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High biocompatibility and improved osteogenic potential of
amorphous calcium carbonate/vaterite

Emad Tolba,” Werner E.G. Miiller,*® Bothaina M. Abd El-Hady,” Meik Neufurth,® Frederik Wurm,*
Shunfeng Wang,® Heinz C. Schréder® and Xiaohong Wang*®

In human bone, amorphous calcium carbonate (ACC) is formed as a precursor of the crystalline carbonated
apatite/hydroxyapatite (HA). Here we describe that the metastable ACC phase can be stabilized by inorganic
polyphosphate (polyP) that is also used as a phosphate source for the non-enzymatic carbonate/phosphate exchange
during HA formation. This polymer was found to suppress the transformation of ACC into crystalline CaCOs; at a percentage
of 5% [w/w] (“CCP5") with respect to CaCO; and almost completely at 10% [w/w] (“CCP10"). Both preparations
(CaCOs/polyP) are amorphous, but also contain small amounts of vaterite, as revealed by XRD, FTIR and SEM analyses.
They did not affect the growth/viability of Sa0S-2 cells. Cell culture and Ca”' release experiments revealed that the CaCO;
particles formed in the presence of polyP (CaCOs/polyP) are degradable and, unlike to calcite, become disintegrated with
time during the cell culture incubation. Again in contrast to calcite, “CCP5” and “CCP10” were found to exhibit osteogenic
activity and induce the expression of alkaline phosphatase gene in Sa0S-2 cells as well as in human mesenchymal stem
cells (MSC). In vivo studies in rats, using PLGA microspheres inserted in the muscles of the back of the animals, revealed
that the encapsulated “CCP10” is not only biocompatible but also supports the regeneration at the implant region. We
conclude that ACC containing small amounts of vaterite has osteogenic potential and offers superior properties compared

to the biologically inert calcite with respect to a potential application as a scaffold material for bone implants.

1. Introduction

Calcium carbonate (CaCO3), the world largest geochemical reservoir
for carbon® exists in three major crystalline polymorphs, as calcite,
aragonite, and vaterite (reviewed in: ref.z). The amorphous calcium
carbonate (ACC) is the least stable polymorph of CaCO; and vaterite
the thermodynamically least stable form of crystalline CaCOs. While
calcite and aragonite are common in biological and geological
samples, vaterite is metastable and rare in nature (reviewed in:
ref.3). Vaterite is occasionally found in biological materials, e.g. as
skeletal element in the mussel Hyriopsis cumingii and in otoliths
(reviewed in: refs.*?). It is remarkable that in fish two of the three
pairs of otoliths, the sagittae and the lapilli are composed of
aragonite, while the asteriscus are made of vaterite.®
Biochemical/chemical studies revealed that the mature crystals of
otoliths are metabolically inert crystalline skeletal structures which
run in parallel with organic matrices that vary. This observation
suggested that those organics might act as templates as well as
structure-guiding molecules during the deposition of the mineral

% ERC Advanced Investigator Grant Research Group at the Institute for Physiological
Chemistry, University Medical Center of the Johannes Gutenberg University,
Duesbergweg 6, D-55128 Mainz, GERMANY. E-mail: wmueller@uni-mainz.de;
wang013@uni-mainz.de; Fax: +49 6131-39-25243; Tel: +49 6131-39-25910.

b Biomaterials Department, Inorganic Chemical Industries Division, National
Research Center, Doki 11884, Cairo, EGYPT.

“ Department of Physical Chemistry of Polymers, Max Planck Institute for Polymer
Research. Ackermannweg 10, D-55128 Mainz, GERMANY.

This journal is © The Royal Society of Chemistry 20xx

phase from the amorphous to the distinct mineral phase.3 The
importance of the organic components as structure and function
orientating guide within the skeletal inorganic deposits has been
postulated and finally proven in several biological systems, e.g. in
shell layers of some mollusks’ or in calcareous spicules from
sponges.8 The crucial role of acidic matrix macromolecules,
intimately involved in growth of biological crystals, has been
highlighted already in 1985° and later corroborated multifold, e.g.
in the hic31 framework-matrix protein within the prismatic-layer of
H. cumingii.10

The basic building blocks of bone comprise, besides of water
and collagen, a form of carbonated apatite similar like dahllite
[Cas5(PO,4,C0O3)3(0OH)] (reviewed in: refs.u'lz). This crystalline mineral
is likely to be formed from amorphous calcium phosphate (ACP).13
Very recently biochemical and dispersive spectroscopic evidence
suggested that it is ACC that acts as bioseed for the formation of
carbonated apatite,14 a process that is accelerated by carbonic
anhydrase(s) (CA), very likely by the soluble CA-II isoform™ and/or
the cell-membrane-associated CA-IX.>"” Based on these evidences
the following three mechanically distinct phases resulting in bone
hydroxyapatite (HA) formation can be distinguished;18 first,
enzymatic formation of ACC bioseeds via CAes, second, non-
enzymatic exchange of carbonate ions by phosphate19 under
formation of ACP and third, transition of ACP to the crystalline
phase carbonated apatite/HA. It should be mentioned that
polyphosphate (polyP), which is present in considerable amounts in
the blood and in larger extent in blood platelets, has been
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implicated as a phosphate source for the formation of the bone
calcium phosphate deposits (reviewed in: ref.ls). From this polymer
ortho-phosphate is enzymatically removed via the alkaline
phosphatase (ALP)”® which might serve as donor for bone
mineralization. In  addition, octacalcium phosphate and
osteopontin, phosphorylated bone matrix glycoproteins, have been
discussed as precursors of biological apatite crystal formation.”*

