Bioactive sol-gel foams for tissue repair
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Abstract: Bioactive glasses are known to have the ability to
regenerate bone, but their use has been restricted mainly to
powder, granules, or small monoliths. This work reports on
the development of sol-gel foams with potential applications
as bone graft implants or as templates for the in vitro syn-
thesis of bone tissue for transplantation. These bioactive
foams exhibit a hierarchical structure with interconnected
macropores (10-500 pm) and a mesoporous framework typi-
cal of gel-glasses (pores of 2-50 nm). The macroporous ma-
trixes were produced through a novel route that comprises
foaming of sol-gel systems. Three glass systems were tested

to verify the applicability of this manufacturing route,
namely SiO,, Si0,-Ca0O, and SiO,-CaO-P,0s. This new class
of material combines large pores to support vascularization
and 3-D tissue growth with the ability that bioactive mate-
rials have to provide bone-bonding and controlled release of
ionic biologic stimuli to promote bone cell proliferation by
gene activation. © 2001 John Wiley & Sons, Inc. ] Biomed
Mater Res 59: 340-348, 2002
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INTRODUCTION

When a significant loss of tissue occurs as a result of
trauma or through the excision of diseased or cancer-
ous tissue, healing occurs only with the aid of graft
implants. Therapies that employ graft material re-
trieved from a different site in the patient (autograft),
from another human donor (homograft), or from other
living or nonliving species (heterografts or xenografts)
have been restricted by limited material availability,
complicated multistage surgery at the detriment of the
harvest site, and the risk of disease transmission.’
These factors create a great demand for synthetic sub-
stitutes especially designed and manufactured to suit
the functionality and biocompatibility criteria of tissue
engineering.

The tissue restorative potential of bioactive materi-
als long has been demonstrated through both in vivo
studies and in clinical practice, such as periodontal
repair,” alveolar bone augmentation,” and middle ear
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devices.* Certain compositions of bioactive glasses
containing SiO,-CaO-P,0O5 bond to both soft and hard
tissue without an intervening fibrous layer. Results of
in vivo implantation show that these compositions pro-
duce no local or systemic toxicity, no inflammation,
and no foreign-body response.”” The bioactivity has
been associated with the formation of a crystalline hy-
droxyapatite surface layer, similar to the structure of
the inorganic region of bone, on contact with body
fluid.” Recently, Xynos et al.* ' have shown that bio-
active glass dissolution products exert a genetic con-
trol over the osteoblast (bone progenitor cells) cell
cycle and the rapid expression of genes that regulate
osteogenesis and the production of growth factors.
These discoveries have stimulated more extensive in-
vestigations of bioactive glass usage as scaffolds for
tissue engineering.

It is important to note that in order to repair large
defects, 3-D scaffolds are required to provide a tem-
plate and support tissue growth rather than the usual
powder or granular form in which bioactive glasses
currently are commercially produced. Ideally the tem-
plate must consist of (1) an interconnected network
with large pores (greater than 100 pm) to enable tissue
ingrowth and nutrient delivery to the center of the
regenerated tissue;'! and (2) pores in the microporous
(<2 nm) or mesoporous (2 nm < pore size < 50 nm)
range to promote cell adhesion, adsorption of biologic
metabolites,'> and resorbability at controlled rates to
match that of tissue repair.
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This manuscript presents a processing route to ob-
tain such a structure. Compositions of sol-gel-derived
bioactive glasses were used because they exhibit high
specific area, high osteoconductive properties, and
also a significant degradability.'®> The art of bioactive
foam manufacture was based on previous work by the
primary author of porous ceramics production via
foaming of colloidal suspensions. In the previous
method, foamed suspensions were solidified by the in
situ polymerization of organic monomers, creating a
crosslinked polymeric network (gel) to sustain the
foam.'* The critical step of processing was the control
of the onset of gelation, required to prevent drainage
of the liquid foam films that would produce poor
macro and microstructures. The same principles that
pertained for obtaining porous materials are also valid
for the foaming of sol-gels, the difference being the
setting mechanism, which in the latter is accomplished
by fast condensation using catalysts such as acids or
bases.

