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a b s t r a c t

The aim of this study was to synthesize and characterize new boron-containing bioactive glass-based
scaffolds coated with alginate cross-linked with copper ions. A recently developed bioactive glass powder
with nominal composition (wt.%) 65 SiO2, 15 CaO, 18.4 Na2O, 0.1 MgO and 1.5 B2O3 was fabricated as por-
ous scaffolds by the foam replica method. Scaffolds were alginate coated by dipping them in alginate
solution. Scanning electron microscopy investigations indicated that the alginate effectively attached
on the surface of the three-dimensional scaffolds leading to a homogeneous coating. It was confirmed
that the scaffold structure remained amorphous after the sintering process and that the alginate coating
improved the scaffold bioactivity and mechanical properties. Copper release studies showed that the algi-
nate-coated scaffolds allowed controlled release of copper ions. The novel copper-releasing composite
scaffolds represent promising candidates for bone regeneration.

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Bone tissue has a composite nature given by a highly complex
and well-harmonized structure of organic and inorganic compo-
nents on the microscale, macroscale and nanoscale. It is therefore
not surprising that scientists are paying much attention to the devel-
opment of polymer–ceramic composite materials for bone tissue
engineering applications [1–3]. The relevant properties of ideal scaf-
folds and the requirements for their successful application in bone
tissue engineering have been extensively discussed in the literature
[3–5] and include excellent osteoconductivity, tailorable biodegrad-
ability, a highly interconnected porous structure, the ability to sup-
port and deliver cells, appropriate mechanical properties and the
ability to fabricate irregular shapes.

Bioactive silicate glasses and glass ceramics are attractive bio-
materials for bone repair and regeneration, because of their ability
to enhance bone formation and to strongly bond to surrounding
bone tissue in vivo [6–10]. Bioactive glasses, discovered by Hench
in 1969 [11], and related silicate glass ceramics, thus constitute a
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group of inorganic materials highly considered in tissue engineer-
ing due to their high bioactivity [3,8,12–15]. A common character-
istic of bioactive materials is the formation of an apatite-like layer
on their surface when they are in contact with physiological fluids
or solutions that mimic human plasma [6]. Moreover, the bioactive
glass 45S5 Bioglass� (composition 45 wt.% SiO2, 24.5 wt.% Na2O,
24.4 wt.% CaO and 6 wt.% P2O5) exposes critical concentrations of
Ca, Si, Na and P ions which have been shown to activate genes in
osteoblast cells, thus stimulating new bone formation in vivo
[16,17]. Bioactive glasses are also reported to stimulate angiogen-
esis [18,19]. However, 45S5 Bioglass� may have potential limita-
tions as a scaffold material for bone repair and regeneration due
to the tendency of the glass to crystallize before appreciable
viscous flow during scaffold fabrication [20]. It is not possible to
sinter 45S5 Bioglass� particles into a porous three-dimensional
(3-D) network with adequate strength to repair bone defects and
to keep the amorphous glass structure. Recently, boron-containing
bioactive glasses have been developed for biomedical applications,
specifically for bone tissue engineering scaffolds [21–24]. Some
boron-containing bioactive glasses have been observed to undergo
viscous flow sintering more readily than 45S5 Bioglass, providing a
more favourable bioactive glass system for producing non-crystal-
line scaffolds with the relevant morphology and pore structure
ll rights reserved.
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[24]. In addition, Gorustovich et al. [25] have found that particles of
a boron-modified 45S5 Bioglass� promoted new bone formation
more rapidly than standard 45S5 Bioglass� particles upon implan-
tation into tibial defects in rats. Based on these findings, porous 3-
D scaffolds based on boron-containing glasses have recently been
prepared [23,24,26,27].