In the recent vyears, bioinspired as well as biomimetic
approaches have been undertaken to develop functional materials
capable of promoting bone tissue regeneration. Since collagen and
HA are dominant in bone, biomaterials containing chemical-
inducers of any of these materials or both have been extensively
explored in bone tissue engineering with the hope to accelerate
bone regeneration (reviewed in: ref.zz). Calcium phosphate salts in
general and HA in particular have been found to be superior as
regenerative materials than their non-mineralized counterparts
(reviewed in: ref.B). The application of ACC as a potential
regeneration-inducing/supporting material has been hampered by
the fact that ACC, as such, is not stable. Stabilization of ACC in vivo
is regulated by specialized proteins, often in combination with Mg“,
while under in vitro conditions non-biogenic additives, like soluble
polycarboxylates, again Mg2+, triphosphate, or polyphosphonate
species freeze ACC to a relative stable phase (see: refs.24’25); also
freeze-drying has been determined to stabilize ACC.”® In contrast,
vaterite is stable enough to allow dissociation and in turn might act
as a potential ion buffering system for bone regeneration and by
that could modify transformation processes from CaCO; to HAZ

In the present study we describe that polyP can stabilize the
ACC phase. Previously it has been reported that soluble Na-polyP,
spiked with defined molar ratios of Ca2+, can be processed to solid
nanoscaled nano-/microparticles that remain amorphous.zs’29 In
contrast, other polyP based ceramics have been prepared as
crystalline materials at high temperaturem31 or as phosphate glass
of variable chemical and physical structures as well as particle
morphologies in the microsize range.32 In our procedure, at a level
of 5% [w/w], polyP considerably suppresses the transformation of
ACC to crystalline CaCO; and at a percentage of 10% [w/w] the
polymer almost completely blocks this process. This finding might
have important implications since polyP is a natural polymer which
is abundantly present in the circulated blood and also in blood
platelets.”'34 Previously, polyP has been found to act as a
morphogenetically active inorganic molecule on bone cells and
induces their mineralization potency. The present study shows that
CaCO0;, containing 5 or 10% [w/w] of polyP, comprises osteogenic
potential in Sa0S-2 cells as well as in human mesenchymal stem
cells (MSC) by inducing ALP gene expression. In addition, it is shown
that this calcium carbonate/calcium phosphate hybrid material is
biocompatible and supports regeneration in vivo.

2. Material and Methods
2.1 Materials

Na-polyphosphate (Na-polyP) with an average chain length of =40
phosphate units was obtained from Chemische Fabrik Budenheim
(Budenheim, Germany). Poly(p,L-lactide-co-glycolide) (PLGA;
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lactide:glycolide [75:25]; mol.wt. 66,000-107,000; P1941) was
obtained from Sigma (Taufkirchen, Germany).
CaCly Na,CO5
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Fig. 1 Preparation of calcite and CaCO; supplemented with polyP
(scheme). The inserts show the SEM images of the respective
product.

2.2 Preparation of Ca-carbonate microparticles

Ca-carbonate (CaCO;) was prepared by direct precipitation in
aqueous solutions (at room temperature), using CaCl,*2H,0
solution (#223506; Sigma-Aldrich, Taufkirchen, Germany) and
Na,COj; solution (#85195; Fluka-Sigma) at equimolar concentration
ratio between Ca®* and CO32' through rapid mixing. In brief, 20 ml of
0.1 M NaOH was added to 1.05 g Na,CO; and then diluted with 30
mL of deionized water. This solution was combined with 50 mL of
water containing 1.47 g CaCl,*2H,0 and then rapidly stirred,
immediately followed by filtration. The CaCO; precipitate (termed
“CC”) was rinsed with acetone to dry the solid material; scheme in
Fig. 1.

To study the effect of polyP on precipitated CaCOj; the solution
of 20 ml of 0.1 M NaOH was supplemented with 0.05 g or 0.1 g of
Na-polyP to which 1.05 g of Na,CO; was added; subsequently this
solution was diluted with 30 mL of deionized water. Then 50 mL
water, containing 1.47 g CaCl,#2H,0, was added. By this, 5% [w/w]
(addition of 0.05 g Na-polyP) and 10% [w/w] (0.1 g Na-polyP) of
polyP, respectively, was added to the CaCO; precipitation assay.
The suspensions obtained were filtrated, washed with acetone and
dried at room temperature. The samples were termed “CCP5” (0.05
g Na-polyP per CaCO; precipitation assay) or “CCP10” (0.1 g).

