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Introduction

Artificial materials of controled strength,
chemical composition and pore structure have
gained significant attention in the medical
practice in the last two decades. Synthetic
materials used for bone substitution are of
either inorganic or organic origin. Inorganic
materials like tricalcium phosphate!? and
hydroxylapatite® are preferred nowadays, but
other materials such as ceramics and bio-
ceramics?, bioglasssﬁ, metals with bioactive
ceramic surface coating’*® or calcium sulfate”!?
are also in active duty. Organic substances, ie.
polylactic acid’, PMMA!!, collagen or chito-

san!213

are also widely used, most frequently
in combination with one or more of the before-

mentioned inorganic fillers.

Most recently the role of silica in living
organisms has been revised and now is con-
sidered essential for the development of bone
tissues!*. Silica containing calcium phosphate
have shown osteoinductivity in human osteo-
blast cultures in vitro!®> and preparations with
various silica and calcium phosphate composi-
tions are under clinical studies!®.

Pore size distribution of bones and artificial
bone substitute materials are of critical impor-
tance. Natural pores in the 100-1000 pm
region are required for bone tissue ingrowth,
while smaller pores in the 10-100 um range
conduct only the unmineralized fibrous tis-

sue!” and contribute to materials transport.
Most recently ordered structure silicas like
MCM-41 are under investigation in combina-
tion with polilactic acid or other biopolymers

as new, high porosity bone substitutes’.

Sol-gel technology opened the way to the syn-
thesis of mesoporous silicas that can be used as
extremely high porosity matrix and excellent
drug delivery materials. In combination with
calcium ions containing inorganic materials
they may represent the third generation of
bone substituent bioceramics'®. Based upon
our earlier experiences in aerogel synthesis
and supercritical drying technology we have
decided to synthesize potentially bioresorbable
composite materials containing calcium phos-
phate powder and mesoporous silica of con-
trolled pore size.

Methods

Materials

Tetramethoxysilane (TMOS, 98%) was purc-
hased from Fluka, microgranular cellulose
from Sigma, methanol (purum), acetone (pu-
rum) and ammonia solution (analytical grade,
25%) from Acidum-2 Kft. (Debrecen, Hun-
gary), tricalcium phosphate (Ph Eur) from a
local pharmacy. Triple deionized, membrane
and carbon filtered water was prepared with a
water station, which was constructed of a high
capacity double ion exchange battery con-
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nected to a high purity MilliQ instrument.
Carbon dioxide cylinders were purchased
from Linde.

Methods and instrumentation

Plastic molds (approx. 70 mm tall) were
machined from a regular pve waterwork pipe
of 28/32 mm id/od. The inner walls of the
molds were covered with thin teflon foil. The
bottom of the molds were sealed with multiple
layers of parafilm. Supercritical carbon dioxide
drying was performed in a custom made 1.5
volume stainless steel SCO, dryer at 70-80 °C.
Heating and sintering of the samples was car-
ried out in a 14 L volume WiseTherm rectan-

gular furnace, the temperature accuracy was

better than —1/+3 °C at 1150 °C.

Compresive stress of the samples were deter-
mined with a INSTRON 8874 Servohydraulic
Biaxial Material Testing Machine. Thermo-
gravimetric and thermoanalytical measure-
ment was carried out with a MOM Derivato-
graph-C instrument in the 100-1200 °C range.
Scanning electron microscopic images were
recoreded on a Hitachi S-4300 CFE instru-
ment.

Cellulose-tricalcium phosphate alcogel

To a vigorously stirred solution of 21.00 mL
(21.48 g, 0.1411 mol) of tetramethoxy silane
(TMOS), 154 mL (121 g, 3.80 mol) of metha-
nol (MeOH), 14,0 mL (14.0 g, 0.77 mol) of
water was added 7.00 g of microgranular cel-
lulose and 7.00 g of very finely powdered tri-
calcium phosphate. The mixture was sonicated
in a common laboratory ultrasonic bath for 1-
2 minutes to evenly disperese the solids, then
stirred vigorously meanwhile 35 mL of ammo-
nium hydroxyde (25 m/m%, 0.47 mol NH;)
was added in one portion. The homogenous
mixture was poured rapidly into the plastic
molds, sealed and let to stand at room tem-
perature for several days. Setting occured
within a few ten seconds to a few minutes,

depending on the actual temperature and the
length of ultrasound treatment. The longer
was the sonication, the shorter was the setting
time. (Note that changing of the molar ratios
or particle size of the solid components may
lead to too short or too long setting times or to
sedimentation of tricalcium phosphate. Some
experimentation might be necessary to find
the optimal conditions.)

Preparation of X1-700 and X1-900 xerogels
Cellulose-tricalcium phosphate alcogel mono-
liths were pushed out of the molds with a
machined plunger and placed into a Petri dish
lined with five layers of round filter paper. To
avoid cracking and ensure uniform drying the
monoliths were surrounded and covered nearly
airtight with cylinders made of several layers of
regular filter paper and let to stand and dry
under a hood for several days. In this period
significant linear shrinking occured, but cracks
did not appear. The resulted gels were dried in
an oven at 100-110 °C for at least one day,
then heated in a furnace at 700 °C for 5 hours
to burn out cellulose and reach the final struc-
ture and dimensions (shrinking from 28.0 mm
od. to 14.5 mm od. occured). Those xerogels
were still fairly fragile and sensitive pieces,
which could be broken easily by bare hands
(Sample X1-700).