In recent years composites based on biopolymer-coated bioac-
tive glass ceramic scaffolds have been developed as bone repair de-
vices because of their high bioactivity, biocompatibility and
biodegradability [28,29]. However, the need for advanced scaffold
systems requires the addition of different functionalities to the
substrates to be able to mimic the structure of natural bone. Func-
tionalities such as surface reactivity, bioactivity, mechanical
strength and growth factor and drug delivery capability have been
considered in the design of new scaffolds with multifunctional
properties [30,31]. In addition, the angiogenic and antibacterial
properties of scaffolds are now being investigated in more detail,
the goal being to integrate these functions in a bioactive scaffold
with osteoinductive properties [32–36]. Alginate, a linear copoly-
mer derived from various species of kelp, has useful properties,
such as the ability to form gels in combination with certain metal
ions, which induce cross-linking of the guluronic residues of the
alginate polymer without damaging cells during the gelling pro-
cess. Also, due to the biocompatibility of alginate and its simple
gelation with cations such as Ca2+, it is widely used for cell immo-
bilization and encapsulation [37]. Calcium ion and ferric ion cross-
linked alginates have been used in different biomedical applica-
tions such as tissue engineering scaffolds, cell encapsulation and
as drug delivery systems [38]. More recently, Mouriňo et al. [34]
have developed Bioglass�-based scaffolds coated with sodium algi-
nate cross-linked with Ga3+ for bone tissue engineering. They re-
ported that the presence of Ga–alginate confers prophylaxis
against infections. It is also known that alginate increases vascular
endothelial growth factor stability and bioactivity [39]. Moreover,
certain ions have an angiogenic action, promoting the develop-
ment of new blood vessels, and they can also be used as antibacte-
rial agents [40]. Angiogenesis represents an important process
during the formation and repair of new tissue. Inorganic angio-
genic factors, such as copper ions, are therefore of interest in the
field of regenerative medicine and tissue engineering, due to their
low cost, high stability and potentially greater safety compared
with recombinant proteins or genetic engineering approaches
[41–45]. Copper is an essential component of the angiogenic re-
sponse [43]. In vivo copper release has been shown to decrease
the risk of ischemia in skin flaps and to induce a vascularized cap-
sule around a cross-linked hyaluronic acid hydrogel [44]. Barralet
et al. [41] investigated the angiogenic potential of copper ions in
brushite bioceramic scaffolds implanted in mice and considered
the effect of low doses of copper sulphate compared with vascular
endothelial growth factor (VEGF) and combinations of copper ions
and VEGF. It was found that copper-loaded scaffolds not only pro-
vided directional vascularization but also enhanced wound heal-
ing. More recently, Gérard et al. [45] have studied the angiogenic
and healing potential of copper ions in combination with two ma-
jor angiogenic factors, VEGF and FGF-2, in a 3-D angiogenesis cul-
ture system. It was reported that the healing potential of low doses
of copper ions can be applied to enhance vascularization of an im-
plant and as alternative or complementary approach to the use of
growth factors.

Based on the facts discussed above, in this work novel scaffolds
were developed using a boron-containing bioactive glass which
showed the desired effect of retaining an amorphous structure
after sintering. The scaffolds were coated with alginate cross-
linked with copper ions in order to develop for the first time bioac-
tive silicate scaffolds with a Cu release capability for enhanced
angiogenesis.
2. Materials and methods

2.1. Materials

Sodium alginate (viscosity 20–40 c.p.s., 25 �C) and cupric nitrate
trihydrate (Cu(NO3)2�3H2O) were purchased from Sigma–Aldrich
Ltd (Poole, UK). The bioactive glass powder used to fabricate the
scaffolds was developed at the Process Chemistry Centre, Åbo Aka-
demi University, Turku, Finland [46]. The nominal composition of
this glass is, in wt.% 65 SiO2, 15 CaO, 18.4 Na2O, 0.1 MgO and 1.5
B2O3. The polyurethane foam (PU) (60 p.p.i.) used for scaffold fab-
rication by the foam replica technique [12] was obtained from Rec-
ticel Ltd (Corby, UK). All other chemicals used were of analytical
grade.
2.2. Scaffold fabrication

Scaffolds were prepared using a polymer foam replication tech-
nique, as described in detail elsewhere [12]. Briefly, a 50 ml volume
of slurry was prepared using 3.7 g of polyvinyl alcohol (PVA) which
was dissolved in deionized water for 1 h at 80 �C. Then 15 g of glass
powder were dispersed in the solution under constant stirring. This
glass powder concentration in the slurry was found, by a simple
trial-and-error approach, to lead to a suitable slurry viscosity for
fabrication of scaffolds by the foam replica method. A polyurethane
foam with a structure comparable with that of human trabecular
bone was used as a sacrificial template for the replication method.
The foam was cut into 10 � 10 � 10 mm samples.