2.3 X-ray diffraction analyses

This journal is © The Royal Society of Chemistry 20xx
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X-ray diffraction (XRD) experiments were performed as described
previously.35 The patterns of dried powders were registered on a
Philips PW 1820 diffractometer with Cuy, radiation (A = 1.5418 A, 40
kV, 30 mA) in the range 289 = 5-65° (A2% = 0.02, At = 5 s). The calcite
and vaterite phases were identified as described.*®*

2.4 Fourier transformed infrared spectroscopy

Fourier transformed infrared spectroscopic (FTIR) analyses were
performed with micro-milled (agate mortar and pestle) mineral
powder in an ATR (attenuated total reflectance)-FTIR
spectroscope/Varian 660-IR spectrometer (Agilent, Santa Clara, CA),
fitted with a Golden Gate ATR unit (Specac, Orpington, UK).19 The
spectra given represent the average of 100 scans with a spectral
resolution of 4 cm® (typically 550-4000 cm'l). The baseline
correction, smoothing, and analysis of the spectra were achieved
with the Varian 660-IR software package 5.2.0 (Agilent). Graphical
display and annotation of the spectra were performed with Origin
Pro (version 8.5.1; OriginLab, Northampton, MA).

2.5 Scanning electron microscopic studies

Scanning electron microscopic (SEM) analyses were performed with
an SU 8000 instrument (Hitachi High-Technologies Europe, Krefeld,
Germany), at low voltage (1 kV) as described.*® The particle size was
determined with a particle size analyzer (Imagel); 25-50 crystals
were evaluated.

2.6 Release of Ca** from the CaCO; particles

In separate assays 100 pg/ml of either calcite or “CCP10” were
added into an Eppendorf tube containing 1 mL of 1 M Tris-HCI (pH
7.4). After incubating at room temperature for 2 h, 2d, 3 d and 8 d
samples of 100 ul were taken, centrifuged and the supernatant
analyzed for Ca”" concentration. The determination was performed
with the photometric test kit (Millipore/Merck Chemicals,
Darmstadt, Germany; article no. 100858 “Calcium Cell Test”) as
described in the Instructions of the Manufacturer. The blank values
were subtracted from the test assays.

2.7 Cultivation of Sa0S-2 cells

The human osteogenic sarcoma cells Sa0S-2 (#89050205; Sigma)
were cultured in McCoy’s medium (Biochrom-Seromed, Berlin,
Germany), supplemented with 2 mM L-glutamine and enriched with
15% heat-inactivated fetal calf serum (FCS).* Antibiotics, 100
units/mL penicillin and 100 pg/mL streptomycin, were likewise
added. The cells were incubated in 25-cm? flasks or in 6-well plates
(growth area 9.5 cm’; Corning Costar cell culture plates; #CLS3516
Sigma) at 37°C. The cultures were inoculated with 1x10* cells/well
in a total volume of 3 mL. Where indicated, the cultures were first
incubated for a period of 3 d in the absence the mineralization-
activating cocktail (MAC). Then the cultures were continued to be
incubated for additional 7 d in the absence or presence of the MAC,
comprising 5 mM B-glycerophosphate, 50 mM ascorbic acid and 10
nM dexamethasone to induce biomineralization.”® The CaCOs;
samples (“CC”, “CCP5” or “CCP10”) were added to each well at the
beginning of the experiments. Every third day the culture medium
was replaced by fresh medium/serum and, where indicated, also

This journal is © The Royal Society of Chemistry 20xx
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with MAC. The cells were subsequently used for the quantification
of the ALP gene expression.

2.8 Cell viability assay

Sa0S-2 cells were seeded into the 6-well plates and cultured for 3 d
in McCoy’s medium/15% FCS. Where indicated, the cultures were
supplemented with 30 pg (in 3 mL) of the respective CaCO;
preparation. Then, after a 2 or 3 d incubation period, the cells were
incubated with fresh medium containing 200 uL of 3-[4,5-dimethyl
thiazole-2-yl]-2,5-diphenyl tetrazolium (MTT; #M2128, Sigma) for 4
h in the dark. Subsequently the remaining MTT dye was aspirated
and 200 pL of DMSO were added to solubilize the formazan crystals.
Finally, the optical densities (OD) were determined at 650 nm.* Ten
parallel experiments each were performed.

2.9 Human mesenchymal stem cells

The expression of ALP was determined, in parallel in Sa0S-2 cells,
and also in human mesenchymal stem cells (MSC). The cells were
isolated using previously described methods; the experiments had
been approved from the ethics committee.** The deep-frozen,
preserved MSCs were thawed, and suspended in 75-cm? flasks.
They were cultivated in a-MEM (Cat. no. F0915; Biochrom, Berlin,
Germany), supplemented with 20% FCS supplemented with 0.5
mg/mL of gentamycin, 100 units penicillin, 100 pg/mL of
streptomycin and 1 mM pyruvate (#P2256 Sigma-Aldrich). The
incubation was performed in a humidified incubator at 37°C. After
the pre-incubation period of 3 d the non-adherent cells were
discarded, and the adherent cells were continued to be incubated
with a-MEM/FCS.

