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Abstract

Background: Bioactive glasses are traditionally associated with bonding to bone through a hydroxycarbonate
apatite (HCA) surface layer but the release of active ions is more important for bone regeneration. They are now
being used to deliver ions for soft tissue applications, particularly wound healing. Cobalt is known to simulate
hypoxia and provoke angiogenesis. The aim here was to develop new bioactive glass compositions designed to be
scaffold materials to locally deliver pro-angiogenic cobalt ions, at a controlled rate, without forming an HCA layer,
for wound healing applications.

Methods: New melt-derived bioactive glass compositions were designed that had the same network connectivity
(mean number of bridging covalent bonds between silica tetrahedra), and therefore similar biodegradation rate, as
the original 45S5 Bioglass. The amount of magnesium and cobalt in the glass was varied, with the aim of reducing
or removing calcium and phosphate from the compositions. Electrospun poly(ε-caprolactone)/bioactive glass
composites were also produced. Glasses were tested for ion release in dissolution studies and their influence on
Hypoxia-Inducible Factor 1-alpha (HIF-1α) and expression of Vascular Endothelial Growth Factor (VEGF) from
fibroblast cells was investigated.

Results: Dissolution tests showed the silica rich layer differed depending on the amount of MgO in the glass,
which influenced the delivery of cobalt. The electrospun composites delivered a more sustained ion release relative
to glass particles alone. Exposing fibroblasts to conditioned media from these composites did not cause a
detrimental effect on metabolic activity but glasses containing cobalt did stabilise HIF-1α and provoked a
significantly higher expression of VEGF (not seen in Co-free controls).

Conclusions: The composite fibres containing new bioactive glass compositions delivered cobalt ions at a
sustained rate, which could be mediated by the magnesium content of the glass. The dissolution products
stabilised HIF-1α and provoked a significantly higher expression of VEGF, suggesting the composites activated the
HIF pathway to stimulate angiogenesis.
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Background
Bioactive glasses are those that can provoke a specific
beneficial biological response when implanted [1–3]. To
date, bioactive glasses have been primarily applied in
bone regeneration [4–6] as they have shown osteogenic
properties in vitro [7] and the ability to form a strong
bond to bone in vivo [5, 8, 9]. A glass was traditionally
defined as bioactive if it forms an apatite-like layer on its
surface after incubation in Simulated Body Fluid (SBF)
[10], since in vivo bonding to bone often occurs follow-
ing the formation of a hydroxycarbonate apatite (HCA)
layer [11]. The use of SBF to predict in vivo results is
disputed, due to the conditions used [12] and bioactivity
in vivo is more complex, involving many cells and
factors. However, testing in fluids can provide useful
information on the degradation and ion release proper-
ties of bioactive glasses and controlling ion release is key
for the therapeutic properties of the glass [13].
An emerging field of regenerative medicine is the

use of bioactive glasses in wound healing applications
[14, 15], where it has been found that the bioactive
glasses can decrease healing times [16–18]. A borate
based bioactive glass formed into cotton-like fibres,
named MIRRAGEN (ETS Woundcare, Rolla, MO),
recently attained FDA approval for indications such as
chronic wounds including diabetic ulcers. Early studies on
the angiogenic properties of the original 45S5 Bioglass,
and its composites, found certain concentrations could
promote Vascular Endothelial Growth Factor (VEGF)
expression from fibroblasts [19, 20]. Although bioactive
glasses are increasingly being studied for wound healing
applications, the glass compositions being investigated
have previously been shown to form a hydroxycarbonate
apatite (HCA) layer on their surface [21]. For wound heal-
ing applications, a new glass composition may be required
as a HCA layer is not required to facilitate bonding to
bone. In fact, HCA formation may inhibit haemostasis
[22] and calcium deposits have been shown to impede
healing of leg ulcers [23–25].
The use of hypoxia mimicking agents in wound healing

has been shown to improve healing times in vivo [26–28].
An important part of wound healing is angiogenesis and
cobalt is a known hypoxia mimicking agent, since it acti-
vates the HIF pathway by stabilising HIF-1α at ambient
oxygen levels. In normal oxygen environments, HIF-1α is
constitutively expressed and continually degraded by pro-
teasomes, following hydroxylation by prolyl hydroxylase
domain (PHD) enzymes [29, 30]. In hypoxic conditions or
in the presence of a hypoxia mimicking agent such as
cobalt, the stabilisation of HIF-1α allows the formation of
the HIF complex, which is translocated to the nucleus,
and leads to an increase in the expression of genes in-
volved in the adaptation to hypoxia. This includes genes
involved in angiogenesis such as Vascular Endothelial

Growth Factor (VEGF) [31]. Cobalt ions released from
bioactive glass have been shown to stabilise HIF-1α in
human mesenchymal stem cells (hMSCs) [32] and co-
balt ions, delivered in the form of CoCl2, have increased
the production of VEGF by hMSCs [32], endothelial
cells [33, 34] and fibroblasts [35].
The ability of a biomaterial to promote the formation

of blood vessels could be of major benefit when aiming
to heal a chronic wound. A number of approaches have
been used to promote angiogenesis, including the
incorporation of growth factors, e.g. direct delivery of
VEGF, and delivery of other therapeutic ions [36–38].
Benefits of delivering pro-angiogenic ions, such as co-
balt, from a bioactive glass are that the cobalt is released
as the glass degrades, giving the ability to control the re-
lease rate through the glass composition [32, 39–41],
and the cobalt ions are released without associated an-
ions. Cobalt has been successfully incorporated into
melt-derived silicate glasses, where it has been shown to
take a network intermediate role in the glass structure,
with the ability to act as both a network modifier and a
network former [32, 41–43]. This led to phosphate [44]
and borosilicate-based [45] compositions being devel-
oped. More recently, cobalt was also incorporated into
sol-gel glass [46, 47], provoking VEGF expression from
fibroblasts [48], and into inorganic/ organic hybrid scaf-
folds [49], although its role in the glass network was not
confirmed.
Bioactive glass products have traditionally been in the

