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It has been reported that the biocement obiained hy mixing Ca0-Si0,-Py0; plass powders with ammonium phos-
phate solution has biocompatibility as will as Iugh strength. The hardening mechanism and hydroxyapatite forming
mechanism were discussed when 53.6%Ca0, 38.1%8i0,, 7.7P:0;. 0 6%CaF, (male %) glass powder was reacted with
ammoninm phosphate solution and reacted in tris-buffer solution, respectively. High strength hardened biocement
was obtained for the specimen with CalNH,PO, H:0O erystal when the glass powder was mixed with ammonitum phos-
phate solution, and hydroxyapatite crystal was rapidly formed only in the sample with CaNH,PQ, HyO crystal when

it was reacted in tris-buffer solution.

Key words: Bioactive glass, Biocement, Hydroxyapatite, Hardening

1. Introduction

biocompatible bone cement to transfer load from the

prosthesis to the bone or increase the load carrying
capacity of surgical construct could have potential ortho-
paedic applications. This bone cement can also be used
as artificial bone grafts for bone defects.”

Several bone cements, such as polymethylmethacrylate
(PMMA), hydroxyapatite and tricaleium phosphate, have
been introduced for clinical applications. PMMA is most
widely used as a bone cement at present.” But it does
not bond to living tissue and acts as a barrier to bone
growth. It also has some adverse effects to body because
of the temperature rise during curing of PMMA cement
and possible monomer release, which is believed to cause
cancer in long term use.”

Recently phosphate ceramic cements, such as tri-
caleium phosphate and hydroxyapatite, are introduced.?
These cements also have some problems in use because
of their long hardening time, poor mechanical properties
and poor stability in a hody.

Recently Kokubo et al® introduced a bioactive glass
(53.6%Ca0 38.1%510, 7.7%P,0; 0.6%CaF;: mole%) to use
as a biocement, The glass powder was mixed with am-
monium phesphate solution, which containg ammonium
hydrogen phosphate and ammonium dihydrogen phos-
phate, to make a paste, and hydroxyapatite was formed
when the hardened cement was reacted in simulated
vody {luid. Its eompressive strength was comparable to
that of PMMA cement. Their studies were mostly con-
centrated on the strength improvenent of the biocactive
cement. No works on the mechanism of hardening and
hydrogyapatite formation have been carried out yet.
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In this study, therefore, three different setting
methods are used to find out cement hardening phenome-
na, and a systematic work is carried out to find hy-
droxyapatite formation which is believed to be crucial for
bone-handing.

II. Experimental

1. Glass powder preparation

A pglass batch was obtained by mixing the reagent
grade chemicals of 8i0, H,PO, CaC(; and CaF, with
the composition of 53.6%Ca0 38.1%810, 7.7%F,0; 0.6%
CaF, (mole%). The well premixed glass batch was loaded
in Pt-Bh crucible, and melited in MoSi2 furnace at
1550°C for 2 hours. For a better glass homogeneity, the
glass melt was quenched and crushed, and then remeli-
ed at the above conditions. Then the glass melt was pour-
ed on a stainless steel plate and immediately covered
with the other stainless steel plate to prevent from any
crystallization. The thin glass plate was pulverized into
powder less than 44 um in an alumina mortar.

2. Preparation of ammonium phosphate solution

Ammonium phosphate solution was prepared by dis-
solving 60.1 g of (NH),HPO, and 5.0 g of NHLH.PO, in
100 ml distilled water. The pH of the sclution was 7.4.

J. Setting of biocement

The glass powder was mizxed with ammonium phos-
phate solution on acrylate plastic plate. The ratio of
weight of glass powder to the volume of solution was set
at 1g/0.6 ml. The mixed paste was cast in three different
ways as shown in Fig.l-a. That is, 1) open-air method, in
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Fig. 1. Schematic diagram of sample preparation.

which the paste was left in open air to harden, and 2)
completely sealed method, in which the paste was placad
in small beaker with tight seal. In this case, no moisture
and pas were expected to be released. And 3) partially
gealed method, in which the paste was molded in small
rectangular acrylate mold and the both ends were cov-
ered with another acrylate plates. In third method the
release of gas from the paste was retarded.

The hardening characteristics of the prepared paste
were measured by scanning electron microscope (SEM:
Hitachi, X-650), fourier transformed infrared spec-
troscopy with diffused reflection attachment {FTIRRS:
Nicolet Instrument, 10 MX), and X-ray diffraction (XRI:
Philips Co. PW-1719).

4. Formation of hydroxyapatite

The hardened cement was immersed into tris-buffer
solution for various time as shown in Fig. 1-b. The sam-
ple surface area to solution volume ratio was set at
0.1 em?, and the reaction was carried out at 37°C. The
solution was huffered at pH 7.20 by adding 0.2 M of HCI
in 0.2 M of trishydroxymethyle aminomethane. The hy-
droxyapatite formation after tris-buffer solution treat-
ment was examined by SEM, FT-IRRS and XRD.