2.10 Quantitative real-time polymerase chain reaction: ALP
expression

The Sa0S-2 or MSCs cells were pre-cultivated for 3 d in
medium/serum. Then the cultures were split and incubated either
in the absence of any CaCOj; (control) or with 50 pug/mL of “CCP5”,
“CCP10” or calcite and the cultivation was continued for an
additional 7 d in the absence or presence of MAC. Subsequently,
the cells were harvested, RNA extracted and subjected for
quantitative real-time RT [reverse transcription]-polymerase chain
reaction (qRT-PCR) as described.”® The following primer pairs were
used: ALP [alkaline phosphatase; NM_000478.4] Fwd: 5'-
TGCAGTACGAGCTGAACAGGAACA-3’ [nty14; to ntyye] and Rev: 5'-
TCCACCAAATGTGAAGACGTGGGA-3' [nty415 to nty395; product size of
278 bp] and as reference GAPDH [glyceraldehyde 3-phosphate
dehydrogenase; NM_002046.3] Fwd: 5'-CCGTCTAGAAAAACCTGCC-
3" [ntgyg tO Ntgyy] and Rev: 5'-GCCAAATTCGTTGTCATACC-3' [nty145 to
Nntq126; 199 bpl. The qRT-PCR determinations were performed in an
iCycler (Bio-Rad, Hercules, CA, USA), and the mean C; values and
efficiencies were calculated by iCycler software (Bio-Rad); the
estimated PCR efficiencies were in the range of 93%-103%.%°

2.11 Preparation of PLGA-based implant microspheres

The microspheres, used for the animal experiments were produced
as described in details.*® The implant microspheres lacking
CaCOs/polyP were fabricated with 4 ml of a PLGA/dichloromethane
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solution (volume ratio 1:5); they are termed “cont-mic”. For the
fabrication of the implant spheres containing CaCO3/polyP, “CCP10”
was added to the PLGA/dichloromethane mixture at a
concentration of 20%. The viscous reaction mixture was pressed
through a syringe with an aperture of 0.8 mm. By this approach,
implant microspheres, termed “polyP-mic”, with an average
diameter of = 830 were obtained (see under “Results”).

The content of polyP in the microspheres was determined after
treatment of the samples with 1 M sulfuric acid to hydrolyze polyP;
the resulting orthophosphate was determined with ammonium
molybdate (#277908; Sigma-Aldrich) as described.*’

2.12 Determination of the mechanical properties

The mechanical properties of the microspheres were determined
with a nanoindenter, equipped with a cantilever that has been
fused to the top of a ferruled optical fiber.** Using this technique
the reduced Young’s modulus (RedYM) was determined.

2.13 Compatibility studies in vivo

Wistar rats of male gender, weighting between 240 g and 290 g
(age: two months), were included in this study; 3 animals from each
group were used. The animal experiments were performed in
compliance with the relevant laws and institutional guidelines; they
had been approved by the ethics committee at the Dongzhimen
Hospital at the Beijing University of Chinese Medicine (No. 5
Haiyuncang Road, Dongcheng District, Beijing 100700; Beijing
Committee of Science and Technology). The certificate number for
the approval is 2012-0001; the experimental studies had been
performed by Dr Xing YU. Diet and water were provided ad libitum
during the total experimental period. Prior to surgery the animals
were treated with Ciprofloxacins (Bayer, Leverkusen, Germany) 10
mL/kg of body weight for antibiotic prophylaxis. Then the animals
were narcotized with chlorpromazine (Smith, Kline & French,
Philadelphia, PA)/Ketamin (Ketanest; Pfizer, Groton, CT) via
intramuscular injection. Following routine disinfection, incisions of
=1 cm were made in the right and left half, perpendicularly to the
vertebral axis at the upper limbs level. Following skin incision, the
muscle was incised and dissected to accomodate the microspheres.
The implant microspheres (=20 mg in a volume of 100 pL) were
introduced into the muscle and stabilized there in the deeper
Iayer.M’M’48 After a period of 2, 4, or 8 weeks the animals were
sacrificed and the specimens with the surrounding tissue were
dissected and sliced. The samples were inspected macroscopically
for inflammation, infection and discoloration.

The samples were fixed in formalin, sliced, stained with Mayer's
hematoxylin (#MHS1; Sigma) and then analyzed by optical
microscopy (with an Olympus AHBT3 microscope).49

2.14 Statistical analysis

After finding that the values follow a standard normal Gaussian
distribution, the results were statistically evaluated using paired
Student’s t-test.”

3. Results

3.1 Effect of polyP on calcite formation: FTIR and XRD spectra

4| J. Name., 2012, 00, 1-3

For all CaCO; solids the following FTIR signals were recorded: v,
(symmetric stretching) at 1080 cm™; v, (out of-plane bending) at
=870 cm™’; v (doubly degenerate planar asymmetric stretching) at
~1400 cm ™" and v, (doubly degenerate planar bending) at 700 cm ™.
The published IR data®® which were obtained with FTIR/KBr pellets,
include peaks located at around 1400 cm™* (v3), 876 cm™ (v,), and
714 cm™* (v,) for calcite and 1090 cm™ (v;), 870 cm™ (v,), and 745
cm™ (v,) for vaterite (Fig. 2). Our samples prepared in the absence
of polyP are characterized as follows. For calcite the typical
vibration bands 1391, 872 and 712 em™ were recorded, while the
samples prepared in presence of polyP showed the adsorption
peaks at 1398, 869 and 742 cm™ for “CCP5” polyP as well as the
bands at 1398, 869 and 741cm™ for “CCP10” proving the formation
of vaterite. It is apparent that the strength of the signal for vaterite
around 741 cm™ decreases at higher content of polyP in the
fabricated CaCOj; solids, “CCP10” versus “CCP5”. This is indicative
for the formation of ACC. Beside of the CO32’ absorption peaks, the
peaks from 1200 em™ to 950 cm ™ correspond to the absorption
peaks of phosphate in polyP.

