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Abstract Sol-gel derived calcium silicate glasses may be
useful for the regeneration of damaged bone. The mecha-
nism of bioactivity is as yet only partially understood but
has been strongly linked to calcium dissolution from the
glass matrix. In addition to the usual laboratory-based char-
acterisation methods, we have used neutron diffraction with
isotopic substitution to gain new insights into the nature of
the atomic-scale calcium environment in bioactive sol-gel
glasses, and have also used high energy X-ray total diffrac-
tion to probe the nature of the processes initiated when bioac-
tive glass is immersed in vitro in simulated body fluid. The
data obtained point to a complex calcium environment in
which calcium is loosely bound within the glass network
and may therefore be regarded as facile. Complex multi-
stage dissolution and mineral growth phases were observed
as a function of reaction time between 1 min and 30 days,
leading eventually, via octacalcium phosphate, to the forma-
tion of a disordered hydroxyapatite (HA) layer on the glass
surface. This methodology provides insight into the struc-
ture of key sites in these materials and key stages involved in
their reactions, and thereby more generally into the behaviour
of bone-regenerative materials that may facilitate improve-
ments in tissue engineering applications.
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1 Introduction

Melt-quenched silicate glasses containing calcium and phos-
phorus, and often alkali metals, have been much studied for
their applications to promote bone regeneration and to bond
to living bone, creating strong implants with less danger of
interfacial instability than previous materials [1-4]. More re-
cent work has focused on the use of the relatively low temper-
ature sol-gel route for generating bioactive glasses, by which
fewer components are required and a wider spectrum of com-
positions and glass porosities may be achieved. Samples of
the general formula (Ca0O),(Si0;);—, have been shown to
possess significant potential as bioactive bone-regenerative
materials since they exhibit Class A bioactivity [3—7]. The
exact mechanism by which these materials promote bone
growth and the requirements for optimisation of their prop-
erties are still as yet only partially understood but have been
strongly linked to evidence that gene activation necessary for
tissue regeneration is linked to the release of soluble silica
and calcium ions from the bioactive glass [6, 8]. A great deal
of interest in the structure of these materials has therefore
been engendered, particularly in the relationship between
structure and bioactivity, and especially the nature and the
role of the Ca sites within the glass network.

The local calcium environment in crystalline calcium sil-
icate minerals and apatites is extremely diverse; in most
minerals there are several crystallographically distinct Ca
environments. This diversity, and thus the complexity, of
environments is associated with a wide range of possible
calcium-oxygen coordination numbers. Amorphous materi-
als are intrinsically even more structurally complex in the
sense that the long-ranged order of the crystalline form is
lost. Analysis of the short-range environment in calcium
silicate glasses has been attempted using X-ray absorption
spectroscopy and X-ray powder diffraction [9—11], however
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the complexity of the calcium environment limits the useful
information available from these techniques. For instance,
conventional diffraction measurements show the Ca—O cor-
relations as a broad feature centred around 0.235 nm, but this
feature is overlapped by the strong O-O correlation making
a quantitative measure of Ca environment impossible based
solely on such data.

1.1 Neutron diffraction with isotopic substitution (NDIS)

This technique offers the potential for the nature of the cal-
cium environment to be probed in great detail, as studies of
melt-quench derived silicate glasses have shown [12, 13]. In
principle, it is possible with care to extract information on
both short and medium-range order in such glassy materials
using samples prepared with stable isotopes. However, there
has hitherto been little such work published on the more sub-
tle structures associated with the novel modified amorphous
networks generated by the sol-gel method [14].

1.2 High energy X-ray diffraction (XRD)

Although our work is underpinned by a broad-based char-
acterisation approach, combining complementary advanced
physical probe techniques including neutron diffraction, X-
ray absorption spectroscopy and multinuclear (*°Si, 70O,
43Ca) MAS NMR [15], the results reported herein are derived
from X-ray diffraction (XRD) using the relatively short wave-
lengths and high fluxes available only from a synchrotron
source. Electron diffraction has provided some evidence for
there being a precursor to the deposition of hydroxyapatite
on such bioactive glasses [16], but both electron diffrac-
tion and conventional laboratory-based XRD are limited
by the dynamic range of the data (i.e. the Q-range, where
Q =4msinf /A, with 26 being the scattering angle and A
the wavelength) in that hydroxyapatite can be mis-identified
as octacalcium phosphate given their similar peak positions
in the Q-range accessible. Previous work has not been able to
offer a definitive statement regarding whether the structure is
actually hydroxyapatite or a related calcium phosphate. Fur-
ther, these studies have focussed on a conventional search for
identifiable Bragg diffraction peaks only: i.e. the amorphous
component, which is often large, tends to be ignored—we
here adopt a total XRD approach which utilises all the avail-
able data.

