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This work aimed to develop novel composite biomaterials for bone tissue
engineering (BTE) made of bioactive glass nanoparticles (Nbg) and alginate
cross-linked with Cu*™ or Ca®* (AlgNbgCu, AlgNbgCa, respectively). Two-
dimensional scaffolds were prepared and the nanocomposite biomaterials
were characterized in terms of morphology, mechanical strength, bioactivity,
biodegradability, swelling capacity, release profile of the cross-linking cations
and angiogenic properties. It was found that both Cu>" and Ca" are released
in a controlled and sustained manner with no burst release observed. Finally,
in vitro results indicated that the bioactive ions released from both nano-
composite biomaterials were able to stimulate the differentiation of rat bone
marrow-derived mesenchymal stem cells towards the osteogenic lineage. In
addition, the typical endothelial cell property of forming tubes in Matrigel
was observed for human umbilical vein endothelial cells when in contact
with the novel biomaterials, particularly AlgNbgCu, which indicates their
angiogenic properties. Hence, novel nanocomposite biomaterials made
of Nbg and alginate cross-linked with Cu®" or Ca*" were developed with
potential applications for preparation of multifunctional scaffolds for BTE.

1. Introduction

Biomaterials that resemble the calcified bone matrix are frequently used to
develop scaffolds for bone tissue engineering (BTE) [1-4]. Both inorganic and
organic biomaterials (such as ceramics and polymers, respectively) have been
widely used to prepare scaffolds with those requirements [3,5-9].

Among ceramics, bioactive glasses—particularly Bioglass® 45S55—exhibit
interesting properties for BTE [7,8,10—14], such as the promotion of the formation
of bone-like hydroxyapatite (HA) layers on the biomaterial surface [15,16], and
their osteoconductive and osteoinductive characteristics [6,17,18]. In addition,
reports indicate that dissolution products from bioactive glasses upregulate the
expression of genes that control osteogenesis [13,17-19] and induce pro-
angiogenic effects by stimulating the production of vascular endothelial growth
factor (VEGF) [20,21], the secretion of angiogenic growth factors in fibroblasts
[22,23], the proliferation of endothelial cells [22—-24] and the formation of endo-
thelial tubules [22]. Further, the reduction in size to the nanometre scale of
bioactive glasses of nominal composition similar to Bioglass® 45S5 offers many
advantages in vitro, such as higher protein adsorption capability and enhanced
bioactivity, as well as faster HA deposition or mineralization of tissues in
comparison with microparticles of the same composition [25-28].

© 2015 The Author(s) Published by the Royal Society. Al rights reserved.
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Organic polymers have also been widely used to prepare
porous scaffolds for BTE [11,29-31]. Particularly, natural
polymers exhibit high biocompatibility and low tissue
damage [30,32]. Among available natural, biocompatible
polymers, alginates are widely used in tissue engineering
[33-39] and drug delivery [37,39-41], because of their ability
to form hydrogels when multivalent cations react with their
guluronic residues [40,42]. As cross-linked alginate gels
degrade, cross-linking ions are released due to the exchange
with monovalent cations from the media [42]. Based on this
fact, our group envisaged the possibility to control the release
of the chosen multivalent ions in a sustained manner from a
cross-linked site. In that sense, gallium cross-linked alginate/
nanoparticulate bioactive glass composite two-dimensional
(2D) scaffolds were successfully developed [43]. In addition,
the incorporation of metallic ions into scaffolds for tissue
engineering is being increasingly considered [3543-49]. In
particular, studies confirmed that calcium (Ca®*) ions promote
the differentiation of bone cells, the proliferation of osteoblasts,
and the mineralization and metabolism of bone tissue [50,51].
Moreover, copper (Cu®") ions are considered metallic angio-
genic factors, because of their important role in blood vessel
growth [21,52-54] and the stimulation of the proliferation
of endothelial cells [21,55-58]. In addition, Cu®>" ions also
enhance the differentiation of stem cells towards the osteogenic
linage [54,59]. Furthermore, Cu®t is a natural antimicro-
bial material [45,47] and also reported was a synergistic
antimicrobial effect with Ca* [60].

The possibility to combine both bioactive glass nano-
particles (Nbg) and alginate (Alg) allows synergizing the
advantages of these biomaterials to develop composite
scaffolds for BTE with suitable properties such as biodegrad-
ability, biocompatibility and mechanical strength [43,61,62].
This work builds upon the mentioned previous work of
gallium cross-linked alginate/nanoparticulate bioactive glass
composite 2D scaffolds, focusing on novel combinations
of Nbg and Alg to achieve tuneable release capabilities of
divalent ions—such as Cu®" and Ca®"—incorporated by
cross-linking them with Alg in the composite biomaterials.
The way in which the cross-linked ions were released and the
effects of the dissolution products on blood vessels and bone for-
mation were investigated. Novel nanocomposite biomaterials
made of Nbg and Alg cross-linked with Cu*" or Ca®" with
special focus on controlling the release of cross-linked ions in
a sustained manner were developed with potential applications
in the preparation of multifunctional scaffolds for BTE.

