the cement paste, a processing time of
30 s—1 min, a dimensional stability of the cement mass
after 2–3 min and a maximum setting time of 15 min (at
37 °C). In addition, the mixed paste should be low visc-
osity to transfer into a 1 ml injection syringe for precisely
applying to the bone specimens.

In summary, three compositions of adhesive cements with
suitable properties were investigated in this work: Compo-
sition (1): 1.38 mmol OPLS, 0.9 mmol farringtonite,
2.23 mmol MgO (291), PLR 3.87 g/mL; composition (2):
1.38 mmol OPLS 0.78mmol farringtonite, 3.23 mmol MgO
(27), PLR 3.93 g/mL; composition (3): 0.81 mmol OPLS,
1.52 mmol TMP hydrate (heat treated), PLR 2.56 g/mL. A
reference composition (4) originates from the reference [39].
It contains 1.09 mmol (400mg) TTCP, 0.81mmol (150 mg)
phosphoserine, and a PLR 4.23 g/ml and thus no magnesium
phosphate or oxide. All the cement formulations used are
listed in Table 1.

The test specimens were prepared according to standard
procedures from fresh bovine femurs with the diaphysis
cut into coarse pieces. Muscle and tendon attachments,
as well as periosteum and bone marrow, were removed.

The remaining cortical bone was crushed with a hammer
and a chisel and was then modelled under water cooling
with SiC wet-grinding paper (grit 80) to obtain cuboidal test
specimens (20 × 10 × 5 mm). Cylindrical test specimens
(d= 6 mm2, h= 3 mm) were shaped with a Robling 800
lathe at 2000 rpm. The test specimens were stored in
phosphate buffered saline (PBS) at 5 °C until use. For the
shear strength testing, the cylindrical bone specimens were
glued to the centre of the cuboid bone specimens (Fig. 1A).
The bonded bone specimens were either tested for shear
strength immediately after setting or stored at 37 °C and
subjected to shear strength testing after adhesive aging
of one hour, 24 h, or 7 days (n= 8, respectively). Shear
strength testing was performed by using the test fixture
(Fig. 1B) and a mechanical testing machine (Zwick/Roell
Z010, Zwick GmbH & Co. KG, Ulm, Germany) at a
crosshead speed of 1 mm/sec and a pre-load of 1 N. With
the aid of a fixing screw in the test fixture, the bonded
specimens (cylindrical and cuboid specimen bonded toge-
ther) were pushed against a corresponding notch in the
metal. With the help of the notch, the specimen was fixed in
such a way that only the cylindrical bone body extended
into the guide rail for the punch. The punch was placed on
the cylindrical bone body (very close to the glue line), so
that initially only the deadweight of the punch was applied
to the bond. Subsequently, axial force was applied to the
punch by the testing machine, causing shear stress to the
bond. Measurements were taken up to the point of failure of
the bond, which was registered by a drop in force. The bulk
adhesives were also characterized regarding their com-
pressive strength by preparing cuboids with a size of
6x6x12 mm, which were stored for 24 h at 37 °C prior to
testing. An axial force was applied to a cuboid cement test
specimen until a drop in force was registered.

The setting temperature of the adhesive cements was
recorded over 30 min using a thermometer rod (Heidolph,
Schwabach, Germany). The pH during setting was mea-
sured over 24 h using the InoLab Level 2 (WTW, Weil-
heim, Germany). For the analysis of the setting reaction
and the behaviour of the organic components, the reactant
powders or the already cured cements were pulverized with
a mortar and placed on the ATR element of a FT-IR
spectrometer (Thermo Fisher Scientific, Waltham, Massa-
chusetts, United States). Measurements were made in a
range from 4000 to 650 cm−1. Functional groups were
identified based on the absorption bands formed by mole-
cular vibrations and rotations as a result of infrared elec-
tromagnetic radiation. The corresponding reference spectra
were taken from “Spectroscopic Methods from Organic
Chemistry” by Manfred Hesse et al. [40]. Degradation
experiments were undertaken by immersion of hardened
adhesive samples (n= 3) in PBS buffer for up to 10 days
while measuring their wet weight daily.

Table 1 Suitable compositions, which have been subjected to
mechnical tests on bone, as well as to analyses of the setting
behaviour and further analyses

Sample designation Composition PLR

(1) OPLS 255 mg 3.87

farringtonite 235 mg

MgO(291) 90 mg

H2O 150 μl

(2) OPLS 255 mg 3.93

farringtonite 205 mg

MgO(27) 130 mg

H2O 150 μl

(3) OPLS 150 mg 2.56

TMP∙H2O (heat treated) 400 mg

H2O 215 μl

(4) [39] (reference) OPLS 150 mg 4.23

TTCP 400 mg

H2O 130 μl
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2.1 X-ray diffraction analysis (XRD)

The adhesive cements were also analyzed for their mineral
composition using a D8 Advance X-ray diffractometer
(Bruker Company, Billerica, United States) with monochro-
matic CuKα radiation at an accelerating voltage of 40 kV in
an angular range of 10–70 °. Measurements were made at a
step rate of 1.2 s/step and a step size of 0.02 °. The evalua-
tion, analysis and quantification of diffraction patterns were
performed with the software products DIFFRAC.SUITE,
DIFFRAC.COMMANDER, DIFFRAC.EVA and DIF-
FRAC.TOPAS (Bruker, Billerica, United States) using
reference patterns from the International Centre of Diffrac-
tion Data database (PDF-2, 1996) for farringtonite (PDF 33-
0876), magnesium oxide (PDF 43-1022 and PDF 04-0829),
tetracalcium phosphate (PDF 25-1137), a-tricalcium phos-
phate (PDF 29-0359), and magnesium pyrophosphate (PDF
08-0038 and PDF 32-0626).