Foams were immersed in the slurry for 3 min so that the foam
struts were coated with bioactive glass particles. The as-coated
foams were then dried at room temperature overnight and then
subjected to a controlled heat treatment. The samples were heated
at 2 K min�1 to 550 �C in air to decompose the foam, then at
2 K min�1 to 650 �C, at which temperature they were kept for 4 h
to densify the glass network without crystallizing the glass. The
scaffolds were then coated with sodium alginate cross-linked with
copper following a procedure described elsewhere [34]. Several
preliminary experimental trials were carried out in order to control
the amount of copper loaded. Controlling the viscosity of the algi-
nate solution cross-linked with copper is required, since the qual-
ity of the coating depends on it. In addition, the alginate solution
should not block the pores of the scaffold. It was observed that
alginate viscosity increased with increasing copper concentration.
Taking into account the total amount of copper that the scaffolds
were able to absorb and the need to achieve a suitable alginate vis-
cosity, three different concentrations of Cu2+ (in water) were used:
0.5, 5 and 10 mg ml�1. In all cases the copper solution was added
dropwise to the scaffolds with the help of a syringe and the loaded
scaffolds were left to dry for 1 h at 37 �C. The amount of solution
loaded to the scaffold was estimated from the difference in weight
of the syringe. Then sodium alginate in water (1 wt.%) was added
dropwise to the scaffolds, which were left to dry at 37 �C for 1 h
and subsequently at room temperature overnight for cross-linking
by the copper ions. Coated and uncoated scaffolds were coded 05S,
5S, 10S and GS, corresponding to scaffolds coated with sodium
alginate cross-linked with 0.5, 5 or 10 mg ml�1 Cu2+ and untreated
scaffold, respectively.
2.3. Characterization

2.3.1. Thermal analysis
Differential thermal analysis (DTA) was performed on the glass

powder using a TGA/SDTA851e instrument from Mettler Toledo, at
a heating rate of 20 K min�1 up to 1200 �C. Sintering and crystalli-
zation of the glass powder were also investigated by hot stage
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microscopy (HSM) (Misura 3.0, Expert Systems) using a heating
rate of 5 K min�1 up to 1200 �C. The shrinkage behaviour was stud-
ied by in situ measurement of specimen height as a function of
temperature by HSM.

2.3.2. Porosity
The porosities of the uncoated (P1) and coated (P2) scaffolds

were determined applying the equations

P1 ¼ 1� ðW1=q1VÞ

P2 ¼ 1� ð½ðW1=q1Þ þ ðW2 �W1=q1Þ�=VÞ

where W1 is the weight of the uncoated scaffold, W2 is the weight of
the coated scaffold, V is the volume of the scaffold, q1 is the density
of the bioactive glass (2.37 g cm�3) and q2 is the density of the coat-
ing material (0.992 g cm�3).
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Fig. 1. Thermal behaviour of the bioactive glass from DTA and HSM measurements.
2.3.3. Surface morphology
Scanning electron microscopy (SEM) with energy dispersive

spectroscopy (EDS) (JEOL 5610L and JEOL JSM-6400) was used for
the morphological and elementary characterization of coated and
uncoated scaffolds. Samples were fixed on a SEM sample holder,
air dried under vacuum and coated with a thin layer of gold.

2.3.4. Structural analysis
X-ray diffraction (XRD) analysis of the coated and uncoated 3-D

scaffolds was performed using Philips PW 1700 and PANalyti-
calX’Pert Pro diffractometers to investigate the characteristic
phases and possible crystallinity of the fabricated samples. Data
were obtained over the range 2 = 10–80� using a step size of
0.04� and counting time of 25 s per step employing CuKa radiation
(at 40 kV and 40 mA). FTIR spectra were collected using a Perkin–
Elmer Multiscope spectrometer in transmittance mode in the mid
infrared region (4000–400 cm�1). All samples were characterized
before and after immersion in simulated body fluid (SBF) (see be-
low). For XRD and FTIR measurements the samples were ground
and measured in powder form.

2.3.5. Mechanical properties
The compressive strength of prismatic samples (dimensions

5 � 5 � 10 mm) was measured using a Zwick/Roell Z010 servo-
hydraulic testing instrument. The cross-head speed was
0.5 mm min�1 with a pre-load of 1 kN. At least five specimens for
each sample series were tested. Average values and standard devi-
ations were determined.

2.3.6. Assessment of bioactivity
The acellular bioactive behaviour of the scaffolds was deter-

mined in vitro through immersion of samples in SBF, as described
by Kokubo et al. [47]. Each 5 � 5 � 5 mm sample was immersed in
30 ml of SBF and stored in an incubator at a temperature of 37 �C.
Samples were immersed in SBF for different periods: 1, 3, 5, 7, 14
and 28 days. When samples were removed from the SBF solution
they were rinsed with ethanol and water, and dried at 37 �C for
30 min. The samples were then characterized using SEM, XRD
and FTIR.