2. Materials

Nbg with nominal composition close to Bioglass® 4555 (46 wt%
Si0,, 27 wt% CaO, 23 wt% NayO, 4 wt% P,0s), with spherical
shape and mean particle size 35—40 nm, were a gift of D. Mohn
and Prof. W. Stark (Swiss Federal Institute of Technology Zurich,
Switzerland). Nbg were prepared by flame spray method [63]
and have been characterized recently [27]. Sodium alginate (Pro-
tanal LF 10/60) was from FMC Biopolymers. HCl was from
Sigma Aldrich. NaH,PO, and NH/H,PO, were also from
Sigma Aldrich and were used to prepare phosphate buffer sol-
utions. CuSO45H,O was from Fluka and CaCl,.2H,O was
from Merck. Silicone moulds were used to prepare 2D scaffolds.
The water used was purified by distillation and deionization
(MilliQ). A Denver Instrument UB10 pH meter was used.

3. Methods

3.1. Preparation of two-dimensional scaffolds

An Alg solution was prepared by dissolving Alg in a ratio of
deionized water under magnetic stirring. An aqueous dispersion
of Nbg was prepared by adding Nbg in deionized water, which
was acidified with 1 M HCI and sonicated. This aqueous dis-
persion was added to the Alg solution previously prepared to
obtain an AlgNbg mix, which was stirred continuously. The
mix was adjusted to pH 7.4 with 1M HCI and then was com-
pleted to final volume with deionized water to achieve a
concentration of 2% w/v for Alg and 0.5% w/v for Nbg. The
AlgNbg mix prepared was cast into moulds and left to dry for
24 h in order to obtain AlgNbg 2D scaffolds. Also, an Alg sol-
ution at 2% w/v was cast into moulds and left to dry for 24 h
to obtain Alg 2D scaffolds. Then, both types of 2D scaffolds
were cross-linked by immersing them into 2% w/v solutions of
Cu”" or Ca®" ions for 1h. Two-dimensional scaffolds were
washed with deionized water and the excess water was removed
by using a filter paper. Then, 2D scaffolds were dried in an oven
at 25°C until 30% of weight loss. Finally, 2D scaffolds were kept
in a sealed container at 25°C under 40% humidity. Four types of
2D scaffolds were obtained: AlgNbgCu, AlgNbgCa, AlgCu and
AlgCa (figure 1).

3.2. Characterization

Morphology features were observed by scanning electron
microscopy (SEM) (Zeiss Leica, Germany). Samples were gold-
coated and observed at an accelerating potential of 5 kV. Potass-
ium bromide (KBr) tablets were prepared for Fourier transform
infrared (FTIR) spectroscopy from Alg and Nbg powders, and
from AlgNbgCu and AlgNbgCa (previously pulverized to a
fine powder). Briefly, the powders were mixed with KBr, pressed
at 200 MPa to obtain tablets and analysed by a FTIR Nicolet 380
spectrometer. Mechanical properties of the 2D scaffolds were
evaluated by measuring the tensile strength with a computer-
controlled universal testing machine (Instron 1022) at a speed

of 1T mm min L.

3.3. Acelluar in vitro study

In vitro bioactivity study of 2D scaffolds was carried out by
immersing AlgNbgCu and AlgNbgCa in simulated body fluid
(SBF) [16] at 37°C for 7 days. At certain intervals, 2D scaffolds
were removed from the SBF, washed with deionized water and
dried at 37°C for 30 min. The growth of HA crystals on 2D scaf-
fold surfaces was determined by SEM and confirmed by X-ray
diffraction (XRD). AlgCu and AlgCa were also immersed in
SBF, as a negative control.

3.4. Degradation study

The degradation of 2D scaffolds was studied by analysing the
weight loss of AlgNbgCu, AlgNbgCa, AlgCu and AlgCa. At
first, 2D scaffolds were dried until constant weight was reached
in an oven at 37°C (W, initial weight of 2D scaffolds before immer-
sing in buffer) and immersed in phosphate buffer (10 ml, pH7.4) at
37°C for 60 days. Two-dimensional scaffolds were taken at several
intervals; the excess buffer was removed by using a filter paper and
dried until constant weight (Wy, dried weight of 2D scaffolds after
immersing in buffer) in an oven at 37°C. Five samples of each film
type were used for each time interval studied. The percentage
weight loss (% W) was obtained as follows:

w x 100.

i

0/0 Wl =
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Figure 1. The preparation of the different types of 2D scaffolds. (Online version in colour.)