The steps for making these macroporous sol-gel-
derived bioactive glasses, termed bioactive foams, and
their characterization for physical properties are
shown herein. The glasses can be manufactured with
specific architectures to obtain controlled rates of glass
resorption and rates of chemical dissolution of species
that promote tissue regeneration, thus creating a novel
three—dimensional tissue construct similar to natural
tissues. A range of potential applications is possible
for the repair and reconstruction of diseased and dam-
aged tissue, as matrices for graft implant materials, or
as devices for the controlled release of biologic or
pharmaceutical substances.

MATERIALS AND METHODS

The macroporous scaffolds were prepared by the foaming
of sol-gel systems, using a combination of previously estab-
lished procedures.'*'> The steps for manufacture are illus-
trated in Figure 1. In order to verify the process applicability
to various systems, the procedure was carried out using
three compositions: the pure silica SiO, (100S), the binary
70% Si0,-30% CaO (70S30C), and the ternary 60% SiO,, 36%
Ca0, 4% P,Os5 (58S) systems, in molar percentage. The two
latter compositions have been investigated by Professor
Hench’s team at the Imperial College and have demon-
strated high bioactivity in vitro'®'” and in vivo.'> The sol-gel
precursors used in this study were tetraethoxyl orthosilicate
[TEOS, Si(OC,Hg),], triethoxyl orthophosphate [TEP,
OP(OC,H;);], and calcium nitrate Ca(NOj), - 4H,0, hydro-
lyzed in the presence of 2N of nitric acid (HNO;).

Initially the procedure involved preparing the sol-gel by a
mixture of distilled water, the appropriate alkoxide precur-
sors and salts, and the catalyst for hydrolysis, nitric acid. On
completion of hydrolysis, aliquots of 50 mL of sol were
foamed with the addition of surfactants (polyethylene glycol
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Sol-preparation from a mixture of alkoxides
(distilled water, HNOs, TEOS, TEP, Ca(NOj3),)

Addition of catalyst to adjust the
gelation time

Addition of surfactant

Foam generation by vigorous agitation

Pouring of foamed mixture into moulds

|

Completion of gelation

|
Ageing at 60°C
Drying at 130°C
Thermal stabilisation at 600°C

Figure 1. Schematic representation of the manufacture of
sol-gel foams.

trimethylnonyl ether, Tergitol TMN10, and Teepol, an ionic
surfactant) and vigorous agitation. The concentration of sur-
factant was varied to obtain specimens with various frac-
tions of porosity. The condensation was catalyzed with an
acidic addition (0.1 wt % HF). As the sol viscosity started to
rise more steeply, the foamed sols were transferred to molds
with the required shape and size, then sealed to age. Sols
gelled in the nonfoamed state also were produced for com-
parison. Aging was carried out at 60°C for 72 h. Slow solvent
evaporation then was allowed with the opening of contain-
ers and a controlled temperature increase up to 130°C. Ther-
mal stabilization by a heating cycle up to 600°C was carried
out to allow partial densification of the matrix.

Physical characterization of the porous foams consisted of
microstructural observation, pore size, and textural analysis.
Scanning electron microscopy (JEOL, JSM T220A) on gold-
coated specimens was used to examine the morphologic and
textural features of the foams. Larger pore size ranges were
assessed by intrusion mercury porosimetry (PoreMaster 33,
Quantachrome).'® The specific surface area and the porosity
in the framework were determined by nitrogen adsorption
technique (Autosorb AS6, QuantaChrome). For these experi-
ments, accurately measured weights of small specimens
were submitted to evacuation and pretreatment at 100°C for
15 h to remove moisture and contaminants before measure-
ments were made. The volume of nitrogen adsorbed and
desorbed at different relative pressures was measured, gen-
erating isotherm curves. The first seven points of the adsorp-
tion branch (relative pressures of 0.05-0.3) in the isotherms
that follow an initial linear trend and imply monolayer for-
mation were fitted to the B.E.T. equation for determination
of the specific surface area.'” The pore diameter distribution
was calculated by the BJH method applied to the desorption
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curves. Desorption is preferred to adsorption for these cal-
culations because it usually occurs at a lower relative pres-
sure, which is considered to be a better approximation of
thermodynamic equilibrium.'® The types of isotherms were
evaluated according to their shape and type of hysteresis
between the adsorption—desorption modes.