2.2 Scanning electron microscopy (SEM) and energy
dispersive X-ray analysis (EDX)

For SEM investigation, the adhesive cements were bonded
to hydroxyapatite cement test specimens (made from α-TCP

and 2.5% Na2HPO4) and these were then shear tested.
Furthermore, the dried samples were coated with platinum at
a thickness of 4.0 nm in the EM ACE600 sputter coater (Fa.
Leica Camera, Wetzlar, Germany) at 10−7 mbar to improve
SEM resolution. Scanning electron micrographs were taken
on the Zeiss Crossbeam 340 scanning electron microscope
(Carl Zeiss, Oberkochen, Germany) at 3.00 kV, a vacuum of
1.25 × 10−6 mbar, and an aperture of 30.00 µm. Microscopic
images of the adhesive residues on the bone were also
taken with the SteREO Discovery.V20 stereomicroscope
(Carl Zeiss Microscopy GmbH, Jena, Germany) using a
81 mm PlanApo 0.63x FWD lens. The ZEN® software
(Carl Zeiss Microscopy GmbH, Jena, Germany) was used
for this purpose.

3 Results

3.1 Mechanical testing

Figure 2A shows the calculated mean values from the
compressive strength tests. Composition (1) (OPLS/
Mg3(PO4)2/ MgO(291)/ H2O) showed a progression of
compressive strength over time from 5.7 ± 1.4 MPa at initial

Fig. 1 Bonded bone test
specimens for testing the bond
strength (A) and set-up of the
shear test fixture (B)

Fig. 2 A Compressive strength of cement cuboids and (B) adhesive
strength on bovine cortical bone substrates of cements made from: red:
OPLS/ Mg3(PO4)2/ MgO(291)/ H2O, blue: OPLS/ Mg3(PO4)2/
MgO(27)/ H2O, yellow: OPLS/ / Mg3(PO4)2∙xH2O (heat treated.)/

H2O, grey: OPLS/ TTCP/ H2O (reference). Measurement took place
initially or after 1 h, 24 h respectively 7 d hardening at 37 °C (n= 8,
respectively)
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measurement to 13.3 ± 1.0 MPa after 7 d. Composition (2)
(OPLS/ Mg3(PO4)2/ MgO(27)/ H2O) showed a maximum
compressive strength of 18.8 ± 3.1 MPa also reached after
7 d. Composition (3) (OPLS/ Mg3(PO4)2∙xH2O (heat trea-
ted)/ H2O) showed the highest compressive strength values
of 34.8 ± 2.0 MPa at the last measurement time point after
7 d. Among the proprietary compositions, this one showed
by far the highest compressive strength values. The refer-
ence composition (4) (OPLS/ TTCP/ H2O) showed the
highest compressive strength values at the time of mea-
surement after 7 d (42.6 ± 6.0 MPa). Figure 2B shows the
calculated mean values of the bond and shear strength tests.
Composition (1) gave the highest measured adhesive
strength values within the system at the time of measure-
ment after 24 h with 9.8 ± 2.0 MPa, as well as the highest
measured values of the work as a whole. However, at the
measurement time point after 7 d, lower bond strength
values of 5.4 ± 1.09MPa on average had been obtained.
Initially, the system achieved an adhesive strength of
5.1 ± 0.8 MPa. Composition (2) gave the highest measured
bond strength values at the initial measurement time point
(7.3 ± 1.4 MPa). The maximum value was reached at the
time point after 24 h (7.7 ± 2.9 MPa). Overall, the average
readings up to the measurement after 7 d (6.7 ± 2.5 MPa)
were at a similar high level. Composition (3) initially
reached its highest adhesive strength of 6.6 ± 0.9 MPa.
Temporally, a regression of the bond strength was observed.
After 7 d, the system achieved an adhesive strength of
1.45 ± 0.35MPa. The reference composition (4) initially
achieved strength values of 1.9 ± 0.3MPa, while after 1 h
the highest measured values of 2.4 ± 0.6 MPa were
obtained. After 7 d, bond strengths of only 0.4 ± 0.4 MPa
were obtained, with some specimens already separating
from each other during storage (evaluated as bond strength
of 0 MPa). With these values, this reference composition
remained clearly behind the in-house compositions in terms
of bond strength.

The Pearson product-moment correlation coefficient
shows a strong negative correlation between time of
storage and bond strength (strong correlations defined

as ≤−0.6/ ≥0.6) for compositions (2), (3) and the refer-
ence. In this respect, only a weak to moderate correlation
of −0.25 was observed for composition (1). For the
correlation between the time of storage and the com-
pressive strength, a strong positive correlation was found
for all compositions investigated.

When testing composition (1) or (2), a cohesive failure
pattern occurred permanently with adhesive residues on
both parts of the joint. In the compressive strength test, the
specimens of these compositions showed a ductile failure
pattern. Particularly during initial testing, specimens could
be massively compressed (in some cases with >50%
deformation) before a relevant drop in force occurred. In
contrast, brittle fractures were consistently observed in the
reference group. The described deformation properties and
material failures were also reflected in the stress-strain
diagram (see Fig. 3). Similar to composition (3), the refer-
ence also showed a predominantly adhesive fracture.