3.5. Swelling study

The swelling capacity was studied by analysing the weight gain
of AlgNbgCu, AlgNbgCa, AlgCu and AlgCa. At first, 2D scaf-
folds were weighed (W, initial weight of 2D scaffolds before
immersing in buffer) and immersed in phosphate buffer (10 ml,
pH 7.4) at 37°C for 15 days. Two-dimensional scaffolds were
taken at several intervals, the excess buffer was removed by
using a filter paper, weighed (W;, final weight of 2D scaffolds
after removing the excess buffer) and re-immersed. Five samples
of each film type were used. The percentage weight gain (% W)
was obtained as follows:

= w x 100.

i

%W,

3.6. pH control

AlgNbgCu, AlgNbgCa, AlgCu and AlgCa were immersed in
phosphate buffer (10 ml, pH 7.4) at 37°C for 3 days in order to
evaluate whether the Nbg incorporated would affect the pH
value of the buffer solution. At several time intervals, 2D scaf-
folds were removed and the pH of the buffer solution was
measured. Then, 2D scaffolds were re-immersed in phosphate
buffer. pH determinations were performed for five samples of
each type of film.

3.7. Release study of Cu*™ and Ca®" ions

Cu®" ion release from AlgNbgCu and AlgCu was studied
in phosphate buffer (10 mM, pH 7.4) at 37°C for 60 days and
quantified by a capillary electrophoresis method adapted from

Baraj et al. [64]. Similarly, Ca®>" ion release from AlgNbgCa and
AlgCa was studied in phosphate buffer (10 mM, pH 7.4)
at 37°C for 60 days and quantified by a new capillary electro-
phoresis method recently reported [65]. Five samples of each
film type were tested. Aliquots were withdrawn from the release
study at regular intervals (2, 4, 8, 24, 48 h and then 7, 10, 14, 21,
35, 43, 50, 57 and 64 days) and 2D scaffolds were re-immersed
in fresh buffer. Calibration curves were made in the range of
0.2-10 pgml .

3.8. In vitro cellular study

3.8.1. Preparation of biomaterial extracts

Extracts of AlgNbgCu and AlgNbgCa were prepared according
to the International Organization for Standardization (ISO
10993-12). Briefly, the 2D scaffolds were incubated for 1, 10, 21,
43 and 64 days at 37°C in low-glucose Dulbecco’s modified
Eagle medium (L-DMEM) (Hyclone, USA) or endothelial cell
medium (ECM) (Sciencell, San Diego, CA, USA). The ratio of
the 2D scaffolds to the medium was 100 mg ml~'. Cultures of
cells in the presence of a range of ionic concentrations of calcium
or copper introduced directly in the culture media were used as
controls (ControlCa and ControlCu, respectively). The ion con-
centrations of calcium or copper used were those obtained
from the release studies according to §3.7 for each period of incu-
bation. Extracts of AlgCu and AlgCa were also prepared as
control samples. Five samples of each type of film were used
and the extracts were renewed at each medium change during
cell culture.
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3.8.2. Cell preparation and culture
Rat bone marrow-derived mesenchymal stem cells (rBMSCs)
were obtained from the femora of four-week-old Sprague
Dawley rats, as previously described [66]. Briefly, marrow of
the femora midshaft was flushed out and suspended in
L-DMEM supplemented with 10% fetal bovine serum (Hyclone),
100 Uml ! penicillin and 100 mg 1! streptomycin (Hyclone).
Non-adherent cells were removed after 3 days. When reached
approximately 80% confluence, cells were passaged and used
for the following experiments from second to third passages.
Human umbilical vein endothelial cells (HUVECs) were
isolated and cultured as described previously, with written
informed consent of the donors [21]. Briefly, the umbilical vein
was digested with 0.1% collagenase I (Sigma, St Louis, MO,
USA) for 15 min at 37°C. Subsequently, the cells were collected
and cultured in ECM (Sciencell). Non-adherent cells were removed
after 24 h. HUVECs between the third and sixth passage were used
in experiments.

3.8.3. Cell viability assays

Cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay. Briefly,
cells were seeded in 96-well plates at 3.1 x 10* cells cm ™2 The
extracts described above, §3.8.1, were added, respectively, and
incubated for 24 h. The MTT assay (Sigma) was performed follow-
ing manufacturer’s instructions. Dimethyl sulfoxide (Sigma) was
used to dissolve the formazan crystals, and optical density
was measured at 570 and 630 nm using a microplate reader
(Labsystems Dragon Wellscan MK3, Finland).

