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ontium/calcium containing
poly(g-glutamic acid) – organosiloxane fibrous
hybrid materials for osteoporotic bone
regeneration

Chunxia Gao, a Ke Zhao,a Yaping Wu,a Qiang Gao *ab and Peizhi Zhu *a

Recent researches have proved that combination of several therapeutic metal ions, such as silicate (Si), calcium

(Ca), strontium (Sr) and so on, with biomaterials may have promising effects for stimulating bone regeneration. In

the present study, the Sr/Ca containing silicate hybrid materials (Sr/Ca-g-PGA-silica) with a mimetic native

extracellular matrix (ECM) structure have been developed by electrospinning. With the aim to promote the

solubility of g-PGA in aqueous-based solution and introduce Sr/Ca elements into the prepared hybrid

materials, SrCO3 and CaCO3 were employed due to their nontoxicity and no by-products during chemical

reaction between g-PGA and SrCO3/CaCO3. Results of SEM, EDX and elemental mapping images showed

that Sr and Ca have been successfully incorporated into the prepared fibrous hybrid materials with

homogeneous dispersion. Results of ICP-AES revealed that there was continuous Si, Sr and Ca ion release

behavior of Sr/Ca-g-PGA-silica hybrid materials in Tris–HCl buffer solution and the Si ions release rate can be

tailored by adjusting the molar ratio of Sr to Ca. Immersion of Sr/Ca-g-PGA-silica hybrid materials in

a simulated body fluid (SBF) resulted in the formation of an apatite-like surface layer within 3 days, indicating

their excellent bioactivity. In addition, the prepared Sr/Ca-g-PGA-silica hybrid materials supported the

proliferation and alkaline phosphatase (ALP) activity of osteoblast in vitro, showing their good biocompatibility.

Altogether, the results indicated that the prepared Sr/Ca-g-PGA-silica hybrid materials with an adjusted ionic

release behavior have great potential for providing an excellent ECM for osteoporotic bone regeneration.
Introduction

Osteoporosis is a progressive bone disease that is characterized
by a decrease in bone mass and density which can lead to an
increased risk of fractures. It has become a major public health
problem, affecting hundreds of millions of people worldwide,
especially women age 50 or older.1,2 Considering the increasing
proportion of the elderly in the global population, the economic
burden of such musculoskeletal diseases will further increase in
the near future. At present, there are generally two major phar-
macological approaches for the clinical treatment of osteopo-
rosis.3,4 One is for anabolic agents for stimulating bone
formation, and another is anti-resorptive agents for inhibiting
the bone resorption.5,6 Among all these agents, strontium rena-
late has received signicant attention due to its dual effects on
stimulating bone formation and inhibiting bone resorption.7

Although strontium renalate can be used for treating osteopo-
rosis and preventing disease progression, it remains difficult to
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regenerate osteoporosis-related fractures. Recently strontium (Sr)
has received considerable attention due to its dual functions in
increasing bone formation and decreasing bone resorption.
Moreover, introducing Sr into the biomaterials has become
a strategy and various Sr-doped biomaterials have been devel-
oped for treating osteoporotic bone fractures. Therefore, incor-
poration of Sr into bioactive materials was expected as a viable
method to regenerate the fractures resulting from osteoporosis.

In the past decade, a number of research groups have investi-
gated the bone regeneration of Sr-containing bioglasses, bio-
ceramics and bone cement.7–9 Sr doped bone cement have been
proved to improve bone formation as well as reduce bone
resorption in vivo.10 Although these Sr-containing inorganic
biomaterials have been demonstrated to have high mechanical
strength and excellent biological properties, their inherent brit-
tleness and slow degradation are still main drawbacks for limiting
their further applications. Therefore, there has been a consider-
able research interest to develop Sr-containing bone substitute
materials. To improve the toughness and degradation of these
inorganic biomaterials, with the interpenetrating networks of
polymers and silica have been developed for bone regeneration.11

Recently, various silica-based hybrid materials have been devel-
oped for bone regeneration.12 However, to our knowledge, most of
RSC Adv., 2018, 8, 25745–25753 | 25745
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these prepared silica-based hybrid materials have not contained
Sr. Therefore, it is necessary to develop the novel Sr/Ca-containing
silica-based hybrid materials. In the previous reports, calcium
nitrate (Ca(NO3)2) and strontiumnitrate (Sr(NO3)2) have been oen
chosen as the Ca and Sr sources due to their high soluble in the
aqueous-based solution.13,14 However, they are not the best choice
for fabrication of hybrid materials due to their nitrate by-products
are toxic and they need to be removed by thermal treated at above
600 �C which is too high for organic phase in the hybrids.15