III. Results and Discussion

1. Hardening mechanism

(Glass powder was mixed with ammonium phosphate
solution and casted under three different conditions for
varions time, and their x-ray diffraction patterns are
shown in Fig. 2 through Fig. 4.

When the mixture was left in open air less than 30
minutes, only amorphous bump was observed as shown in

Vol.1, No.3

O : (NH4:HPO4
A7 NHyHzP O,

50 hr &

Intensity
%
]
[a]

30 min

2 0 {degree)

Fig. 2. X-ray diffaction patterns of the hydrated glass powd-
er in open air.

Fig. 2. Crystalline peaks, however, started to be observed
after 30 minutes of the reaction and the strongest peaks
were appeared when the sample was left in air for one
hour, and the peak iniensity did not change even if the
paste was kept in air for longer time. The crystals formed
in the cement were (WH.LHPO, and NHH,PQ,, which are
both raw chemicals of ammonium phosphate solution. The
results of this experimeni indicate that those crystalline
phases were ohtained by reprecipitation from ammonium
phosphate solution. No indication of reaction between the
glass powder and the ammonium phosphate solution was
ohserved because the supersaturated ammonium phos-
phate solution dried out very quickly.

In second method, the mized paste was kept in a com-
pletely sealed heaker for some time. The X-ray diffraction
patterns of the wet paste are shown in Fig. 3. No cry-
stalline phase was observed as expected even if it was
kept for 100 hours in the beaker. However, NILH,PO,
and (NH,),HPO, crystals, which are the starting chem-
icals of the ammonium phosphate solution, were also
formed in the sample if the sample was taken out of the
beaker and left in air. This indicates that these crystals
were formed only by evaporation of some compenents,
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Fig. 3. X-ray diffraction patterns of the hydrated glass
powder in completely sealed beaker. (¢ 100 hours reacted
sample after 24 hours of drying)
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Fig. 4. X-ray diffraction patterns of the hydrated glass powd-
er in partially sealed mold.
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Fig. 5. Schematic diagram of the hardening mechanism for
three different hardening methods.

such as NH; or HyO from the mixture. These results in-
dicate that the reaction between solution and glass rarely
cccurred in completely sealed condition.

In third method, we fried to control the evaporation of
NH; and moisture from the mixture. The paste was molded
in a acrylate plastic rectangular frame, and immediately
covered the both ends with another acrylate plates as
shown in Fig. l-a. During the hardening process it is ex-
pected that NH; and moisture evaporated slowly through
the open space of the frame. Fig. 4 shows the X-ray dif-
fraction patterns after the glass powder was reacted with
ammonium phosphate solution in the frame for some time.
Some indications of forming CaNHPO,-H0 crystal are
shown even after 5 minutes of soaking. As the soaking
time increased, the more caleium ammonium phosphate ery-
stal formed, In this experiment no ammonium phosphate
crystals, such as (NH,),HPO, and NH.H,PO, which are the
starting chemicals of the ammonium phosphate solution,
were found except at the very early stage of reaction. It is
believed that Ca®™ ions were leached out of the glass powd-
er surface, and reacted with ammonium phosphate solution
to form calcium ammonium phosphate crystal.

Generally, ammonium salt doegsn't form any hydrates,
but the presence of fluoride and phosphate enhances the
hydrated crystal formation.” When calcium aluminates
are reacted with ammonium dihydrogen phosphate solu-
tion, it is known that ealcium ammonium phosphate cry-
stal forms.”

Figure 5 shows the schematic representation of a har-
dening mechanism for the above mentioned three dif-
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ferent casting methods. In open air casting method, cry-
stals of (NH,),HPO, and NH,H.PQ,, which are the raw
chemicals of the ammonium phosphate solution, repre-
cipitate after evaporation of moisture. In completely seal-
ed method, ammonium phosphate solution remains in-
tact around glass particle because no release of ammonia
and moisture is expected.

In partially sealed method, however, Ca™ ions leached
out of the glass surface occupies the site of NH* as am-
monia and water slowly release from the mized paste.
And then Ca(NH,J,PO,-H:O crystal precipitates around
glass particles.

