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Abstract A biomimetic method is described for the
precipitation of nanosized calcium phosphates using the
alkaline phosphatase (EC 3.1.3.1), which is responsible for
hydrolysis of organic and inorganic phosphates in vivo.
Buffered solutions containing glycerol-2-phosphate and
CaCl, in addition to MgCl, and the respective enzyme
were prepared for calcium phosphate precipitation. The
phosphate group of glycerol-2-phosphate was cleaved
through enzymatic hydrolysis. The local inorganic phos-
phate concentration increased resulting in the precipitation
of nanosized calcium phosphates phases (Ca—P phase)
composed of calcium deficient hydroxyapatite (CDHA)
and hydroxyapatite (HA). At high Ca>*-concentration and
large enzyme amounts mixed phases of HA/CDHA with an
increasing quantity of HA were favoured. Under basic
conditions (pH >9) formation of HA was observed,
whereas at neutral pH of 7.5 CDHA was primarily formed.
The assignment of Ca—P phases was accomplished by
FT-IR and Raman-spectroscopy in addition to X-ray
diffractometry. The Ca—P materials exhibited BET surface
areas of 173 m*/g. SEM-micrographs of the Ca—P powders
showed globular-shaped agglomerates of Ca—P particles.
The size of the Ca—P crystallite ranged from 9 nm to 25 nm
according to transmission electron microscopy (TEM),
where round-shaped, platelike and fibrelike crystallites
were found. All crystallites showed diffuse ring patterns in
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electron diffraction confirming the nanosize of the precip-
itate. Using the developed technique, it was possible to
synthesise 100 g of bonelike Ca—P materials in 1 day using
15 L batches with optimised parameters.

Introduction

The mineralisation of bone is a very complex physico-
chemical and biochemical process resulting in the deposi-
tion of hydroxyapatite within the collagen matrix. Up to
now, biological calcium phosphate formation has not been
understood in all details [1]. Because the concentrations of
calcium and phosphate in the extracellular fluids are
insufficient for spontaneous calcium phosphate precipita-
tion, hydroxyapatite formation has been postulated to be
initiated within extracellular matrix vesicles [2, 3]. These
matrix vesicles contain a high amount of enzymes,
particularly of alkaline phosphatases. Alkaline phosphatase
has been suggested to be involved in hydroxyapatite
formation by releasing phosphate groups by the hydrolysis
of organic phosphates and pyrophosphate, which is an
inhibitor of HA crystal growth [4-6]. In addition to
proteins regulating the P homeostasis, further proteins (e.g.
annexins) inside the vesicles are involved in Ca®* homeo-
stasis [2]. Once nucleated, HA crystals continue to grow
inside the vesicles and they are released into the extracel-
lular matrix when they achieve a definite size. The enzyme
alkaline phosphatase is reported to be involved in the
mineralisation process since Robinson proposed 1923 that
this enzyme hydrolyses organic phosphates and the
released inorganic phosphate precipitates with Ca®* in form
of calcium phosphate. However, the nature of the substrate
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of the alkaline phoshatase within the body has not been
clearly established [2, 4]. Alkaline phosphatases contain
two tightly bound atoms of zinc and one of magnesium per
monomer, which catalyse the non-specific hydrolysis of
phosphate esters [7]. The class of alkaline phosphatases in
general are present in a broad diversity in eukaryotic and
prokaryotic organisms, suggesting that the non-specific
hydrolysis of phosphate esters is functionally important,
but the exact physiological role still remains a matter of
discussion [8]. The hydrolysis reaction proceeds through a
phosphoenzyme intermediate where a phosphorylated
serine residue (Ser-102) at the active site was described.
This was supported by the fact that the enzyme cleaves
phosphate esters at identical rates irrespective of the
leaving group or its pK [8, 9]. Several authors could
demonstrate that alkaline phosphatase in combination with
glycerophosphates initiates mineralisation processes of
Ca-P phases [10-13].

Calcium phosphates are clinically used as bone sub-
stitute materials because of their excellent biocompatibil-
ity, bioactivity and osteoconductivity [14, 15]. For
biomedical applications the preparation of calcium phos-
phates with given characteristics of particle morphology,
stoichiometry, cristallinity and crystal size distribution is
important, because small variations can lead to significant
changes in the chemical, biological and physical behaviour
of the material [16, 17]. In human hard tissue the mineral
phase (biological apatite) is a non-stoichiometric
hydroxyapatite containing several other ions like Mg?*,
Na™, F, CI, carbonate, etc. Therefore, it has been postu-
lated over the last years, that biomaterials should consist of
poorly crystalline and carbonate-substituted apatite [17].
Depending on the medical application, calcium phosphates
with variable resorption properties are needed, which can
be realised by using different calcium phosphates or mixed
phases. Furthermore, in the last years there was an
increasing interest in nanocrystalline calcium phosphate
phases because of their higher specific surface and their
higher chemical reactivity. These properties enable such
materials for an application as delivery agent for drugs,
proteins and DNA [18].

