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Owing to their tuneable solubility, phosphate glasses are of interest for the controlled release of therapeutic ions.
Here, we investigate the release of cobalt ions, which may stimulate blood vessel formation. Substituting cobalt
for calcium in soda lime polyphosphate glasses resulted in minor structural changes as shown by IR spectroscopy
and molar volume calculation. Cobalt release during immersion increased linearly with substitution, confirming

that released amounts can be tuned easily via glass composition.

1. Introduction

As people live longer and want to remain physically active well past
their retirement age, the need for new biomaterials keeps growing.
Inorganic glasses, owing to their amorphous structure, not only show
tuneable solubility. They can also accommodate a wide range of thera-
peutic ions, releasing them into the body when in contact with body
fluids [1]. Sodium-calcium phosphate glasses dissolve in aqueous media
[2], and their solubility can easily be tailored via their chemical
composition [3,4]. Unlike silicate bioactive glasses, e.g. Bioglass 45S5
[5], they dissolve congruently without any preferential leaching of
certain ions [6]; making them of interest as controlled release devices
[7,8].

Cobalt-releasing bioactive glasses have been shown to mimic a
hypoxic, i.e. low oxygen pressure, environment in vitro [9,10], known to
activate various processes, among them angiogenesis, i.e. blood vessel
formation [11]. The controlled release of hypoxia-mimicking Co?" ions
from non-apatite forming glass systems such as phosphate glasses is
therefore of interest for various in vitro or in vivo soft tissue applications,
e.g. wound healing, where mineralisation is not a requirement. This
study investigates how Co?* for Ca®* substitution affects the glasses’
dissolution behaviour.

2. Experimental procedure

Polyphosphate glasses (45P205-25Nas0—(30-x)CaO-xCo0; x =
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0-10 mol%) were prepared by melt-quenching as described previously
[12]. To avoid reactions with atmospheric humidity, all samples were
stored in a desiccator.

Glass density was measured on monoliths using helium pycnometry
(AccuPyc1330, Micromeritics). Infrared spectra in the medium- and far-
infrared range were recorded using 1 mm thick polished glass pieces on
a vacuum Fourier transformation IR spectrometer in specular reflec-
tance mode (Vertex80v, Bruker). Absorption coefficient spectra were
calculated from the merged reflectance spectra by performing the
Kramers-Kronig transformation as described previously [13]. These
calculations yielded absolute values for the absorption coefficient
spectra.

0.025 M tris(hydroxymethyl)aminomethane-HCI buffer solution was
prepared as described previously [6]. Tris-HCl was chosen as it is a
common buffer used in biomedical research and free of any of the ions
present in the glass, unlike e.g. simulated body fluid. The powders for
dissolution tests (size 125-250 pm) were cleaned several times using 10
mL of isopropanol in an ultra-sonic bath for 15 min each, rinsed with
acetone and dried in an oven at 70 °C overnight.

For dissolution experiments, PE containers were filled with 50 mL of
0.025 M Tris-HCl buffer solution and 75 mg of glass and stored in a
shaking incubator at 37 °C for six hours, one, three, seven or 14 days.
Afterwards, the solutions were filtered. The filtrate was prepared for
inductively coupled plasma optical emission spectroscopy analysis by
mixing 30 mL of filtrate with 0.5 mL concentrated nitric acid (Merck, 65
%).
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Fig. 1. (a) Density and molar volume; lines are linear regression (R? = 0.972 and 0.895). (b) IR absorption coefficient spectra.
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Fig. 2. Absolute cobalt concentration in solution as a function of (a) substitution and (b) immersion time. Relative concentrations of (c) calcium, (d) sodium and (e)
phosphate (normalised to the amount of the respective ion present in the glass) and (f) pH as a function of immersion time. Lines are (a) linear regression (6 h: R =

0.988; 1d-14d: R®> > 0.996) and (b-f) visual guides.

3. Results & discussion

Glasses were X-ray amorphous with analysed compositions close to
nominal ones, as shown previously [12]. When substituting Co®" for
Ca2*, owing to the larger atomic weight of Co?>* compared to Ca2*, glass
density increased linearly (Fig. 1a). The smaller ionic radius of Co®* ions
(0.6 and 0.7 A for 4- and 6-fold coordination [1 4]) compared to Ccat
ions (1 A for 6-fold coordination [14]) caused a small reduction in glass
molar volume, calculated from the density (Fig. 1a) [15].

In absorption coefficient () spectra of selected glasses (Fig. 1b), the
far-infrared (FIR) region <400 cm ! shows an asymmetric band arising
from the combined vibrations of modifier cations within their oxygen

polyhedra: Nat ~200 cm™!, Ca?* ~250 em™! and Co®" between 190
and 280 cm™! depending on its coordination [16-19]. As Co?* has a
larger ionic field strength than Ca%* (Co®*T(IV) 3.1 or Co>*(VI) 3.6 A 2vs
Ca?*(VIID) 1.6 A=2), one would expect more pronounced changes in the
FIR region of the spectra. However, either differences in field strength or
substitutions were too small to cause significant changes to the envelope
of the three overlapping bands.

The remaining IR bands are related to phosphate vibrations, e.g.
5(P-0) between 400 and 600 cm ! and Vs(P—-O-P) between 700 and 800
cm™L. The broad feature between 900 and 1000 cm™! is assigned to
Vas(P-O-P) in chain and ring formation, respectively [16,18,19]. Based
on nominal glass compositions, theoretical phosphate chain length [20]
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is 9 groups, which we recently showed to agree with results from 3!p
MAS NMR measurements for the Co?"-free glass [21]. The highest-
intensity IR bands at ~ 1125 and ~ 1270 em™! are related to va5(Q1)
and vas(Qz) [16,18,19]. The former feature shifts to lower wavenumbers
and gains relative intensity when x = 5, indicating that Co?t promotes
Q1 instead of Qz, but the overall effect of Co?* substitution on glass
structure here was marginal.

Cobalt concentrations in solution increased linearly with increasing
cobalt content in the glass (Fig. 2a), showing that the amount released
can easily be tailored via glass composition. Over time, cobalt concen-
trations increased until reaching a plateau (Fig. 2b).

Calcium concentrations (Fig. 2¢) initially increased rapidly, reaching
a maximum at three days and then decreased owing to precipitation of,
likely, calcium phosphates of probably poor crystallinity [6]. Sodium
and phosphate concentrations (Fig. 2d,e) showed no decrease, suggest-
ing that calcium (not phosphate) ions were the limiting factor for pre-
cipitation. For up to three days, dissolution was congruent, shown by
comparable percentages of calcium, sodium and phosphate in solution
(Fig. 2c-e).

Time-dependent solution pH changes (Fig. 2f) show that glass
dissolution caused a pH decrease from ~7.4 to ~7.2-6.9, originating
from P-O-P hydrolysis during formation of dissolution products like
trimetaphosphate or orthophosphate, as shown for cobalt-free glasses
[6,21].

4. Conclusions

Phosphate glass solubility in aqueous solutions can be tailored via
glass composition. We show that Co?*, which can enhance blood vessel
formation (angiogenesis) in vitro and in vivo, can easily be incorporated
into and released from Na-Ca phosphate glasses, its concentrations in
solution increasing linearly with substitution. The effect on glass struc-
ture at the present substitution levels were minor. Taken together,
phosphate glasses are a promising means to deliver Co®* for enhancing
blood vessel formation.
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