Moreover, the homogeneous dispersion and initial burst dissolu-
tion behaviours of incorporated Sr and Ca are still challenges.
Thus, one of our objectives is to fabricate Sr/Ca-containing silica-
based hybrid materials using more suitable precursors for the Sr
and Ca sources with homogeneous dispersion and tailorable ions
release behaviour.

With this objective, an anionic polypeptide poly(g-glutamic
acid) (H-g-PGA) was chosen as an organic phase due to their lots
of functional carboxylic acid (–COOH) groups which can be
easily modied by chemical reactions to yield cross-linked g-
PGA or its derivatives.16 Ho et al. revealed that the free acid form
of g-PGA is tightly compacted helix in aqueous solution and
thus strongly hydrophobic, while the salt forms of g-PGA are
random coils and very soluble in water.17 This structural
conformation states and the special binding characteristics
between the –COOH and the various ions provide a possible for
incorporation of Sr and Ca in the g-PGA and avoiding using the
organic solvents. Our previous studies have proved that the
strontium carbonate (SrCO3) and calcium carbonate (CaCO3,
calcite) can be acted as the effective precursors of Sr and Ca
sources due to their nontoxic and no by-products during
chemical reactions.8,18 Meanwhile, to introduce the Si resource
and simultaneously increase the stability of prepared hybrid
scaffolds in physiology environment, a silane coupling agent, 3-
glycidoxypropyl trimethoxysilane (GPTMS) was chosen as its
epoxy groups are easily activated under acidic conditions to
react with the –COOH groups in g-PGA.19

Of the various fabrication techniques for mimicking the
native extracellular matrix (ECM), electrospinning is a well-
established technique for producing continuous bers with
diameters ranging from several micrometers down to tens of
nanometers. The hypothesis is that the structural conformation
of insoluble g-PGA (H+) could be changed into the soluble g-
PGA salts by the chemical reaction between the –COOH and the
various ions which provides a possibility for developing a novel
hybrid materials. The microstructure, compositions, mechan-
ical properties, ions release behaviour of the prepared Sr, Ca
containing silicate hybrid materials were characterized.
Further, in vitro biocompatibility of these fabricated scaffolds
was evaluated using mouse preosteoblasts cells (MC3T3-E1)
regarding their proliferation and osteogenic differentiation.

Materials and methods
Materials

Poly(g-glutamic acid) (H-g-PGA, Mw ¼ 1500–2500 kDa) was
purchased from Wako Pure Chemicals Industries, Ltd. (Osaka,
Japan). Calcium carbonate (CaCO3, calcite, 99%) and strontium
25746 | RSC Adv., 2018, 8, 25745–25753
carbonate (SrCO3, 99%) was purchased from Alfa Aesar (Tianjin,
China). (3-Glycidoxypropyl)trimethoxysilane (GPTMS) and 1 N
hydrochloric acid (HCl) were purchased from Sigma-Aldrich (St.
Louis, Mo, USA). Milli-Q water (18.7 MU) was used throughout
the experiments. All of the reagents were used as received
without treatment or further purication.

Preparation of Sr/Ca-containing silica-based hybrid materials

Three groups of hybridmaterials were prepared, (1) Sr containing
g-PGA-silica hybrid material (Sr-g-PGA-silica); (2) Sr/Ca-
containing g-PGA-silica hybrid material (Sr/Ca-g-PGA-silica), (3)
Ca-containing g-PGA-silica hybrid material (Ca-g-PGA-silica),
group (1) and (3) acted as control groups. To prepare the elec-
trospinning solution, g-PGA was rstly mixed with SrCO3 and
CaCO3 (Sr

2+/Ca2+¼ 1 : 0; 1 : 1; 0 : 1) with amolar ratio of –COOH/
(Sr2+ + Ca2+) is 2 : 1 and then added Milli-Q water to prepare the
�10 wt% g-PGA aqueous solution under vigorous stirring at
room temperature. There were lots of bubbles produced when
the water was added and the solution became complete clear
aer about 2 hours. Then, predetermined GPTMS at a weight
ratio of 1 to g-PGA was added into this homogeneous mixture
followed by further stirring for�1 h. The concentration of g-PGA
in total mixture solution was regulated to �8.5 wt%. An electro-
spinning unit (NEU, Kato Tech Co, Japan) was used to electrospin
the prepared blend solutions. A high electric eld of 21 kV was
applied to the needle where the tip of the needle was positioned
14 cm from a grounded rotating drum that was used as the ber
collector. The as-spun hybrid materials were then transferred to
an oven and heat treated at 60 �C for �12 h.