2.3.7. Water uptake and weight loss measurements
Water absorption (%WA) and weight loss (%WL) of the samples

upon immersion in SBF were determined over the 28 day period
using the equations:

%WA ¼ ððW t;wet �W t;dry=W0;dryÞ=� 100

%WL ¼ ððW0;dry �W t;dryÞ=W0;dryÞ � 100
where W0,dry is the original sample weight measured before immer-
sion in SBF. To measure the water absorption (%WA) immersed sam-
ples were removed at given time points, gently wiped and weighed
(Wt,wet). Similarly, to measure the weight loss (%WL) the samples
were removed from the SBF solution, dried at 37 �C overnight and
subsequently weighed (Wt,dry).

2.3.8. Copper release investigation
Changes in the concentration of copper in the SBF solution as a

result of soaking the scaffolds for 1, 3, 5, 7, 14 and 28 days were
measured using inductively coupled plasma optical emission spec-
trometry (ICP-OES). A Perkin Elmer Model Optima 2100 ICP oper-
ated at 13.56 MHz (using Ar and N2 gases) was used for the
measurements.
3. Results and discussion

3.1. Thermal analysis and heat treatment

Fig. 1 shows the results of the DTA and HSM experiments. It can
be seen from Fig. 1 that there is one endothermic peak at 608 �C,
indicating the glass transition. Sintering of the glass shows a shal-
low exothermic peak in the temperature range 708–808 �C. The
second exothermic peak indicating crystallization starts at around
800 �C and has a maximum value at around 872 �C. This type of
glass, for which sintering and crystallization partly overlap (as is
the case for 45S5 Bioglass�), exhibit a strong peak indicating both
crystallization and sintering, which is usually seen slightly above
the glass transition, followed by a smaller peak (in this case at
�1050 �C) indicating other crystals precipitating, liquidus forma-
tion, etc. The endothermic peak identified in the DTA curve at
�1100 �C is related to melting of the crystals. As can be seen from
the HSM curve, there are three characteristic steps. The first starts
at around 660 �C, representing sintering through viscous flow. The
second is between 810 and 1000 �C and is related to crystallization.
The last step at a higher temperature is attributed to melting of the
crystals, in agreement with the DTA results. The sharp decrease in
sample height interferes with the viscosity of the residual glassy
phase between the crystals. Several preliminary experimental tri-
als were conducted at different temperatures and residence times
in order to determine the optimum sintering conditions for the
fabrication of 3-D scaffolds from bioactive glasses by the foam rep-
lica method. The sintering temperature and the residence time,
which were selected on the basis of preliminary runs, were 600–
700 �C and 2–4 h, respectively. The foams were sintered at four dif-
ferent temperatures to determine the lowest possible sintering
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temperature. On the basis of preliminary experimental trials an
optimum sintering temperature of 650 �C and a holding time of
4 h were found to be appropriate for the fabrication of scaffolds
with adequate porosity, pore size and mechanical properties.
3.2. Microstructural characterization

Visual inspection of the scaffolds obtained confirmed that they
maintained their prismatic form without significant distortion de-
spite the considerable (isotropic) shrinkage of the macrostructure.
The shrinkage in volume of the scaffolds after sintering at 650 �C
was about 50%. It was observed that the samples preserved their
initial shape, without collapsing the macroporous structure. The
macroporous network and the strut microstructure of the coated
and uncoated scaffolds are illustrated in Fig. 2. As can be seen from
these figures, highly porous scaffolds with interconnected porosity
were produced. Similar morphologies have been reported for a
variety of sintered foams synthesized by the foam replica method
[12,15,26]. Inspection of the SEM images indicates that alginate has
attached to the bioactive glass scaffold surface forming a uniform
coating without blockage of the pores, as observed in Fig. 2c and
d. It can be observed that the interconnected porosity is also main-
tained after polymer coating. The porosities of the coated and un-
coated scaffolds are 82 ± 2% and 79 ± 2%, respectively. The average
pore size of the coated scaffolds was found to be 325 lm, with pore
size variations in the range 110–550 lm, which is in the size range
desired for application as a bone tissue engineering scaffold [3–5].