2 Experimental
The isotopically enriched samples needed for the NDIS ex-
periment were synthesised from “CaCO;3 (96 atom% en-

riched, Chemgas): this was converted to **Ca(NO3), by titra-
tion with 2M nitric acid, the resulting hygroscopic solid was
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dried at 130°C until no further weight loss was observed.
Calcium nitrate containing a natural mixture of Ca isotopes
is available commercially (99% pure Ca(NOs3), 4H,0, Fisher
Chemicals). Two samples of (Ca0)3(SiO,)p7 were pre-
pared [17], one containing natural Ca and the other **Ca
(having cross sections for coherent neutron scattering of
Ocon = 278 fm? and oon = 25 fm? respectively). The NDIS
experiment relies upon the samples being absolutely iden-
tical in composition and structure, i.e. with the only differ-
ence between the samples being the isotopes of Ca present.
Thus, both sample preparation and subsequent characterisa-
tion must be carried out with rigorous care to ensure that this
condition has been met. Crucially, both samples were shown
to be structurally equivalent using X-ray diffraction (Station
9.1, Synchrotron Radiation Source, UK; given that X-rays
scatter from the electrons in a material and not the nucleus,
the diffraction pattern is unaffected by the particular isotopic
mixture present).

Samples of composition (Ca0)y3(Si0,)o7 were synthe-
sised for the XRD experiment according to the method de-
scribed in detail elsewhere [17]. Specimens were immersed
in simulated body fluid, SBF, prepared using existing lit-
erature methods [5], and incubated at 36.5°C according to
published procedures [18].

2.1 Calcium inclusion

FT-Raman spectroscopy was undertaken as a function of
temperature during the formation of the bioactive CaO-SiO,
glasses in order to study how the structure of the network
changes with heat treatment. Raman analysis was carried out
on the stabilised sol-gel sample using a system consisting of
an Olympus BX40 microscope together with a Jobin Yvon
model HR640 Raman Spectrometer, fitted with a 25 mW he-
lium neon laser (which gave approximately 3 mW of light of
wavelength 623.8 nm at the sample), and a liquid nitrogen
cooled CCD multichannel detector. The data was adjusted
to give the same background noise levels in all the spectra,
so that the relative heights of the peaks could measure the
change in the amount of chemical species present. Spectra
were recorded for samples heated from 150 to 600°C.

2.2 Neutron diffraction with isotopic substitution

The GEM (general materials) diffractometer at the ISIS
pulsed neutron source, Rutherford Appleton Laboratory,
UK, allows data to be collected over an exceptionally wide
dynamic range, with Qmax =~ 600 nm~' [19]. Given that
the resolution in real space may be expressed as Ar ~
21/ QO max. this ensures the very best chance of being able to
differentiate between distinct but close bond lengths. Finely
powdered samples were held in cylindrical vanadium con-
tainers. The ATLAS suite of programs was used for data
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reduction and correction, which includes the subtraction of
container and background scattering and the effects of ab-
sorption, multiple scattering and inelastic scattering events;
the spectra are normalised to an absolute scale using the
scattering profile from a cylindrical sample of vanadium
[19].

A Q-space simulation of the structure factor is generated
using the following equation

p(Q)ij = (Nijw;;/C;) - (sin OR,;/OR; ) exp ( — Q0 /2)
(1)

where p(Q);; is the pair function in reciprocal space (i.e.
derived from the real-space model by Fourier transfor-
mation); N;;, R;; and o;; are the coordination number,
atomic separation and disorder parameter respectively of
atom i with respect to atom j; c; is the concentration
of atom j, and w;; is a weighting factor calculated from
the relevant concentration and neutron scattering length

data.

