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ivery of therapeutic ions from
bioactive scaffolds while inhibiting their apatite
nucleation: a coaxial electrospinning strategy for
soft tissue regeneration†

Pin Zhou,a Jian Wang,a Anthony L. B. Maçon,*b Akiko Obata,c Julian R. Jonesd

and Toshihiro Kasuga*abc

The delivery of therapeutic ions, as a key element for the regeneration of soft tissue, represents a viable

alternative to conventional drugs. Primarily designed for the regeneration of hard tissue, degradable

bioactive inorganic matrices are a carrier of choice for the delivery of ionic chemical cues. However,

they nucleate calcium-phosphate crystal on their surface, which could be undesired for most soft tissue

regeneration. Here, a coaxial electrospinning process was engineered, generating core–shell fibres with

inorganic particles enclosed within a bio-inert polymeric shell. Silicon doped vaterite (SiV) dispersed in

poly(L-lactic acid) was selected as an inorganic composite core and poly(D,L-lactide-co-glycolide) (PLGA)

as a shell. By careful selection of the electrospinning parameters, fibres of constant diameter (z10 mm)

with controllable shell thickness (from 1.3 to 4.2 mm) were obtained. The release of calcium and silica

followed the Weibull model, showing a purely diffusive release after hydration of the PLGA layer. The

rate of release could be controlled with the shell thickness. The nucleation of calcium-phosphate

crystals was inhibited. In addition, with the presence of a PLGA shell layer, the mechanical properties of

the fibermats were greatly improved with, for instance, an increase of the Young's modulus up to 536%

as compared to original composite. These non-woven porous materials are an affordable investigation

platform to study the effect of local ionic release onto the surrounding cell metabolism.
1 Introduction

Recently new biomaterials have been developed that can deliver
therapeutic ions for the regeneration of so tissues.1–3 Enrich-
ing the local environment of human cells in ions such as
calcium or silicate ions can have signicant effects on their
metabolism, activating genetic pathways, which can subse-
quently accelerate the recovery of damaged tissues.4–7 For
instance, calcium plays a central role in wound healing as it is
involved in various cellular processes triggered by cutaneous
injuries.8,9 In addition, internalised calcium is known to regu-
late inammatory cell inltration and favour the proliferation
of broblasts.10,11 Few examples are available in the literature,
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demonstrating that a biomaterial-based approach is a viable
strategy for the local delivery of calcium in wounded skin.12–15

Kawai et al. developed calcium-based nanoparticles from a fetal
bovine serum that can readily disintegrate in acidic pH, deliv-
ering ionised calcium. Intravenous injection in female Balb/c
mice revealed a signicant increase in the resorption of the
wound as compared to the control.15

In the wider context of so tissue regeneration, bioactive
ceramics and glasses can deliver ions that have therapeutic
properties.3,16 Ionic chemical cues can be present within the
structure of the inorganic construct either as network modier/
former for bioactive glasses or as a part of the crystal lattice for
bioceramics and can be released upon hydrolytic degradation
when immersed in body uid.17 However, most of the engi-
neered bioactive glasses and ceramics have been designed
towards the regeneration of hard tissue. Thus, the release of
these active ions oen comes with a great variation in surface
chemistry, favouring the surface nucleation of bone-like crystal,
an essential step in the osteoconduction cascade.18

While this is considered to be a desirable point in the
regeneration of hard tissues, it may be a source of complica-
tions in regeneration of so-tissues as it can lead to calcica-
tion, in particular for cardiovascular tissues.19 In this report, we
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra25645g&domain=pdf&date_stamp=2017-01-06
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25645g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007007


Fig. 1 Schematic representing the coaxial electrospinning setup used
here to produce core–shell fibres with a photograph of the concentric
spinneret (inset).
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View Article Online
present a proof-of-concept for the fabrication of open 3D
composite templates, allowing the release of inorganic chem-
ical cues from bioactive glasses or ceramics while inhibiting the
formation a hydroxyapatite layer on the surface of the template.
A coaxial electrospinning setup was used to create a polymeric
core–shell non-woven fabric within which the inorganic parti-
cles were loaded in the core of the bres protected by a poly-
meric shell.20 One important criterion of this engineered system
is that the shell layer must uptake water from the surrounding
body uid in order to trigger the hydrolytic degradation of the
inorganic particles and subsequent diffusion of the therapeutic
ions in the media.