3.2 FTIR analysis

The spectra of the measured composition (2) and the
reference are shown in Fig. 4. Composition (2) is exemplary
for the spectra of the remaining formulations. The defor-
mation vibration of ─NH3

+ characteristically has strong
absorptions just below the 1500 cm−1 region and addition-
ally between 1775 and 1600 cm−1. ─NH2 causes deforma-
tion vibrations between 1650 and 1560 cm−1. The
corresponding peaks can be identified in the absorption
spectrum of OPLS. In all cements measured, there is
extinction of these peaks, suggesting a reaction of this
functional group. All solid-state spectra of the set cements
show a broad low-intensity band in the 3600–3000 cm−1

range that can be assigned to water present in the hardened
adhesive. P=O bonds such as in phosphoric esters have
strongly intense characteristic absorptions in the fingerprint
region in the field of 1300–1250 cm−1. A congruent peak
can be seen in the OPLS spectrum. Again, peak dis-
appearance occurs due to setting, suggesting a reaction of
the phosphoryl group. In general, it is conceivable that the

Fig. 3 Examples of
characteristic modes of failure in
comparison. Blue curve/right
cubus: Ductile material failure of
composition (2) with plastic
deformation. Grey curve/left
cubus: Brittle fracture of the
reference OPLS/TTCP with
abrupt material failure without
plastic deformation
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functional groups of OPLS form coordinative bonds with
Mg2+ ions during binding, resulting in chelate complexes.

3.3 X-ray diffraction analysis

Figure 5 shows X-ray diffraction patterns in an angular
range from 10 to 70°. In that way, diffraction patterns from
the set adhesive compositions as well as from their raw
powders, which have not yet reacted, are displayed. The
diffractograms of compositions (1) and (2) are shown in
Fig. 5A. The Mg3(PO4)2 powder has phase-pure farring-
tonite reflections. This was also demonstrated in compo-
sitions (1) and (2), which additionally contain magnesium
oxide peaks and thus are multiphase. Figure 5B depicts the
phase composition of the reference and the TTCP raw

powder used in the angular range of 20–40 °. The dif-
fraction patterns correspond to α-TCP (Ca3(PO4)2) and
TTCP (Ca4(PO4)2O). The same diffraction patterns result
from XRD analyses of the set cement. The difference
between the diffraction pattern of the TMP hydrate
(Mg3(PO4)2∙xH2O) contained in composition (3) and
the diffraction pattern of the same raw powder after heat
treatment is shown in Fig. 5C. The TMP hydrate illustrates
peaks for a corresponding octa and deca hydrate. Peaks for
brucite (Mg(OH)2) and newberyite (MgHPO4-3H2O) can
also be seen. Heat-treated Mg3(PO4)2∙xH2O presents itself
largely amorphous with isolated peaks consistent with
magnesium oxide and magnesium pyrophosphate. The
peaks assigned to magnesium oxide in the heat-treated
trimagnesium phosphate hydrate can no longer be found by

Fig. 4 FTIR transmission
spectra (incl. FTIR of the
reactant powders) at the wave
range of 4000 to 650 cm−1 of:
(A) OPLS/ Mg3(PO4)2/
MgO(27)/ H2O. B OPLS/
TTCP/ H2O (reference)

Fig. 5 Diffraction patterns of:
(A): OPLS/ MgO(291)/
Mg3(PO4)2/ H2O (black), OPLS/
MgO(27)/ Mg3(PO4)2/ H2O (red)
and farringtonite (blue) (“m”:
magnesium oxide). B OPLS/
TTCP/ H2O (grey) and TTCP
(red). C Mg3(PO4)2∙xH2O before
(grey) and after heat treatment
(red) (“pp”: pyrophosphate;
“m”: magnesium oxide). D
Mg3(PO4)2∙xH2O (heat treated)
before (blue) and after (grey)
reaction with OPLS and H2O
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X-ray diffraction after reaction with OPLS and water
(according to composition (3)). (cf. Fig. 5D).

3.4 Further material properties

The maximum temperature reached during the setting
reactions at room temperature was 31.4 °C for composition
(1), 27.8 °C for composition (2), 30.0 °C for composition
(3) and 32.5 °C for the OPLS/TTCP reference. The devel-
opment of the pH value over time of the setting reactions is
shown in Fig. 6. The greatest change in pH occurs in
approximately the first 5 min of the setting reaction. After
that, the values asymptotically approach a target pH. After
24 h, only minimal changes in the pH value are recorded.
For the reference, this asymptotic approach is slower.
Composition (1) and (2) were not dimensionally stable
when stored in PBS for one week. The average weight loss
during storage for 7 days was 8.19 wt.% for composition (3)
(Fig. 7). For the reference it was 5.76 wt.%. In each case, no
increase in weight loss over time was detectable. It can
therefore be assumed that the weight loss takes place within
the first 24 h and then stagnates.

3.5 Scanning electron microscopy analysis

Figure 8A, B shows SEM images of adhesive joints on HA
of composition (1) after failure in the shear test. At 25x and
500x magnification, the microscopic appearance suggests a
honeycomb fracture. These cohesively fractured adhesive
joints suggest a ductile fracture. At higher magnifications,
crack formations of the fractured adhesive joints become
visible. These could be an expression of failure during
testing or of embrittlement during the necessary drying of
the specimens before obtaining them in the SEM. Figure 8

shows images of composition (3) (C-F) and the reference
composition (4) (E-F), which are similar in their micro-
scopic morphology. The structure of these mostly adhe-
sively fractured surfaces (81,3% for composition (3) and
100% for the reference adhesive failure mode) would be
consistent with a more brittle fracture pattern.

