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Sol-gel-derived SiO,—CaO-P,0s5 porous glass monoliths with a
dual hierarchical pore structure including both macropores of
~20-200 micrometers and mesopores ~5-20 nanometers in
size are prepared in the presence of the drying control chemical
additive formamide, for a possible application as scaffolds in
bone tissue regeneration. While the mesopores are intrinsic to
the sol-gel processing, the interconnected macropores are
achieved through a polymer-induced phase separation together
with the sol-gel transition, by adding a water-soluble polymer,
poly(ethylene oxide), to the precursor sol. The textural nanopore
structure is controlled through solvent exchange procedures and
the addition of urea. The overall pore size distribution obtained
by mercury intrusion porosimetry was found to shift to larger
pore sizes when formamide is added. In vitro tests are used to
evaluate the bioactivity. The cell-support function of the resul-
tant scaffolds is also assessed in vitro using osteoblast-like cells
cultured for 2 days. The results show that the scaffold has a
significant bioactivity and a good ability to support the attach-
ment of MC3T3 preosteoblast cells.

I. Introduction

ISSUE engineering is a technology based on the principle that

the living body has the potential for regeneration; it com-
bines engineering and cell biology concepts towards the creation
(growth) of new human tissue.' One significant branch of tissue
engineering involves the use of engineered materials with high
porosity, termed as scaffolds, designed to act as (temporary)
three dimensional templates for cell adhesion, proliferation, mi-
gration, and ultimately the formation of new tissue.> An impor-
tant class of scaffolds for bone tissue engineering is based on
bioactive and biodegradable ceramics and glasses. An alternative
approach to conventional melt quenching for the fabrication of
bioactive glass is the sol-gel technique, a low-temperature chem-
ical route to the fabrication of glass through the hydrolysis and
condensation of metal alkoxide precursors to form a sol and the
gelation of the sol to obtain a gel, which is heat treated to form a
glass.> The sol-gel process enables the control of the main
factors that affect bioactivity, namely composition (e.g., Ca/Si
molar ratio) and texture (pore size and shape). Moreover, sol—
gel-derived bioactive glasses tend to be more bioactive and
resorb quicker than melt-derived glasses of similar compositions
because of the intrinsic nanometer-scale porosity of the former.*
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In order to create a macroporous network, a few possible
methods exist. For instance, Sepulveda e al.° and, more re-
cently, Jones et al.® have reported the preparation of macropo-
rous (> 100 pm) matrices by foaming sol-gel systems, where a
surfactant (e.g., Teepol) was added to a sol prepared from a
mixture of alkoxides. A second possible technique to create
macroporosity in materials is Maekawa et al.’s method,” where
macroporous templates such as a polystyrene foam or an oil-in-
water emulsion are used. Another method is based on polymer-
induced phase separation,®® where organic polymers such as
poly(ethylene oxide) (PEO), poly(ethylene glycol) (PEG), or
poly(acrylic acid ) (PAA) are added to an alkoxide mixture,
causing phase separation by spinodal decomposition parallel to
the sol-gel transition; a subsequent heat treatment causes the
burnout of the organic polymer phase, leading to a coral-like
morphology with interconnected macropores.'

The most critical stage for producing sol-gel glass monoliths is
the drying process. During the initial stage of drying, evaporation
of the liquid from the micropores in the gel causes the develop-
ment of large capillary stresses, which can initiate cracking. In
order to overcome this problem, a number of methods have been
developed like “slow rate evaporation,”!! supercritical drying,'?
or the use of a drying control chemical additive (DCCA) such as
formamide, ' dimethylformamide,14 or acetonitrile.”” Addition
of a DCCA allows drying at elevated temperatures and ambient
pressure without crack formation, leading to a change in the
structure of the sol-gel-derived material. Firstly, the DCCA
causes the generation of large pores with a narrow size distribu-
tion.'® Because of the larger pore size, capillary forces will be
weaker and hence the stresses exerted on the pore walls during
drying will be smaller; furthermore, as the vapor pressure is
higher within larger pores, according to the Kelvin equation, the
increased pore size promotes the evaporation of the solvents.!”
The second mechanism is due to the binding of the DCCA to the
silica surface through the formation of hydrogen bonds; this will
facilitate the removal of water molecules by preventing their in-
teraction with the silanol groups on the pore walls.