Microstructural characterizations

The surface morphology and elements of the scaffolds were
analysed by Scanning ElectronMicroscopy (SEM) equipped with
an Energy-Dispersive X-ray Spectroscope (EDX) (JSM-6301F,
JEOL, Japan). Prior to the SEM and EDX observation, all of the
hybrid materials were pre-coated by Au–Pd coating (SC7620,
Quorum Technologies) and then observed by SEM with 15 kV of
accelerating voltage and 15 mm of working distance. ImageJ
soware was used to determine the average ber diameter and
standard deviation by measuring at least 100 bers.

Composition analysis of the prepared scaffolds was per-
formed using Fourier transform infrared (FT-IR) spectroscopy
(IRPrestige-21, Shimadzu, Japan). FT-IR was performed in the
wave-number range of 400–4000 cm�1, each FT-IR spectrum
was obtained from 40 scans at a resolution of 2 cm�1.
Measurements were performed in transmission mode using
pellets, a mixture of 3 mg sample and 297 mg spectroscopic-
grade KBr. Wide-angle X-ray diffraction (XRD, X0 pert-MPD,
Philips) was used to determine the presence of any crystalline
phases in all of these samples. The XRD analysis was performed
using Ni-ltered CuKa radiation (l ¼ 1.5402 Å) in a step-scan
mode (2� per minute) in the 2q range 5–60�.

Mechanical behaviour evaluation

Mechanical testing of prepared samples was performed in
a tensile testing machine (AGS-G, Shimadzu, Japan) at
This journal is © The Royal Society of Chemistry 2018
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a constant deformation rate of 1 mm min�1. The specimens
were 20 mm long, 5 mm width, and �55 mm thickness. Prior to
testing, the thickness and width of the specimens were
measured at three locations along the sample length using
a micrometer, and the average values were taken. Six samples
per group were tested.

In vitro degradation evaluation

To characterize the Si, Sr and Ca ions released behavior from
the electrospun hybrid materials, 10 mg samples were
immersed in 20 ml Tris–HCl buffer solution (0.05 M, pH ¼ 7.4)
at 37 �C for 50 days. The concentration of the released Si, Sr and
Ca ions from the brous hybrid scaffolds was monitored by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES, ICPS-7000, Shimadzu, Japan). Three samples of each
sample were tested at each time point.

In vitro activity evaluation

In vitro bioactivity of the prepared hybrid scaffolds was evalu-
ated from their reactions in the simulate body uid (SBF)
solution. The SBF solution with a pH of 7.4 was prepared by
dissolving reagent-grade NaCl, KCl, NaHCO3, MgCl2$6H2O,
CaCl2, and KH2PO4 in distilled water at 37 �C and buffering with
TRIS (trishydroxymethyl aminomethane) and 1 N HCl solution
according to a method described elsewhere.20,21 Constructs with
the shape of thin discs (22 mm in diameter � �55 mm thick)
were placed individually in a static 12-well plate containing 3 ml
of SBF per well, and the system was kept at 37 �C in 5% CO2

atmosphere. Aer incubated for 3 days, the samples were
removed from the SBF, rinsed 3 times with distilled water and
freeze-dried. The morphology of the samples was investigated
by SEM using the procedures described previously.