Various methods have been reported for the preparation
of calcium phosphates, which can be divided into wet
chemical methods (precipitation, hydrothermal technique
and hydrolysis of other calcium phosphates) and solid-state
reactions [14, 15]. The aim of the current work is to
introduce a new synthesis method for the production of
nanostructured calcium phosphates with variable resorption
properties. By mimicking the calcium phosphate formation
within the bone using alkaline phosphatase as enzyme and
glycerol-2-phophate as substrate, it was possible to
precipitate various calcium phosphate phases depending on
the processing parameters. The effect of the variation of
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different process parameters on the resulting powders was
studied.

Materials and methods

Formation of calcium phosphate phases by enzyme-
catalysed hydrolysis of phosphate esters

The enzyme alkaline phosphatase (EC 3.1.3.1) from calf
intestinal mucosa (1.5 units/mg; Fluka, Buchs, Switzer-
land) with a pH-optimum of 9.8 was used for the precipi-
tation of Ca—P, Table 1. The lyophilised enzyme powder
was dissolved in 1 ml of distilled water and subsequently
poured into an optimised buffer solution containing
100 mmol/L.  tris(hydroxymethyl)aminomethane (TRIS,
Merck, Darmstadt, Germany), 65 mmol/L glycerol-
2-phosphate (Sigma-Aldrich, Steinheim, Germany) as the
enzyme-substrate, 2.3 mmol/L MgCl, (Merck, Darmstadt,
Germany), and CaCl, (Karl Roth, Karlsruhe, Germany).
The used substrate concentration (65 mmol/L) was higher
compared to the Michaelis—Menten constant for the
enzymes, Table 1. As a consequence, the reaction rate will
be near the maximum and independent on the substrate
concentration. The pH of the buffer solution was adjusted
with 1 M HCI to the respective experiment. The pH-value
was kept constant during the reaction using an automated
titrator unit (TitroLine alpha, Schott, Germany) and 1.0 M
NaOH and 0.1 M NaOH, respectively. The precipitation
experiments were performed with varying process param-
eters, such as Ca2+-concentrati0n, amount of enzyme,
pH-value, and temperature. The detailed process parame-
ters and the experimental data for the Ca—P phases formed
during enzyme-catalysed hydrolysis are given in Table 2.
After 48 h the solution was filtered, the obtained powder
was washed twice with distilled water and dried at 100 °C.
Afterwards the powders were sintered at 1250 °C for 1 h in
air. A scaling-up to 15 L batches using the same molar
concentrations of the components as above was success-
fully performed to synthesise 100 g of calcium phosphates
by enzyme catalysed hydrolysis phosphate esters during
1 day.

Table 1 Source and properties of the enzymes used

Enzyme Alkaline phosphatase EC 3.1.3.1
Organism Calf, intestinal mucosa
pH-range 7.0..9.8...10.4

Activity (U) 15

Ky (mmol/L) 0.27

Molecular weight (kDa) ~60
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T;:)l;l:sz Srl:irrnnr;tzz Zfl;heczgied Enzyme Amount of enzyme Ca®"-conc. pH/ CaP-phase BET
ghases arr)1 d specific surface (mg/L) (mmol/L) temperature (mzlg)
devize"rfg the precipitated Alkaline 60 50 9.8/RT HA/CDHA (5/95) 111
Phosphatase 60 90 9.8/RT HA/CDHA (45/55) 197
60 120 9.8/RT HA/CDHA (58/42) 183
60 90 7.5/RT CDHA 142
60 90 10.4/RT HA 150
180 50 9.8/RT HA/CDHA (15/85) 144
180 90 9.8/RT HA/CDHA (40/60) 173
180 90 9.8/37 °C HA 121