A X1-700 xerogel monolith was sintered at
900 °C for 12-24 hours to reach the required
mechanical strength. It shrinked further to a
final diameter of 10.5 mm, and its strength
increased so much that it could not be broken
by bare hands any more (Sample X1-900).

Preparation of A1-SC aerogel

Water and alcohol content of the alcogel
monoliths were replaced with acetone in the
following manner. The alcogels were pushed
out of the plastic molds and soaked first in
pure methanol, then in methanol-acetone mix-
tures (acetone content was increased gradually
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in 25% steps) and in acetone, for one day in
each solvent mixtures. Acetone gels were then
transfered into the SCO, dryer under acetone.
After sealing the reactor body, acetone was
drained and flushed with liquid carbon diox-
ide. Remaining acetone entrapped in the the
gel bodies was expelled by liquid carbon diox-
ide and formed an immiscible secondary lig-
uid phase in the bottom of the reactor. This
was drained in several portions in a 4-12 hours
period of time. The system was considered
acetone-free when dry ice collected from the
flushing carbon dioxide gave no liquid residue
evaporated on a horizontal steel surface. The
temperature was then increased to and kept at
approximately 60—70 °C for at least one hour,
then the pressure was released in 3—4 hours
through a needle valve and a capillary made
of a 100 mm long 1/16” od. 0.005” id. HPLC
steel tubing. The aerogel samples were remo-
ved from the reactor and stored either in a
heated cabinet at 110 °C or in sealed vials
(Sample A1-SC).

Preparation of A1-1000 aerogel

Aecrogel sample A1-SC was sintered in a fur-
nace at 1000 °C for 6 hours resulting in a sig-
nificantly shrinked aerogel monolith.

Tricalcium phosphate alcogel

To a vigorously stirred solution of 12.60 mL
(12.89 g, 0.085 mol) of TMOS, 92 mL (73 g,
2.27 mol) of MeOH, 8,4 mL (8.4 g, 0.47 mol)
of water was added 7.00 g of very finely pow-
dered tricalcium phosphate. The mixture
was sonicated for a short while to evenly dis-
perese the solids, then stirred very vigorously
meanwhile 21 mL of ammonium hydroxyde
(25 m/m%, 0.28 mol NH;) was added in one
portion. The homogenous mixture was vigor-
ously stirred until the viscosity had increased
significantly, then poured rapidly into plastic
molds. Bamboo sticks (soaked in methanol
before, dimensions: 3 mmx3 mmx70 mm) were
inserted into one of the monoliths before set-

ting occured to make a hexagonally ordered
template. The molds were then sealed and let
to age at room temperature for several days.
(Note that it is quite difficult to catch the right
moment for casting to prevent rapid sedimen-
tation of tricalcium phosphate granules, the-
refore preliminary experimentation is recom-
mended. Moderate increase or decrease of the
volume of ammonium hydroxyde may also
be necessary, as the concentration depends on
the brand, the temperature and the age of the
solution.)

Preparation of tricalcium-phosphate
aerogels A2-SC

These samples were prepared by the same
supercritical drying method as given for Al-
SC aerogel. From the templated acrogel the
bamboo sticks could have been pulled out
without cracking of the monolith and left rect-
angular channels behind.

Preparation of A2-1000 aerogel
A2-SC aerogel samples were sintered at
1000 °C for 6 hours in a furnace.

Results and discussion

Effect of drying technique on gel structures
The alcogel samples were dried by two differ-
ent ways. The first one was ambient drying at
room temperature, followed by heating in a
furnace, which gave higher density, signifi-
canly shrinked xerogels X1-700 and X1-900.
The second one was supercritical carbon diox-
ide drying resulted in aerogel samples A1-SC
and A2-SC, from which samples A1-1000 and
A2-1000 were prepared by heating at 1000 °C.
Xerogels showed increased pore sizes and loss
of mesoporosity compared to the correspond-
ing aerogel analogs, which was the conse-
quence of shrinking and deterioration of the
acrogel structure due to the presence of capil-
lary forces in the atmospheric drying phase.
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Figure 1. Optical microscopy images of silica-tricalcium phosphate xerogel monolith

X1-900 in 16x and 120x magnification, respectively

Figure 1 shows optical microscopic picture
of the X1-900 monolith. The grainy structure
proved to be characteristic to all calcium-phos-

phate powder containing silica composites.