form of a glass particulate [4]. One drawback of particles is
the inherent difficulty of containing them in a fixed space
which could make them unsuitable for wound healing
applications. 3D porous scaffolds [50, 40, 51–54], fibres
[17, 18, 21, 36, 37, 55, 56], and melt or electrospun com-
posites [57–59], which are easier to handle than particles,
have all been produced with bioactive glasses. Electrospin-
ning has also been used to produce sol-gel [60] and hybrid
fibres [61]. Poly(ε-caprolactone) (PCL) [62, 63] has been
commonly used to electrospin fibres, with the fibre proper-
ties controllable by varying the electrospinning conditions.
Inorganic particles such as hydroxyapatite [64, 65], silica
doped calcium carbonate [66], calcium phosphates [67],
and bioactive glasses [68, 69] have all been incorporated to
improve the mechanical and biological properties, with the
particle size typically on the nanometer scale. Recently,
Co-containing sol-gel glass nanoparticles were incorpo-
rated into electrospun PCL, but they nucleated apatite in
SBF due to high calcium content [70].
Electrospun fibres have been widely investigated for

wound healing applications due to both their high
surface area and their ability to both absorb exudate
from the wound bed and conform to irregularly shaped
wounds [71]. For wound dressings, research has focused
on the development of fibres loaded with antibacterial
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agents such as silver [72] and growth factors [37, 73, 74]
to reduce healing times.
The aim of this study was to design new melt-derived,

cobalt bioactive glass compositions that do not form a
HCA layer on their surface, and degrade at a rate that
allows cobalt ions to be released, at a sustained rate,
suitable for a therapeutic effect. The strategy for glass
design was to incorporate cobalt (Co) and reduce
apatite forming ability, while maintaining the silicate
network connectivity of the original 45S5 Bioglass to en-
able sustained dissolution. Particles of the new glass
compositions were incorporated into electrospun PCL fi-
bres, to make the device easier to handle [75, 76]. In
vitro assays were conducted with primary fibroblasts to
investigate the ability of these materials to stabilise HIF-
1α and promote VEGF expression.

Materials and methods
Designing of bioactive glass compositions and
preparation
Glass compositions were specifically designed for wound
healing applications to release cobalt ions as the glass
degraded without the precipitation of a HCA layer on
their surface. Therefore, the compositions were
phosphate-free, and calcium was minimised. Mg2+ was
used to substitute for Ca2+ to reduce calcium phosphate
precipitation [77]. Two series of glass compositions were
designed to compare the difference between 5 and 2
mol% of cobalt (Table 1). The 2Co glasses had fixed
SiO2 content and fixed network connectivity. Network
connectivity (NC) of a glass is the mean number of
bridging oxygen (Si-O-Si) bonds per silicon atom [78].
NC'' was calculated assuming that all intermediates act
solely as modifiers (eq. 1), charged balanced by divalent
cations [52]:

NC
0 ¼ 4 Mf

� �
− 2 MI

2OþMIIO
� �

Mf
ð1Þ

where Mf is the molar fraction of the network forming
oxide, e.g. Si, and MI

2O and MIIO are the molar fractions
of the mono and divalent modifier oxides respectively.
The aim was to keep the NC' close to that of 45S5

Bioglass (2.12), as it is known to undergo dissolution
in vivo, but here the calcium content was reduced com-
pared to 45S5 to slow HCA formation. As magnesium
and cobalt are both known to act as network intermedi-
ates, NC'' was calculated assuming that 10% of both the
magnesium and cobalt act in a network forming role,
with 10% an estimation from previous solid state NMR
[41, 77], simulations [79] and diffraction studies [42]:

NC
0 0 ¼ 4 MSið Þ − 2ðMI

2OþMIIOþ 0:9MCo
� �þ 0:9MMg

� �
− 0:1MCoÞ − 0:1MMg

� �� �

ðMSi þ 0:1MCoÞ þ 0:1MMg
� �� �

ð2Þ

where MSi is the molar fraction of network forming Si,
MCo is the molar fraction of Co and MMg is the molar
fraction of Mg.
An objective was to develop biodegradable glasses that

do not mineralise, and to investigate the effect of substi-
tution of the Ca in the glass for Mg on the rate of Co
release and mineralisation. So, composition 2Co-A con-
tained 24mol% MgO in place of the 24 mol% CaO in
2Co-B. In the 5Co glasses, MgO was partially substituted
for silica as MgO is known to be a network intermediate
[77], to investigate its influence on the effect on Co
release. Higher NC' values were also tested (5Co-A and
5Co-B) in order to slow ion release, wherein magnesium
was partially substituted for the silica. K+ was also used
in the place of some Mg, to reduce the MgO content
from 24mol%.
Precursor materials of SiO2 (Prince Minerals), CoCO3

(Alfa Aesar), Na2CO3, MgO, CaCO3, and K2CO3 (all
from Sigma Aldrich) were mixed and melted in a Pt-
5%Au crucible for 1.5 h at 1450 °C. The molten glass was
quenched into deionised water and dried overnight at
120 °C. The glass frit was then ground in a planetary ball
mill (Fritsch Pulverisette 7) for 6 min at 500 rpm to
produce glass particles with a D(0.9) of between 60
and 80 μm.