Characterisation of the precipitated Ca—P phases

The Ca—P phases were analysed by FTIR/ATR-spectros-
copy (Avatar 370, Thermo Nicolet, USA), Raman-
spectroscopy (Labram, Horiba Jobin Yvon, France) and
by X-ray diffractrometry (XRD 3000P Seifert, Germany).
The composition of the mixed phases was semi-quanti-
tatively estimated from the XRD-data and analysed using
standard software (Diffracplus Eva, Bruker AXS,
Germany). The particle size distribution was determined
by a laser particle size analyser, which has a detection
range from 40 nm to 500 um (Cilas 1064, Quantachrome,
Germany); these measurements were carried out in situ
during the synthesis. The specific surface areas were
measured by nitrogen adsorption (BET Gemini 2370,
Micromeritics, Germany). The morphology of the parti-
cles was investigated by scanning electron microscopy
(ESEM, Quanta 200, FEI, NL) operated at 25 kV. The
Ca-P samples were analysed in a transmission electron
microscope (TEM, Phillips CM 30, NL) operated at
300 kV. The particle sizes were determined from image
analysis. Selected area electron diffraction (SAED) dia-
grams were recorded at a constant camera length of
1250 mm. The ring patterns were calibrated against
polycrystalline aluminium.

Determination of enzyme catalytic activity

The activity of the enzymes is affected by many factors
such as temperature, pH-value, and ionic concentration.
In order to analyse the activity of the applied enzymes as
a function of pH-value and temperature variation, the
release phosphate ions in a Ca®*-free buffer were
measured according to the Fiske—Subbarow method [19].
The same buffer composition without CaCl, as described
above was used. The enzyme activity was stopped by
denaturation after 5 min through the addition of trichlo-
roacetic acid. The absorption was measured at a wave-

length of 340 nm by UV-spectroscopy (DU 640,
Beckman Coulter, USA).

Results and discussion
Catalytic activity of the alkaline phosphatase

Alkaline phosphatase is a widely distributed non-specific
phosphomonoesterase that functions through the formation
of a covalent phosphoseryl intermediate [9]. It is a metal-
loenzyme with two Zn** and one Mg”* at each active site
[7]. The enzyme activity (here the rate of substrate conver-
sion) is affected by several parameters such as amount of
enzyme, pH-value, and temperature. Experiments without
enzymes showed no release of phosphate and consequently
precipitation of calcium phosphate could not be observed.
Consequently, the glycerol-2-phosphate containing Ca**
ions solutions could not be compared to the results obtained
with enzyme containing mixtures. Figure 1 shows the mea-
sured relative activity of the alkaline phosphatase depending
on the pH-value and the temperature. The pH-optima for the
catalytic activity of the enzyme was 10.0 at RT and 9.8 at
37 °C. Consequently, the reaction rate with respect to the
catalysed hydrolysis of the phosphate ester exhibited a peak
under these optimised conditions. The release of phosphate
ions from the glycerol-2-phosphate should be the largest for
the optimum conditions of the calcium phosphate precipi-
tation. However, the alkaline phosphatase also works with a
decreased activity in a broad range of pH-values. Due to the
enzymatic hydrolysis of the phosphate ester bond in glyc-
erol-2-phosphate and the subsequent precipitation of calcium
phosphate, a decrease of the pH-value depending on the
precipitated Ca—P phase during the reaction takes place
according to Egs. 1 and 2. Six equivalents of protons (H")
are produced in the case of CDHA formation whereas eight
equivalents of H" appear in the case of HA-precipitation.
Formation of CDHA (Ca/P 1.50):
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Fig. 1 Relative activity of the alkaline phosphatase as a function of
pH-value and temperature (RT and 37 °C) after 5 min

6R-OPO; + 9Ca’* + 7H,0 — 6R-OH

1
+ Cag (HPO4)(PO4)SOH + 6H" ( )
Formation of HA (Ca/P 1.67):
6R-OPO; + 10Ca*" + 8H,0 — 6R-OH @