Vzasym CO, [1398 cm'1]

vO-H

1

V,asym CO; [872 cm’']
V1391 l

Absorbance

: N .. 5] )
< I

-1
] : Vysym CO; [1080 cm ']
V,asym CO, [712 cm'1]

3000 2000
Wavenumber (cm-1)

Fig. 2 FTIR spectra of calcite as well as “CCP5” (0.05 g of Na-
polyP/assay) and “CCP10” (0.1 g of Na-polyP). The major
distinguishing vibration regions/signals for calcite versus ACC, the
vibration range for O-H (around 3250 cm'l) and the asymmetric v,
line for CO; at 712/742 cm™ are circled.

4000 1000

The above result, vaterite to be formed in small portions in ACC
solids, was confirmed with XRD in which the diffraction peaks of the
sample prepared in absence of polyP, at approximately 23°, 30°, 36°
and 40°, is given; those signals correspond to calcite. In contrast,
the samples prepared in the presence of polyP (“CCP5") showed
peaks at approximately 24°, 27°, 32° and 44°, which also reflect the
existence of vaterite. Furthermore, these data prove that the CaCO3
solids, prepared in the absence of polyP were pure calcite (Fig. 3A).
In contrast, the “CCP5" samples were composed of vaterite in

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 12



Please dn nnt adjust margins

Journal Name

association with ACC, as can be deduced from the low intensities of
the signals and also the broadening of the diffraction peaks for
sample "CCP5" (Fig. 3B). In consequence, the increase of the
amount of polyP, as in “CCP10", causes a decrease transformation
rate of ACC to vaterite. This is evident from the XRD pattern of
"CCP10" sample which exhibits the amorphous nature of the
sample, but also containing small amounts of vaterite.

A B -
4000 Calcite ml CCP10 ;
F
3000
400
z
EZDNP
fSow] 53 szsgs g wE@glcls -5 o
- = o = =l = I=
g z:lw‘u'%?r HIEFE O HF
. [ N
0_

10 20 30 40 50 60 10 20 30 40 50 60
20 (degree) 20 (degree)

Fig. 3 XRD pattern obtained from (A) calcite and (B) the two CaCO;
preparations, containing two different concentrations of polyP,
“CCP5” or “CCP10”. The characteristic signals are highlighted and
marked with the respective Miller indices, given in parentheses.36
Please note the different scale of the ordinate captions between (A)
and (B).

e

Fig. 4 Morphology of the solids formed from CaCl,*2H,0 and
Na,CO3; SEM analysis. (A and B) In the absence of polyP calcite
crystals are formed. This morphology is changed after addition of
polyP during the precipitation process. (C and D) In the presence of
5% polyP, the “CCP5” particles show a spherical appearance. (E and
F) At 10% polyP, “CCP10”, the solids show a platelet-like shape,
which corresponds to vaterite crystals (Vat).

3.2 Morphology of the solids formed

This journal is © The Royal Society of Chemistry 20xx
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The solids formed by precipitation from CaCl,#2H,0 and Na,CO;
were studied by SEM. The photomicrographs of the particles,
formed in the absence of polyP, show the typical crystalline calcite,
the rhombohedral crystals surrounded by {104} faces;51 Fig. 3A and
B. The size of the particles varies between 5.3 to 8.9+2.4 um. In
contrast, those solids formed from CaCl,#2H,0 and Na,COj; in the
presence of polyP show a different morphology. At the lower polyP
concentration, the “CCP5” particles show a spherical appearance
with an average size of the spherical crystals of 9.4+3.7 um (Fig. 4C
and D); we attribute these particles to vaterite. They are
surrounded by very abundantly accumulating small nanoparticles
with a size range of 100 to 200 nm, which we assigned as ACC.
Increasing the polyP, as in “CCP10”, the globular particles disappear
and are replaced by penta/hexagonal flake shaped vaterite (Fig. 4E
and F). High-magnification of the samples by SEM revealed that
those individual large flakes, vaterite crystals, are formed by
numerous globular to platelets-like, mostly ACC, each about 500
nm. The latter two morphologies, the globular particles and the
flake like particles match described crystalline vaterite grains.37

In turn, the data (XRD, FTIR and SEM) indicate that the “CCP5”
and “CCP10” particles consist, to a different proportion, of ACC
together with vaterite.

3'0-_ [C_IControl
= XN CCP5
£ 251 |E4ccP10 7
< Il Calcite VN
gz.o-
@
Q1.5+
3
5 1.0 1
@
Qo
< 0.5

u .

0 2 3

Incubation period (d)

Fig. 5 Cell viability/growth of Sa0S-2 cells after cultivation for 2 d
and 3 d, respectively, in the absence of any CaCOj; solids (control;
open bars) or after exposure to 50 pg/mL of “CCP5” (left hatched
bars), “CCP10” (right hatched bars) or calcite (filled bars). After
terminating the cultivation, the assays were subjected to the MTT
assay and the absorbance at 650 nm was determined. The
absorbance value at time zero is likewise given (grey bars). Data
represent means + SD of ten independent experiments.