The strut microstructure can be seen in Fig. 2b and d. The typ-
ical hollow centre, which is common in scaffolds fabricated by the
foam replica method [12], is not visible. This is a significant result
regarding achieving improved mechanical properties of the scaf-
folds. The microstructure of the sintered struts indicates that sig-
nificant sintering had occurred and this result confirms that the
sintering parameters had been correctly chosen, leading to densifi-
cation by viscous flow without the macroporous structure collaps-
ing. This rather dense structure of the struts should lead to
favourable mechanical properties, as discussed further below. It
can be also observed in Fig. 2d that the alginate coating covered
the surface of the struts fairly uniformly and the glass strut surface
morphology is not clearly visible, which indicates a homogeneous
Fig. 2. SEM images showing typical (a) pore and (b) strut microstructures of a scaffold sin
(d) high magnification. These are representative images of the scaffold cross-sections. S
distribution of the polymer coating on the surface of the scaffold.
Thus the SEM observations confirm that the interconnected char-
acter of the porosity and the pore size of the scaffolds coated with
alginate cross-linked with copper are suitable for the intended
application, e.g. are favourable for cell attachment, migration and
vascularization [48,49].
3.3. Mechanical behaviour

The compressive strengths of the uncoated and coated scaffolds
are shown in Fig. 3. As can be seen, the compressive strength of the
scaffolds was increased by coating with alginate cross-linked with
copper ions when with uncoated scaffolds. It is suggested that the
alginate layer covers the struts and fills microcracks on the strut
surface, improving the mechanical stability of the scaffold. This is
in agreement with what is known in the field of polymer-coated
porous ceramics [28,29] and also as investigated in our previous
study [34]. The measured compressive strength values, in the
range 0.6–1 MPa, fall close to the lower bound of the values for
spongy bone. The highest mean compressive strength
(1.0 ± 0.3 MPa) was obtained for the 10S sample. The potential to
improve the mechanical properties of scaffolds based on poly-
mer-coated bioceramics has been demonstrated in several systems
[28,29,50–52], which have achieved mechanical properties, in par-
ticular compressive strength, in the range of values typical of can-
cellous bone. For example, coating 45S5 Bioglass�-derived
scaffolds with poly(3-hydroxybutyrate) (PHB) resulted in a consid-
erable increase in the compressive strength of the scaffolds
(1.5 MPa at 85% porosity) [52]. According to previous experience
with these materials [52] the compressive strength achieved with
these scaffolds is sufficient for the scaffolds to be handled safely in
the laboratory and for effective manipulation for in vivo studies. A
similar result was recently reported by Mouriňo et al. [34], who
developed Bioglass�-derived glass ceramic scaffolds coated with
alginate. However, the highest measured compressive strength of
scaffolds with 89–92% porosity was 0.79 MPa, which is lower than
the values obtained in this study. In addition, the present results
indicate that the compressive strength values increased with cop-
per content. This result could be attributed to increased cross-link-
ing density, however, this suggestion has not been proven. Kuo and
tered at 650 �C for 4 h and of an alginate-coated scaffold (sample 10S) at (c) low and
imilar results were obtained for the 05S and 5S scaffolds.
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Ma [53,54], working with Ca2+ as the cross-linking ion, found that
higher calcium contents resulted in improved mechanical proper-
ties of homogeneous alginate gels. It was found that a decrease
in calcium content results in a decrease in mechanical properties
due to a lower cross-link density and polymer concentration. It re-
mains to be investigated whether or not a similar mechanism is ac-
tive in Cu cross-linked alginate, which is the focus of the current
study.

3.4. Structural analysis

The transmittance spectra of both uncoated (GS) and 05S coated
scaffolds are shown in Fig. 4a. The characteristic GS spectrum
exhibits a peak at �590 cm�1 assigned to the Si–O bending mode,
and the characteristic peak of the modified silicate network is seen
at �800 cm�1 [55]. The respective spectrum of the 05S sample
indicates all the features assigned to the glass network. Further-
more, there are some additional shallow peaks in the range
1500–1760 cm�1, which can be assigned to the absorption bands
of asymmetric and symmetric stretching vibration of carboxylate
ions of sodium alginate, while the major peaks at �2900 cm�1

and in the range 3150–3450 cm�1 are attributed to the C–H and
unsaturated asymmetric O–H stretching vibrations, respectively
[34,56].