Evaluation of glass dissolution and hydroxycarbonate
apatite layer on glass surface
To evaluate the ion release and formation of a HCA
layer on the glass surface, glass particles were incubated
in Simulated Body Fluid (SBF), which was prepared
according to Kokubo et al. [10]. According to an inter-
nationally agreed protocol, 150 mg of glass particles were
added to 100 ml of SBF and incubated in an orbital
shaker at 37 °C, agitating at 120 rpm [80]. At every time
point (1, 2, 4, 8, 24 h, 4, 7, 14, and 21 d), pH was mea-
sured, and 1ml of media was collected and replaced
with 1 ml of fresh SBF. The 1 ml samples were diluted 1:
10 with 2M HNO3 before the elemental concentrations
were quantified using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) (Thermo Scientific,

Table 1 Glass compositions used in this study (mol%). Network
Connectivity (NC') was calculated assuming that all
intermediates acted solely as modifiers, and NC'' assumed that
10% of the intermediates took a network forming role

Glass No. SiO2 Na2O CaO K2O CoO MgO NC' NC''

5Co-A 55 20 10 5 10 2.36 2.41

5Co-B 60 20 10 5 5 2.67 2.69

2Co-A 50 24 2 24 2.00 2.10

2Co-B 50 24 24 2 2.00 2.01
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iCAP6000 Series ICP). After incubation, the glass powders
were collected in filter paper, rinsed briefly with deionised
water and acetone to stop any further reaction, and left to
dry overnight.
Fourier Transform Infrared spectroscopy (FTIR) and

X-Ray Diffraction (XRD) were carried out on the glass
particles before and after incubation in SBF to assess
changes in the glass structure and the formation of a
HCA layer. FTIR was carried out using a Nicolet iS10
FTIR in Attenuated Total Reflectance mode with a reso-
lution of 0.4 cm− 1 in the range of 400–2000 cm− 1. XRD
was carried out using a PANalytical instrument from 5
to 80 °2θ with a step size of 0.0334225. The particles
were observed before and after 21 d incubation in SBF,
using a Scanning Electron Microscope (SEM) (LEO
Gemini 1525 FEGSEM). Samples were imaged after
coating with gold, using an accelerating voltage of 5 kV.
For Transmission Electron Microscopy – Energy Dis-

persive Spectroscopy (TEM-EDS) analysis, samples were
prepared using a focussed ion beam (FIB, FEI Helios
NanoLab 600) operated at 30 kV. Briefly, a 15 μm× 2 μm
site on the sample was coated with 1.5 μm thick plat-
inum using a current of 93 pA. Two trenches of dimen-
sions 18 μm× 4 μm× 4 μm (length x width x depth) were
made on either side of the platinum protected layer
using a 2.8 nA current. The base of protected region was
then cut using a 6.4 nA current. The section was at-
tached to the omniprobe manipulator by a 0.5 μm thick
layer of platinum, lifted out from the bulk sample, and
attached to a TEM lift-out 3 post copper grid (Agar Sci-
entific) with a 1 μm thick layer of platinum before being
further thinned down to approximately 100 nm in width
using currents between 0.46 nA to 2.8 nA. Finally, to
remove the possible artefacts introduced by milling, the
sample surface was polished with a gallium ion beam
operated at 2 kV. Samples prepared by FIB were imaged
in the TEM (JEOL JEM 2100F) operating at 200 kV
using dark field scanning transmission electron micros-
copy (STEM) mode. Elemental maps were obtained by
EDS (Oxford Instruments INCA EDS 80 mm X-Max
detector system with light-element (Z > 5) analysis and
STEM capability).

Electrospinning composites
Preliminary experiments were conducted to determine
the optimal PCL concentration in chloroform, and wt%
glass particles according to the final scaffold. PCL with a
number average molecular weight of 70–90 kDa (Sigma
Aldrich) was dissolved in chloroform (Fisher Scientific)
at a concentration of 12 wt/v%. Glass particles were
added at 30 wt% according to the final weight of the
scaffold. The polymer/glass solution was mixed for 1 h,
before electrospinning through a 40mm long 18G nee-
dle, onto a grounded mandrel rotating at 100–150 rpm.

The tip to collector distance was 10 cm, flow rate was 2
ml h− 1, and a voltage of 16 kV was used. The fibres were
observed under an SEM (LEO Gemini 1525 FEGSEM)
after coating with chromium, using an accelerating volt-
age of 5 kV.

Evaluation of ion release from composites
The ion release from the composites was measured in
Dulbecco’s Modified Eagle Medium (DMEM). To keep
the ratio of glass to media consistent with the SBF study,
50 mg of composite and 15mg of glass particles were
added to 10ml of DMEM. Samples were incubated in an
orbital shaker at 37 °C, agitating at 120 rpm. 0.5 ml of
media was collected at each time point (0.5, 1, 2, 4, 8,
24 h, 3 and 7 d) and replaced with 0.5 ml of fresh media.
The 0.5 ml sample was diluted 1:20 with deionised water
prior to measuring the ionic concentration by ICP-OES.

Cell culture
Skin was obtained with patient consent and full approval
from the National Regional Ethics Service (REC: 06/
Q1907/81) from discarded tissue during routine surgical
procedures. Primary human fibroblasts were isolated
from this and cultured as previously described [81].
Fibroblasts were expanded and maintained in DMEM
supplemented with 10 v/v% Foetal Calf Serum (FCS) and
Penicillin and Streptomycin at 50 Units ml− 1 and 50 μg
ml− 1, respectively (growth medium). Conditioned
medium was prepared by incubating the electrospun
composite in low serum medium (DMEM + 1 v/v%
FCS + Penicillin and Streptomycin at 50 Units ml− 1 and
50 μg ml− 1) at a ratio of 1 mg/ml for 24 h, after which
the composite was removed and the medium filtered
through a 0.2 μm syringe filter. Conditioned medium
was prepared immediately prior to use. The growth
medium was also used as control media.