In this work, sol—gel glasses with dual hierarchical porosity at
both the nano (~5-20 nm) and the macroscale (~20-200 um)
have been prepared on the basis of polymer-induced phase sep-
aration using PEO. In order to improve the mechanical strength
of the scaffolds and to reduce crack formation and shrinkage of
the gels, formamide was used as a DCCA.

II. Experimental Procedure

Glass scaffolds with the nominal composition 60 SiO,—36 CaO—
4 P,Os5 (in mol%) were synthesized using sol-gel and a polymer-
induced phase separation technique. The starting sols were
prepared by dissolving 1.4 g PEO, with an average molecular
weight of 100000, in 0.05 N acetic acid (CH;COOH) aqueous
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solution. To this solution, tetramethoxysilane (TMOS,
TMOS:0.05 N aqueous CH3;COOH molar ratio ~0.06) plus
formamide (CH3NO) (formamide:TMOS ratio = 0.8) and, in
selected cases, urea also (CH4N,O) (urea:TMOS ratio = 0.25),
were added under vigorous stirring (total volume of the reaction
mixture ~45 mL). Calcium nitrate tetrahydrate (Ca(NOs),-
4H,0) and triethyl orthophosphate (TEP) were then added and
stirred until dissolution of the calcium salt. To accelerate gela-
tion, aqueous hydrofluoric acid (HF, 2.5 wt %) was also added
and the solution was kept at 40°C until gelation occurred. Sol-
vent exchange was performed on selected samples by immersing
well-aged gels, while still wet, in deionized water at room tem-
perature, for 3 h, and then in IN ammonia (NH4,OH) aqueous
solution for 4 days, at 40°C. The resulting gel was dried in an
atmosphere with controlled relative humidity (RH =90%) at
60°C for 1 day and at 180°C for 2 days; then, they were heat
treated sequentially at 600°C (1 h) and 700°C (2 h), with heating
and cooling (to room temperature) rates of 100°C/h.

The pore morphology and textural features of the heat-treated
gel samples (coated with iridium) were observed by field-emission
scanning electron microscopy (FE-SEM, Hitachi 4300, Pleasan-
ton, CA), at 5 kV. The interconnected pore size distribution, as
well as the volume fraction of porosity and density, were mea-
sured using mercury intrusion porosimetry (Autopore 1V, Mi-
cromeritics Co., Norcross, GA).

The in vitro bioactivity of the scaffolds was assessed by soaking
them in a simulated body fluid solution (SBF,'® 0.01 g/mL), at
pH = 7.4 and 37°C, for a period of 10 days. The samples were
removed from the SBF and washed with acetone to terminate the
reaction; they were then dried and characterized by X-ray diffrac-
tion (XRD) and FE-SEM. A Philips diffractometer (Philips
X’Pert APD, Philips, Almelo, the Netherlands) was used for

Fig.1. Photographs of glass scaffolds: (a) a cracked sample prepared
without formamide; (b) a crack-free sample prepared with formamide.

Vol. i, No. 1t

XRD measurement of the samples in the powder form, using
CuKua radiation in the 20 range of 5°-80°.

Diffuse reflectance infrared Fourier transform spectra
(DRIFTS) were also collected (Nicolet 5700 spectrometer,
Madison, WI) by removing and grinding the surface layer of
the scaffolds and mixing it with KBr (the KBr:sample mass ratio
was 1:10) to avoid specular reflection).

The cell response of the fabricated porous scaffolds was eval-
uated, after 2 days of MC3T3 preosteoblast cell culture, using
89% Alpha Minimum Essential Medium supplemented with
10% fetal bovine serum and 1% penn/strep (antibiotic). The
cells were kept in an incubator, where a temperature of 37°C,
5% CO, atmosphere, and 100% RH conditions were main-
tained. The osteoblasts were harvested by trypsinization and
seeded on glass scaffold samples (at 30000 cells/cm?). The cells
were fixed, dehydrated (by graded ethanol), and observed under
FE-SEM, 48 h after seeding.