Structure of aerogel composites

Chemical composition of the aerogel and
xerogel samples were identical for all of the
samples as follows (calculated, expressed as
oxides): SiO, 54.3 %, CaO 24.8 %, P,O;
20.9%. Cellulose was used as a disposable
template material for the creation of pores in
the submicron and microne range and can be
burned out at 500 °C. Figure 2 shows the SEM
pictures of A1-1000 and A2-1000 aerogels. It
can be seen quite well that burnt cellulose left

large pores behind in the matrix, the pore
diameters are in the range of approx. 100—
7000 pwm, which belongs to the macropore
region. A2-1000 shows a normal aerogel struc-
ture characterized by evenly distributed meso-
pores in the 10-100 pm range.

Optical microscopic images show the differ-
ence between the macrostructures of A1-SC
and A2-SC aerogel composites in Figure 3.
In sample AI-SC the optical transparency is
much lower and the gel structure seems to be
more homogeneous then in A2-SC. The dif-
ference is most likely due to the presence of
cellulose in Al alcogel in the setting phase.
Cellulose and calcium phosphate together

of the left and right pictures are 4k and 12k, respectively
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Figure 3. Microscopic images of acrogels A1-SC (left) and A2-SC (right) in 120x magnification.

Acrogel matrix is transparent and almost completely invisible in the right picture

(some blueish tint can be observed between the seeds)

provided a much higher number of seeds for
crystal forming, while in the A2 alcogel the
relatively large particles of tricalcium phos-
phate were present in much less number
resulting in formation of large condensed par-
ticles, which were embedded in and connected
by a nearly transparent silica aerogel matrix.

Sintering, shrinking

Changes of density and length of the aerogel
sample A1-SC on heating was studied and the
results are represented in Figure 4. The sample
was heated for 24 hours at each temperature
given, except for 1000 °C and 1050 °C, which
were kept for 3 and 1 hours, respectively. As

it can be seen in Figure 4 the linear shrinking
was moderate until 700 °C (1073 K) and
became very significant above 800 °C. The vir-
tual density of the sample decreased a bit at
low temperature due to desorption of adsorbed
solvents and water, then remained nearly
unchanged (0,09 g/cm®) between 500 °C and
600 °C and then increased significantly over
800 °C to reach 0.49 g/cm? value at 1000 °C.

Extended heating of the sample at 12 h/
1000 °C and then 3h/1050 °C resulted in even
higher densities of 0.75 g/cm? and 1.04 g/cm’,
respectively. The sample shrinked to 38% of
the original length by reaching 1050 °C.
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Figure 4. Change of relative density and length of acrogel monolith A1-SC versus

the sintering temperature
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Thermogravimetry analysis

Thermic behaviour of sample Al1-700 was
studied by thermogravimetry/differential ther-
moanalysis technique. 69 mg amount of acro-
gel was tested and the change of weight and
inner temperature was recorded as a function
of time. TG-DTG-DTA curves of sample Al-
700 can be seen in Figure 5.

At the first part of the DTA curve an endo-
thermic change can be observed, which is in
accordance with the loss of weight in the TG
curve. Both end by approx. 240 °C and the
phenomenon corresponds to the desorption of
water. From 240 °C to 975 °C no thermic pro-
cess occured in the gel. At 975 °C an exother-
mic coalescence of the fine silica matrix has
started and finished by 1150 °C. This process
can be attributed in minor part to the con-
densation of silanol grups and in major part
to the reduction of surface (by melting and

slow viscous flow) in the acrogel and led to
the formation of large grains in the micron

range.

Mechanical testing

Cylindrical specimens of X1-900 and A2-1000
with known geometry were placed in the ser-
vohydraulic tester between 2 mm thick hard
polypropylene plates. Compressive load vs.
compressive extension curves (Figure 6) were
recorded by using the 10 kN probe and com-
pressive stress values were calculated. Com-
pressive stress of aerogel sample A1-900 has
also been determined, but its value was very
low (0.28 MPa). This weakening of the aero-
gel composite structure was most likely the
consequence of the presence of large pores and
thin walls that were formed on baking out cel-
lulose from the gel.

The calculated compressive stress values of
X1-900 and A2-1000 samples were 18.2 MPa
and 35.1 MPa, respectively. These values can
be considered fairly promising in the point of
view of potential bone substitution, as they
reached or exceeded the average strength of
natural cancellous bones.

Conclusions

Two drying techniques have been developed
for the preparation of tricalcium phosphate
containing high porosity materials based
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Figure 6. Compressive load vs. compressive extension curves of X1-900 (left) and A2-1000 (right) samples
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on silica aerogels or xerogels for artificial
bone substitution. Xerogel sample X1-900 was
more simple to make by ambient drying but
showed somewhat less mechanical strength.
Silica aerogel A2-1000, which contained evenly
distributed tricalcium phosphate particles em-
bedded and chemically bonded in silica aero-
gel showed the highest compressive strength
and reached the strength of cancellous bones.
Based upon our experimental data, this tri-

calcium phosphate-silica acrogel composite
prepared by the sol-gel technology and super-
critical drying have the potential to be used
as an artificial bone substitute. In addition,
the characteristic aerogel pore structure offers
an extra possibility to be used not just as
bone substitute but also as a slow release drug
carrier, which might be used for simulta-
neous treatment of bone infections or other
diseases.
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