In order to validate this proof of concept, we selected silicon-
containing vaterite (SiV) as an inorganic phase. SiVs are non-
thermodynamically stable calcium carbonate spherical parti-
cles of approximately 1 mm which can release calcium and
organo-silicate ions upon immersion in aqueous media.21–24

When directly exposed to aqueous media, full conversion into
calcite is observed within 1 h with a dissolution rate tailorable
as a function of the synthesis parameters. Poly(lactic acid) was
selected as an organic phase for the core of the bres since this
composite has already been successfully electrospun.25–28 Pol-
y(D,L-lactide-co-glycolide) (PLGA) was selected has an outer layer
for its ability to uptake water and therefore allowing the
hydrolytic degradation of the enclosed SiV particles.20,29,30 The
effect of the relative diameter of the inner core to the size of the
PLGA shell on the mechanical properties, dissolution behav-
iour, and apatite nucleation was investigated.
2 Experimental section
2.1 Materials

Poly(L-lactic acid) (PLLA, Mitsui Chemicals, Co., Ltd. Japan; Mw

¼ 140 kDa), poly(D,L-lactide-co-glycolide) (PLGA, Purasorb®
PLGA, Purac Biomaterials) and siloxane-containing vaterite
(SiV, Yabashi Industries, Co., Ltd. Japan, 2.6 wt% of silicon, 1.4
mm in diameter) were used as received. All other chemicals were
purchased from Wako Pure Chemical Industries, Japan.
2.2 Preparation of core–shell composite bres by coaxial
electrospinning

SiVPC (SiV/PLLA composite) was prepared by a melt-kneading
method.25 PLLA was poured into a preheated kneader and stir-
red for 5 min at 200 �C, and then mixed with SiV and stirred for
another 10 min. The mass ratio of SiV to PLLA was set to 60 wt%.

Coaxial electrospinning equipment (Kato Tech, NEU, Japan)
was used to prepare the core–shell composite bres. SiVPC (10
wt%) and PLGA (15 wt%) were separately dissolved in chloroform
and stirred at room temperature for 12 h. Each solution was
loaded into separate syringes and set up on a pump (FP-W-100,
Melquest, Toyama, Japan). The syringes were connected to the
coaxial needles (inner diameter øin ¼ 0.50 mm, outer diameter
øout ¼ 1.10 mm) to form a concentric nozzle, with PLGA and
SiVPC representing the shell and the core of the electrospun
bres, respectively. The drum collector, with a tangential velocity
of 2 m min�1 wrapped in aluminium foil, was placed at 150–200
This journal is © The Royal Society of Chemistry 2017
mm from the nozzle. The electrospinning was carried out
applying a of +12 kV potential between the nozzle and the
collector for 4 h, at room temperature with a relative humidity of
z50%. A schematic of the setup is shown in Fig. 1.

The extrusion rate of the SiVPC shell was set to 63 mL min�1.
The extrusion rate of the core layer (SiVPC) was set relatively to
the shell at 2� (CS-1) and 10� (CS-2) slower. Conventional bres
were also prepared using the above method and a single needle
from SiVPC and pure PLGA dissolved in chloroform at 13 wt%
and 15 wt%, respectively.

2.3 Characterisation of core–shell composite bres

Morphologies of the surfaces and the fracture surfaces of the
bres were observed with a scanning electronmicroscope (SEM,
JSM-6301F, JEOL, Japan) aer coating with amorphous
osmium. The diameters of core–shell bres were measured
from 40 randomly chosen bres using Image J soware. The
cross sections were observed by soaking the bres in liquid
nitrogen for 2 min and breaking with tweezers. Tensile test was
conducted on an Autograph (AGS-G, Shimadzu, Japan). The
experiment followed the Japanese Industrial Standard JIS
L1015. All samples were cut using a metal punch (50 mm � 10
mm). The grip-to-grip distance was 40 mm and the samples
were elongated at a constant tensile rate of 1 mm min�1 until
failure. Each composition was run in triplicate.