Alamar blue assay
The metabolic activity of fibroblasts was measured using
an alamarBlue® kit (Invitrogen, UK). Fibroblasts were
seeded at a density of 31,250 cells cm− 2 in a 96 well
plate, and allowed to adhere overnight before treatment
with the conditioned medium for 1, 3 and 7 d. At each
time point the alamarBlue® solution was made up ac-
cording to the manufacturers protocol, added to each
well, and incubated for 3 h before measuring the absorb-
ance at 570 nm with a reference wavelength of 600 nm.

Western blot
Fibroblasts were seeded at a density of 26,315 cells cm− 2

in a 12 well plate. Following overnight attachment, the
cells were rested in DMEM + 1 v/v% FCS for 72 h and
then incubated in 0.5 ml conditioned or control medium
for 6 h. The cell monolayer was lysed in 100 μl of laemmli
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buffer and heated to 95 °C for 5 min before resolving 30 μl
on Mini-Protean gels (Biorad, UK). Gels were transferred
onto polyvinylidene difluoride (PVDF) in a semidry
Trans-Blot Turbo Transfer system (Biorad, UK). The
membrane was blocked for at least 1 h at room
temperature in blocking buffer (0.1 v/v% tween/PBS sup-
plemented with 5 w/v% milk powder). This was then left
to incubate at 4 °C overnight or at room temperature for
1 h with primary antibodies of anti-human HIF-1α (BD,
UK) and anti α-tubulin (Abcam, UK) at dilutions of 1:250
and 1:10,000 in blocking buffer, respectively. The mem-
brane was washed and incubated at room temperature for
1 h with a sheep anti-mouse-HRP secondary antibody (GE
Healthcare, UK) at a dilution of 1:2500. The membrane
was exposed to ECL substrate solution (R&D, UK) for 5
min, and the signal measured using a ChemiDoc-XRS im-
aging system (Biorad). Signal intensity was analysed using
Quantity One software and ImageJ.

VEGF enzyme linked Immunosorbent assay (ELISA)
Fibroblasts were seeded at a density of 31,250 cells cm− 2 in
96 well plates. After attachment overnight, they were rested
for 72 h in DMEM + 1 v/v% FCS before treatment with
conditioned medium for 24 h. The media were collected to
measure VEGF and the cell monolayer was washed in PBS
before lysis for a protein assay. 96 well plates were coated
in mouse anti-human VEGF capture antibody and blocked
in 2 w/v% BSA in PBS before addition of 100 μl of samples
and VEGF standards of 0–10,000 pgml− 1 and incubation
overnight at 4 °C. The medium was removed, wells washed
in 0.05 v/v% tween/PBS, and a detection antibody (biotinyl-
ated goat anti-human VEGF) was added for 1 h at room
temperature. This was removed and wells incubated with
Streptavidin-HRP at a 1:400 dilution for 1 h. After a final
wash, 100 μl of substrate solution (R&D) was added per
well and incubated for approximately 30min or until blue
coloration was seen in the standard wells. 100 μl of 2N
H2SO4 was added to stop the reaction and the absorbance
read at 450 nm.

BCA protein assay kit
Cells were lysed in 100 μl of lysis buffer (10 mM Tris
pH 8, 1 mM EDTA, 0.2% Triton X-100, protease inhibi-
tor cocktail (Sigma)). A protein assay was performed
using the Pierce BCA kit in a 96 well microplate accord-
ing to the manufacturer’s instructions before measuring
the absorbance at 562 nm, and the VEGF production
from each sample was normalised to the protein levels.

Results
Ion release from the glass particles
Dissolution and potential of apatite formation for the
glasses was investigated in SBF, as SBF is the media used
in ISO 23317:2014, the ISO standard approved for

detecting apatite formed on a surface of a material. It
also enables ion release to be investigated without the
interference of proteins. The trend of cobalt ion release
from glasses 5Co-A and 5Co-B into SBF was similar
(Fig. 1a), with 5Co-B (higher silica content) having a
lower cobalt ion release at all time points examined.
2Co-A had a higher cobalt ion release than 2Co-B at all
time points, and it was particularly interesting that this
glass also had a higher release between 1 and 21 d than
5Co-A and 5Co-B, despite there being less CoO in the
glass. Importantly, the amount of Co remained well
below 20 μg ml− 1, which was previously found to be
toxic to cells [32]. Approximately 6 μg ml− 1 cobalt was
measured in solution at 21 d for 2Co-A, while 5 and
3.5 μg ml− 1 were measured for 5Co-A and 5Co-B,
respectively. 2Co-B, 5Co-A and 5Co-B all delivered an
initial burst release of cobalt ions, over the first 2 h of
dissolution, after which there was an overall decrease up
to 21 d. 2Co-A was the only glass in which an increase
in cobalt was measured between 1 h and 21 d, with the
increase being around 30%, although it was approxi-
mately constant from 2 d onwards. In comparison, there
was a decrease in cobalt from the other three composi-
tions after the first 1 h, with the biggest decrease being
for 2Co-B at around 60%, while 5Co-A and 5Co-B each
caused a decrease of around 50%, perhaps due to Co
incorporation in the surface of the glass.
The calcium concentration slowly decreased over 21 d

for 5Co-A, 5Co-B and 2CoA, with a drop of around
10 μg ml− 1 between 1 h and 21 d. 2Co-B showed an ini-
tial burst release of calcium, which reached a maximum
of 232 μg ml− 1 by 4 d, which was expected as it was the
only composition that contained calcium. After 4 d, the
calcium from solution decreased for up to 21 d.
The phosphate concentration in solution decreased

rapidly in the first 24 h for 5Co-A and 5Co-B, after
which the concentration remained around 26 μg ml− 1.
For 2Co-A, the decrease in phosphate concentration was
slower, and a plateau was not reached within 21 d. Phos-
phate in the SBF decreased rapidly for 2Co-B between 1
and 24 h, after which the rate of phosphate decrease slo-
wed until the phosphate was completely depleted from
solution at 7 d.
The silicon concentration steadily increased between 1