3.3 Effect of CaCO; samples on cell growth/viability

The cell growth/viability of Sa0S-2 cells after exposure to the CaCO;
preparations was determined by applying the MTT assay. The CaCO3
samples were added at a concentration of 50 pug/mL to the cells. In
parallel a control series of experiments lacking any CaCOj; solids was
performed (Fig. 5). The results revealed that the increase in cell
growth/viability from 0.70+0.11 at time O to approximately 1.1
absorbance units after 2 d and 2.35 units after 3 days changes only
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non-significantly among the control assays and the three CaCOj;
series (“CCP5”, “CCP10” or calcite).

3.4 Stability of the CaCOj; solids in the culture medium

Sa0S-2 cells grow in an adherent manner.>® If the cultures are
exposed to either calcite or “CCP5” solids the growth behavior onto
the surfaces of the culture dishes is similar in assays containing
either “CCP10” (Fig. 6A and B) or calcite (Fig. 6C and D). After 3 d
the cells grow almost to confluency. However, it is remarkable that
the number of mineral particles, floating in the culture medium,
after this period of time, is strongly reduced in the assays
containing “CCP10” (Fig. 6A and B), compared to those seen in
calcite assays (Fig. 6C and D). This observation can be taken as an
indication that the “CCP10” particles undergo dissolution during the
5 d incubation period. This finding
determination revealing that after 3 d incubation period in

is supported by the

simulated body fluids®® the amount of calcite particles decreases
only by 5-10%, while only 35% of the “CCP10” particles can be
recovered, as measured on the basis of sedimentable carbonate
(data not shown).

Fig. 6 Growth pattern of Sa0S-2 cells in the presence of 50 pg/mL of
“CCP10” (A and B) or calcite (C and D) after a 3 d incubation period.
The cells were identified by phase contrast/Nomarski optics. The
CaCO; particles in the assays became visible in the phase contrast
images and are marked (> <).

3.5 Release of Ca”* from the CaCO, particles

In separate assays either calcite or “CCP10” was added into a 1 mL
assay, buffered with 1 M Tris-HCI (pH 7.4). While almost no ca’tis
released from the calcite sample, already 6.8+1.1 pg/ml (68% of the
total Ca®* in the reaction mixture) was released from the “CCP10”
after a period of 48 hr; this extent increases further during the total
192 hr of incubation (Fig. 7).

3.6 Expression of the ALP in Sa0S-2 cells as well as in MSCs

The morphogenetic activity of the CaCO; samples towards Sa0S-2
cells as well as the MSCs was determined in the absence and
presence of MAC. Using Sa0S-2 cells it was determined that in the
absence of MAC the expression ratio between the ALP and the
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reference gene expression (GAPDH) significantly increases from
0.31+0.9 arbitrary units to =0.6. Within the sets of experiments
without the MAC no significant differences are measured,
irrespectively of the absence (control) or presence of the CaCO;
samples in the assays (Fig. 8A). However, if the expression ratio
(ALP:GAPDH) is determined in MAC activated cells then a significant
increase of the ratio to 0.87+0.12 (in the control), to 1.74+0.23
(“CCP5”) or to 1.86+0.29 (“CCP10”) is measured. In contrast, no
response of the cells in assays with calcite is determined
(0.14+0.05).
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Fig. 7 Release of Ca®* from the CaCOg particles. “CCP10” or calcite
was incubated in Tris-HCI buffer (pH 7.4) for various time periods
and the supernatant was analyzed for Ca*" concentration. The
results are means from 6 parallel experiments; * P < 0.01.
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Fig. 8 Steady-state expression levels of the ALP gene both in (A)
Sa0S-2 cells and in (B) MSCs. The cells remained without any CaCO3
solids (control), or were exposed to 50 pg/mL of “CCP5” (left
hatched bars), “CCP10” (right hatched bars), or calcite (filled bars).
After the 3 d pre-incubation period in the absence of MAC the cells
were continued to be incubated in the absence of MAC (minus
MAC) or were exposed to MAC (plus MAC). After the 7 d incubation
the cells were harvested, their RNA extracted and subjected to qRT-
PCR analyses. The expression values are given as ratios to the
reference gene GAPDH; the ratios at time zero are in grey. The
results are means from 5 parallel experiments; * P < 0.01; the
values are computed against the expression measured in cells
during seeding.

A similar expression pattern of the ALP, if correlated to the
reference GAPDH gene expression, is found if MSCs are used for the
experiments. Again, in the presence of the MAC a significant

This journal is © The Royal Society of Chemistry 20xx
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increase of the expression ratio is seen assays in the absence of any
CaCOs; solid, as well as in the presence of both “CCP5” and “CCP10”.
No inducing effect is determined in cells exposed to calcite (Fig. 8B).

3.7 Implant microspheres, used for the animal studies

The control spheres, the “cont-mic” had a size of (=845 um [820+60
um]; n=50), while those containing polyP were insignificantly
slightly smaller (=838 um [816+65 um]); Fig. 9A and B. The texture
of the microspheres surfaces was porous and had pores of 25-30
nm (not shown here). The content of polyP in the “polyP-mic” was
7.2610.92%. The hardness of the particles (RedYM) was determined
with a nanoindenter and found to be for the “cont-mic” 26.99+6.22
MPa and the “polyP-mic” 23.96+5.49 MPa.