The XRD pattern of the uncoated scaffold shown in Fig. 4b indi-
cates the amorphous state of the bioactive glass after sintering. To
achieve a scaffold with amorphous structure is an important result,
considering that most common bioactive glasses crystallize during
the sintering process [20] and usually sintered scaffolds made from
bioactive glass powders exhibit different degrees of crystallinity
[12]. An amorphous phase can be thermodynamically less stable
than its crystalline counterpart, which is expected to result in en-
hanced dissolution behaviour and higher bioactivity in comparison
with partially crystallized scaffolds. The XRD pattern of alginate-
coated scaffolds (e.g. scaffold 10S) indicates that the amorphous
structure is retained after coating (Fig. 4b). Moreover, the XRD re-
sults suggest that copper only reacted with alginate, since there
was no indication of the presence of metallic copper or copper
oxide in the XRD pattern of scaffold 10S. These results are also in
agreement with previous data on Bioglass�-derived glass ceramic
scaffolds coated with alginate cross-linked with gallium [34].

3.5. Degradation behaviour

The scaffold degradation rate is a critical design parameter for
bone tissue regeneration because appropriate scaffold degradation
provides the space for matrix deposition and tissue growth, which
may ultimately lead to improved quantity and quality of regener-
ated bone [57]. In this study the degradation of coated and un-
coated scaffolds was monitored by water absorption, weight loss,
and pH variation in SBF. Fig. 5a shows the water absorption results.
It is seen that after 1 day immersion in SBF all samples exhibit con-
siderable water uptake values due mostly to filling of the pores
with water. Compared with the uncoated scaffolds, the rate of
water absorption was remarkably increased in the coated scaffolds.
It has been reported that alginate absorbs water quickly and is
capable of absorbing 200–300 times its own weight [37]. A high
water absorption capability of alginate-coated scaffolds was ob-
served in this study. However, no significant difference could be
seen in the trends among the three types of coated scaffolds inves-
tigated here as the amount of sodium alginate used in all cases was
the same.

The weight loss of the composite scaffolds is shown in Fig. 5b. The
weight loss is seen to increase with immersion time and varies with
the type of alginate coating. The degradation of alginate can be con-
trolled by varying the alginate molecular weight and chemical struc-
ture, and by cross-linking [58]. Although alginates are hydrophilic
and water-soluble anionic polysaccharides, cross-linking with cat-
ionic ions leads to a sufficiently stable material in aqueous media
[59]. In the context of the present alginate coatings it is ion exchange
involving Cu2+ ions which is responsible for the swelling and subse-
quent degradation of the alginate. Na+ ions present in the SBF solu-
tion could undergo ion exchange with Cu2+ ions which bind –COO�

groups in alginate. Since Na+ ions are unable to efficiently
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bind –COO� ion groups in alginate the extent of cross-linking de-
creases and, hence, water uptake and weight loss increase. The num-
ber and rate of cationic ions diffusing out from the alginate depend
upon the Na+ concentration in the SBF solution [59,60]. Bajpai and
Sharma [59] studied the degradation behaviour of alginate cross-
linked with Ca2+ in both NaCl solution and distilled water and it
was found that alginate only degraded in NaCl solution. It was re-
ported that ion exchange between Na+ ions binding carboxylate
groups in alginate is ultimately responsible for the swelling and sub-
sequent degradation of the alginate [59]. Weight loss of the coated
scaffolds resulted not only from degradation of the alginate coating
but also from dissolution of the glass during immersion in SBF, con-
sidering also the in situ growth of hydroxyapatite (HA) crystals on
scaffold surfaces when immersed in SBF (see also Section 3.6).
Fig. 5c shows a SEM micrograph of an uncoated scaffold after immer-
sion in SBF for 1 day. The presence of small cavities on the glass sur-
face can be observed, which is evidence of surface degradation of the
glass. These pores indicate dissolution of the glass matrix in the early
stages of SBF immersion. It was also observed (Fig. 5b) that weight
loss of the 05S sample is higher than that of the other coated scaf-
folds. This result may be explained by considering the copper con-
tent in the alginate. In aqueous medium sodium alginate behaves
like an anionic polymer due to the presence of negatively charged
–COO� groups. Since copper ions are divalent, bonding to alginate
is expected to occur in a planar two-dimensional manner inside
the alginate molecule [60]. Cross-linking should occur in two differ-
ent planes, resulting in compaction of the alginate molecules. Ex-
tended two-dimensional cross-linking will lead to greater alginate
stability [59]. Due to the higher concentration of copper, more diva-
lent cations can be captured inside the matrix, which should play a
significant role in bridging the gel network. This explains why the
05S sample weight loss is higher than that of the 5S and 10S samples.