and 4 d. The amount released was similar for 2Co-A,
2Co-B and 5Co-A, with a final concentration between
56 and 65 μg ml− 1. The concentration of silicon for 5Co-
B was lower than the other compositions at all time
points, and measured 48 μg ml− 1 at 21 d, which corre-
lated with the higher silica content and NC of this
composition.
The release of magnesium and potassium from the

glasses is shown in Supplementary information Fig. S1A
and B. 5Co-A and 5Co-B are the only compositions to
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contain K2O, and the increase in potassium concentration
was similar up to 24 h, at 385 μgml− 1 (5Co-B) and 400 μg
ml− 1 (5Co-A). An increase in magnesium in the SBF was
seen for 5Co-A, 5Co-B and 2Co-A: at 21 d, the magnesium
concentration measured 65, 41, and 140 μgml− 1, respect-
ively. For these three compositions, the final concentrations
correlated with the amount of MgO in the glass.
As seen in Fig. 1f, for all compositions, the pH of the

SBF increased with time, with a plateau reached between
3 and 14 d. The final pH was between 8.1 and 8.4 and
correlated to the calculated NC'' of the glasses, with the
lowest NC'' glass showing the highest pH.

The dissolution profiles show that the new compo-
sitions designed in this study were able to degrade,
when incubated in aqueous media, and release thera-
peutic ions. The decrease in the phosphate content in
the SBF for the Ca containing glass (2Co-B) suggests
that a calcium phosphate layer may have precipitated
on the surface of 2Co-B, but formation of such a
layer was unlikely on the other glasses.

Changes in glass structure
To determine whether a crystalline calcium phosphate
layer had precipitated on the glass surface, XRD (Fig. 2a)

Fig. 1 Elemental concentration following dissolution of glasses into SBF over time: a Co for 5Co-A and 5Co-B (inset: Co release over the first four
days); b Co for 2Co-A and 2Co-B (inset: Co release over the first four days); c Ca; d P; e Si; and f pH of SBF buffer. Data points are mean ± SD of
one independent experiment performed in triplicate
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and FTIR (Fig. 2b) were used. All glasses were initially
amorphous (Supplementary Information Fig. S2), al-
though 2Co-B showed some small crystalline peaks
which could not be identified. All glasses retained their
amorphous structure after immersion in SBF, except for
2Co-B which showed broad peaks at 26 and 32° 2θ
(Fig. 2a), corresponding to the formation of HCA [82],
alongside much sharper peaks representing calcite.
Peaks were analysed using the Xpert Highscore Plus
database. As the phosphate in the SBF was completely
depleted by 7 d of immersion (Fig. 1d), and calcium
levels were still high (Fig. 1c), calcium carbonate
precipitated. For the other glass compositions, the
amorphous halo shifted to the left, perhaps due to
glass dissolution changing the glass structure, but there
was no evidence of crystallisation.
Prior to incubation in SBF, FTIR spectra for all four

compositions were similar. Bands were seen at approxi-
mately 1000, 910, 740 and 440 cm− 1, which corre-
sponded to the Si-O (stretch), Si-O (stretch) associated
with non-bridging oxygens, and two Si-O (bend) vibra-
tions, respectively [83]. After incubation in SBF, the
bands associated with Si-O-NBO (stretch) decreased,
while the band at 1000 cm− 1 related to Si-O (stretch)
became more prominent (Fig. 2b). The wide band at
approximately 740 cm− 1 shifted to around 790 cm− 1

after incubation and corresponded to the Si-O (bending)
vibrations. For 2Co-B, bands at 560 and 600 cm− 1 indi-
cated the presence of crystalline orthophosphate, such as
HCA, which was confirmed by XRD (Fig. 2a) [82].

Changes at the glass surface
The decrease in cobalt, calcium and phosphate in SBF
over time suggested that there may have been

deposition, although no calcium phosphate deposition
was detected using XRD and FTIR for glasses 2Co-A,
5Co-B and 5Co-A. SEM images (Fig. 3) showed that the
glass particles were free of precipitate before incubation
in SBF. After 21 d in SBF, a precipitated layer could be
seen in all four glass compositions. 5Co-A and 5Co-B
had a homogenous layer of precipitate, with the layer on
5Co-A appearing to be more abundant. Little change
was observed for the surface of 2Co-A, although some
isolated precipitates were visible. In contrast, an angular,
precipitated layer was seen all over the glass particles of
2Co-B, which was likely to be a mix of calcium carbon-
ate and calcium phosphate. The faceted appearance of
many of the crystallites was typical of calcite [84].
To further characterise the formation of the surface

layers, sections were cut, by FIB, from the top of the
glass particles, and TEM-EDS was used to detect the
elemental composition of these layers without interference
from the elements in the underlying glass. Glass 5Co-A
and 2Co-A were of particular interest because despite
5Co-A having a higher amount of cobalt in the glass com-
position, the cobalt concentration in SBF at 21 d was
lower than that released from 2Co-A. For this reason,
these two compositions were analysed by TEM-EDS.
Figure 4a and b show the composition at the surface of

the glass particles for 5Co-A and 2Co-A respectively, after
the glass was incubated for 21 d in SBF buffer. For both
glass compositions, distinct reaction layers could be seen.
The 5Co-A particles showed 3 clear layers. The first was a
calcium phosphate layer at the top surface of the particle
(Fig. 4a - ★1), into which cobalt and magnesium precipi-
tated and where silica was depleted. There was a lower
amount of magnesium, in the second layer (Fig. 4a - ★2),
while the third layer had a similar composition, although it

Fig. 2 Change in glass structure after incubation in SBF for 21 d: (a) XRD and (b) FTIR. Filled circles (●) represent peaks relating to apatite and
hollow squares (□) represent peaks relating to calcium carbonate. s = stretch, b = bend
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contained more magnesium (Fig. 4a - ★3). Calcium and
phosphate were not detected when measuring individual
spectra of these two layers, which suggested that these
were present solely on the surface of the glass.
For 2Co-A there were several reaction layers, which

could not be easily distinguished from each other. Small
amounts of calcium and phosphorous were detected in
the uppermost layer (Fig. 4b ★1), by EDX, which corre-
sponded to the small areas of precipitate seen under
SEM (Fig. 3b). Both cobalt and magnesium were de-
tected throughout the layers ★1 to ★6.
Prior to immersion in SBF, no reaction layers were

observed at the surface of the particles for either 5Co-A
or 2Co-A (Fig. S3). The samples prior to incubation in
SBF were particularly beam sensitive, which led to some
brighter areas being observed in 2Co-A, but this was not
expected to affect the measurement of the elemental
composition.