RESULTS

Flawless foamed glasses successfully can be pro-
duced with different compositional systems. A wide
range of shapes and sizes was attained with different
molds, with no evidence of heterogeneities or phase
separation, demonstrating the technique’s versatility.

The sol aliquots (50 mL) foamed up to volumes of
approximately 1, 2, and 3 times the original volume of
sol are identified herein as low, medium, and high
foam, respectively. It was difficult to obtain an accu-
rate measure of the final foam volume because it con-
tinuously increased until the moment of gelation. Agi-
tation was stopped only at the instant of pouring to
avoid collapse of the foam, which occurs spontane-
ously by liquid drainage.”

In spite of the anti-foaming nature of silica solu-
tions,*' foaming of the sols was accomplished without
great complications. A substantial increase in foam
volume and foam stability was attained when the sol
viscosity started to rise as a result of gelation. The
steps of foam generation, pouring into molds, and ge-
lation were completed within 10-15 min. Drying of
highly porous specimens occurred without deleteri-
ous effects to the structure. Low-foamed speci-
mens required more careful drying as the macropo-
rosity is predominantly closed and solvent evaporation
stresses are higher.”

Figure 2 shows the macroporous structures of bio-
active foams observed by SEM for the three tested
compositions, 100S, 70S30C, and 58S. The structures
resemble the hierarchy of trabecular bone,' forming a
template of intricate shape that surrounds large
spherical pores. These pores communicate through
channels of smaller size. In previous works that re-
ported on the foaming of porous ceramics, it was dem-
onstrated that the degree of foaming has a direct cor-
relation with density, pore size, connectivity of the
macroporous structures, and other properties such as
permeability and strength of materials with similar
structures.'**>?** Because of the similarity in structure,
these associations are expected to be the same for the
foams produced in this work.

Figures 3 and 4 show the mercury porosimetry
curves of a few selected specimens of different poros-
ity (70S30C) depending on the produced foam volume
and of different compositions at high foam, respec-
tively. Pore-size diameters vary widely from 10 to 200
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Figure 2. Illustration of structure of 100S, 70S30C, and 58S
foams after thermal stabilization at 600°C.-

pm or larger, in ranges determined by the foam vol-
ume. More highly foamed sols produce bodies with
larger pore size, and nonfoamed specimens have no
macroporosity. The measured pore-size values repre-
sent the large pores on the specimen surface and the
interconnecting windows between pores through
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Figure 3. Influence of foam volume on the pore-size dis-

tribution measured by mercury porosimetry.

which mercury intrudes the specimen. Although the
equipment can measure pores of a maximum size of
approximately 300 wm, the structures reveal pore di-
ameters in the range of 500 pm.

The textural features of the solid matrix that forms
the template were assessed through a nitrogen sorp-
tion technique; the results are given in Table I for vari-
ous compositions and foam volumes. The surface area
of the foamed glasses was very high, in the range of
106-283 m?/g and generally increased with higher de-
grees of foaming. The C-constant obtained in multi-
point analysis for these materials varied between 65
and 267, giving an indication of the high adsorbate—
adsorbent interaction energy.

Figures 5, 6, and 7 show the nitrogen sorption iso-
therms of bioactive foams at various levels of foaming,
and Figures 5, 6, and 7 show the corresponding pore
size distributions. All foams yield a type IV isotherm,
according to BDDT classification,'® which is indicative
of mesoporous materials (2 to 50 nm). A very steep
slope at high relative pressures is associated with cap-
illary condensation in the pores and a narrow pore-
size distribution. The hysteresis loops between ad-
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Figure 4. Pore-size distribution of highly foamed 100S,
70S30C, and 58S by mercury porosimetry.

sorption and desorption modes are typical for mate-
rials with cylindrical pores. The nitrogen sorption
results combined with mercury porosimetry results
indicate that the bioactive foams are 3-D hierarchical
structures of an interconnected macropore network in
a matrix containing mesopores. A less steep vertical
rise and fall of the isotherms is noted for higher foam
volumes. This implies that more highly foamed
glasses may combine pores in the mesoporous and
macroporous ranges up to approximately 200-300 nm
although the average pore size shows a slight varia-
tion in the range of 10-30 nm. The matrix of non-
foamed glasses yields a very narrow pore size distri-
bution.