III. Results and Discussion

In the preparation of glass scaffolds by the sol-gel method, a
very critical stage is the drying step, when cracking and shrink-
age occur. It is difficult to obtain crack-free sol-gel monoliths by
direct drying of wet gels. To overcome this problem and to ob-
tain scaffolds with sufficient mechanical stability, formamide
was used as DCCA, whose low surface tension facilitates solvent
evaporation.'” The drying process was performed in a controlled
high humidity atmosphere (90% RH), which also attenuated
cracking during drying. As a result, large cracks were success-
fully eliminated, as shown in Fig. 1, for monolithic samples with
a diameter of 13 mm and a thickness of 5 mm.

Fig.2. Field-emission scanning electron microscopic micrographs of
glass scaffolds of nominal composition 60 SiO,—-36 CaO—4 P,Os (mol%):
(a) prepared without formamide; (b) prepared with formamide.
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The morphologies of glass scaffolds prepared without and
with formamide are shown in Figs. 2(a) and (b), respectively.
The interconnected macroporous network within a coral-like
skeleton is clearly visible in both samples, which is desirable for
scaffold function. The use of formamide appears to promote
larger macropore sizes up to ~200 pm. Within the macrochan-
nels, numerous micrometer-sized particle aggregates are also
visible, which may have resulted from a secondary phase-sepa-
ration phenomenon."®

The interconnected pore size distributions were obtained
from mercury intrusion porosimetry. They are shown for scaf-
folds prepared without and with formamide in Fig. 3. While the
former sample exhibited a bimodal distribution with a macro-
pore size peak at 45 pym and a mesopore peak at 14 nm, in the
sample prepared with formamide, the macropore peak shifted to
~84 um (ranging from ~4 to 200 um) and the mesopore peak
also shifted upward to ~20 nm. The volume fraction of porosity
of the heat-treated samples was 71% in the former case and 76%
in the latter.?°

The addition of formamide to the sols influences the hydro-
lysis and condensation reactions, modifies the sol-gel transition,
and changes the gel morphology.?! The action of formamide on
the hydrolysis rate has been explained on the basis of hydrogen
bonding and solvent viscosity.>> Because of its high dielectric
constant and dipole moment, formamide, which is able to form
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Fig.3. Pore size distributions of 60 SiO,—36 CaO—4 P,0Os scaffolds
determined by mercury intrusion porosimetry: (a) a sample prepared
without formamide; (b) a sample prepared with formamide.
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Fig.4. X-ray diffraction patterns of bioactive glass scaffolds before
(as-prepared) and after soaking in simulated body fluid solution. *HCA
corresponds to hydroxycarbonate apatite.

hydrogen bonds through its N and O atoms, may bond strongly
to protons or hydroxyl groups, reducing the effective catalyst
activity and hence the hydrolysis rate. An increased viscosity of
the sol due to the addition of formamide may also affect the
mobility of the chemical species in solution and hinder the hy-
drolysis mechanism.> In the gels prepared with formamide, the
condensation reactions proceed faster due to an increase in pH,
and the gelation®* and phase separation are initiated earlier. As
a result, gels with a higher macropore volume fraction are ob-
tained. Urea also increases the pH and it is believed to act as a
nanopore expander by generating aqueous ammonia in situ,
having an effect, which adds to that of solvent exchange.?

The XRD patterns of an as-prepared glass scaffold and the
glass scaffold after immersion for 10 days in SBF solution are
shown in Fig. 4. The patterns of the as-prepared scaffold show
broad peaks typical of an amorphous material. In comparison,
the patterns of the scaffold immersed for 10 days in SBF solu-
tion contained peaks at 32° and 46° (20), corresponding to the
(211) and (222) reflections of hydroxycarbonate apatite (HCA).
This is a nonstoichiometric, carbonated form of hydroxyapatite
(HA), which has a Ca/P ratio <1.67 (pure HA has the chemical
formula Ca;o(PO,)s(OH),, with Ca/P = 1.67). The formation of
HCA upon immersion in SBF is generally taken as a strong
indication of the material bioactivity.'®