3.8.4. Alkaline phosphatase staining and activity assay
Alkaline phosphatase (ALP) staining was performed using a
BCIP/NBT ALP kit (Beyotime, Shanghai, China). Briefly, the
rBMSCs were plated in 6-well plates and cultured for 10 days
with different extracts as per indicated in §3.8.1. After fixa-
tion with 4% paraformaldehyde, the cells were incubated in a
mixture of nitro-blue tetrazolium and 5-bromo-4-chloro-3-
indolylphosphate [67]. ALP activity was assessed using ALP
Detection Kit (Jiancheng Technology, Nanjing, China). Control
samples were also assayed. The ALP activity was examined
according to the manufacturer’s instructions and normalized
to the total protein content determined using BCA method as
previously described [68].

3.8.5. Matrigel two-dimensional assay

For analysis of capillary tube formation, 75ml of Matrigel
(Becton Dickinson, UK) was pipetted into a 96-well plate
(Falcon, Heidelberg, Germany) and incubated at 37°C for
60 min. HDMECs were harvested at week 1 or week 2 of being
in contact with the material extract (different ranges of material
extracts were used as per §3.8.1) and suspended at 50 000 cells
per 150 ml of ECM. One hundred and fifty millilitres of this
media were added to the Matrigel-coated 96-well plates and
incubated for 24 h at 37°C. Capillary tube formation on Matrigel
was observed at the end under an inverted Leica DMIL micro-
scope and photos were taken using the Leica application suite
software (Leica GmbH, Wetzlar, Germany).

3.9. Statistical analysis

Reported data from studies are presented as the mean =+ s.e.m. (stan-
dard error of the mean) or the mean + s.d. (standard deviation).
ANOVA was performed when different results were compared.

EHT=5.00kV
‘WD =6.2mm

signal A =InLens

Mag = 500X

10um EHT=5.00kV
‘WD =6.4mm

signal A =InLens

Mag = 500X

Figure 2. SEM images of the surface of 2D scaffolds before bioactivity
studies: (a) AlgNbgCu 2D scaffolds and (b) AlgNbgCa 2D scaffolds.

4, Results

4.1. Characterization

SEM pictures show that matrices from both AlgNbgCu and
AlgNbgCa 2D scaffolds were uniform and homogeneous
(figure 2a,b, respectively). FTIR spectra are shown figure 3.
Alg exhibited characteristic absorption bands at 3450 cm ™"
from hydroxyl groups (OH), 1615 and 1410 cm ™" from asym-
metric and symmetric stretching vibrations of carboxyl
groups (COO), respectively, and 1125, 1080 and 1030 cm "
due to stretching vibrations of C—C and C-O groups. FTIR
spectrum for Nbg showed bands at around 1030 and
500 cm ™' from asymmetric and symmetric vibrations of Si—
O-Si of the SiO, tetrahedra, respectively [69], the peak at
around 900 cm ™! can be assigned to the SiOngo (non-bonding
oxygen, NBO) [27] and the band that can be observed at
1450 cm™ ' would be attributed to the carbonates that are
adsorbed on the surface [27,70]. FTIR spectra of cross-linked
composite 2D scaffolds showed intense bands from both the
Alg and Nbg, and a slight shift in almost all the absorption
bands was observed when compared with the Alg spectrum,
where narrower intensity bands for OH and COO groups are
seen in the spectra of AlgNbgCu and AlgNbgCa. It is also
important to notice that almost all the absorption bands for
AlgNbgCa are broader than those of AlgNbgCu. The analysis
of the peaks from vibrations of C—C and C-O groups is ren-
dered difficult not only due to the overlapping of the peak
at 1125 cm ™! with the peak at 1080 cm ™}, but also due to the
overlapping of these bands with the asymmetric vibrations of
Si—O-Si groups from Nbg. The effect of Nbg incorporation
into the 2D scaffolds on tensile strength is shown in figure 4
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respectively. (Online version in colour.)
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Figure 4. Values of UTS of AlgNbgCu, AlgNbgCa, AlgCu and AlgCa 2D scaf-
folds. The incorporation of Nbg into the 2D scaffolds resulted in a significant
increase in the UTS. Significantly different from *AlgCu 2D scaffolds and
#AlgCa 2D scaffolds (p << 0.05). Average values + s.d.

where the point of failure or ultimate strength (UTS) of differ-
ent samples is charted. AlgNbgCu and AlgNbgCa showed a
significant increase (p < 0.05) in the UTS in comparison with
those 2D scaffolds without Nbg.

4.2. Acelluar in vitro study

After 3 days of immersion in SBF, the growth of crystals was
observed on the surface of both AlgNbgCu and AlgNbgCa
(data not shown). After 7 days of immersion in SBF, SEM
images indicated that the amount of crystals on the surface
increased (figure 54,b) and the XRD spectrum showed

sharp peaks at 31.8° and 46.7° attributed to 211 and 222
plane of HA [71] (figure 5b). AlgCu and AlgCa did not
show any deposition of HA crystals on their surfaces
(figure 5¢c) and no peaks corresponding to any crystallization
were observed by XRD studies.