2.3 X-ray diffraction

X-ray diffraction data were collected on station 9.1 at the
SRS Daresbury Laboratory, UK, using a two circle diffrac-
tometer. Data were collected in 6/26 scans at ambient tem-
perature; the wavelength was calibrated to A = 0.04858 nm.
This wavelength was low enough to provide data to a value
of wavevector transfer (Qmax ~ 220 nm~', a value sig-
nificantly higher than would be achievable using a con-
ventional laboratory-based source). Finely powdered sam-
ples were packed into flat-plate containers, of 1 mm depth,
and covered with thin polyimide windows. The analy-
sis of the data to provide an interference function, i(Q),
follows the method outlined by Warren [20] and imple-
mented by Pickup et al. [21]. Real-space pairwise atomic
correlations may be generated by Fourier transformation
of the interference function using the following generic
relationship:

D(r)=2/m / Q.i(Q) - sinQr.dr 2)

It is important to note that, due to the inhomogeneous nature
of the reacted samples and the fact that the correlation func-
tion represents an average over all pairwise terms, weighted
by concentration and element-dependent X-ray form factors,
the D(r) may only be analysed quantitatively in the case of
an unreacted sample; relative trends are however more easily
derived for all samples.

3 Results and discussion
3.1 Neutron diffraction with isotopic substitution

The two neutron diffraction spectra were collected on the
GEM diffractometer at the ISIS spallation neutron source
at the Rutherford Appleton Laboratory, UK. The resultant
interference function, the Structure Factor i(Q), can reveal
real-space structural information by Fourier transformation
to give the corresponding total pair correlation function [18]

I(r)= To(r)~l—2/77/ Qi(Q)M(Q)sin (Qr)d(Q) 3)

where Ty(r) = 4nrp0(2ic,-b,-)2 is the average density contri-
bution (p° is the atomic number density, c; is the fraction
of element i and b; = (ocon/4m)"/? is its associated coher-
ent scattering length for neutron scattering) and M(Q) is a
Lorch modification function used to take into account the
finite maximum experimentally attainable value of Q. Struc-
tural information is obtained from the neutron diffraction
data by an iterative fitting of the i(Q) using trial values for
the real-space pair correlations [22].

Hence, if two experiments are performed in which the
scattering length of element A is varied by isotopic substi-
tution, the difference between the experimental correlation
functions is of the form [23]

AT(r) =T(@) - T'(r)
= 3 (b5 — D3 )taa+2 )¢ cibj(ba — ba)t);(r)
“)

where 7, (r) represents the partial pair correlation function
for elements A and X. Thus, the structural environment of
element A may be isolated using this method: in other words,
in the present case, the result of taking the difference is that
one is left with only the correlations involving Ca, all the
other pairwise terms (e.g. Si—O) having been cancelled out.
This powerful method therefore facilitates the quantitative
study of the local atomic environment around the minority
calcium species and thereby offers a unique insight into the
structural role of the key element in these bioactive materials.

The i (Q) of the "*Ca and **Ca-enriched (Ca0)3(Si02)g 7
samples are shown in Fig. 1, together with the correspond-
ing weighted difference between the two. The structural pa-
rameters derived from fitting to the difference function are
provided in Table 1 with additional information on the ‘host’
silica network derived from the original diffraction data and
from complementary X-ray diffraction. The Fourier trans-
form of the difference function, and the associated numerical
fit using the parameters presented in Table 1, are shown in
Fig. 2; this provides information exclusively on the Ca-X pair
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Table 1 Fitting parameters obtained from simulation of neutron
diffraction data

Correlation R/nm (£ 0.001) N (£ 0.25) o/nm (£ 0.1)
D—D 0.128 1.02 0.5
Si—O 0.161 3.8 0.5
Si—D 0.220 0.7 1.5
Ca—0 0.232 2.3 0.8
Ca—0 0.251 1.65 0.7
0—0 0.264 4.64 0.9
Ca—0 0.275 1.05 0.8
Ca—D 0.295 0.6 0.8

I(Q) (barns per molecule per sterad.)

W -

T T v T v T T T T T T
0 100 200 300 400 500 600
Momentum Transfer (nm™)
Fig. 1 i(Q) data for ™Ca (top) and **Ca (middle) (CaO)y3(SiO2)o7
and difference between i (Q) functions from the **Ca and "Ca samples.