In Fig. 5, for a 60 SiO,—36 CaO-4 P,Os scaffold, changes in
the surface composition after soaking in SBF for 7 days are also
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Fig.5. Diffuse reflectance infrared Fourier transform spectra of 60
Si0,-36 CaO—4 P,0s5 porous glass sample before and after soaking in
simulated body fluid solution for 7 days.
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100 pm

Fig.6. Field-emission scanning electron microscopic micrographs of
a bioactive glass scaffold: (a) before soaking in simulated body fluid
solution (SBF); (b) after 10 days in SBF (scale bar 100 pm); (c) after
10 days in SBF (scale bar 1 pm).

indicated in DRIFTS spectra. The diffuse reflectance values
were transformed into Kubelka—Munk units (k/S), expressing
the ratio between the absorption (k) and scattering (S) coeffi-
cients of the samples at any given wavelength. The spectrum
before soaking in SBF solution (0 days) exhibits typical silicate
absorption bands at ca. 1050, 805, and 560 cm™ . After soaking
in SBF for 7 days, new bands appear at ca. 1030, 604 and 564
cm ™, typical of P-O—P bending vibrations of PO3 tetrahedra
in crystalline calcium phosphate and characteristic carbonate
absorption bands also appear at ca. 1484, 1420, and 874 cm™ !,
indicating the formation of a carbonated HA layer upon
immersion in SBF.?®
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Fig.7. Field-emission scanning electron microscopic micrographs of
MC3T3 preosteoblast cells cultured for 2 days on a 60 SiO,—36 CaO—4
P,0Os5 scaffold: (a) a sample prepared without formamide; (b) a sample
prepared with formamide.

Figure 6 shows SEM images of a glass scaffold before and
after immersion in SBF. Compared with the smooth walls of the
macropores in the as-prepared scaffold (Fig. 5(a)), the surface of
the scaffold after immersion for 10 days in SBF (Figs. 5(b) and
(c)) was covered by needle-like crystals, presumably of HCA,
based on the XRD results.

Figure 7 shows SEM micrographs of the morphologies of
osteoblast cells 48 h after seeding on scaffolds. The osteoblast
cells have a flattened, elongated, polygonal configuration and at-
tach to the substrate through thin extensions, or filopodia. A
comparison of Figs. 7(a) and (b) revealed that the cells have at-
tached and proliferated more efficiently on scaffolds prepared
with formamide. In fact, the SEM micrograph of Fig. 7(b) shows
cells strongly adherent on the scaffold surface, with many pro-
truding filopodia. A semiquantitative cell-attachment analysis
was performed by calculating the percentage area of the SEM
micrographs covered by cells, using the “Image J”* software. The
% area covered by cells on the sample prepared without form-
amide was 44% (Fig. 7(a)), whereas it was 73% for the sample
prepared with formamide (Fig. 7(b)). These results suggest that
the larger pores (both macro and mesopores) obtained through
the use of formamide appear to ensure better cell adhesion, which
is very important for a clinical application of the scaffolds.’

IV. Conclusions

Porous monolithic scaffolds of nominal molar composition 60
Si0,-36 CaO—4 P,Os, with a dual pore structure including me-
sopores with sizes within the ~5-20 nm range and macropores
with sizes up to ~200 um, were prepared by the sol-gel method,
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using polymer-induced phase separation as a precursor for
interconnected macroporosity. Macroscopic cracking of the
monoliths was successfully overcome by using formamide as
DCCA. The average macropore as well as the mesopore size of
the scaffolds were found to increase in the presence of form-
amide. These glassy materials showed good in vitro bioactivity,
with XRD, DRIFTS, and SEM analysis confirming that, after
10 days in SBF, the surface of the scaffolds becomes covered by
small crystals of HCA. SEM observations of cell cultures
showed that the scaffolds had a good ability to support the at-
tachment and spreading of osteoblast cells. The resultant scaf-
folds showed to be promising materials for bone tissue
regeneration.
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