4 Discussion

The focus of the work was the development of adhesive
organoceramic cements based on OPLS and magnesium
phosphates or oxides. It was found that the combination of
OPLS and crystalline farringtonite was not sufficiently
reactive to obtain self-setting adhesives. This was solved by
adding MgO as a highly reactive Mg2+ source similar to the
use as a setting accelerator in other MPC systems based on
coordinative bonds via phosphate groups [18]. Two different
types of MgO with varying reactivity were used (composi-
tion (1) and (2)), which required relatively large amounts of
OPLS to achieve the desired adhesive properties. A further
adhesive (composition (3)) was based on an amorphous
magnesium phosphate, which was obtained by a temperature
treatment of commercially available TMP hydrate (which is
composed of phases such as Mg3(PO4)2·10H2O, Mg3(PO4)

2·8H2O (bobierrite), Mg(OH)2 (brucite), MgHPO4·3H2O
(newberyite) according to XRD analysis). TMP hydrate
converts to a primarily amorphous powder with sufficient
reactivity, whereas residual MgO (obtained from thermal
decomposition of brucite) disappeared after reaction with
OPLS, supporting the described affinity of OPLS for MgO.
As reference, we used a mixture of TTCP and phosphoserine
as it is known from literature (composition (4)) [39].

Fig. 6 pH values over time during the setting reaction of different bone
adhesives

Fig. 7 Weight loss [wt%] of composition (3) (OPLS/ Mg3(PO4)2∙xH2O
(heat treated)/ H2O) and the reference (OPLS/ TTCP/ H2O) by storage
in PBS over time for 10 days. The dashed line represents the course of
the mean values

Journal of Materials Science: Materials in Medicine (2023) 34:14 Page 7 of 12 14



All compositions were mixed with water to initiate the setting
process. A slight temperature increase to 27.8–32.5 °C was
observed, which is far below the temperature range at which
heat necrosis and permanent damage of tissue can occur, as
known to happen for exothermically setting PMMA bone
cements [41–43]. In addition, the pH during setting was
found to be in the range of 6–7.5. These pH values are
comparatively close to the physiological pH of the body,
where cells and their metabolic processes function best.
Hence side-effects caused by an acidic pH such as inhibited
osteoblastic mineralization [44] or the release of proin-
flammatory cytokines [45, 46] are not to be expected. The
setting mechanism of the adhesives is based on a reaction of

the functional carboxyl, amino and phosphoryl groups of the
phosphoserine (see FT-IR spectra in Fig. 4) with Mg2+ to
form chelate complexes. Conceivable configurations for such
coordinative bonds of phosphoserine are shown in Fig. 9.
Furthermore, coordinative bonds to the Ca2+ of the inorganic
bone mineral are likely the decisive factor for the adhesive
properties of the system. Kesseli et al. [47] also suggested
coordinative bonds in calcium phosphate / OPLS systems
and the formation of a calcium-phosphoserine monohydrate
phase as the predominant parameter for the setting of such
adhesives. In contrast, X-ray diffraction analyses within our
study did not detect any newly formed crystalline magnesium
phosphate phases in the sense of a conventional cementation

Fig. 8 Scanning electron
micrographs of an adhesive joint
on hydroxyapatite specimen
made of: Composition (1)
(OPLS/ MgO(291)/ Mg3(PO4)2/
H2O) at 25x (A) and ×500 (B)
magnification on a HA specimen
after failure in the shear test.
Composition (3) (OPLS/
Mg3O8P2∙xH2O(heat treated)/
H2O) at 25x (C) and ×500 (D)
magnification. Reference
(OPLS/ TTCP H2O) at ×25 (E)
and ×500 (F) magnification. The
raw images were stained by
computer graphics for better
orientation: Red: Sheared off
adhesive joint. Green:
Supernatant of the adhesive joint
without mechanical testing.
Blue: Hydroxyapatite test
specimen machined with
grit P 80

Fig. 9 Conceivable
configurations for coordinative
bonds of phosphoserine with
Mg2+: A Coordinative bonds
between Mg2+ and amino or
carboxyl groups. B Coordinative
bonds between Mg2+ and
phosphoryl groups
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reaction (Fig. 5A, B), which supports the presumed setting
mechanism.

Like the TTCP/OPLS reference, adhesives based on
magnesium phosphate minerals demonstrated a high adhe-
sion on cortical bone substrates over an ageing period of 7
d. The initial shear strength for composition (1)–(3) ranges
from 5.1 ± 1.1 MPa to 7.3 ± 1.4MPa with practically no
change in adhesion for the MgO containing compositions
(1) and (2) after 7 d. In contrast, composition (3) based on a
thermally treated TMP powder showed a continuous
decrease in adhesion over time, while the TTCP/OPLS
reference had an adhesive strength of ~ 2MPa during the
first 24 h, which decreased to <1MPa after 7 days. The
latter is in agreement with works from Kirillova et al. [22]
who determined an adhesive strength of ~ 2MPa to cortical
bone for a similar TTCP/OPLS composition (referring to
Tetranite ®). It is significant to note, that the mechanical
performance of the adhesives under compressive load fol-
lowed the opposite trend. Here, the TTCP/OPLS reference
as well as the TMP based composition (3) showed com-
pressive strengths of 20–40MPa, which was 2–4 times
higher than that of compositions (1) and (2). This inverse
relationship between the inherent strength of the adhesives
and their adhesion to the bone substrates might be supported
by the more ductile character of the latter compositions,
which in turn resulted in a predominant cohesive failure
mode. This finding is supported by a study from Methew
et al. [48] who investigated the adhesive properties of
phosphoserine-bearing calcium phosphate cements and
yielded the highest adhesive strengths at relatively high
phosphoserine contents of 23–72 mol% (corresponding to
15–46 wt%) [48]. In our study, those compositions with the
highest phosphoserine content (compositions (1) and (2))
exhibit a consistently cohesive fracture failure, with com-
paratively low compressive strength at the same time. A
ductile character of the adhesive seems to be advantageous
especially for the application in a biomechanical system
with a dynamic mechanical loading situation. The reference,
on the other hand, is clearly brittle (Fig. 3 and Fig. 8E, F)
and the fracture behaviour is predominantly adhesive.
Overall, the novel mineral adhesives from our study clearly
exhibit nearly fourfold better adhesive properties than
the currently known bone adhesives. The bond strengths are
also significantly higher than the 0.2 MPa defined by Weber
and Chapman [8] as the minimum bond strength of a
clinically applicable bone adhesive. To the author’s
knowledge, there is currently no commercially available
bone adhesive for use on humans. Therefore, only com-
mercial tissue adhesives tested on bone can be used for
comparison. The author himself has previously tested var-
ious tissue adhesives using the test method presented
here [49]: For adhesives such as BioGlue® (two-component
adhesive made from bovine serum albumin and