" Ca and difference have been offset by +0.2 and —0.2 respectively for
clarity

20

154

T(r) (barns/nm™)

r (nm)

Fig. 2 Difference correlation function, fc,-x(r), obtained by Fourier
transformation of the difference between i(Q) functions from the **Ca
and "'Ca samples (solid line) and simulation of the 7c,-x(r) function
(dotted line)

correlations present in the material. The slight ripple through
the data is a residual artefact of the data analysis process.
The parameters obtained for Si—O and O—O are as one
would expect for porous sol-gel derived silica [21] and this
lends confidence to the fitting of the other correlations ob-
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served. In a fully condensed silica network the O—O coor-
dination number would be 6; in these materials it is reduced
to ~4.6 due to the presence of non-bridging oxygen atoms
(NBO), which are abundant in high surface area materials
due to the network modifying effects of the Ca cations and
to the presence of network terminating hydroxyl groups. It is
important also to note that the parameters obtained from the
fit to the difference correlation function, 7¢,-x(r), may be car-
ried over to the fitting of the original datasets unchanged: we
take this as further evidence that the fits generated to fc,-x(7)
are robust.

The fit parameters obtained uniquely from the NDIS re-
sults show clearly that the Ca—O environment actually con-
sists of distinct, but partially overlapping, correlation shells
centred at 0.23, 0.25 and 0.275 nm. This is the first time a
Ca—O environment of this complexity has been discerned in
the context of contemporary bioactive glass materials: it is
a key observation given the central role that Ca dissolution
plays in the material’s ability to promote bone growth.

It is helpful at this point to draw comparisons with crys-
talline calcium silicate materials where Ca—O distances rang-
ing from 0.23 to 0.28 nm have been observed, indicating that
the values obtained here are certainly physically reasonable.
In theory it should be possible to extract information from
the NDIS data relating to higher correlations such as those
from Ca-Si and Ca—Ca. However in practice, even using
this method, the residual overlaps between the large range
of possible correlations above ~0.3 nm renders this unre-
liable as a quantitative exercise. What the NDIS results do
offer is the uniquely detailed quantitative data required for
computer simulation studies of bioactive glasses, and in par-
ticular towards the full understanding of the Ca dissolution
and subsequent mineral deposition processes.

3.2 X-Ray diffraction

The nature of the variation in overall composition of samples
immersed in SBF has previously been measured using X-ray
fluorescence: approximately 75% of the initial calcium con-
tent is lost from the sample within 30 min of reaction time,
after which a gradual increase in Ca content occurs [24]. A
key observation is that the Ca content undergoes a series of
oscillations during the initial reaction period, before entering
a long period of more monotonic increase thereafter. Anal-
ogous fluctuations in the calcium concentration within the
SBF as a function of time have previously been observed for
similar glasses immersed in SBF, along with corresponding
fluctuations in the pH of the solution, but the fluctuations have
not been explained [25]. Although not on identical samples,
there are published results derived from the measurement of
the zeta potential (which relates to the surface charge present
on the solid bioactive material) that also reveal fluctuations
over similar time periods [25]. One is drawn inexorably to
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the conclusion that the fluctuations must be due to continual
release of calcium from the glass and the growth of cal-
cium phosphate on the glass surface. The dissolution of the
bioactive glass, and the growth in its place of hydroxyapatite,
cannot therefore be a monotonic process—and thus under-
standing the precise details of this process at the atomic scale
will be helpful in optimising these materials. Indeed, the pos-
sibility that calcium phosphate-like phases are being formed
and resorbed/transformed repeatedly as a function of SBF
reaction time must be considered a distinct possibility (but
one only open to study via diffraction methods if genuinely
in situ/time-resolved experiments are designed and under-
taken).

Conventional powder diffraction experiments typically fo-
cus on the observed Bragg peaks (in Q-space), and the analo-
gous studies of amorphous materials focus on the diffuse pair
correlation function (in real-, r-, space). Here, a total diffrac-
tion strategy is adopted [26] in which Bragg analysis in Q-
space and Fourier analysis of the r-space pair distribution, to
provide both crystallographic and local order information,
are combined. The experimentally determined interference
functions, i(Q), for the unreacted and reacted samples are
shown in Fig. 3. It is immediately apparent that, after only
30 min, the shape of the i(Q) has altered significantly, most
noticeably on the high-Q side of the first principal diffraction
peak at ~21 nm™~'; this change is associated with the initial
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Fig. 3 i(Q) data for SBF treated samples: from top to bottom, 7 days,
72 h,25h, 10 h, 5 h, 1 h, 30 min, unreacted