The textural features of the matrix can be confirmed
through high magnification SEM, shown in Figures §,
9, and 10, for 100S, 70S30C, and 58S compositions.
Observations show that the texture somehow is af-
fected by the composition and by the foam volume.
Pure silica 100S specimens reveal little textural varia-
tion (Fig. 8). 70S30C foamed specimens display a
slightly more open pore texture than the low-foamed
and nonfoamed specimens (Fig. 9). The influence of
foam volume on the texture of 585 compositions is

TABLE I
Data of Surface Area, Average Pore Size, and Pore Volume, Measured by Nitrogen Sorption Analysis, of the Foamed
Glass Framework at Various Densities

Degree of Surface Area Average Pore Size Pore Volume

Composition Foaming m?/ g nm cc/g
SiO, Nonfoamed 114.1 10.13 0.307
low 267.2 23.78 1.659

high 282.5 24.76 1.784

70S30C Nonfoamed 106.8 19.35 0.541
low 167.3 17.27 0.810

high 150.8 27.83 1.065

585 Nonfoamed 146.4 14.25 0.591
low 239.6 20.13 1.288

high 233.9 15.21 0.576
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more evident, as seen by the pores in the micrometer
range that appear on the surface of highly foamed
specimens (Fig. 10). These results are confirmed by
nitrogen sorption results (Fig. 7), which reveal less
steep isotherms without the plateaus at high relative
pressures and broader pore size distributions for 585
compositions; however, the differences in pore size
and surface area averages are negligible. The mercury
porosimetry of highly foamed 58S also shows pores in
the micrometer size range, which is different from
other systems (Fig. 4). Systems containing more than
one component require different thermal stabilizing
temperatures to achieve densification and are more
prone to phase separation or heterogeneities. A model
of aggregation during condensation was suggested by
Jokinen and collaborators,” who indicated that the
change in composition influences the structure, poros-
ity, pore sizes, surface roughness, and surface changes
of sol-gel materials. Also, it was shown that the com-
position affects the reaction kinetics and aggregation
mechanisms that determine the pore structure.

The majority of samples produced showed good
handling resistance and were significantly strength-
ened by the use of higher stabilization temperatures,
that is, in the range of 600°-800°C.

DISCUSSION

The bioactive sol-gel foams represent a new and
promising alternative material for tissue engineering
as they combine several valuable properties, as dis-
cussed below.

Bioactivity

Bioactive materials typically undergo a rapid rate of
surface reaction in contact with body fluids.>” The
condensation of a gel layer on the glass surface follows
this stage. The biochemical changes caused by glass
dissolution and the large amounts of calcium and
phosphate ions available in the surrounding tissue
stimulate the deposition of an amorphous calcium
phosphate layer on the surface of the implant. Further
layer deposition and crystallization of the Ca-P-rich
layer can occur with absorption of biologic moieties
into the structure, binding the inorganic implant to the
organic constituents of surrounding tissues.” The bi-
nary and ternary glass compositions tested in this
work were chosen because of their known bioactiv-
ity.">'® Sol-gel systems such as pure silica and tita-
nium oxide were shown to be bioactive although they
lack calcium and phosphate in their compositions.***”
The possibility of creating a 3-D framework with these
glass compositions provides an important tool for con-
trolling dissolution rates and bioactivity.
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Figure 5. Nitrogen adsorption-desorption isotherms of
100S bioactive foams at various degrees of foaming and the
corresponding pore-size distribution.

Sol-gel texture

The mesoporous texture and high surface area of
the bioactive foam framework are typical features of
sol-gel-derived materials.”®*’ These characteristics in-
tensify the rate of surface reactions, leading to faster
release of ionic species during glass dissolution and
to a large number of nucleation sites for calcium-
phosphate layer deposition compared to dense melt-
derived glasses.’>?! In addition, mesoporosity offers a
means of adsorbing and desorbing a range of biologi-
cally active substances, such as proteins and growth
factors, without loss of conformation and biologic
function.'? The texture of sol-gel materials can be var-
ied through different processing conditions; thus dis-
solution rates and surface chemical binding sites can
be controlled in sol-gel products. This stimulates ap-
plications as delivery devices or as devices for eliciting
specific in vitro culture behaviors.*?