glutaraldehyde), a novel MPC (containing farringtonite,
MgO and phytic acid), or a light-curing adhesive (consisting
of star-shaped NCO-sP(EO-stat-PO), PEGDMA, new-
beryite and camphorquinone), bond strengths above
1.5 MPa were never achieved (from initial measurements to
measurements after 7 days of storage in PBS solution). For
the tissue adhesives TruGlue® and Histoacryl®, which
belong to the cyanoacrylates, the highest measured values
under the same conditions were slightly below 4MPa. As
mentioned above Tetranite® [19] and OsStic™ [20] are
designated bone glues intended for commercialization and
have been submitted to other author-specific testing
procedures. They are based on the reaction between OPLS
and α-TCP (OsStic™) or TTCP (Tetranite®). For the
combination of OPLS and α-TCP, adhesive strengths of up
to 2.5–4MPa were recorded when cured in an aqueous
environment [21]. The reaction between TTCP and OPLS
resulted in an adhesive strength of ~2MPa to cortical bone
substrates [22].

There is currently no test standard for bone adhesives.
Test methods vary between different research studies [50],
as improvised and laboratory- or company-specific test
methods become necessary. The advantages of the test
method used here over other testing processes have been
discussed in detail in a previous work of the author [49].
Overlapping bonding according to DIN EN 1465 for con-
ventional glues, for example, can hardly be realized for the
“material bone”. The test specimen geometries used, on
the other hand, can be realized from cortical bovine femur.
The test procedure offers clear geometries and a force
vector nearly parallel to the adhesive joint.

Accounting for the above-mentioned aspects, the bond
strengths of the cementitious compositions presented here
appear remarkably high in comparison. One reason for the
improved adhesive properties compared to the other
designated bone adhesives could be the pH value during
setting. In biological systems, phosphorylated amino acids
complex metal ions only with their phosphate group at low
pH. At neutral pH, the coordination site changes and the
amino and carboxyl groups form complexes with metal
ions [51–55]. Even at high pH, the phosphate group then
does not form complexes. However, Mg2+, which prefers
coordinative bonds to oxygen, can complex with these
negatively charged phosphate groups [54–56]. Transferred
to the chelate formation in the investigated biomineral
adhesive cements, it is significant that these cements, which
comprise Mg2+ as metal ion set in the course of a rather
neutral pH value (especially composition (2) and (3)),
which is slightly higher than in the comparative formula-
tions with TTCP (see Fig. 7). It is conceivable that, ana-
logous to the biological situation, carboxyl and amino
groups predominantly complex at this higher pH. Due to
the high oxygen affinity, it would be conceivable that
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Mg2+ ions would nevertheless complex with the phosphate
groups, which would result in more functional groups
(amino and carboxylate) being available in the system than
in chelate complexes with Ca2+ (reference composition),
which would favour the adhesive properties.

In biocomplexes, non-covalent bonds within coordina-
tive systems are also very important [57]. Due to the acid-
base equilibrium, phosphate groups as ligands donate
protons and non-covalent complexes can form [38].
Positive centre of such interaction could be the amino
group of phosphoserine itself [58]. Jastrzab et al. [38]
observed the strongest non-covalent bonds in a system of
phosphoserine and biogenic amines pH-dependent at a
value close to 7.0, at which the phosphate group, as well as
the carboxyl group, were deprotonated, whereas the amino
group was still present in a protonated state. Composition
(2) and composition (3) in particular set neutrally near a
pH of 7 (see Fig. 7).

Although not tested in this study, we would assume that
the OPLS-MgP adhesives will at least have cytocompatible
properties as all components are non- cytotoxic and various
combinations of magnesium phosphate minerals [59–63] as
well as OPLS-calcium phosphate adhesives [22, 64] have
been tested thoroughly in vitro and in vivo. Since magne-
sium phosphate cements showed superior biodegradability
[65] compared to calcium phosphate, active resorption by
osteoclasts is considered to be possible. Regarding the
described properties, the investigated cement compounds of
phosphoserine and magnesium phosphates or oxides thus
appear to be promising bone adhesives.

The cement compositions presented here are easily
scalable. OPLS, TMP hydrate or magnesium oxide are
commercially available and comparatively inexpensive
chemicals. Heat treatment as well as the production of
farringtonite are rather easy processes and can be carried out
in large quantities.