2.4 Ion release behaviour

The ion release behaviour of the bres was evaluated as previ-
ously described23 in Tris buffer solution (TBS). Briey, 1000mL of
TBS was prepared by dissolving 6.118 g of tris(hydroxymethyl)
aminomethane in distilled water at 36.5 �C, then adjusting pH to
7.4 with 1 M hydrochloric acid. 20 mg of sample was placed in
polypropylene containers, subsequently lled with 10 mL, tightly
sealed, and kept in a incubation oven at 36.5 �C in static state. At
each time point (3 h, 6 h, 12 h, 3 d, 7 d and 10 d), samples were
RSC Adv., 2017, 7, 3992–3999 | 3993
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taken out from the solution, rinsed with DW and dried overnight.
The concentrations of silica and calcium ions in the residual
solutions were measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES; ICPS-7000, Shimadzu, Japan).
The ICP-AES was calibrated prior to use using calcium and silicon
standard solutions at 2, 10, 40 mg mL�1. Each time point was run
in triplicate for statistical relevance.
2.5 Apatite-forming ability

Simulated body uid (SBF, pH ¼ 7.4)31 consisting of 142.0 mM
Na+, 5.0 mM K+, 1.5 mM Mg2+, 2.5 mM Ca2+, 148.3 mM Cl�,
4.2 mMHCO3�, 1.0 mMHPO4

2�, 0.5 mM SO4
2� was prepared by

dissolving reagent grade NaCl, NaHCO3, KCl, K2HPO4$3H2O,
MgCl2$6H2O, HCl, CaCl2, and Na2SO4 in distilled water at
36.5 �C, and then using tris(hydroxymethyl) aminomethane and
1 M hydrochloric acid to adjust pH to 7.4. 20 mg of samples was
immersed in 10mL of SBF and kept at 37 �C in static state for 1 or
3 days. Samples were then washed with distilled water and dried
in air.

For characterisation of the crystalline phases, an X-ray
diffraction (XRD, X'pert X-ray Diffractometer, Philips) analysis
was conducted (CuKa, 50 kV, 40mA). The scan rate was 0.01 �s�1

and a 2q range was from 20� to 60�. Before tests, the dried
sample were cut to 10 mm � 20 mm.
3 Results and discussion
3.1 Preparation of the core–shell composite bres varying
the shell wall thickness

Fig. 1 shows the experimental setup used to obtain non-woven
core–shell bres composed of SiV particles embedded in
poly(L-lactic acid) for the inner bre and poly(D,L-lactide75-co-
glycolide25) for the shell. Coaxial-electrospinning consists of
applying a high-voltage to concentric needles from which two
solutions of different compositions were fed. The variables
affecting the coaxial-electrospinning were conceptually similar
to these of single jet.32 However, key parameters had to be
carefully selected in order to achieve an uniform coating of the
sheath polymer onto the core bres, which can be found in
Table 1:33 (i) the working range of applied voltage used was
found to be between 12 to 16 kV, guaranteeing the formation of
a single Taylor cone comprising both the core and the shell as
Table 1 Summary of the electrospinning parameters used to fabricate t

Entry Ratioa LA/GA
Viscosityb

(Pa s)
Polymer contentc

(wt%)

SiVPC 100/0 4600 10
CS-1 75/25 2.1 15
CS-2 75/25 2.1 15
CS-3 85/15 2.5 15
CS-4 50/50 2.2 13

a aMolar ratio of lactic and glycolic acid in poly(D,L-lactide-co-glycolide); bo
shown in c; dsheath to core ow rate ratio with a shell set at 63 mL m
fmeasured from the SEM micrograph n ¼ 40.