+ Calo(PO4)6(OH)2 + 8HT

The pH-value of the solution was kept constant during
the reaction using an automatic titrator unit and the spent
amounts of base (1 M NaOH) were recorded as a function
of the reaction time. The amount of the added base can be
used as an indirect indicator of the enzyme activity: a high
consumption of base refers a high hydrolysis rate followed
by a fast Ca—P precipitation. It is assumed, that Ca-P
precipitation occurs as soon as a phosphate ion is released
by enzymatic hydrolysis of glycerol-2-phosphate. Thus, the
influence of varied process parameters on the enzyme
activity and the subsequent precipitation was analysed by
plotting the volume of NaOH as a function of time, Fig. 2.
In all cases, a nearly linear increase of the consumed NaOH
can be observed until approximately 100 min. It was found
that the initial rate did not depend on the amount of Ca**-
ions at a given enzyme concentration, Fig. 2a. However,
increasing the enzyme amount from 60 mg/L to 180 mg/L
had a substantial effect on the initial reaction rate, which
drastically increased with higher enzyme concentrations,
Fig. 2a. This behaviour confirmed reports, where the rate
of the Ca**-ions consumption is faster at increased phos-
phatase concentrations [11]. After prolonged reaction times
(r > 500 min) the influence of Ca**-concentration became
evident. Increasing the Ca®*-concentration from 50 mmol/
L to 90 mmol/L buffer yielded an increased reaction rate.
The phosphatase was probably inhibited in the advanced
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Fig. 2 (a) Calcium phosphate precipitation with alkaline phospha-
tase: plots of the NaOH-addition versus time for various enzyme
amounts and the Ca?*-concentration of the buffer, (b) Calcium
phosphate precipitation with alkaline phosphatase: plot of the NaOH-
addition versus time for different temperatures (RT and 37 °C)

stages of the reaction by phosphate ions, because they bind
to the active site of the enzyme mutually reducing the
hydrolysis rate of the glycerol-2-phosphate. As the Ca”*-
concentration was reduced during the precipitation of the
Ca—P the concentration of free phosphate ions from
substrate hydrolysis increased. The consumption of NaOH
slowed down due to the competitive inhibition of the
alkaline phosphatase.

Each enzyme has a temperature range in which a max-
imum rate of reaction is achieved; the reported temperature
optimum of alkaline phosphatase is about 37 °C [20].
However, a distinct lower enzyme activity was observed at
37 °C than at 25 °C at a given constant Ca**- and enzyme
concentration, Fig. 2b. Alkaline phosphatase is a metal-
loenzyme with binding sites for Zn®* and Mg”*. Leone
et al. have shown that the activity of alkaline phosphatase
can be modulated by Ca** [21]. At low concentrations of
magnesium, calcium ions inhibit the enzyme activity by
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displacing the magnesium ions. It might be possible, that at
the given conditions this displacement was accelerated by a
higher temperature followed by a lower enzyme activity.

Characterisation of the calcium phosphates

The variation of process parameter such as temperature and
pH directly affects the precipitated Ca—P phase [22, 23].
Different experiments were conducted varying the enzyme
concentration, the Ca**-ion concentration, the temperature
and the pH-value. The results are summarised in Table 2. It
was found, that the ratio of the fraction of HA/CDHA was
sensitive to the parameters applied. At a fixed pH-value of
9.8 and RT with a given Ca**-concentration of 50 mmol/L
primarily CDHA (95%) was formed. However, the HA/
CDHA ratio increased from 5/95 to 15/85 with a threefold
increased addition of enzyme from 60 mg/L to 180 mg/L.
If the supply of Ca®*-ions was increased to 90 mmol/L the
HA/CDHA ratio was 45/55 for 60 mg/L enzyme and 40/60
for 180 mg/L enzyme, respectively. Thus, with rising the
Ca”*-concentration a higher HA amount was obtained.
Variation of the pH-value to neutral (7.5) at a constant
temperature (RT) and fixed amounts of enzyme resulted in
the sole formation of CDHA, whereas at higher pH-values
(10.4) HA was exclusively obtained. The temperature also
had an effect on the Ca—P phase formation. Increasing the
temperature to 37 °C yielded HA as the only phase at high
enzyme concentrations and sufficient Ca**-ion supply.
The precipitated and sintered (1250 °C) Ca—P powders
were characterised by Raman-spectroscopy, Fig. 3. Ca—P
powders can be identified by the position of the strong v,
band in the range of 950-985 cm™' [24, 25]. The spectrum
of hydroxyapatite exhibited a strong characteristic PO3~
band at 962 cm™!, whereas TCP shows two characteristic
bands at 948 cm™' (HPO7) and at 970 cm™' (PO3) [26).
To differentiate the two phases the as-precipitated powders
were sintered (1250 °C) and CDHA transformed during the
thermal treatment to TCP [27]. Thus, the sole presence of
TCP in the Raman-spectrum of Ca—P powders obtained at a
pH-value of 7.5 after heat treatement confirmed that the
precursor material was CDHA as indicated above. At a
pH-value of 9.8 a mixture of TCP and HA was detected,
which is in good agreement with the results described
above. After sintering Ca—P powders which were obtained
at a pH-value of 10.4 only HA was observed in the cor-
responding Raman-spectrum, Fig. 3a. The formation of
HA after sintering was also observed for Ca—P powders,
which were synthesised at 37 °C, Fig. 3b. The sintered
Ca—P powders from samples obtained at RT were com-
posed of a mixture of TCP and HA as expected.
SEM-micrographs of Ca-P powders prepared with
alkaline phosphatase are shown in Fig. 4. The powders
appear as agglomerated Ca—P nanoparticles, which have a
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Fig. 3 (a) Raman-spectra of sintered (1250 °C) powders precipitated
with alkaline phosphatase (60 mg/L enzyme and 90 mmol/L Ca®") at
different pH-values, (b) Raman-spectra of sintered (1250 °C)
powders precipitated with alkaline phosphatase (60 mg/L enzyme
and pH 9.8) at different temperatures (RT and 37 °C)