Electrospinning of composites
Electrospun composites were produced with two glass
compositions, 5Co-A and 2Co-A, and a loading of 30
wt% of glass particles was achieved. Preliminary experi-
ments showed that with lower glass loadings, fibres were
not formed, and the fibres did not hold together with
higher glass loadings. After electrospinning, two types of

fibres were observed; smaller fibres that had a uniform
diameter of less than 1 μm, and larger fibres ranging
from 1 to 75 μm (Fig. 5a and Fig. S4). The smaller fibres
were composed solely of PCL, while the larger fibres
contained glass particles, and therefore varied in diam-
eter along their length (Fig. 5a).
The ion release from these composites was measured in

DMEM cell culture media (without cells) and compared
to the dissolution of glass particles alone. After 1 h, there
was a burst release of cobalt ions from the glass particles,
with the composite showing a more controlled increase.
For the 5Co-A composite, the cobalt ion release matched
that from the glass particles at 3 d at around 8 μgml− 1

and continued to increase to 13 μgml− 1 at 7 d, while the
ion release from the particles plateaued at around 8 μg
ml− 1 by 3 d. For the 2Co-A composite, the cobalt concen-
tration increased until a plateau was reached after 3 d at
about 3 μgml− 1; in contrast the ion release from the glass
particles plateaued at around 5 μgml− 1. This followed a
similar trend to the ion release in SBF buffer, although
the cobalt concentration in DMEM is higher for 5Co-
A. This was likely to be a result of a smaller calcium
phosphate layer formed in DMEM compared to SBF, as
SBF is supersaturated in calcium and phosphate. As a
result, there was less precipitation of cobalt and an
increased concentration in solution.

Fig. 3 SEM images showing changes in glass surface morphology of glass particles (a) before and (b) after incubation in SBF for 21 d. Scale bar is 1 μm
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Incorporating glass particles into an electrospun com-
posite meant these particles were not released during
the duration of the study. The presence of the PCL had
an additional benefit of controlling the ion release over
the first 24 h of incubation, avoiding the burst ion re-
lease which was seen in the glass particles.

In vitro response to composites
Fibroblasts play a crucial role during wound healing
through the expression of growth factors, synthesising
the extracellular matrix and by mediating contraction to
close the wound. For this reason, fibroblasts were ex-
posed to conditioned media from the glass composites
and the effect on proliferation, HIF-1α stabilisation and
production of VEGF were measured. Figure 6 shows the
metabolic activity of primary fibroblasts when exposed

to conditioned media for up to 7 d. The fibroblasts
maintained their metabolic activity when exposed to the
conditioned media and 100 μM cobalt chloride for up to
3 d, after which there was a significant decrease in meta-
bolic activity. This demonstrated there was very little
detrimental effect of the composites on the metabolic
activity of primary fibroblasts for up to 3 d, in the condi-
tions used for this study. However, a decrease was seen
between 3 and 7 d, which is in line with reports that
have shown a detrimental effect on metabolic activity of
fibroblast after long term exposure to CoCl2 [85].
Increased HIF-1α stabilisation when fibroblasts were

exposed to conditioned media and cobalt chloride is
shown in Fig. 7 a. HIF-1α stabilisation increased in the
order 2Co-A, 5Co-A and cobalt chloride. Downstream
effects of stabilising HIF-1α include the increased

Fig. 4 TEM-EDS analysis of the surface cross-sections of (a) 5Co-A and (b) 2Co-A particles after incubation in SBF for 21 d, and with individual
spectra taken at multiple locations marked by a ★. Sections were cut perpendicular to the glass surface by FIB. Scale bar is 250 nm
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expression of proteins such as VEGF [32]. When exposed
to conditioned media or CoCl2, the expression of VEGF
by fibroblasts was found to be significantly higher than
DMEM controls (Fig. 7). There was no significant differ-
ence in the amount of VEGF produced after exposing fi-
broblasts to 100 μM CoCl2 medium or the composite-
conditioned media.

Discussion
The aim of this study was to produce cobalt doped glass
compositions, which released cobalt ions to activate the

HIF pathway by stabilising HIF-1α, without forming an
HCA layer on their surface after incubation in SBF. The
role of magnesium in glass compositions was investi-
gated to suppress HCA layer formation but maintain
low network connectivity for glass dissolution and cobalt
release.
The glass that contained calcium in the composition

caused calcium phosphate precipitation from the SBF
(Fig. 1) and HCA formation (Fig. 2). There was no evi-
dence for crystalline phase deposition on the other
glasses from XRD (Fig. 2), but a thin layer, which could

Fig. 5 a SEM image of a typical electrospun composite. Scale bar is 20 μm. b Co ion release from glass particles and composite in DMEM cell
culture media at 0.5 h, 1 h, 2 h, 4 h, 8 h, 24 h, 3 d and 7 d. Data shown is mean ± SD of one independent experiment performed in triplicate