4.3. Degradation, swelling and pH control

The degradation profile of all samples is shown in figure 6a.
AlgNbgCa and AlgCa did not show any significant variation
in their weight loss and they still remained shaped until the
end of the study, whereas AlgNbgCu and AlgCu degraded at
a higher rate which was more notable after day 40. A weight
loss of 42.7% was observed for AlgNbgCu at the end of the
study. Swelling study showed a weight gain of about 100% for
both AlgNbgCa and AlgCa (figure 6b). On the other hand,
AlgNbgCu and AlgCu showed no significant changes in their
weight during the swelling study (figure 6b). No significant
changes were observed in the pH value of the buffer solution
where AlgNbgCu and AlgCu were immersed (figure 6¢). Other-
wise, there was a slight increase in the pH value of the buffer
solution (initially 7.4) where AlgNbgCa and AlgCa 2D were
immersed, where the highest pH values were 7.57 and 7.54,
respectively (figure 6c).

4.4, Release study of Cu®" and Ca*" ions

The study of the release profile of Ca®" ions (figure 7) showed
no significant differences for both AlgNbgCa and AlgCa. The
amount of Ca®" ions released in each time point increased
steadily during the first three weeks of the study. After that
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Figure 5. SEM pictures showing crystals formed on the surface of 2D scaf-
folds after 7 days of immersion in SBF: (a) low magnification (sample:
AlgNbgCu); (b) high magnification. The bottom part of the image shows
the XRD spectrum where sharp peaks at 31.8° and 46.7° could be attributed
to HA crystals on the surface of the nanocomposite 2D scaffolds after 7 days
in SBF (sample: AlgNbgCu). Similar results were obtained for AlgNbgCa.
() Any crystals were observed on the surface of 2D scaffolds without Nbg
(sample: AlgCu). (Online version in colour.)

and until the end of the study, a slight decrease in the amount
of Ca?" ions released can be noted. After two months, the
total amount of Ca®" ions released from both 2D scaffolds
was in the range 30-32 pg ml L. The release profile of
Cu*" ions (figure 7) showed that the amount released in

each time point was lower than the amount of Ca®" ions [ 6 |

released from AlgNbgCa and AlgCa. No differences between
the amounts of Cu®" ions released were found for both
AlgNbgCu and AlgCu until day 21, where Cu*" ions were
slowly released without any burst effect. From day 37 to
57, AlgNbgCu released a higher amount of Cu®" ions than
AlgCu. After two months, the total amount of Cu?* ions
released from both 2D scaffolds was 22-24 ug ml ™.

4.5. In vitro cellular studies
4.5.1. Proliferation of rat bone marrow-derived mesenchymal
stem cells cultured with AlgNbgCu and AlgNbgCa

two-dimensional scaffold extracts

rBMSCs treated with extracts of AlgNbgCu and AlgNbgCa
were the most metabolically active (p < 0.005) when com-
pared with the ion concentration of calcium or copper,
respectively, obtained from the release studies (see above,
§4.4) for each period of incubation and when compared
with AlgCu and AlgCa, respectively. In addition, the extracts
of AlgCu and AlgCa did not significantly affect cell metabolic
activity and growth compared with L-DMEM. No significant
differences in cell metabolic activity were observed for cells
cultured in the extracts of AlgNbgCu and AlgNbgCa for
the periods studied. Figure 8a shows the results for rBMSCs
treated with extracts of AlgNbgCu and AlgNbgCa obtained
after 24 h of soaking.

4.5.2. Osteogenic differentiation of rat bone marrow-derived
mesenchymal stem cells cultured with AlgNbgCu and

AlgNbgCa extracts

To investigate whether AlgNbgCu and AlgNbgCa extracts
could affect the osteogenic differentiation of rBMSCs, ALP
activity was examined. Interestingly, a time-dependent
increase in ALP activity was observed for cells cultured in
the extracts of AlgNbgCu and AlgNbgCa in the absence of
osteogenic factors. ALP activity was not significantly different
when the effects of AlgNbgCa and AlgNbgCu were compa-
red with the ones of the ion concentrations of calcium or
copper, respectively, obtained from the release studies (see
above, §4.4) for each period of incubation and when compared
with the ones of AlgCu and AlgCa, respectively, at day 3. How-
ever, ALP activity was significantly higher (p < 0.001) in cells
cultured with the extracts of AlgNbgCu and AlgNbgCa after
10 days (figure 8b).