5 Conclusion

This work demonstrated that a combination of magnesium
phosphate minerals with OPLS was successful to achieve
self-setting formulations with a high adhesiveness to cor-
tical bone. The reaction kinetics were adjusted by either
adding caustic calcined reactive magnesium oxides or by
calcination of amorphous trimagnesium phosphate hydrate.
An inverse relation between the compressive strength of the
bulk adhesive and the adhesion to cortical bone was found,
combined with higher ductility and a predominant cohesive
failure mode. The novel adhesives not only outperformed
previous materials based on TTCP/OPLS mixtures directly
after fixing cortical bone substrates, but also maintained

their adhesion over an ageing course of 7 days. FTIR and
XRD analyses suggested the formation of chelate com-
plexes between the functional groups of phosphoserine and
Mg2+ as the setting mechanism. Coordinative bonds to
Ca2+ from bone mineral as well as electrostatic interactions
are presumably co-responsible for the high adhesive
strength. Apparently, the pH-value plays a decisive role
since it is important for the coordination sites of phos-
phorylated amino acids. It is conceivable that the described
bonding and reaction mechanisms may also work with
other phosphorylated biomolecules such as phospho-
threonine or phosphotyrosine as already known for calcium
phosphate cement modification, which may open the way
for further improvements of the adhesives. Due to their
unique mechanical performance and handling properties, as
well as excellent setting and curing times, the presented
biomineral adhesive cements may create new perspectives
in clinical treatments of comminuted fractures. Future
research efforts on bone adhesives made of phosphoserine
and Mg2+ seem to be very promising. The use in com-
minuted fractures or the use in non-weight-bearing defects
are possible fields of application of such bone adhesives.

Acknowledgements We would like to acknowledge financial support
from the German Research foundation under the grant numbers DFG
GB1/25-1 and KU941/4-1. This publication was supported by the
Open Access Publication Fund of the University of Wuerzburg.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Funding Open Access funding enabled and organized by Projekt DEAL.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Heiss C, Schnettler R. Bioresorbierbare Knochenklebstoffe. Der
Unfallchirurg. 2005;108:348–5.

2. Donkerwolcke M, Burny F, Muster D. Tissues and bone adhesives
—historical aspects. Biomaterials. 1998;19:1461–66.

3. Giebel G, Rimpler M. Klebungen am Skelettsystem: Klebstoffe,
50 Jahre Hilfsstoffe für den Chirurgen (Teil 1)-skeletal system
gluing adhesives, 50 years of surgical aids. Part 1. Biomedizi-
nische Technik/Biomedical Engineering. 1981;26:35–40.

14 Page 10 of 12 Journal of Materials Science: Materials in Medicine (2023) 34:14

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


4. Heiss C, Schnettler R. Bioresorbable adhesives in trauma and
othopaedic surgery. Biomaterialien. 2003;4:298–304.

5. Panagiotopoulou VC, Santolini E, Jones E, Jha A, Giannoudis,
PV. Adhesives for treatment of bone fractures: a review of the
state-of-the art. Injury. 2022;53:20–25.

6. Vainio J, Kilpikari J, Törmälä P, Rokkanen P. Experimental
fixation of bone cement and composite resins to bone. Arch
Orthop Trauma Surg. 1979;94:191–5.

7. Ishihara K, Nakabayashi N. Adhesive bone cement both to bone
and metals: 4‐META in MMA initiated with tri‐n‐butyl borane. J
Biomed Mater Res. 1989;23:1475–82.

8. Weber SC, Chapman MW. Adhesives in orthopaedic surgery. A
review of the literature and in vitro bonding strengths of bone-
bonding agents. Clin Orthop Relat Res.1984;191:249–61.

9. Brauer G, Kumpula J, Termini D, Davidson K. Durability of the
bond between bone and various 2‐cyanoacrylates in an aqueous
environment. J Biomed Mater Res. 1979;13:593–606.

10. Kilpikari J, Lapinsuo M, Törmälä P, Pätiälä H, Rokkanen P.
Bonding strength of alkyl‐2‐cyanoacrylates to bone in vitro. J
Biomed Mater Res. 1986;20:1095–102.

11. Maurer P, Bekes K, Gernhardt CR, Schaller H-G, Schubert J.
Tensile bond strength of different adhesive systems between bone
and composite compared: an in vitro study. J Cranio-Maxillofac
Surg. 2004;32:85–9.

12. Chivers R, Wolowacz R. The strength of adhesive-bonded tissue
joints. Int J Adhes Adhesives. 1997;17:127–32.

13. Lewis G. Properties of acrylic bone cement: state of the art review.
J Biomed Mater Res. 1997;38:155–82.

14. Benthien J, Russlies M, Behrens P. Investigating the effects
of bone cement, cyanoacrylate glue and marine mussel
adhesive protein from Mytilus edulis on human osteoblasts
and fibroblasts in vitro. Ann Anat-Anatomischer Anz.
2004;186:561–6.

15. Ekelund A, Nilsson O. Tissue adhesives inhibit experimental new
bone formation. Int Orthop. 1991;15:331–4.

16. Papatheofanis FJ. Cytotoxicity of alkyl‐2‐cyanoacrylate adhe-
sives. J Biomed Mater Res. 1989;23:661–8.

17. Brauer DS, Gentleman E, Farrar DF, Stevens MM, Hill RG.
Benefits and drawbacks of zinc in glass ionomer bone cements.
Biomed Mater. 2011;6:045007.