Fig. 6 AlamarBlue reading of cells in contact with control (DMEM) media, conditioned media from glass composites, and DMEM containing
100 μM CoCl2. Data shown is mean ± SD of three independent experiments. Two way ANOVA conducted with Tukey test with * p < 0.05
compared to Day 1 and # p < 0.05 compared to Day 3
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be an amorphous layer, was seen by SEM on all glasses
except 2Co-A (Fig. 3), which only showed some isolated
spherical deposits. The slight decrease in Co content of
the SBF suggests the thin layer could contain Co.
FIB sections (Fig. 4) allowed the measurement of the

elemental composition with good spatial accuracy and
without the composition of the underlying glass interfer-
ing with the measurement (which would have occurred
with SEM-EDS). TEM and EDS showed the formation of
a mixed magnesium and cobalt substituted calcium
phosphate at the surface of both 5Co-A and 2Co-A
particles, which was less than 100 nm in thickness.
However, as neither of these glasses contained calcium
or phosphate, it is thought that the presence of the glass
particles, in combination with the increased local pH
caused the particles to act as nucleation sites for calcium
phosphate to precipitate from the SBF [12, 86]. The
calcium phosphate layer formed for 5Co-A was much
larger and more distinct, allowing it to be clearly seen in
the TEM images, while for 2Co-A it was concentrated in
small areas as seen by SEM (Fig. 3).
For both compositions, sodium (or potassium) was not

detected in the glass after 21 d in SBF. Fredholm et al.
[87], showed that for a strontium substituted glass, sodium
was depleted from the top 6 μm after incubation for 1
week in SBF. The sections prepared here by FIB and ob-
served under the TEM, were approximately 5 μm in depth
and it is likely that after incubating glasses for 21 d, the
sodium was depleted from a much larger area than this. It
was anticipated that the large area of sodium depletion
was due to the size and monovalent nature of the sodium
ion, which means it is more mobile and able to travel
through the glass into the aqueous solution more easily.

The cobalt concentration in SBF at 21 d was lower for
5Co-A compared to 2Co-A, despite there being a higher
amount of CoO in 5Co-A, which was likely to be due to
5Co-A having a higher NC’. Through the use of TEM-
EDS, a layer of cobalt and magnesium substituted
calcium phosphate was observed on the surface of 5Co-
A particles, while for 2Co-A this was confined to small
regions of precipitate (Fig. 3b). The drop in cobalt
concentration following the burst release after 1 h for
5Co-A (Fig. 2a) was likely to be a result of a larger
amount of calcium phosphate precipitating on the glass,
into which cobalt was incorporated.
2Co-A did not show the same trend of cobalt ion re-

lease as the other glasses studied. There was an initial
burst release of ions after 1 h, with the cobalt concentra-
tion continuing to increase for up to 21 d. There was
less cobalt substituted calcium phosphate nucleating on
this glass, and so the cobalt was released into the SBF ra-
ther than being precipitated back onto the glass surface.
This could have been due to the relatively high amount
of magnesium in the glass composition which has previ-
ously been shown to impede the formation of a calcium
phosphate layer [41, 88]. The TEM images also suggest
that Co and Mg were present throughout the reaction
layers of the glass, indicating that they play a role in the
silica-rich layer, as previously seen in glasses designed
for nuclear waste immobilisation [89].
It has previously been reported that cobalt can substitute

into hydroxyapatite [90] and into a calcium phosphate
layer on bioactive glasses [40]. However, this study showed
for the first time the decrease in cobalt ions from solution
following the initial burst release of ions. This was the case
for three out of the four glass compositions studied (5Co-

Fig. 7 a A typical western blot showing increased expression of HIF-1α with conditioned media and representative western blot quantification
(representative images shown from a total of three independent experiments); (b) VEGF expression of fibroblasts relative to protein: data shown
are mean ± SD of three independent experiments. One way ANOVA performed with * p < 0.05
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A, 5Co-B and 2Co-B), and corresponded to the formation
of cobalt and magnesium substituted calcium phosphate.
In addition to the cobalt and magnesium calcium phos-
phate layer, TEM and EDS also revealed a number of sur-
face layers, particularly for 2Co-A which had multiple
layers of the same elemental composition, which appeared
to have a different porosity. These layers may have been
partly due to the formation of a silica gel layer, which has
been widely reported to form on the surface of glass when
placed in aqueous media [91]. This silica gel layer is ini-
tially formed as a hydrated porous layer before repolymer-
ising on the glass surface [92]. For bioactive glasses, this
layer has been shown to have a thickness of around 2–
3 μm after 1 h incubation in TRIS buffer [92], or greater
than 30 μm after 7 d in SBF buffer [87]. In this study, layers
closest to the surface were imaged and the edge of the
whole silica gel layer was not observed.
The layers observed in 2Co-A were much like those re-

ported by Cailleteau et al. [91], who showed that an initial
porous silica gel layer was made more dense by repoly-
merisation. Magnesium ions in solution can change the
structure of the silica gel layer, by hindering the condensa-
tion of the silica gel layer, which results in a layer that is
thicker and more porous [93]. Since 2Co-A contained a
high molar percentage of MgO, high amounts of magne-
sium ions were released into the buffer upon glass degrad-
ation. This may have hindered the repolymerisation of the
silica network, and led to an incomplete densification of
the silica gel layer after 21 d. Although two porous layers
were seen between three denser layers of the same com-
position (Fig. 4b), this observation was not in alignment
with other reports demonstrating the denser silica layer
was formed at the top surface of the glass [91]. Interest-
ingly, the second porous layer (Fig. 4b, ★5) seemed to be
concentrated in cobalt, magnesium, calcium and phos-
phorous. More investigations are required to understand
the formation and densification of the silica gel layer in
complex bioactive glasses when incubated in buffers with
ion concentrations similar to physiological values.
When considering bioactive glasses for wound healing