No significant differences in ALP activity were observed
for cells cultured in the extracts of AlgNbgCu and AlgNbgCa.

4.5.3. Effect of AlgNbgCu and AlgNbgCa extracts on human

umbilical vein endothelial cell function
To understand the interactions of AlgNbgCu and AlgNbgCa
extracts with HUVECs, cell proliferation and the capability of
forming tubes in Matrigel were analysed. Significant increase
of cell viability (p < 0.005) was observed when incubated
with AlgNbgCu and AlgNbgCa extracts obtained at different
timepoints of material incubation—as detailed in §3.8.1—
compared to AlgCu and AlgCa extracts, respectively; to
ControlCu and ControlCa, respectively; and control. Figure 92
shows the results obtained when HUVECs were in contact
with AlgNbgCu and AlgNbgCa extracts collected after 24 h of
incubation compared to AlgCu and AlgCa, respectively, and
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Figure 6. (a) Degradation study of AlgNbgCa and AlgCa 2D scaffolds showed no significant weight loss until the end of the study. Degradation study of AlgNbgCu and AlgCu
2D scaffolds showed that 2D scaffolds degraded at a higher rate than AlgNbgCa and AlgCa 2D scaffolds, which was more notable after day 40. (b) Swelling study of AlgNbgCa
and AlgCa 2D scaffolds showed a weight gain of about 100%. Swelling study of AlgNbgCu and AlgCu 2D scaffolds showed no significant changes in their weight. () Whereas
the pH values of the buffer solution where AlgCa and AlgNbgCa 2D scaffolds were immersed showed a slight increase, the pH values of the buffer solution where AlgNbgCu
and AlgCu 2D scaffolds were immersed did not vary significantly. Average values + s.e.m. are shown in all the graphics. (Online version in colour.)
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Figure 7. Cumulative release profile of Cu** and Ca>* ions in phosphate buffer at pH 7.4. No significant differences for both AlgNbgCa and AlgCa 2D scaffolds were
observed in the release profile. During the first three weeks of the study, the amount of Ca®" ions released increased and after that and until the end of the study, a
slight decrease can be noticed. Until day 21, no differences between the amount of Cu®" ions released for both AlgNbgCu and AlgCu were found. From day 37 and
57, AlgbgCu 2D scaffolds released a higher amount of Cu*" ions than AlgCu 2D scaffolds. Average values + s.d.

control; though similar results were observed at each timepoint
of material incubation. Further, significant higher cell viability
was observed for AlgNbgCu group compared with AlgNbgCa
groups (p < 0.001). Similarly, it was observed that, under the
influence of AlgNbgCu extracts, HUVECs produced the best
results for the typical EC property of forming tubes in Matrigel
both at week 1 and week 2 of being in contact. Nevertheless,
HUVECs formed tubes in Matrigel in the presence of
AlgNbgCa. Figure 9b1-b3 shows pictures obtained at the end
of week 2, when HUVECs treated with AlgNbgCa and
AlgNbgCu incubated for 1 day at 37°C in ECM were trypsinized
and assayed for tube formation in Matrigel.

5. Discussion

The results of the present work suggest that the novel
composite biomaterials have bioactive, biodegradable and
angiogenic properties, and sufficient structural integrity to
be considered for their use in the preparation of scaffolds
for BTE applications.

It was demonstrated that the addition of Nbg significantly
increases the tensile strength of 2D scaffolds in comparison
with those without Nbg in agreement with previous studies
[43,72]. This improvement of the mechanical properties
could be attributed in part to the cross-linking between the
Alg chains and the divalent cations from the Nbg [43], and
seems to be independent of the specific multivalent ion
chosen for cross-linking with the Alg. In addition, the stiff-
ness of Alg strands can be increased by the fact that when
Nbg are incorporated into Alg scaffolds, a decrease in the
microporosity occurs because of their relatively high surface
area [72,73]. The bioactive nature of these novel composite
biomaterials was confirmed by the growth of HA crystals
on the surface of 2D scaffolds when they were in contact