In vitro biocompatibility

In vitro biocompatibility of the prepared samples was evaluated
using a mouse pre-osteoblastic MC3T3-E1 cells line, obtained
from the Stem Cell Bank, Chinese Academy of Sciences
(Shanghai, China). Prior to seeding with cells, discs (15 mm in
diameter � �55 mm thickness) were cut from electrospun
hybrid materials. The samples were sterilized using ethylene
oxide gas and then placed in 24-well culture plates. MC3T3-E1
cells were seeded onto samples with a density of 50 000 cells
per well (n ¼ 3). Alpha-modied minimum essential medium
with L-glutamine and phenol red (a-MEM, Gibco, NY, USA),
supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Gibco™, Invitrogen) was used as the culturing medium. A
Thermanox® culture plastic plate (TCP) was used as the control
group. The cultures were incubated at 37 �C in a humidied
atmosphere of 95% air and 5% CO2, with the medium changed
every 2 days.

Aer incubation for 1, 3, 5, 7 and 14 days, cell proliferation
was examined using Cell Counting Kit-8 (CCK-8, Dojindo,
Japan), in accordance with the manufacturer's instruction.
Briey, samples were removed aer each incubation, rinsed two
times with PBS and added 1 ml fresh culture media. Then, 100
mL of CCK-8 reagent was added to each sample and cultured in
This journal is © The Royal Society of Chemistry 2018
an incubator at 37 �C with 5% CO2 for an additional 2 h. Aer
2 h incubation, 100 mL of media were transferred to each well of
a 96-well plate to measure absorption value at a wavelength of
450 nm using a microplate reader (SUNRISE Remote, TECAN,
Switzerland).

Alkaline phosphatase (ALP) activity, an early indicator of
osteoblastic differentiation, was measured using an ALP
substrate kit (p-nitrophenyl phosphate tablets, Sigma-Aldrich
Cor., USA). Scaffolds and TCP controls were seeded with
MC3T3-E1 cells (50 000 cells per well) as described previously,
and incubated in the modied culture medium which prepared
by adding 0.025 g of ascorbic acid, 1.5756 g of b-glycer-
ophosphate and 1 ml of dexamethasone (100 nM) into the
500 ml of normal a-MEM medium. These regents were
purchased from Wako, Japan. In accordance with the manu-
facture's instruction, ALP activity was examined by measuring
the absorbance of resulting medium at 405 nm aer incubation
for 5, 10, 14 and 21 days.

The morphologies of the attached cells on the brous hybrid
scaffolds aer 1, 3 and 14 days of culture were examined by
SEM. Aer incubation, samples with attached cells were washed
three times with PBS and xed in 2.5% glutaraldehyde in PBS
for 2 h at 4 �C. The samples were washed 3 times with PBS and
dehydrated through a graded series of ethanol (50–99%). Aer
the nal washing with 99% ethanol, the scaffolds were treated
twice with hexamethyldisilazane for 5 min each. Finally, the
samples were sputter-coated with Au–Pd and examined by SEM,
using the procedure described previously in Section 2.3.
Statistical analysis

All biological experiments were (3 samples in each group) were
run in duplicate. The data are presented as the mean � stan-
dard deviation (SD). Statistical analysis was performed using
one-way analysis of variance (ANOVA) followed by Tukey's
honestly signicant difference as post hoc test (p < 0.05).
Results and discussion
Morphology, compositions and microstructure of brous
hybrid materials

SEM image (Fig. 1a) showed that the electrospun Sr/Ca-g-PGA-
silica hybrid materials were composed of randomly distributed
bers with an average diameter 236 � 50 nm, which were free
from bead-like defects. The elemental compositions of prepared
materials were analyzed by EDX as shown in Fig. 1b, which
indicated that the Sr and Ca elements have been successfully
incorporated into the electrospun Sr/Ca-g-PGA-silica hybrid
materials. Elemental mapping images of Si, Sr and Ca were
shown in Fig. 1c–e, which further conrmed the successfully
incorporation of Si, Sr and Ca elements and these elements have
homogeneous dispersion in the resulting hybrid materials.

Si, Sr and Ca ions have been proved as potential therapeutic
agents with the ability to enhance bone regeneration by their
stimulating effects on osteogenesis and angiogenesis.22,23

Therefore, incorporation Sr/Ca ions with the silicate-based
biomaterials with controlled ions released behavior should be
RSC Adv., 2018, 8, 25745–25753 | 25747
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Fig. 1 Morphological and compositions of prepared Sr/Ca-g-PGA-silica
hybrid materials. (a) SEM images. (b) EDX elemental spectrum. Elemental
mapping images of the silicon (c), strontium (d) and calcium (e).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 5