3994 | RSC Adv., 2017, 7, 3992–3999
shown the inset of Fig. 1. Moghe et al. described that
a subcritical voltage could lead to a single jet of sheath polymer,
whereas a supercritical voltage could lead to multiple jets,
spinning separately the core and the shell.33 However, this
phenomenon was not observed here. (ii) The stabilisation of the
Taylor cone was obtained due to the low interfacial tension
between the core and shell solutions as chloroform was used as
solvent for both solutions, which also favoured the formation of
uniform core–shell bres.34 (iii) Intermixing of the core and
shell solutions was avoided by assuring that the difference in
viscosity between two liquids was sufficient, and that the ow
rate of the core solution was at least twice lower than the sheath
solution.35 (iv) Finally, the ow rate of the core solution must be
high enough in order to facilitate the formation of an inner jet
and uniform bres without beading.36 Here, a xed ow rate of
63 mL min�1 was selected for the shell solution, while varying
ow rate of the from 6.8 (CS-2) to 26.4 (CS-1) mL min�1,
expecting an increase of the inner diameter and overall bre
diameters as an increase of the core solution ow rates.33,36,37

Fig. 2 shows SEM pictures of the bres and their cross-
sections aer the electrospinning process, from which the char-
acteristic sizes of the cores and shells were extracted and sum-
marised in Table 1. Uniform bres were produced with no
apparent disruption of the core relative to the shell. Cross-
sectioning of the bres revealed that the SiV particles were well
conned within the core of the bres, suggesting that no inter-
mixing of the solution occurred during the electrospinning
process. Interestingly, the overall diameter of the bres, of an
approximate value of 10 mm, did not vary by decreasing the ow
rate of the core solution, as suggested elsewhere in the litera-
ture.36–38 Instead, the core diameter decreased from 7.4 mmat 26.4
mL min�1 to 5.4 mm at 6.8 mL min�1. Conventionally the viscosity
of the sheath solution is set higher than the core to facilitate the
formation of an uniform Taylor cone, counterbalancing the
interfacial tension.34,36,39 However, due to the composite nature of
the core solution, this criterion could not be validated here,
which nonetheless did not have detrimental impact on electro-
spinnability of thematerial. Thus, we hypothesised that when the
differential viscosity between the sheath and core solution is
inverted, the rapid drying of the sheath solution relative to the
core induced a sudden increase of the interfacial tension between
the two liquids, and as a result stress hardened the core bres
during the whipping process. The direct consequence was that
he core–shell composite fibres and their characteristic sizesa

Feed rated

ratio
Voltagee

(kV)
Fibre øf

(mm)
Wall thicknessf

(mm)

— 12 10 � 1 —
2.4 12 10 � 2 1.3 � 0.7
9.2 12 10 � 2 2.3 � 0.1
2.4 15 12 � 2 1.6 � 0.1
2.4 16 11 � 3 1.3 � 0.6

btained from the polymer/polymer-composites solubilised in CHCl3 as
in�1; evoltage applied between the coaxial needle and the collector;

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM micrographs showing the porous structure of the core–shell fibres after electrospinning and their corresponding cross-section.
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the core diameter could be controlled by its ow rate. In order to
validate our observation, the experiment was replicated with
a core solution ow rate 20 times lower than the sheath solution.
Fibres with an overall diameter of 11 � 2 mm and an inner
diameter of 4.2 � 1 mm were obtained (Fig. S1†), conrming the
observation made above.

The morphology of the bres were also characterised by SEM
as shown in Fig. 2. Fibres exhibited rough surfaces, with potential
porosity, regardless of the experimental condition used. Several
reports on single jet electrospinning demonstrated that the
surface morphology of bres made from polyester is dictated by
complex interactions between the polymer, solvent and the local
environment in which process is conducted.40,41 Here, experi-
ments were conducted at room temperature with a relative
humidity of 50% and the morphology of the bres were in good
agreement with the these obtained by Putti et al. using poly(3-
caprolactone) in CHCl3, under the same conditions.40