Macroporous structure

It is well known that a suitable macroporous net-
work is required in tissue engineering scaffolds to en-
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able complete access of nutrients to the cells, tissue
ingrowth with vascularization, and good integration
with host tissues when implanted.! Tissue ingrowth
rates depend greatly upon pore morphology, the de-
gree of pore connectivity, and pore volume. The open
network of large pores of the bioactive foams and the
intricate arrangement of the walls are potential fea-
tures of scaffolds for 3-D tissue repair. The regenera-
tive potential of foamed structures like the ones re-
ported herein was shown previously for hydroxyapa-
tite tested for biocompatibility in vivo.*> HA foams
with 85-90% porosity were filled almost entirely with
trabecular bone within 8 weeks of implantation in rab-
bit tibia. The work confirmed the high osteoconduc-
tive behavior of HA and the ability of the porous net-
work to promote tissue ingrowth.*® This behavior is
expected improve significantly if the foams are made
from class A bioactive compositions.

Resorbability

Depending on the desired application of scaffolds,
resorbability may be a necessary property. The resorp-
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Figure 6. Nitrogen adsorption—-desorption isotherms of
70S30C bioactive foams at various degrees of foaming and
the corresponding pore-size distribution.
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Figure 7. Nitrogen adsorption-desorption isotherms of 585
bioactive foams at various degrees of foaming and the cor-
responding pore-size distribution.

tion rates can be tailored by controlling pore structure
and by changing the composition so that they dissolve
at controlled rates, matching those of tissue growth.
Regenerative bioactive materials resorb at rates that
are molecularly controlled by the metabolic processes
of the tissues being replaced.** A recent work has
shown absorbability for bulk sol-gel-derived glasses
(58S and 77S Bioglass®) after 12 weeks of implanta-
tion, reaching 40% absorption after 52 weeks. No deg-
radation could be measured in the case of 4555 melt-
derived Bioglass®. New bone formation was found to
fill in areas that had been resorbed, similar to bone
remodeling.'?

Genetic stimuli

Mechanisms that may explain the potential of bio-
active glasses to regenerate bone tissue were investi-
gated by Xynos et al.> ' The experiments were based
on in vitro cultures of primary human osteoblasts ex-
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Figure 8. Micrographs of 100S sol-gel, nonfoamed (a), low
foam (b), and high foam (c).

posed to the extract of 45S5 Bioglass®. Results re-
vealed that the chemical species released from the
glasses and their relative concentrations play a specific
role in stimulating the activation of genes that control
the cell cycle leading to differentiation and prolifera-
tion of bone cells.® Among the groups of genes that

Figure 9. Micrographs of 70S30C sol-gel, nonfoamed (a),
low foam (b), and high foam (c).

were activated were genes encoding nuclear transcrip-
tion factors and growth factors such as IGF-II. Mature
phenotype osteoblasts and formation of large three-
dimensional bone nodules were observed within 6
days in vitro. Use of the bioactive foams presented in
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c = | pm
Figure 10. Micrographs of 58S sol-gel, nonfoamed (a), low
foam (b), and high foam (c).

this work to direct the growth and organization of
bone nodules currently is being investigated.

CONCLUSIONS

Bioactive foams are new materials with the potential
of enhancing tissue regeneration. Their macroporos-
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ity, matrix texture, and composition can be designed
to suit and/or to control the kinetics of interfacial re-
actions and varied to achieve a tissue’s restorative po-
tential. In this work, sol-gel and foaming technologies
were combined to create novel materials with appli-
cations to the repair and reconstruction of damaged
tissue. A hierarchical structure composed of macro-
pores (10-200 pm), mesopores (2-50 nm) and bioac-
tive resorbable compositions potentially can support
3-D organization of cells, enhance cellular differentia-
tion and proliferation, and resorb by controlled rates,
thus creating a novel three—dimensional tissue similar
to natural tissues and organs. Further studies are in
progress to test the in vitro dissolution behavior of the
bioactive scaffolds and their properties in cell cultures,
for future applications as lung tissue repair.
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