more or less globular shape. Ca—P agglomerates with sizes
ranging from 10 pm to 40 um were observed for Ca—P
precipitation obtained at a pH-value of 7.5, Fig. 4a. Smaller
Ca—P agglomerates with diameters from 1 pmto 15 pum were
found for Ca-P powders generated at high pH-value (10.4)
with constant Ca®*-concentration of 90 mmol/L, Fig. 4b. It
was interesting, that increasing the pH-value (7.5...9.8...10.4,
Fig. 4a,b,d) or a low Ca**-concentration (50 mmol/L,
Fig. 4c) resulted in smaller calcium phosphate agglomerates.
An increase of the amount of enzyme led to an increase of
precipitation sites. In this case the agglomerates were less
globular shaped, extremely microstructured, but generally
larger in size (not shown here).

The TEM-investigation revealed, that the Ca—P precipita-
tion resulted in round-shaped, platelike crystallites with
dimensions from 7 nm to 30 nm, depending on the conditions
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Fig. 4 SEM-micrographs of
Ca—P powders precipitated at
RT with alkaline phosphatase
(60 mg/L) obtained at different
pH-values (a,b,d) and different
Ca>*-concentrations (c,d): (a)
90 mmol/L Ca?*, pH 7.5, (b)
90 mmol/L Ca**, pH 104, (c)
50 mmol/L Ca**, pH 9.8 and (d)
90 mmol/L. Ca**, pH 9.8

Fig. 5 TEM-micrographs of
Ca-P powders precipitated at
constant pH-value (9.8) with
alkaline phosphatase obtained at
different Ca®*-concentrations
(a,b), different enzyme amounts
(b,c) and different temperatures
(c,d): (a) 60 mg/L enzyme,

50 mmol/L. Ca**, RT, (b)

60 mg/L enzyme, 90 mmol/L
Ca®*, RT, (c) 180 mg/L
enzyme, 90 mmol/L Ca**, RT
and (d) 180 mg/L enzyme,

90 mmol/L Ca**, 37 °C

50 nm

e

applied, Fig. 5. If the amount of CDHA was high as in the = whereas the crystallite size decreased with higher supply of
case of pH 9.8 and a Ca®*-concentration of 50 mmol/L the ~ Ca®*-ions to 10 +3 nm during enzymatic hydrolysis,
observed crystallite size was approximately 24 + 6 nm,  Fig. 5ab. The mean crystallite size further decreased to
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approximately 9 nm, if the enzyme concentration was in-
creased (Fig. 5b,c) or if the precipitation temperature was
raised from 25 °C to 37 °C, Fig. 5c,d. It should be noted that,
all precipitated Ca—P powders exhibited broad rings in se-
lected area diffraction patterns, which could be assigned to
the principal reflections of hydroxyapatite phases. A distinc-
tion between CDHA and HA was not possible by means of
electron diffraction.

Measurements of the particle size distribution in the
range from 40 nm to 500 pm were performed in situ dur-
ing the enzymatic hydrolysis of the glycerol-2-phosphate,
Fig. 6a. The observed bimodal curves were typical for all
experiments carried out with alkaline phosphatase. How-
ever, the small intensity increase below 40 nm is attributed
to an artefact of the instrument, because particles smaller
than 40 nm could not be resolved. In any case, neither the
variation of process parameters nor the prolonged reaction
time caused a significant change of the curve shape and
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Fig. 6 (a) Particle size distribution from in situ measurement after
10 min (60 mg/L enzyme, 90 mmol/L Ca”®* and pH 9.8), (b) Particle
size distribution in situ measurements (dsy after 10 min, without
ultrasonic treatment); the variations of the standard condition (60 mg/
L enzyme, 90 mmol/L Ca>*, pH 9.8) are given above

peak position located in the micrometer range. The influ-
ence of the process parameters on the particles sizes is
shown in Fig. 6b. The dsy-sizes varied between 4.25 pm
and 8 um. However, the dsy-particle sizes increased with a
lower or higher Ca®*-concentration than 90 mmol/L
(standard) and a lower pH-value (8.5). A higher amount of
enzyme (180 mg/L) resulted only in a small increase in
particle size.