3.2 Effect of the PLGA wall thickness on ion release

In order to evaluate the ion release from the bermats, 20 mg of
SiVPC, CS-1 and CS-2 were immersed in 50 mM Tris buffered
solution with pH adjusted to 7.4. The silicon and calcium release
proles are shown in Fig. 3a and were obtained by analysing the
collected solution by ICP-AES. Calcium and soluble silica from
SiVPC burst in solution with initial release rates of RSiVPC,Ca ¼ 27
mg mL�1 h�1 and RSiVPC,Si ¼ 8 mg mL�1 h�1 reaching 314.5 � 0.6
mgmL�1 and 32.0� 0.8 mgmL�1 aer 1 d of immersion and 345.4
� 5.1 mg mL�1 and 32.3 � 0.8 mg mL�1 at 3 d for calcium and
silicon, respectively, and staying constant thereaer. Both ions
were released in media due to hydrolytic instability of the silicon
containing vaterite particles embedded within the PLLA matrix,
with prole releases in agreement with our previous report.22,26,28

The initial release rate of the calcium was only 3.4 times higher
than silicon, when silicon only represents 2.8% of the weight of
the SiV particles. Thismeans that the silicon release was relatively
higher than calcium, which can be explained by the structural role
This journal is © The Royal Society of Chemistry 2017
that hydrolysed 3-aminopropyltriethoxysilane (APTES), the silicon
source in SiV, plays in SiV particles.23 APTES stabilises the
premature crystalline phases during the synthesis of SiV particles
by enclosing them in a peripheral layer. Thus, upon immersion of
the particles in aqueous media, oligomeric and monomeric
aminopropylsilanetriols were rst released in solution, in a burst
fashion, subsequently followed by the release of calcium.23

With the presence of a poly(D,L-lactide75-co-glycolide15) shell
layer onto the SiVPC bres, both initial rate of release and total
amount release at 10 days were reduced with a more
pronounced effect as the wall thickness increased. For instance,
the calcium initial rate of release decreased to RCS-1,Ca ¼ 16 mg
mL�1 h�1 and to RCS-2,Ca¼ 2 mg mL�1 h�1 with an wall thickness
of 1.3 and 2.3 mm, respectively. The hydrolytic degradation of
the embedded SiV particles, through the PLGA layer, was
possible due to the water uptake of the shell layer.30,42

However, despite the apparent reduction in concentration in
calcium and silica with the increase of the wall thickness, it is
difficult to draw rm conclusion as an increase in wall thickness
came with a decrease in SiV particle content at a xed mass of
bres. Thus, to alleviate the uncertainty, the total content in
silica and calcium per gram of bres was evaluated aer alka-
line digestion, allowing the normalisation of the release proles
presented in Fig. 3a, as shown in Fig. 3b. This revealed that with
an outer layer of 1.3 mm (CS-1), the general release rate of silica
and calcium was reduced compared to SiVPC, however, with no
statistical decrease of the initial rate. For instance, calcium was
initially released at 7.0� 1% h�1 for SiVPC and 6.0� 1% h�1 for
CS-1. With an outer thickness of 2.3 mm, the initial release rate
was 2.5 � 0.5, approximately half of SiVPC. In addition, it
appeared that the modal release for CS-2 varied from CS-1 with
a sustain release of calcium aer 3 d immersion at a rate of
release of 3% d�1. In order to verify whether this change in
release behaviour was due to a change in mechanism of release
or just a consequence of the increase in shell thickness, the
proles in Fig. 3b were tted with the Weibull model,
RSC Adv., 2017, 7, 3992–3999 | 3995
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Fig. 3 Calcium and silicon release profiles upon immersion in Tris buffered solution over 10 d with (a) the concentration given in mgmL�1 and (b)
the normalised concentration. The normalised profiles of the core–shell fibres were fitted using eqn (1).