The proposed mechanism for hardening can be written
as follows:

2Ca*(glass) + (NIL),HPO, + (NIL)ELPO, + 21,0
— 2CaNH,PO,-H,0 + NH, | + 4H*(glass)

2, Hydroxyapatite crystal formation

The hardened cements molded in three different ways
were goaked in trig-buffer solution for 10 minutes and
100 minutes. Their X-ray diffraction resulis are shown
in Fig. 6. No typical crystalline peaks were observed in
biocements which were hardened in open-air and com-
pletely sealed jar even if they were reacted for 100
minutes. However, hydroxyapatite crystal was found

M : Cas(PO.)(OH} (HAD)

complete sealing = 100 min

W\\_

complete sealing © 10 min

W

open-—air : 100 min

W‘_

open-air - 10 min

partial sealing : 10 min
|

—\‘M
50 a0 T i) 0

2 @ (degree)

Fig. 6. X-ray diffraction patterns after tris-buffer solution
treatment of the various hardened cements for 10 min. and
100 min.
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when the partially sealed cement was soaked for 10
minutes.

For the open-air sample, (NIL),HPO, and NH,H,PQ, cry-
gtaly, which were obtained during the hardening process
by evaporation of moisture from ammonium phosphate
solution, are helieved to be dissolved quickly into tris-buff-
er solution. For the completely sealed cement, the wet am-
monium phosphate solution around glass particles, which
almost remained intact for 100 hours as shown in Fig. 3,
was easily dissolved into tris-buffer solution, and bulk
shape of cement paste was collapsed. For the partially
sealed cement that contains CaNH/PQO, -HJ) crystal,
however, the CaNHIPO,-H,O crystal released NH; gas
inte tris-buffer solution and the crystal transformed into
a hydroxyapatite.

This partially sealed cement was reacted in tris-huffer
solution for various times and the X-ray diffraction pat-
terns and infrared spectra are shown in Fig. 7 and Fig. 8§,
respectively. The CaNH/FPO, H,O crystal started to
trangform into a hydroxyapatite even if the hardened ce-
ment was soaked only for 1 minute and no indication of
CaNH, PO, H;O crystal left was observed in the cement
after 5 minutes of reaction. Only the characteristic peaks
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Fig. 7. X-ray diffraction patterns after tris-buffer solution
treatment of the partially sealed cement for varicus time.
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Fig. 8. FT-IRRS spectra after tris-buffer solution treatment
of the partially sealed cement for various time,
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of the hydroxyapatite in infrared spectra, such as 1040,
565, 602 cm’, were appeared after 5 minutes of reaction.”

Figure 9 shows the schematic illustration of the for-
mation of CaNH/PO, H;O and hydroxyapatite crystals.
CaNH,PO, H,O crystal was believed to be formed by tak-
ing Ca™ ions from the glags. For this reaction some mois-
ture and ammonia must be evaporated from ammonium
phosphate solution. In tris-buffer solution, NH, was
released from CaNILPO,-F,0 and Ca* ion was supplied
from glass to the erystal in order to form hydroxyapatite.
Hattori et al.” reported that ammonia gas works as a ea-
talyst for the formation of hydroxyapatite. Therefore, it
is believed that the evaporation of NH, enhances the for-
mation of hydroxyapatite.

The following chemical reaction may occur for the

APS
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CaNH POy -HO
85
CaNH:PO4 H:O
-—
Hydroxyapalite Hydroxyapalite
(10 min) (5 min}

Fig. 9. Schematic representation of the formation of CaNH,
PO,-H,0 and hydroxyapatite.

(a) CaNH«PO4-H:0

(b} Hydroxyapatite

Fig. 10. Scanning electron micrographs of the formation of CaNH,PO,-H;0 and hydroxyapatite erystals.
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transformation of CaNH.PO, H,O crystal to hydro-
xyapatite.

10CaNH, PO, H,O (in tris-buffer solution)
— Ca (PO + 4PO2 + 10NH* + 10H,0O
—* Cam(POJG(OH)z + 10NH-; + 4H3PO4 + BHzo

Figure 10 shows SEM morphologies of the cement har-
dened in partially sealed condition and treated in tris-
buffer solution. It shows the needle-like crystals which
are CaNH.PO, H,0 and the crystals transformed to hy-
droxyapatite, which have typical laaf-like morphology, in
tris-buffer solution.

IV. Conclusions

The hardening phenomena and hydroxyapatite for-
mation mechanism are studied when glass powder with
composition of 53.6%Ca0 38.1%8i0, 7.7%P,0; 0.6%CaF,
(mole%) is mixed with ammonium phosphate solution,
and the reacted in tris-buffer solution, respectively. The
following conclusions have been drawn from the above ex-
periments,

1. Three different setting methods, such as open-air,
completely sealed and partially sealed conditions, were
used to make the cement harden. Most hard cement was
obtained in the sample with CaNHPO,-H,0 crystal,
which was casted in partially sealed condition. In this
case Ca" ions leached out from the glass took the po-
sition of NH" ions in ammonium phosphate solution to
produce CaNH,PO,-H,0 crystal.

2. Hydroxyapatite crystallCa,(PO,)(OH).] was ob-
tained only when the hardened cement with CaNH,FO,-
H,0 crystal was reacted in tris-buffer solution by releas-
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ing ammonia from the erystal.
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