rapid dissolution of Ca [5]. After 1 Hr, whilst the underlying
amorphous pattern remains, there is clear evidence for the
formation of Bragg diffraction peaks: i.e. of the growth of
crystallites within the sample. The peaks observed at 5 h ap-
pear very strong (although the intensity may in part be the re-
sult of an inhomogeneity of crystallite concentration within
the powder sample) and may be attributed to the presence
of calcium phosphate. In particular, the two peaks at 28 and
94nm~!, seen only in the 1- and the 5-h spectra, are associated
with the (412) and (200) reflections from octacalcium phos-
phate respectively (and not with hydroxyapatite) [16]. How-
ever, by 10 h the polycrystalline calcium phosphate appears
to have been largely replaced by a more dominant disordered
phase which, in its turn becomes increasingly prominent and
well-defined thereafter. By 25 h, and even more clearly by
72 h, the i(Q) has the appearance of a poorly crystalline
hydroxyapatite overlaying a (Ca-depleted) silicate glass in-
terference pattern. Given that hydroxyapatite recrystallises
at ~600°C, the 7-day sample was annealed in order to help
verify its presence: the diffraction pattern readily sharpened
to reveal the presence of polycrystalline hydroxyapatite.
The corresponding real-space pair correlation function,
D(r), allows us to consider the amorphous (short-range)
component in more detail. Figure 4 shows the D(r) curves
for the untreated and the reacted samples. In order to bring
out the important qualitative changes taking place, we have
chosen to scale the various D(r) such that the area of the
Si—O first neighbour correlation, at 0.161 nm, is made the
same for each. It is possible to discern four distinct changes
that occurred with increasing exposure to SBF solution.
The correlation at 0.202 nm, labelled as peak (a) in Fig. 4,
was found as a major feature only in the SBF-reacted
(Ca0).3(Si0,)g.7 sol-gel glasses and corresponds to the
second neighbour O—H bond lengths found in hydrated

7 days

72 hours
25 hours
10 hours

5 hours

1 hour

30 minutes

D(r), arbitrary units

unreacted

R (nm)

Fig. 4 D(r) data for SBF treated samples: from top to bottom, 7 days,
72h,25h,10h, 5h, 1 h, 30 min, unreacted. In all cases the correlation
functions have been normalised to the Si—O first-neighbour peak as it
appears in the unreacted sample
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calcium phosphates [27]. The correlation labelled peak
(b) at 0.23 nm appears only in the unreacted sample: after
exposure to SBF it disappears. Peak (c), at 0.254 nm, begins
to change position on exposure to SBF, reaching a maximum
correlation distance of 0.263 nm after 5 h, labelled peak
(d). Similarly, peaks (e) and (f), at 0.36 and 0.375 nm
respectively, also show a shift in their position; the peak at
shorter r being replaced on SBF treatment by a feature at
a longer correlation distance. Peak (g) at 0.408 nm narrows
as the SBF reaction progresses. From a comparison with
distances observed in calcium silicate minerals [28-30],
peaks (b) and (c) may be assigned as Ca—O, and peak (e)
with the corresponding higher order Ca—0O, Ca—Ca and
Ca—Si correlations. Peak (d) is within the range reported in
the literature for the Ca—O bond in both calcium phosphates
and hydroxyapatite [31] whereas (f) is most probably due
to a combination of Ca—O—Ca, inter-tetrahedral P-O and
intra-tetrahedral P—O—P peaks in hydroxyapatite. The
decrease in intensity of peaks (b), (c) and (e) in the D(r),
and the associated increase in the intensity of peaks (d), (f)
and (g), mirror in real-space the changes already identified
in the interference patterns, i(Q): that is to say the removal
of Ca from the glass network and the growth of a calcium
phosphate layer followed by an increasingly ordered form
of hydroxyapatite. Given that the pair correlation function,
D(r), is an average over the volume of the sample in the X-
ray beam—in contrast to the Bragg features observed in the
i(Q), which may derive from small crystallites at the glass
surface—we surmise that the real-space data reveal a change
in the underlying glass network structure, which may be
correlated with the measured changes in the overall sample
composition discussed above. The reported XRF analysis
also revealed a decrease in phosphorus content at ~5 h, to
a value less than that observed at 30 min, which is reflected

Fig. 5 Raman spectra of
(Ca0),(Si0y);—x x = 0.3 glass
sample taken at various stages
of heat stabilisation

150°C
ANV

in the relative intensities of the inter-tetrahedral P—O and
intra-tetrahedral P-O—P correlations observed at ~0.37 nm.