Early work on enzyme catalysed hydrolysis on water-
soluble glycerol-2-phosphate showed the oriented assem-
bly of Ca-P platelets on collagen tapes, which were
modified with enzymes [28]. However, precipitation of
Ca—P phases using alkaline phosphatase from calfskin was
performed at a pH-value of 8.5, where an immediate Ca—P
formation was not observed. The samples were soaked for
24 h after which formation of apatitic materials was
occurred. The experiments were repeated [13] with alkaline
phosphatase, probably from bovine intestinal mucosa, from
loaded reconstituted collagen templates. The Ca—P particle
grew on the collagen fibres within 2 weeks. In another
study, collagen sheets loaded with alkaline phosphatases
from bovine intestinal mucosa were applied at a pH-value
of 9 [11]. The collagen sheets were incubated up to 6 h at
37 °C. The Ca—P particles observed, exhibited a globular
shape with dimensions of approximately 200 nm. Enzymes
which are immobilised to template structures decrease in
their catalytic activity, since they are covered by the
growing Ca-P layer [11, 13, 28]. In our study, the enzyme
was used in the dissolved state, that means, that after
hydrolysing and release of a substrate, the enzyme is
available for additional substrates, and the reaction con-
tinuously proceeds. However, the hydrolysis rate decreased
with consumed amounts of either the substrate glycerol-2-
phosphate or the Ca**-ions. The nanosized Ca—P particle
appeared strongly agglomerated. The Ca—P phase forma-
tion was influenced by the conditions. At the neutral pH-
value and low substrate concentrations, CDHA was the
principal phase, whereas primarily HA was formed at high
pH-values from 9.8 to 10.4, large substrate concentrations
and increased temperature. It could be shown, that
the crystallite size varied with the phase composition of the
precipitated Ca—P powders, Fig. 7a. If CDHA was the
principal phase, the individual crystallite sizes observed
were distributed around 24 nm. With an increase of the
HA/CDHA ratio the crystallite size decreased to approxi-
mately 9 nm. The reaction was performed in solution
leading to Ca—P powders with large surface areas. At the
pH-optimum of 9.8, where the alkaline phosphatase dis-
played the highest activity, the highest specific surface area
of 197 m*/g of the precipitated powder was measured. An
increase or decrease of this pH-optimum of 9.8 resulted in
Ca—P powders with lower surfaces. Furthermore, the spe-
cific surface area decreased also with rising temperature
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Fig. 7 (a) Particle size of the enzymatic synthesised Ca—P powders
as a function of HA/CDHA ratio, (b) specific surface area of the Ca—P
powders as a function of HA/CDHA ratio; the lines are drawn as a
guide for the eye

(RT: 173 m%/g, 37 °C: 121 m?/g) as it was notified by
other authors [29]. However, it should be noted, that the
measured specific surfaces area rose as the ratio of HA/
CDHA also increased, Fig. 7b. If the powder is primarily
composed of CDHA, a surface area of approximately
110 m%*/g was observed, which gradually increased with
the HA/CDHA ratio up to 195 m*/g. The measured results
confirmed the observation on crystallite size deduced from
the TEM-investigation, that smaller crystallite sizes yield a
higher surface area, Fig. 7a,b.

Conclusions

It could be shown that the local release of phosphate by an
enzyme-catalysed reaction in an opitimated buffer solution
initiated the precipitation of nanostructured calcium
phosphates. This synthesis method imitated the calcium
phosphate precipitation within the bone using glycerol-
2-phopshate as substrate for phosphate release applying the
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enzyme alkaline phosphatase. The utilisation of the en-
zyme alkaline phosphates allowed the precipitation of pure
(CDHA and HA) or mixed phases with varying CDHA/
HA-ratios. In addition to the pH-value, the variation of
various other process parameters like the amount of
enzyme, Ca”*-concentration and temperature, directly
influenced the precipitated phases and other characteristics
of the precipitated powders. Furthermore, some process
parameters had an effect on the enzyme activity and thus
indirectly on the synthesised calcium phosphates.
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