/3
0/

20
24

 3
:1

0:
05

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
benecial for stimulating bone regeneration. In this study, to
introduce the Sr/Ca sources and convert the g-PGA from the
insoluble helical structure to the soluble random-like salt
structure, CaCO3 and SrCO3 were chosen as effective additives
due to its known nontoxicity and no by-products during
chemical reaction between g-PGA and SrCO3/CaCO3. Further, to
introduce the Si source and simultaneously increase the
stability of prepared brous materials in physiology environ-
ment, a silane coupling agent, GPTMS was chosen as its epoxy
groups are easily activated under acidic conditions to react with
the –COOH groups in g-PGA.19,24,25 According to Fig. 1, Sr/Ca-g-
PGA-silica hybrid materials with homogeneous Si, Sr and Ca
elements dispersion have been successfully prepared by elec-
trospinning an aqueous-based g-PGA/GPTMS solution.

Fig. 2a showed the FTIR spectra of protonated g-PGA (H-g-
PGA, raw material), GPTMS (dried powder aer sol–gel process)
and Sr/Ca-g-PGA-silica hybrid materials. The main
Fig. 2 (a) ATR-FTIR spectra of protonated g-PGA (H-g-PGA, raw
material), GPTMS and prepared Sr/Ca-g-PGA-silica hybrid materials;
(b) XRD of CaCO3 and SrCO3 (raw materials, the spectra of CaCO3 and
SrCO3 are shown as references), protonated g-PGA (H-g-PGA, raw
material) and prepared Sr/Ca-g-PGA-silica hybrid materials.

25748 | RSC Adv., 2018, 8, 25745–25753
characteristic bands observed for protonated g-PGA were as
follows: C]O stretching vibration at 1736 cm�1 for the amide I,
N–H bending vibration at 1600–1500 cm�1 for the amide II and
at 1220 cm�1 for amide III, N–H stretch vibration at 3310 cm�1

for the amide A which overlaps the O–H stretch in the same
region, and N–H bending vibration at 2952 cm�1 for the amide
B, as shown in Fig. 2a. According to the spectrum of GPTMS, the
main characteristic bands were Si–O–Si asymmetric stretching
at 1110 cm�1 and Si–OH asymmetric stretching at 814 cm�1.
FTIR spectrum of Sr/Ca-g-PGA-silica hybrid materials contained
the main characteristic bands of g-PGA and GPTMS, indicated
that the g-PGA and GPTMS were incorporated into the hybrid
brous materials.26 Moreover, we noticed that the band of C]O
stretching vibration at 1736 cm�1 which corresponds to the free
carboxylic acid (COOH) greatly decreased and new symmetric
stretching band at 1419 cm�1 which are assigned to the char-
acteristic bands of carboxyl anion (COO–) appeared, as shown in
Fig. 2a. This indicated that the g-PGA stay as its deprotonated
phase. The appearance of new shoulder peaks at 1419 cm�1

conrmed the formation of esterication reaction between the
–OH of the GPTMS and the –COO– of the g-PGA.27 Meanwhile, it
was obvious to observe that the band at 814 cm�1 in the spectra
of GPTMS, which corresponds to Si–O- or Si–OH stretching
(non-bridging oxygen bonds), disappeared in the hybrid mate-
rials. And the resonances at 1110 cm�1 in hybrid scaffold were
attributed to the presence of Si–O–Si bonds (Si–O stretch) in
cyclic network conguration. These results suggested that the
condensation reaction in GPTMS preceded in the hybrid
materials aer electrospinning and dried.26 Therefore, GPTMS
was successful in providing a cross-linking between g-PGA
polymer chains through the chemical reactions between
carboxyl group on the side chain of g-PGA and epoxy terminated
group of GPTMS. The silica was formed by the condensation
reaction in GPTMS.

Fig. 2b shows the XRD patterns of SrCO3, CaCO3, protonated
g-PGA (which were shown as reference) and prepared Sr/Ca-g-
PGA-silica hybrid materials. Fig. 2b revealed that SrCO3, CaCO3

and g-PGAwere typical crystal with the characteristic diffraction
peaks. However, it was obvious to see that there were no
measurable peaks in the pattern of the fabricated Sr/Ca-g-PGA-
silica hybrid materials, indicating that the conformation of g-
PGA have been changed from the insoluble a-helix state to the
soluble linear random-coil conformation by introducing the
Ca2+ or Sr2+ into the g-PGA.