18. Brückner T, Meininger M, Groll J, Kübler AC, Gbureck U.
Magnesium phosphate cement as mineral bone adhesive. Materi-
als. 2019;12:3819.

19. Hess BJ, Allen DG, Kay GW, Foley KT. RevBio Tetranite®
Technology, 2020. https://revbio.com/.

20. Procter P. PBC BioMed—Biomimetic innovations, 2016. https://
pbcbiomed.ie/affiliates/biomimeticinnovations/.2022).

21. Pujari-Palmer M, Guo H, Wenner D, Autefage H, Spicer CD,
Stevens MM, et al. A novel class of injectable bioceramics that
glue tissues and biomaterials. Materials. 2018;11:2492.

22. Kirillova A, Kelly C, von Windheim N, Gall K. Bioinspired
mineral–organic Bioresorbable bone adhesive. Adv Healthc
Mater. 2018;7:1800467.

23. Hunter GK, Kyle CL, Goldberg HA. Modulation of crystal for-
mation by bone phosphoproteins: structural specificity of the
osteopontin-mediated inhibition of hydroxyapatite formation.
Biochem J. 1994;300:723–8.

24. Hunter GK, Goldberg HA. Modulation of crystal formation by
bone phosphoproteins: role of glutamic acid-rich sequences in the
nucleation of hydroxyapatite by bone sialoprotein. Biochem J.
1994;302:175–9.

25. Hunter GK, Hauschka PV, Poole RA, Rosenberg LC, Goldberg
HA. Nucleation and inhibition of hydroxyapatite formation by
mineralized tissue proteins. Biochem J. 1996;317:59–64.

26. Sodek J, Ganss B, McKee MD. Osteopontin. Crit Rev Oral Biol
Med. 2000;11:279–303.

27. Ganss B, Kim RH, Sodek J. Bone sialoprotein. Crit Rev Oral Biol
Med. 1999;10:79–98.

28. Reinstorf A, Hempel U, Olgemöller F, Domaschke H, Schneiders
W, Mai R, et al. O‐phospho‐L‐serine modified calcium phosphate
cements–material properties, in vitro and in vivo investigations.
Materialwissenschaft und Werkstofftechnik: Entwickl, Fert,
Prüfung, Eigenschaften und Anwendungen technischer Werkst.
2006;37:491–503.

29. Lu Q, Danner E, Waite JH, Israelachvili JN, Zeng H, Hwang DS.
Adhesion of mussel foot proteins to different substrate surfaces. J
R Soc Interface. 2013;10:20120759.

30. Waite JH, Qin X. Polyphosphoprotein from the adhesive pads of
Mytilus edulis. Biochemistry. 2001;40:2887–93.

31. Cha HJ, Hwang DS, Lim S. Development of bioadhesives from
marine mussels, Biotechnology Journal: Healthcare Nutrition.
Technology. 2008;3:631–8.

32. Stewart RJ, Wang CS, Song IT, Jones JP. The role of coacervation
and phase transitions in the sandcastle worm adhesive system.
Adv colloid interface Sci. 2017;239:88–96.

33. Wang CS, Svendsen KK, Stewart RJ. Morphology of the adhesive
system in the sandcastle worm, Phragmatopoma californica,
Biological adhesive systems, Vienna: Springer; 2010. p. 169–79.

34. Stewart RJ, Ransom TC, Hlady V. Natural underwater adhesives.
J Polym Sci Part B: Polym Phys. 2011;49:757–71.

35. Stewart RJ, Wang CS, Shao H. Complex coacervates as a foun-
dation for synthetic underwater adhesives. Adv Colloid Interface
Sci. 2011;167:85–93.

36. Stewart RJ, Weaver JC, Morse DE, Waite JH. The tube cement of
Phragmatopoma californica: a solid foam. J Exp Biol.
2004;207:4727–34.

37. Bhagat V, O’Brien E, Zhou J, Becker ML. Caddisfly inspired
phosphorylated poly (ester urea)-based degradable bone adhe-
sives. Biomacromolecules. 2016;17:3016–24.

38. Jastrzab R, Nowak M, Zabiszak M, Odani A, Kaczmarek MT.
Significance and properties of the complex formation of phosphate
and polyphosphate groups in particles present in living cells.
Coord Chem Rev. 2021;435:213810.

39. Garigapati VR, Hess BJ, Ahola J. Tetra calcium phosphate based
organophosphorus compositions and methods, Google Patents, 2012.

40. Hesse M, Meier H, Zeeh B. Spektroskopische Methoden in der
organischen Chemie, Georg Thieme, Stuttgart: Verlag; 2005.

41. Bonfield W, Li C. The temperature dependence of the deformation
of bone. J Biomech. 1968;1:323–9.

42. Lundskog J. Heat and bone tissue. An experimental investigation
of the thermal properties of bone and threshold levels for thermal
injury. Scand J Plast Reconstr Surg. 1972;9:72–4.

43. Matthews LS, Hirsch C. Temperatures measured in human cor-
tical bone when drilling. JBJS. 1972;54:297–308.

44. Brandao-Burch A, Utting J, Orriss I, Arnett T. Acidosis inhibits
bone formation by osteoblasts in vitro by preventing mineraliza-
tion. Calcif tissue Int. 2005;77:167–74.

45. Lee G-H, Hwang J-D, Choi J-Y, Park H-J, Cho J-Y, Kim K-W,
et al. An acidic pH environment increases cell death and pro-
inflammatory cytokine release in osteoblasts: the involvement of
BAX inhibitor-1. Int J Biochem Cell Biol. 2011;43:1305–17.