applications, an important consideration is the format in
which the glass will be delivered to the clinician and
patient. The dressing format would need to prevent the
release of small glass particles, which could be a source
of irritation for the patient and would also be difficult to
wash out of a wound during dressing changes, without
compromising the ability of the glass to release ions that
could promote wound healing. Electrospun composites
were produced from two glass compositions, 5Co-A and
2Co-A, and in this format, the glass particles were held
in place for up to 1 week, but ions were still released
from the glass. The electrospun composites had fibres
with diameters less than 100 μm and showed a sustained
release of cobalt ions over the first 24 h incubation in

cell culture media, when compared to the glass particles,
in which a typical burst release of ions was seen.
Cobalt ions are only therapeutic within a certain con-

centration range, above which they are toxic, and this
range is dependent on the cell type and the cobalt ion
delivery system under investigation. Wu et al. [39] found
mesoporous sol-gel bioactive glass scaffolds, which
released approximately 17 μg ml− 1 cobalt after 7 d in cell
culture media, could still support cell growth on their
surface, without a significant reduction in cell viability
compared to a control in human bone marrow stromal
cells. In contrast, glasses that released 20 μg ml− 1 of co-
balt showed a significant reduction in viability. In hMSC
culture, Azevedo et al. [32] found that the therapeutic
range of cobalt was between approximately 2.2 and
10.6 μg ml− 1; and at higher concentrations, a significant
reduction in proliferation was observed. The glasses and
composites developed in this study had a maximum
cobalt release of 14.5 μg ml− 1 and so were not expected
to have a toxic effect. In vitro cell studies with primary
human fibroblasts confirmed that the composites
containing particles of these new glass compositions did
not have a toxic effect for up to 3 d, and were able to
activate the HIF pathway by stabilising HIF-1α.
In order to examine the effects of the ions on prolifera-

tion, HIF-1α stabilisation and production of VEGF, fibro-
blasts were exposed to media that had been conditioned
with the glass composite for 24 h. The metabolic activity
of cells was similar to those cultured in unconditioned
growth media and cobalt chloride controls (Fig. 6). A
decrease in metabolic activity was observed after 3 d and
this correlates with previous findings in the literature that
showed a reduction in metabolic activity after long term
exposure to CoCl2 [85].
Cobalt was incorporated into these glass compositions to

mimic hypoxia by activating the HIF-1 pathway. The
amount of HIF-1α increased when fibroblasts were exposed
to conditioned media from both 5Co-A and 2Co-A com-
posites as well as the CoCl2 control. This showed that the
composite stabilised HIF-1α, and this was expected to in-
crease production of proteins required for angiogenesis.
There was a clear trend that the measured HIF-1α was
higher for 5Co-A compared to 2Co-A. More cobalt was
released from the 5Co-A compositions compared to the
2Co-A at 24 h (Fig. 1a-b and Fig. 5b), which is likely to be
the reason for the increased HIF-1α stabilisation.
Finally, there was a significant increase in VEGF expres-

sion in fibroblasts when using both conditioned media
from the scaffolds and CoCl2, compared to growth
medium (Fig. 7). However, there was no significant differ-
ence in the amount of VEGF produced by fibroblasts ex-
posed to both the 5Co-A and 2Co-A composites, which
suggested that both compositions would be suitable in
promoting angiogenesis. It is challenging to dissociate the
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effects of individual ions. Bioactive glasses dissolution
products (without potassium, cobalt or magnesium) have
previously been shown to directly promote VEGF expres-
sion from fibroblasts [94, 95]. Here, it was possible that
other ions released from the scaffolds, such as potassium
and magnesium, might also have affected protein expres-
sion by the cells, as they were released by the glasses (Fig.
S1). A deficiency in magnesium can affect platelet activity
[96] and inhibit angiogenesis [97], while increased magne-
sium promoted phenotype switching of macrophages
in vitro [98] and proliferation of microvascular cells [97].
However, studies with human umbilical vein endothelial
cells (HUVECS) showed increased magnesium concentra-
tion did not increase VEGF expression under normoxia or
hypoxia, so it is unlikely to have an effect here [99].
Figure 7 indicates that the combination of ions from the
scaffolds did not inhibit VEGF production compared to
CoCl2.

Conclusions
Cobalt containing silicate glass compositions were
designed to avoid the formation of a HCA layer following
incubation in SBF buffer, and yet retain the ability to allow
cobalt ions to be released. Two series of glass composi-
tions were designed containing either 5mol% or 2mol%
CoO and the amount of cobalt released into solution was
found to not only be related to the initial amount of cobalt
in the glass, but also network connectivity of the glass and
the surface layer that formed during dissolution.
TEM-EDS analysis of FIB cross-sections of the surface re-

actions layers revealed the presence of a cobalt and magne-
sium substituted calcium phosphate, which caused a
decrease in Co concentrations in SBF. Several layers were
seen through the glass particles after SBF incubation, which
were dependent on the glass composition which affected
how the silica-rich gel layer repolymerised during dissol-
ution. The 2Co-A (50mol% SiO2, 24mol% Na2O, 24mol%
MgO and 2mol% CoO) composition showed negligible cal-
cium phosphate deposition and sustained Co release.
Electrospinning PCL/glass composites prevented a

burst release of ions from the glass particles during dis-
solution. The metabolic activity of primary fibroblasts
was not significantly reduced for up to 3 d when the
cells were in contact with conditioned media from the
composites. The conditioned media from both compos-
ites stabilised HIF-1α and significantly increased the
expression of VEGF in fibroblasts.
In summary, due to their combination of promoting

VEGF expression, stabilising HIF-1α, while not forming
an apatite layer, glasses based on the novel composition
50mol% SiO2, 24mol% Na2O, 24mol% MgO and 2mol%
CoO, and their electrospun composites, have potential to
promote angiogenesis and these materials could be benefi-
cial in wound healing applications.
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