Fig. 4 Normalised calcium release profiles in Tris buffer solution from
core–shell fibres of the same wall-thickness, varying the ratio of lactic
to glycolic acid in the PLGA shell layer. The normalised profiles of the
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characterising a purely diffusive, or Fickian, ionic transport,
using the following equation:43,44

Mt

MN

¼ 1� exp
��a� tb

�
(1)

whereMN is the total amount of released ions at innity,Mt the
amount of ions released at t, a and b constants. All release
proles from the core–shell bres could be tted with the
Weibull model with a R2 above 0.99, suggesting that the ionic
release from the SiV particles through the PLGA layer was purely
diffusive. In addition, when using PLGA as a template, the value
taken by b could inform on the mechanism of diffusional
release and the degree of disordering of the medium (i.e. the
PLGA shell).45,46 Since the same polymer was used as a shell for
CS-1 and CS-2, b is only describing the change in release
mechanism. Thus, with CS-2 (b ¼ 0.354 � 0.01) the diffusion
was characteristic of a percolation cluster whereas with CS-1 (b
¼ 0.954 � 0.05) the diffusion followed a rst order with regards
to the Fick's law of diffusion, highlighting changes in release
mechanism with the wall-thickness. In addition, this model
suggests that increasing or decreasing the ordering of the
template could also lead to variations in the ionic release
proles. Fortunately, the degree of ordering in PLGA and its
ability to uptake water can be tuned as a function its chemical
composition, by varying the relative content of lactic to glycolic
3996 | RSC Adv., 2017, 7, 3992–3999
residue in the copolymer. An increase in lactic content would
lead in a more hydrophobic shell and vice versa. To verify the
validity of this hypothesis, the core–shell bres similar to CS-1
in geometry were produced using PLGA with a lactic to gly-
colic molar ratio of 85 : 15 (CS-3) and 50 : 50 (CS-4) (SEM
core–shell fibres were fitted using eqn (1).

This journal is © The Royal Society of Chemistry 2017
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pictures available in ESI, Fig. S2†) and immersed in Tris buff-
ered solution as shown in Fig. 4 (silicon release in Fig. S3†). CS-1
and SiVPC were plotted as a control. As expected the release
behaviour of PLGA (85 : 15) was slower than PLGA (75 : 25),
which was itself higher than PLGA (50 : 50). The data were tted
with the Weibull model and showing an increase in the value
bwith PLGA (50 : 50) to 1.515 and a decrease with PLGA (85 : 15)
to 0.724, indicating variations in the mechanism of release.45,46

This highlights the complexity of ionic diffusion through PLGA
membranes or shell but also shows the high degree of tailor-
ability of the system. It is important to note that these release
proles could also be greatly inuenced with the hydrolytic
stability of the inorganic construct embedded with the core of
the bres and are only valid for SiV particles.

3.3 Apatite-forming ability

The precipitation of hydroxyapatite onto the surface of glasses or
ceramics is known to be a surface nucleation driven process,
where topography, surface chemistry and local environment play
detrimental roles in the mechanism.18 By enclosing the SiVPC
bres with a bio-inert polymer, we hypothesised that crystal
nucleation could be suppressed.47 To conrm this statement,
SiVPC, CS-1 and CS-2 were immersed in simulated body uid
(SBF) over 3 d and the variation in surface chemistry was moni-
tored by XRD and SEM. This measurement is not to be related to
the potential in vivo performance of these non-woven bres but to
understand the change in chemistry upon immersion in media
that have the same ionic strength that blood plasma.48
Fig. 5 SEM micrographs of SiVPC, CS-1 and CS-2 before and after imm