with SBF indicating that these biomaterials might be suitable
for the deposition of extracellular matrix inorganic com-
ponents [25]. Moreover, degradation studies suggest that
2D scaffolds containing Ca”" jons are more stable over time
in comparison with those containing Cu?" ions, regardless
of whether Nbg are present. On the other hand, the results
from the swelling study suggest that both AlgNbgCa and
AlgCa 2D scaffolds have a good swelling capacity, whereas
AlgNbgCu and AlgCu 2D scaffolds do not. As the Alg
used in the present work was the same to prepare each
type of 2D scaffolds, a possible explanation of the results
obtained from both type of 2D scaffolds, containing Ca*"
and Cu?* ions, could be attributed to differences in the inter-
action between the cations and the Alg residues during the
cross-linking reaction. As Ca?" and Cu®" are divalent cations,
the ion radius could play an important role in the cross-
linking reaction [74]. Particularly, Alg is well known for its
high affinity towards Ca®" ions. Ca®" ions bind consecutive
guluronic residues (G-blocks) in a cooperative manner produ-
cing the cross-link of the Alg [36]. However, the cross-linking
with Ca®" ions is not only due to the interaction with
G-blocks but also to the interaction between both mannuronic
and guluronic residues (MG-blocks) [74]. By contrast, the way
in which Cu®" ions bind with Alg residues has not been
explained so far. As Cu”" ions have the same charge and a
similar ion radius as zinc (Zn2+) ions, it could be suggested
that the cross-linking effect of Cu”" ions might occur in the
mannuronic residues (M-blocks) and the MG-blocks, in a
similar way as was described for Zn>" ions [75]. It has been
reported that cations with larger ion radius can form a tighter
structure in the egg-box model compared with cations of
smaller ion radius as ions with larger radius are expected
to fill a larger space between the blocks of Alg polymer,
resulting in a tighter arrangement of cross-linked Alg
matrix [74,76,77]. As Ca>" ions have larger ion radius than
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Figure 8. Effect of different extracts on the proliferation and ALP activity of rBMSCs. (a) Cell viability of rBMSCs cultured with different extracts for 24 h. (b) ALP
activity of rBMSCs cultured with different extracts for 3 and 10 days. Significantly different from @, L-DMEM group; #, AlgCa group; and *, AlgCu group (p <
0.005). Cells cultured in L-DMEM were set as the control group. Two-dimensional scaffolds were incubated for 1 day at 37°C in L-DMEM; for results regarding other

periods of incubation, refer to the text for details.

Cu®" ions, this could explain the slower degradation rate
obtained from 2D scaffolds containing Ca®" than that of
those containing Cu®* ions. In addition, the results from
the FTIR data of AlgNbgCu in comparison to AlgNbgCa
suggest that the mass and radius of the cation play an impor-
tant role in the interaction with Alg residues, due to the fact
that almost all the absorption bands for AlgNbgCa were
broader than those of AlgNbgCu. This might be attributed
to a more stable union between Ca®" ions and the COO
groups from guluronic and mannuronic residues of Alg.
Regarding the swelling process, after 2D scaffolds contain-
ing Ca®" are placed in the phosphate buffer medium at pH 7.4,
the sodium (Na") ions present in the solution are exchanged
with the Ca" ions which are binding with carboxyl groups
mainly in the M-blocks [76,78]. In this way, the electrostatic
repulsion among negatively charged carboxyl groups increases

and causes chain relaxation and enhanced water uptake [76].
Later, the Ca>" ions which are binding with carboxyl groups
of the G-blocks, responsible for the egg-box model structure
formation, also start to exchange with Na* ions from the
buffer medium and the matrix begins the degradation process
[76]. The results indicate that 2D scaffolds containing Ca**ions
swelled until the end of the study and the degradation process
did not start until that time. By contrast, 2D scaffolds contain-
ing Cu”" ions did not show any swelling properties probably
because the 2D scaffolds started degrading during the first
part of the swelling period, which is in agreement with the
results from the degradation study.

Based on the literature previously mentioned, Ca®"-cross-
linked Alg gels are stable over time because of the manner in
which Ca?* ions interact with the G-blocks, which explains
the fact that Ca®"—Alg gels have been widely used for drug
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Figure 9. (a) Cell viability of HUVECs cultured with different 2D scaffold extracts for 24 h. Cells cultured in ECM were set as the control group. Significantly different
from @, ECM group; #, AlgCa group; *, AlgCu group (p << 0.05); and *, AlgNbgCa group (p << 0.001). (b) HUVECs capable of forming tubes in Matrigel were
pictured at the end of week 2 of being assayed: (b1) control, (b2) HUVECs in contact with AlgNbCa extract, (b3) HUVECs in contact with AlgNbCu extract. Similar
pictures were observed also at week 1. Two-dimensional scaffolds were incubated for 1 day at 37°Cin ECM; for results regarding other periods of incubation, refer to

the text for details.

delivery and tissue engineering. Nevertheless, when the prep-
aration of a multifunctional scaffold is envisaged, the
possibility to use other cross-linking cations allows incorporat-
ing diverse properties based on the effects on bone formation
that these cations could produce when they are released. The
use of Cu®" ions could have beneficial effects on bone for-
mation and blood vessel growth [21,48]. Moreover, the use of
Cu®" ions as a cross-linking agent could be considered when
faster degradation rates of the scaffolds are desired.