The pH of the SBF medium in which the uncoated scaffolds were
immersed varied in the range 7.19–7.78, while the pH of the med-
ium of coated ones varied in the range 7.35–7.83. The pH of the
medium was almost stable during the immersion studies, with
the acidic groups resulting from the degradation of alginate
decreasing the pH while calcium and silicate ions from dissolution
of the glass surface compensate for this pH decrease. Thus, the pH
of the medium depends on both the degradation rate of the poly-
mer and the dissolution profile of the glass, as discussed in the lit-
erature [61]. It should also be noted that the degradation behaviour
of alginate can be controlled at pH 7.4 [62], a value that falls in the
pH range measured in this study.

3.6. Bioactivity assessment

The response of 3-D composite scaffolds in contact with SBF
was analyzed using SEM-EDS, XRD and FTIR. Fig. 6 shows XRD pat-
terns indicating the gradual development of a HA layer on the sur-
face of uncoated scaffolds following increasing time of immersion
in SBF. As seen in Fig. 6, small peaks at 32� 2h and between 47� and
49� 2h were detected in XRD patterns of samples soaked in SBF for
7 and 14 days. These peaks can be assigned to HA (Ca10(-
PO4)6(OH)2) according to the standard JCPDS cards (09-4-0432).
The XRD patterns given in Fig. 6a also confirm the amorphous
structure of the bioactive glass scaffold before and after immersion
in SBF for 1–7 days. It is apparent that an HA layer formed on the
surface of the bioactive glass scaffold after 7 days in SBF. The re-
sults were compared with those obtained for coated scaffolds
(Fig. 6b), which were also immersed in SBF for varying times. Four
peaks corresponding to HA were detected, as shown in Fig. 6b, con-
firming that a HA layer had formed on the surface of the coated
scaffolds by the third day of immersion in SBF. It is apparent that
the rate of HA formation on coated scaffolds was faster than on un-
coated scaffolds. This indicates higher bioactivity of the coated
scaffolds, which can be attributed to the bioactive behaviour of
alginate, as discussed below.

FTIR spectra of both uncoated and coated scaffolds after immer-
sion in SBF for 1, 3, 5, 7 and 14 days are presented in Fig. 7. The FTIR
spectra of uncoated scaffolds do not show any significant differ-
ence until 14 days immersion in SBF. After 14 days immersion
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there are two small peaks at �575 and 600 cm�1 and a slight shift
of the peak at �1030 cm�1, which can be attributed to the deposi-
tion of calcium and phosphate groups that had started to occur.
The FTIR spectra of the coated scaffolds also exhibit similar peaks
corresponding to calcium and phosphate groups. These peaks are
visible after only 3 days immersion in SBF. With increasing immer-
sion time the characteristic peaks of the HA phase become slightly
sharper, indicating an increase in crystallinity. Thus FTIR character-
ization confirms that the coated scaffolds exhibit rapid formation
of HA compared with uncoated scaffolds. It has been reported that
alginate shows bioactive behaviour in in vitro SBF studies [63]. This
effect can explain the improved bioactivity of alginate-coated scaf-
folds compared with that of uncoated scaffolds in our study.

Fig. 8a shows a SEM micrograph of an uncoated scaffold after
7 days immersion in SBF. It is apparent that HA crystals are formed
as a result of contact of the bioactive glass struts with SBF. Crystal-
line structures were also observed on the strut surfaces of the
coated scaffold after 7 days in SBF, as shown in Fig. 8b. The forma-
tion of HA on the surfaces of the coated and uncoated scaffolds
after immersion in SBF was confirmed by EDX analysis (shown in
Fig. 8). High Ca and P peaks from HA were detected. The process
of HA formation is based on ion exchange between the scaffold sur-
face and the SBF solution, which is the well-known mechanism
proposed for bioactive glasses by Hench [6]. In the first stage a sil-
ica-rich layer is formed on the scaffold surface, followed by nucle-
ation and growth of HA crystals on top of this silica-rich layer.
However, as can be seen in Fig. 8b, HA crystals also formed on
the surface of the alginate in the present polymer-coated scaffolds.
This can be explained by considering ion exchange between the
alginate and SBF medium. It is known that ionically cross-linked
alginate has a tendency to swell and eventually dissolve in tissue
culture medium, SBF and other biological solutions. This phenom-
enon has been demonstrated by a number of studies characterizing
swelling [53,54]. It is suggested that copper ions diffuse out of the
alginate matrix, leading to greater water uptake and faster degra-
dation of the coating. In addition, possible disruption of the algi-
nate coating leading to direct contact between the bioactive glass
surface and SBF cannot be ruled out. This may facilitate the precip-
itation of calcium phosphate on this structure. As can be observed
in Fig. 8b, there were small voids in the polymer coating which are
evidence of opening of the alginate structure. It should also be
noted that high Ca and P peaks from HA were detected by EDX