29Si MAS-NMR was employed to clarify the molecular struc-
ture of electrospun Sr/Ca-g-PGA-silica hybrid materials (Ca-g-
PGA-silica, Sr-g-PGA-silica were shown as references). Fig. 3
shows the 29Si MAS-NMR results of hybrid materials with
different ions of the g-PGA. According to the Fig. 3, two signals
could be clearly distinguished with typical shis of �57 and
�67 ppm which corresponding to the T2 and T3.24 And the peak
area of T3 was larger than T2 (T1) in all samples. The weak
(absence) of T1 and the dominance of T3 suggested that
condensation reactions between the silanols from GPTMS
alkoxides proceed, agreeing with the results of FTIR in Fig. 2a
(the intense peak for Si–O–Si bridging oxygens and the weak
peak for Si–O non-bridging oxygens).
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03957g


Fig. 3 29Si MAS-NMR spectra of electrospun Ca-g-PGA-silica, Sr-g-
PGA-silica and Sr/Ca-g-PGA-silica hybrid materials.

Fig. 4 Mechanical response in tension of electrospun g-PGA, Ca-g-
PGA-silica, Sr-g-PGA-silica and Sr/Ca-g-PGA-silica hybrid materials.
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Results of SEM, EDX and elemental mapping images
revealed that the Si, Sr and Ca have been successfully incorpo-
rated into the prepared Sr/Ca-g-PGA-silica hybrid materials with
a homogeneous Si, Sr and Ca dispersion in the resulting hybrid
materials. The improved stability of Sr/Ca-g-PGA-silica hybrid
materials was supported by the FTIR analysis through the
appeared new shoulder peaks C]O at 1736 cm�1 and
1419 cm�1, which conrmed the formation of cross-linking
between the –COO groups of g-PGA and epoxy groups of
GPTMS.14 Moreover, 29Si MAS-MNR indicated that the Si–OH
non-bridging bond and Si–O–Si bridging bond were formed by
hydrolysis and self-condensation of GPTMS, as shown by the
presence of T2 and T3 species in all three samples (Fig. 3). The
dominance of T3 indicated that the silica matrix condensed well
and the GPTMS was successfully condensed into the prepared
hybrid materials.
Table 1 Tensile mechanical properties of electrospun Ca-g-PGA-silica,

Samples
Ultimate strength
(MPa)

Elo
fai

PGA 1.2 � 0.5 3
Ca-g-PGA-silica 5.0 � 1.2 40
Sr-g-PGA-silica 3.2 � 0.8 41
Sr/Ca-g-PGA-silica 4.4 � 0.7 45

This journal is © The Royal Society of Chemistry 2018
Mechanical properties

Fig. 4 shows the typical tensile stress–strain curves of electro-
spun g-PGA, Ca-g-PGA-silica, Sr-g-PGA-silica and Sr/Ca-g-PGA-
silica hybrid materials. Ultimate tensile strength, the strain to
failure, yield stress and yield strain for all samples are
summarized in Table 1. For all materials, the stress initially
increased rapidly and almost linearly with the elongation. The
tensile strength of the g-PGA bremats was 1.2 � 0.5 MPa and
the elongation to failure was 3.5 � 0.9%. In comparison, the
tensile strength and the elongation of Ca-g-PGA-silica, Sr-g-
PGA-silica and Sr/Ca-g-PGA-silica hybrid materials signicantly
increased, 5.0 � 1.2 MPa/40.2 � 5.2%; 3.2 � 0.8 MPa/41.0 �
6.3% and 4.4 � 0.7 MPa/45.3 � 3.8%, respectively. Moreover,
according to the Fig. 4, we can see that the yield point appeared
in the hybrid materials and the value of yield stress/yield strain
was not obviously different. Results indicated that the
mechanical properties of hybrid materials were mainly deter-
mined by the degree of cross-linking (the content of GPTMS).