In spite of the fact that an aqueous dispersion of Nbg has
high pH values, the dissolution products from 2D scaffolds
containing Nbg did not produce considerable changes in the
pH value of the buffer media after they are immersed, probably
due to their low concentration within the composite biomater-
ials developed. This effect is interesting to be considered when
cytocompatibility studies are being carried out, where acidic
or basic pH values from the dissolution products of the
biomaterials could affect the metabolism of the cells.

The results from the release study suggest that both Cu®"
and Ca®" ions are released in a controlled manner from the
2D scaffolds without any burst release. In addition, the
release of Cu”™ and Ca®" ions was independent of the pres-
ence of Nbg, except for AlgNbgCu and AlgCu between
days 37 and 57, where 2D scaffolds containing Nbg released
a higher amount of Cu®" ions.

As was mentioned previously, when Alg gels degrade,
cross-linking cations are released due to exchange with mono-
valent cations from the medium [42]. Our results indicated that
AlgNbgCu and AlgCu, which showed the highest degradation
rates, released a lower amount of Cu?" ions when compared
with the amount of Ca®" ions released from AlgNbgCa and
AlgCa, which remained stable until the end of the degradation
study. A possible explanation of this effect could be that both
Cu®" and Ca®" ions interact with Alg chains in a different
manner and with different affinity. Moreover, the fact that
the amount of Ca®" ions released was higher in comparison
with the amount of Cu”*" ions released could be attributed
not only to the release of Ca®" ions incorporated into the 2D
scaffolds, but also to the release of Ca®t from the Nbg.

As described above, Cu®* ions play an important role in
blood vessel growth, which depends on the concentration
of the ion [21,55,56]. Our results indicated that the total
amount released of Cu®" ions at the end of the study is
within the range of values that were previously reported to
stimulate the proliferation of the cell model chosen,
HUVECs, without having toxic effects [21,55-57]. In the
case of the release of Ca?" ions, a more controlled release
was observed due to the fact that Ca®>" ions were released
steadily during the study and after 30 days the release
decreased slightly in comparison with the first part
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probably due to the fact that the inner part of the film was
more difficult to be reached by the medium.

Regarding the in vitro cellular studies, the results indicate
that both nanocomposite 2D scaffolds containing Cu*" and
Ca”®" ions were able to stimulate the proliferation and
differentiation of rBMSCs which was confirmed by the
enhancement of the activity of osteogenic markers such as
ALP, when compared with AlgCu and AlgCa 2D scaffolds,
respectively. Among various biological tests available to
assess the differentiation of bone cells towards the osteogenic
linage and to evaluate the osteoblastic activity of biomater-
ials, the study of the secretion and activity of ALP is an
important test as this enzyme acts as one of the markers to
confirm osteoblastic phenotype and mineralization [79].
ALP is an ectoenzyme produced by osteoblasts and is
involved in the degradation of inorganic pyrophosphate to
provide sufficient local concentration of phosphate or inor-
ganic pyrophosphate for the mineralization process [79].
The results of this study indicated that the ALP activity
from AlgNbgCu and AlgNbgCa groups was much higher
after 10 days compared with the results after 3 days,
suggesting that at the beginning the differentiation of bone
cells had not started. In addition, as mentioned previously,
it is widely known that bioactive glasses stimulate gene
expression in bone cells, control the cell cycle of bone cells
towards osteogenic differentiation and enhance the prolifer-
ation of osteoblasts [13,17,18]. On the other hand, both
Cu*" and Ca®" ions are involved not only in the stimulation
of proliferation of bone cells, but also in the stimulation of
the differentiation of bone cells to the osteogenic linage
[45,48,80]. In this sense, the synergistic effects on bone for-
mation from Nbg and cross-linking cations would explain
why these nanocomposites showed better results in compari-
son with those cross-linked 2D scaffolds without Nbg, and
also indicating that these novel biomaterials have potential
osteogenic activity of relevance for BTE scaffolds.

According to the studies to evaluate the angiogenic prop-
erties of these novel biomaterials, it is worth noticing that
both Nbg and Cu®" ions have important roles in blood
vessel formation, which allows understanding of the results
obtained. Regarding bioactive glasses, particularly those of
nominally Bioglass® 4555 composition, the effects of their
ionic dissolution products on the stimulation of endothelial
cell proliferation, such as HUVECs, have been widely
reported [13,20]. In addition, a recent work has confirmed
the effects on the promotion of blood vessel growth by bio-
active glass nanoparticles with the same composition as
that previously mentioned, when they are incorporated in
polymer-based scaffolds for BTE [81]. These considerations
are in agreement with the results of our study, where the
2D scaffolds containing Nbg showed a higher proliferation
of HUVECs and a better capability of forming tubes in Matri-
gel in comparison with those without Nbg. Further, 2D
scaffolds containing Nbg cross-linked with Cu*" showed
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