Fig. 8. SEM images showing the surface of (a) uncoated and (b) alginate-coated (10S) scaffolds after 7 days immersion in SBF, with EDS results on a selected area of the
samples. Similar results were obtained for the 05S and 5S scaffolds.
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analysis especially in these regions. Thus the rapid degradation and
bioactive behaviour of alginate contributes to a faster HA forma-
tion rate on the coated scaffolds than on the uncoated ones.
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Fig. 9. Copper ion release from alginate-coated scaffolds loaded with different
amounts of copper as a function of immersion time in SBF.
3.7. Copper release

Copper release from the alginate-coated scaffolds was deter-
mined in order to correlate ion exchange with the swelling and
degradation profile of the alginate. Fig. 9 shows that the number
of Cu2+ ions released from the scaffolds increases with increasing
immersion time. This can be attributed to the degradation of algi-
nate based on an ion exchange process involving Cu2+, described
above. The faster release of copper for scaffold 10S can be ex-
plained based on the high concentration of copper in it. Several
studies in the literature provide evidence of the marked effect of
Cu ions on cells and bacteria. Kim et al. [64] produced Cu2+-con-
taining HA (Cu/HA) and reported that it exhibited a strong antibac-
terial effect on Esherichia coli and Staphylococcus aureus. Sutter
et al. [65] investigated the properties of Cu/HA crystals and results
showed that Cu/HA has a lower dissolution rate than pure HA.
However, it was also reported that the higher concentration of
Cu ions on the surface of HA nanoparticles allows faster diffusion
of toxic Cu ions to the surrounding medium, penetrating and kill-
ing bacterial cells [66]. Varmette et al. [67] showed that Cu-con-
taining glasses had no therapeutic effect due to a toxic Cu level
(58 p.p.m.) released into the culture medium. In related studies
Singh et al. [68] reported that the cell proliferation rate decreased
with increasing copper concentration. It is therefore clear that a
possible burst release and a higher concentration of copper could
be cytotoxic and provide unfavourable conditions for cell attach-
ment and growth. Thus it is proposed that the slow release of
copper, as observed in scaffolds 05S and 5S, is favourable for pos-
sible tissue engineering applications of the present scaffolds. Barra-
let et al. [41] investigated the angiogenic potential of copper ions in
brushite ceramic scaffolds implanted in mice and the effect of low
doses of copper sulphate compared with VEGF and combinations of
copper ions and VEGF. It was reported that low doses of copper sul-
phate (0.56 mg ml�1) optimized angiogenesis during tissue in-
growth, whereas a 10-fold increase in the dose (i.e. 5.6 mg ml�1)
enhanced wound tissue in-growth. Thus the copper content within
the alginate coatings in the present study (especially the 05S and
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5S scaffolds) should be sufficient to promote the angiogenic poten-
tial of the present glass-derived composite scaffolds.
4. Conclusions

Biodegradable and mechanically robust non-crystalline bioac-
tive glass scaffolds have been successfully synthesized by the rep-
lication technique using a boron-containing silicate glass. The
scaffolds were coated with sodium alginate cross-linked with Cu.
The compressive strength of the alginate-coated scaffolds was
found to be higher than that of the uncoated scaffold. The coated
scaffolds were seen to exhibit improved bioactive behaviour com-
pared with the uncoated one. Copper release studies indicated that
the new scaffolds showed controlled release of copper ions, which
could be beneficial in promoting the angiogenic potential of the
scaffolds for bone regeneration. For tissue engineering applications
cell attachment, migration and vascularization are all important
considerations. The controlled release of boron and copper from
the present scaffolds will be investigated in the context of the
emerging field of bioactive glasses with therapeutic ion release
capabilities [40]. Future efforts will be focused on in vitro and
in vivo studies to investigate the performance of these functional
scaffolds under conditions relevant to applications in bone tissue
engineering.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1, 4, 5, 7–9, are dif-
ficult to interpret in black and white. The full colour images can be
found in the on-line version, at doi:10.1016/j.actbio.2011.10.013).
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