Fig. 9 Morphology of the microspheres; (A) control spheres “cont-
mic” and (B) polyP loaded spheres, “polyP-mic”.

3.8 Compatibility studies in rats

The implant microsphere samples (20 mg), both “cont-mic” and
“polyP-mic” were inserted in the muscles of the back of rats, as
described under “Materials and Methods” (Fig. 10A and B). After 2,
4, or 8 weeks tissue samples with the microspheres were removed,
sliced and stained with hematoxylin solution. In none of the excised
specimens any sign for a histopathological alteration could be seen
in all of the three sacrificed laboratory animals per group both for
the “cont-mic” (Fig. 10C, E and G) and the “polyP-mic” series (Fig.
10D, F and H). Typical images for the sample sections, stained with
hematoxylin are shown. It is evident that after 2 weeks the regions,
where the implant microspheres had been placed into the muscle,
harbor a few cells which are scattered within the implanted
microsphere areas (Fig. 10C and D). However, after a 4 (Fig. 10E)
and 8 weeks (Fig. 10G) stay of the “cont-mic” microspheres in the
muscle area the implant spheres appear to be empty or close to be
cell-free. In contrast, within the “polyP-mic” microspheres already
after 4 weeks (Fig. 10F) an accumulation of the cells within the
spheres are evident. Even more, after 8 weeks the spheres are
almost filled with infiltrating cells (Fig. 10H).

4, Discussion

As any organ in the human body, the skeletal elements are dynamic
systems, prone to anabolic and catabolic processes. In contrast e.g.
to the liver, the inorganic components and especially the crystalline
HA part of the bones show a comparably slow metabolic turnover
with the relatively low rate of 2 to 3% per year.54 Basically it can be
taken as a rule that crystalline minerals in an organism are
biologically inert; typical examples are bladder stones that are

This journal is © The Royal Society of Chemistry 20xx
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formed from crystalline creatinine, oxalate, citrate, uric acid,
sulfate, chloride and/or ammonium under supersaturated and
acidic conditions.” In turn, bone implant materials that should elicit
regenerative activity might preferentially be formed of amorphous
material, like e.g. bioactive glass.56 Amorphous precursors from HA,
e.g. ACC or ACP,”” are metastable phases which give rise to the
mature carbonated and subsequently crystalline HA apatite
(reviewed in: ref.u). At physiological conditions, the turnover of HA
is, if at all, very low, while the transition from ACC to calcium
phosphate runs readily and is only dependent on the
substrate/product concentrations.” In any event, concentration-
dependent reactions in the body are driven enzymatically, since
both the process of oversaturation, a result of active metabolic
pumping, and the throughput via the flow equilibrium are
energetically coupled to exergonic reactions that are enzyme-
dependent.

Fig. 10 Implantation of the implant microspheres (A and B) into
muscle of the back of a test animal. (C to H) Cytochemical analysis
of the regions around the microspheres after a period of 2 weeks
(C, D), 4 weeks (E, F) and 8 weeks (G, H) of transplantation. The
animals received either “cont-mic” implant microspheres (C, E, G)
or implant microspheres (“polyP-mic”), filled with “CCP10”; staining
of the slices was performed with hematoxylin. Microspheres (mic)
and muscle areas are marked (m).
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Recently, distinct evidence accumulated that ACC, as the

(presumed) bioseed for bone mineral formation, is formed
enzymatically via CA-Il or CAI-IX."”"® The metastable ACC, readily
formed at slightly alkaline conditions, undergoes rapid

transformation to vaterite, and/or aragonite and calcite, unless this
reactions chain is not blocked by inorganic or organic molecules.”
In turn, in the present study we fabricated CaCOj; solids, an ACC
polymorph that contains a small amount of vaterite, and assessed
their potential to act as (potential) bone implant material. These
CaCOs/polyP deposits retain the potency to undergo transformation
to the stable aragonite and calcite, and additionally, after exchange
of carbonate by phosphate, have the ability to form ACP and
perhaps finally also HA (to be studied). Such an implant material
would be superior to a biologically inert HA implant scaffold that
merely functions as a mechanical place holder and platform for cells
to adhere and to proliferate but not as an osteogenic material.”®

It is established that parallel with the enthalpy increment,
crystallization of ACC to the other polymorphs (vaterite [=-15 kI
mol ™ relative to ACC], aragonite [=-19 kJ mol™"], or to calcite [=-19 kJ
mol™]),*® the solubility of ACC to vaterite, aragonite and finally
calcite drops considerably between ACC and vaterite. In the present
study the Na* salt of the anionic polymer polyP was added to the
precursors of CaCO; (CaCl, and Na,COj3) during the synthesis of ACC.
This polymer prevented, at a final concentration of 10%, the
transformation process of ACC to its crystalline polymorphs
vaterite, aragonite and calcite almost totally. It has been shown that
the CaCO; polymorph transformation kinetics, following the
Ostwald step rule, from ACC via the first nucleation step, the
metastable spherical vaterite polymorph, then to aragonite and
finally to the stable rhombohedral calcite polymorph, decreases to
the same extent as the “impurities” in the assay increases.” Such
an “impurity” is the morphogenetically active polyP that prevents
the transformation from ACC to the crystalline polymorphs; only
small fractions of vaterite within the ACC solid are formed.