This structural analysis provides additional supportive ev-
idence for a dynamic reaction mechanism driven by the in-
terplay between the pH of the SBF and the surface charge of
the glass. Indeed, although, to our knowledge, it has not been
directly observed with bioactive glasses before, octacalcium
phosphate is not an unlikely phase to find given that it forms
at a lower pH than hydroxyapatite, and so would be expected
to form earlier where the pH was lower and thus prior to
HA formation. Since HA is more thermodynamically stable
than octacalcium phosphate, the latter might reasonably be
expected to transform to HA. We have of course assumed
both that the ‘hydroxyapatite’ is not a carbonated apatite—
an assumption that seems to be supported by the annealing
studies mentioned above and published elsewhere [32]—and
that our i(Q) are not rendered misleading by high levels of
prefered crystal orientation associated with growth on the
surface of the glass. The liklihood of prefered orientation is
arguably significantly reduced when examining sol-gel sam-
ples simply because the glass surfaces themselves are not
smooth, and in the case of the experiments reported here the
samples were ground to powder before being placed in the
neutron or X-ray beam.

3.3 Raman spectroscopy

The FT-Raman spectroscopy results are shown in Fig. 5. Cal-
cium nitrate is one of the starting products of the sol-gel
route of CaO—SiO, production, and the only peak present
in the Raman spectra can be assigned to this nitrate ion, at
1052 cm™!. Peaks for calcium oxide are not observed using
Raman spectroscopy. The data has been normalised so that
the height of the peak is proportional to the concentration

T~

Ca(NOs),

250°C TR TR ,u|'| A

325°C

Piismmrmietido ettty St

340°C

350°C
o

@ Springer

600 800 1000
Raman shift (cm-1)



J Mater Sci: Mater Med (2006) 17:1003-1010

1009

of nitrate present [32]. At 250°C, the relative amount of ni-
trate present has reduced by half. The concentration of nitrate
present continues to decrease rapidly up to 340°C until, after
heating the sample up to 350°C, there is no peak visible. This
is taken to mean that the calcium is in some other form—in
other words, that it is not fully incorporated into the silica
host network until ~350°C. This is suggestive of a relatively
weak bonding within the silica host network.

4 Conclusions

In summary, by using neutron diffraction with isotopic sub-
stitution we have observed directly three Ca—O distances in a
bioactive (Ca0),(SiO,);_, sol-gel glass and quantified their
respective contributions to the bonding of Ca within the sil-
ica network. The data obtained point to a complex calcium
environment in which the calcium is loosely bound at the sur-
face of the network. This data provides a direct atomic-scale
explanation for the empirical observation that calcium loss
from these materials is facile and can be achieved by simple
ion exchange with body fluid. This is indirectly supported by
the Raman data taken during sample synthesis.

We have also demonstrated the nature of the principal
stages to the generation of HA on the surface of a bioactive
glass. Further, a link has been demonstrated between these
distinct structural stages and the macroscopically determined
elemental analysis of the glass as a function of time; that is to
say, the atomic-scale structure to the surface charge- and pH-
driven dissolution/growth processes have been related. Fol-
lowing immersion of a sol-gel derived bioactive glass in body
fluid there is rapid initial dissolution of Ca, there is a growth of
an amorphous, or very poorly crystalline, calcium phosphate
layer within 1 h of immersion, which becomes increasingly
evident and/or ordered by 5 h. This more ordered phase is
shown to be octacalcium phosphate. However, by 10 h this
polycrystalline layer is apparently replaced by a predomi-
nantly disordered material, now more akin to an amorphous
hydroxyapatite; it is this layer that then develops steadily into
a more ordered, bone mineral-like, hydroxyapatite.

Although these observations pertain to a particular bioac-
tive material, it is reasonable to suggest that the underlying
mechanisms may have a high degree of commonality with
those associated with other bioactive, tissue-regenerative,
solids—and certainly that the experimental methodology for
their investigation requires the generic breadth employed
here. It is only by such a detailed knowledge of the sites of
importance in complex materials that systematic improve-
ments in their application to tissue engineering applications
can be achieved.
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