This journal is © The Royal Society of Chemistry 2017
Fig. 5 shows the SEM micrographs of the bermats before
and aer 1 and 3 d of immersion in SBF. Aer 1 d, cauliower-
like crystals of z1 mm were partially covering the SiVPC bres,
which slightly grew in size and number aer 3 d of immersion.
The morphology of the crystals was typical of early stage
nucleation of calcium-phosphate on bioactive materials.18 It is
likely that the rapid increase in calcium concentration along
with the rough surface of the bres could have favoured the
nucleation of calcium-phosphate crystal as SBF is super-
saturated towards hydroxyapatite.49 However, it is unclear
whether the polymer or the exposed SiV particles acted as
nucleation centre. The presence of a shell layer signicantly
reduced or suppressed the crystal nucleation on the surface of
the bres. Upon immersion of CS-1, submicron particles could
be observed on the surface of the bres. However, it is difficult
to appreciate whether these particles were formed by nucle-
ation, or were SiV particles exposed by early erosion of the PLGA
shell layer. With a wall thickness of 2.3 mm, such as with CS-2,
no precipitate could be observed, with smooth bres at 1 and 3
d of immersion, result of the shell hydration.30,42 Fig. 6 shows
the XRD patterns before and aer immersion in SBF for SiVPC,
CS-1 and CS-2. SiV particles are characterised by diffraction
peaks at 21� and 25� and 33� 2q (ICSD 18127), originating from
the (004), (110) and (114) planes of their hexagonal unit cell,
respectively.23 Before immersion, the intensity of diffracted
peaks, corresponding to SiV, decreased with an increase of the
wall thickness. Clear diffraction at peak at 2q z 32� could be
observed aer 3 d of immersion for SiVPC, which is
ersed in SBF for 1 day and 3 days, the scale bar is 1 mm.

RSC Adv., 2017, 7, 3992–3999 | 3997

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25645g


Fig. 6 XRD patterns of the core–shell fibres before and after 1 d and 3 d of immersion in simulated body fluid.

Fig. 7 Typical stress–strain curves obtained from tensile deformation
of the fibremats.

Table 2 Summary of values extracted from the stress–strain curve in
Fig. 7 describing the mechanical properties of the core–shell fibres.
Values are given from a population of n ¼ 3

Entry
Tensile
strength (MPa)

Elongation
at break (%)

Young's
modulus (MPa)

SiVPC 0.52 � 0.33 1.77 � 0.79 22 � 1
CS-1 1.78 � 0.39 10.60 � 0.80 49 � 1
CS-2 2.76 � 0.33 25.52 � 7.89 118 � 11
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characteristic of crystallised calcium-phosphate (ICSD 01-084-
1998) and corroborated the observations made with SEM.
However, the denition of the peak was not sufficient to
conclude with certainty that the crystal formed was hydroxy-
apatite. With CS-1, vaterite was the only crystalline phase
detected, regardless of the immersion period whereas calcite
was detected aer 1 d of immersion for CS-2 (ICSD 52151). It is
likely that with CS-2 the slow ionic diffusion along with the
efficient hydration of the shell led to the conversion of SiV into
3998 | RSC Adv., 2017, 7, 3992–3999
calcite within the core of the bres as no crystal could be seen
on their surface.
3.4 Mechanical properties of the core–shell composite bres

It is important that when synthesising synthetic materials for
medical application, the resulting template has enough
strength to be physically handled and manipulated by the
surgeons without breaking.2 SiVPC is known to be brittle due to
the high loading of inorganic particles (60 wt%).26 Thus, addi-
tionally to the above proof of concept, we investigated whether
the addition of a PLGA shell layer could have a benecial effect
onto the mechanical properties of the electrospun composites.

Tensile test was performed SiVPC, CS-1, CS-2 and the
resulting stress–strain curves are shown in Fig. 7 and the
extracted tensile strength, elongation at break and Young's
modulus in Table 2. As expected, SiVPC bermat was brittle
with an elongation at break of 1.77 � 0.79%. Upon the addition
of a PLGA shell layer the mode of deformation went from brittle
to ductile, with a proportional increase of the mechanical
properties with the increase of the wall thickness. For instance,
the Young's modulus of the bermats, extracted for the elastic
region, went from 22 MPa for SiVPC to 118 for CS-2 along with
530% increase in the tensile strength and 1441% in elongation
at break.
4 Conclusion

We successfully demonstrated that the apatite forming ability of
bioactive inorganic construct could be suppressed while
retaining the release of inorganic chemical cues in the
surrounding media. This engineered strategy could opened new
perspectives to the large library of inorganic construct that have
been originally designed for the repair of hard tissue towards
the regeneration of so tissue, where calcication could lead to
non-negligible complications. We also believe that these non-
woven porous materials could also be used as investigation
platform to study the effect of local ionic release onto the
surrounding cell metabolism.
This journal is © The Royal Society of Chemistry 2017
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