46. Zhang Z, Lai Q, Li Y, Xu C, Tang X, Ci J, et al. Acidic pH
environment induces autophagy in osteoblasts. Sci Rep. 2017;7:1–9.

47. Kesseli FP, Lauer CS, Baker I, Mirica KA, Van Citters DW.
Identification of a calcium phosphoserine coordination network in
an adhesive organo-apatitic bone cement system. Acta Biomater.
2020;105:280–9.

48. Mathew R, Pujari-Palmer M, Guo H, Yu Y, Stevensson B,
Engqvist H, et al. NMR rationalizes the bone-adhesive properties
of serine-and phosphoserine-bearing calcium phosphate cements
by unveiling their organic/inorganic interface. J Phys Chem C.
2020;124:21512–31.

Journal of Materials Science: Materials in Medicine (2023) 34:14 Page 11 of 12 14

https://revbio.com/
https://pbcbiomed.ie/affiliates/biomimeticinnovations/.2022
https://pbcbiomed.ie/affiliates/biomimeticinnovations/.2022


49. Renner T. In vitro Testverfahren zur Qualifizierung von Kno-
chenklebstoffen, Doctoral Thesis, University of Würzburg,
Würzburg: Medical Faculty; 2018.

50. Farrar DF. Bone adhesives for trauma surgery: A review of
challenges and developments. Int J Adhes Adhes. 2012;33:89–97.

51. Buglyó P, Kiss T, Dyba M, Jezowska-Bojczuk M, Kozlowski H,
Bouhsina S. Complexes of aminophosphonates—10. Copper (II)
complexes of phosphonic derivatives of iminodiacetate and nitri-
lotriacetate. Polyhedron. 1997;16:3447–54.

52. de Moraes Silva A, Mercê ALR, Mangrich AS, Souto CAT,
Felcman J. Potentiometric and spectroscopic study of mixed
copper (II) complexes with amino acids and either adenosine 5′
triphosphate or phosphocreatine. Polyhedron. 2006;25:1319–26.

53. Stanila A, Marcu A, Rusu D, Rusu M, David L. Spectroscopic
studies of some copper (II) complexes with amino acids. J Mol
Struct. 2007;834:364–8.

54. Jastrzab R. Studies of new phosphothreonine complexes formed in
binary and ternary systems including biogenic amines and copper
(II). J Coord Chem. 2013;66:98–113.

55. Jastrzab R, Lomozik L. Coordination mode in the binary systems of
copper (II)/O-phospho-L-serine. J Coord Chem. 2009;62:710–20.

56. Kampf G, Lüth MS, Kapinos LE, Müller J, Holý A, Lippert B,
et al. Formation of ternary complexes by coordination of (die-
thylenetriamine) platinum (II) to N1 or N7 of the adenine moiety
of the antiviral nucleotide analogue 9‐[2‐(phosphonomethoxy)
ethyl] adenine (PMEA): comparison of the acid–base and metal‐
ion‐binding properties of PMEA,(Dien) Pt (PMEA‐N1), and
(Dien) Pt (PMEA‐N7). Chem–A Eur J. 2001;7:1899–1908.

57. Yamauchi O. 1. Noncovalent interactions in biocomplexes,
Berlin: New-Generation Bioinorganic Complexes; 2016. p. 1–40.

58. Jastrzab R, Lomozik L. Estimation of the effectiveness of the
phosphate group in binary phosphoserine/biogenic amine systems
in aqueous solution. J Solut Chem. 2009;38:1005–14.

59. Klammert U, Ignatius A, Wolfram U, Reuther T, Gbureck U. In
vivo degradation of low temperature calcium and magnesium
phosphate ceramics in a heterotopic model. Acta Biomater.
2011;7:3469–75.

60. Kanter B, Geffers M, Ignatius A, Gbureck U. Control of in vivo
mineral bone cement degradation. Acta Biomater. 2014;10:3279–87.

61. Wu F, Wei J, Guo H, Chen F, Hong H, Liu C. Self-setting
bioactive calcium–magnesium phosphate cement with high
strength and degradability for bone regeneration. Acta Biomater.
2008;4:1873–84.

62. Yu Y, Wang J, Liu C, Zhang B, Chen H, Guo H, et al. Evaluation of
inherent toxicology and biocompatibility of magnesium phosphate
bone cement. Colloids Surf B: Biointerfaces. 2010;76:496–504.

63. Tamimi F, Le Nihouannen D, Bassett DC, Ibasco S, Gbureck U,
Knowles J, et al. Biocompatibility of magnesium phosphate
minerals and their stability under physiological conditions. Acta
Biomater. 2011;7:2678–85.

64. Hulsart-Billström G, Stelzl C, Procter P, Pujari-Palmer M, Insley
G, Engqvist H, et al. In vivo safety assessment of a bio-inspired
bone adhesive. J Mater Sci. 2020;31:1–10.

65. Ostrowski N, Roy A, Kumta PN. Magnesium phosphate cement
systems for hard tissue applications: a review. ACS Biomater Sci
Eng. 2016;2:1067–83.

14 Page 12 of 12 Journal of Materials Science: Materials in Medicine (2023) 34:14


	Novel adhesive mineral-organic bone cements based on phosphoserine and magnesium phosphates or oxides
	Abstract
	Introduction
	Materials and methods
	X-ray diffraction analysis (XRD)
	Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX)

	Results
	Mechanical testing
	FTIR analysis
	X-ray diffraction analysis
	Further material properties
	Scanning electron microscopy analysis

	Discussion
	Conclusion
	ACKNOWLEDGMENTS
	References