Both the CaCO; solids®™®® and the polyP physiological
metabolite,lg'sz’63 tested separately, have osteogenic potential and
could serve as constituents of bioactive bone grafts. In turn, the
scaffold developed in the present study exploits not only the
morphogenetic potential of polyP but also utilizes the property of
this polymer to freeze the CaCOj; solids at the ACC stage. This
material is superior to calcite with respect to the osteogenic
activity; both “CCP5” and “CCP10” are determined to be significant
inducers of the gene ALP, a known marker for bone formation via
stimulation of osteoblasts. This result has been obtained from
studies with bone-like Sa0S-2 cells and also with MSC. Using a
CaCO; formulation with 10% [w/w] polyP, “CCP10”, the release of
Ca2+, and simultaneously of C032’, is fast during the first 48 h of
incubation, allowing the release of the biologically active anions
C0O;>" and PO,> from the scaffold; the ortho-phosphate will be
enzymatically and exohydrolytically liberated from ponP.64 In turn,
the C032’ as well as the HCO; anions induce the mineralization
process onto bone-forming cells,'* very likely via modulating the
efficiency of the HCO;/Cl" anion exchanger, inserted into the
plasma membrane not only of osteoclasts but also of osteoblasts.®
Very recently, this view has been corroborated by the finding that
the baso-lateral Ae2a,b in differentiating

anion exchanger

8 | J. Name., 2012, 00, 1-3

ameloblasts secretes bicarbonates into the extracellular space
under simultaneous deposition of HA/enamel.®®

To assess the biocompatibility of the CaCO3z/polyP material in
vivo, “CCP10” was encapsulated into PLGA (“polyP-mic”)
microspheres. In parallel, the control implant spheres remained
without CaCO;/polyP (“cont-mic”). Those pearls were inserted in
the muscles of the back of rats. After an observation period of 2, 4,
and 8 weeks tissue samples were taken from the rats and inspected
microscopically after slicing and staining with Mayer's hematoxylin.
The inspections show that in the “polyP-mic” series an advanced
repopulation of the implant region with cells became evident after
4 weeks and 8 weeks, resp. In contrast, the microspheres lacking
CaCOs/polyP were devoid of any cells. From these experiments we
conclude that the “CCP10” biomaterial is not only biocompatible
but also supports the cellular regeneration potency of the impaired
implant region.
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Fig. 11 Schematic presentation of the process of endochondral
ossification and the proposed phases of bone mineral deposition.
After penetration of blood vessels the hyaline cartilage at the
primary ossification centers in the diaphysis starts to calcify (CaCO;
deposits). The formation of spongy bone at the secondary
ossification centers in the epiphyses starts later. Two regions of
hyaline cartilage remain the articular cartilage at the surface of the
epiphysis and the epiphyseal plate (growth region) between the
epiphysis and diaphysis. The mineral deposition in the growth
region is subdivided into the following three steps. Phase I:
amorphous calcium carbonate (ACC) bioseeds are formed, a process
with might be mediated by the membrane-associated CA-IX. Phase
II: polyP released from platelets undergoes ALP-mediated hydrolysis
under formation of ortho-phosphate that act as phosphate donor
for the carbonate-phosphate transfer reaction. Finally phase Ill: the
phosphate units are used for the (carbonated) calcium phosphate
formation.

5. Conclusion

The recently gathered findings on the CaCO; nature of the bioseeds,
the anion exchange of C032' by PO43' and the supply of ortho-
phosphate from polyP, the following series of mechanistically
distinct processes, describing bone formation, can be sketched. In
the first phase during bone mineral deposition, like in the
endochondral ossification, the cartilage in the metaphysis
comprising the growth center between the epiphysis and the
diaphysis of the long bone, calcifies. It is likely that this process of
calcification is enzymatically driven by CA-Il and/or CA-IX. Secondly,

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 12



Page 9 of 12

platelets which accumulate with the osteoblasts both in regions of
bone formation and also at bone fracture sites release polyP into
the extracellular space where the polymer undergoes ALP-mediated
exohydrolysis under the release of ortho-phosphate. Thirdly, the
available phosphate units, formed in a spatial vicinity to the bioseed
synthesis, serve as the source for the formation of ACP and
ultimately to carbonated HA; Fig. 11.

Considering this background, the CaCOs/polyP material
fabricated in this paper appears to be a promising biocompatible
and osteogenic scaffold that provides both the substrate for the
bioseed development (CaCOj [Cogz’]) and for the subsequent
transformation to the calcium phosphate (polyP [PO43’]).
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The following series of mechanistically distinct processes can be subdivided
describing bone formation. First phase during bone mineral deposition, like in the
endochondral ossification, the cartilage in the metaphysis comprising the growth
center between the epiphysis and the diaphysis of the long bone, calcifies. Secondly,
platelets which accumulate with the osteoblasts both in regions of bone formation
and also at bone fracture sites release polyP into the extracellular space where the
polymer undergoes ALP-mediated exohydrolysis under the release of ortho-
phosphate. Thirdly, the available phosphate units, formed in a spatial vicinity to the

bioseed synthesis, serve as the source for the formation of ACP and ultimately to

carbonated HA.
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