In vitro bioactivity

In vitro bioactivity of these prepared hybrid materials were
evaluated by immersed them in a SBF solution. Results showed
that the surface of the electrospun hybrid materials exhibited
considerable morphological changes aer immersion in SBF for
3 days, as shown in Fig. 5. For the Ca-g-PGA-silica (Fig. 5a), there
were numerous apatite-like spherical particles appeared on the
surface of bers. For the Sr-g-PGA-silica (Fig. 5b), the bers
exhibited little swelling and there was no new products formed
on the surface of bers. As comparison, for the Sr/Ca-g-PGA-
silica (Fig. 5c), the surface of the bers was almost completely
covered with ne particles, while the porous and brous
architecture of the materials were still evident. EDX analysis
(Fig. 5a0 and c0) showed that Ca-g-PGA-silica and Sr/Ca-g-PGA-
silica contain the obvious peak at �2.1 keV (corresponding to
P), and at�3.7 keV (corresponding to Ca) aer immersed in SBF
for 3 days, indicating the reaction products could be apatite-like
materials. In comparison, the EDX of Sr-g-PGA-silica (Fig. 5b0)
showed the weak peak of P, Ca and the strong peak of Si,
indicating there was little reaction aer the sample immersed
in SBF solution.

Ionic released behavior

Degradation and ionic released behavior of these prepared
hybrid materials were monitored by immersed them in a Tris–
HCl buffer solution. Fig. 6 showed the amount of released Si, Ca
and Sr from the electrospun Ca-g-PGA-silica, Sr-g-PGA-silica
Sr-g-PGA-silica and Sr/Ca-g-PGA-silica hybrid materials

ngation to the
lure (%)

Yield stress
(MPa)

Yield
strain (%)

.5 � 0.9 1.2 � 0.5 3.5 � 0.9

.2 � 5.2 3.1 � 0.6 4.0 � 1.1

.0 � 6.3 2.7 � 0.4 4.3 � 0.8

.3 � 3.8 2.6 � 0.5 4.1 � 0.4
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Fig. 5 SEM images and EDX spectra of (a and a0) Ca-g-PGA-silica; (b
and b0) Sr-g-PGA-silica and (c and c0) Sr/Ca-g-PGA-silica hybrid
materials.
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and Sr/Ca-g-PGA-silica hybrid materials in the Tris–HCl buffer
solution as a function of the soaking time. Firstly, for Si ion
release, all samples exhibited the sustained release of soluble
silica without any initial burst release, as showed in Fig. 6a. And
the percentage of released Si amount of samples were 100%,
71.6% and 37.8%, corresponding to Sr-g-PGA-silica, Sr/Ca-g-
Fig. 6 Si, Ca and Sr ions released curves of electrospun Ca-g-PGA-
silica, Sr-g-PGA-silica and Sr/Ca-g-PGA-silica hybrid materials (a) Si;
(b) Ca and (C) Sr.

25750 | RSC Adv., 2018, 8, 25745–25753
PGA-silica and Ca-g-PGA-silica hybrid materials. The Si release
indicated that the degradation of the fabricated hybrid mate-
rials. The Sr-g-PGA-silica hybrid materials showed the 100% Si
release, and dissolved completely aer immersed in buffer
solution for 50 days. In comparison, the Ca-g-PGA-silica showed
the 37.8% Si release aer immersed in buffer solution for 50
days. Different from the Si release behavior, Ca and Sr showed
a rapid release in the rst day and then a slow and stable release
until 50 days. All these results showed that the Sr, Ca and Si ions
can released from these prepared hybrid materials and Sr-g-
PGA-silica hybrid materials have the fastest degradation than
the Sr/Ca-g-PGA-silica and Ca-g-PGA-silica hybrid materials.

The dissolution and release of Si, Sr and Ca ions from the
prepared hybrid materials have been seen as a key factor for
enhancing their therapeutic effect, and it should be controllable
to prevent the possible detrimental effect of high ion concen-
tration. Herein, to understand the effect of the incorporated Sr
(Ca), and GPTMS on the ionic dissolution products and
degradability of prepared hybrid materials, the Si, Sr and Ca
ions release behaviours of prepared hybrid materials in Tris–
HCl buffer solution were investigated. Results revealed that all
samples exhibited similar trend with a slow and stable release
of Si ions (Fig. 6a) due to the similar degree of cross-linking.
Meanwhile, the Si ions can be continuously released within 50
days and the amount of released Si increased with the increased
Sr content in the hybrid system. Different from the Si ion
released prole, Ca and Sr ions exhibited a burst release in the
initial stage (within two days), and then showed steadily release
until 50 days. Although there was a burst release for Ca and Sr
ions, the concentration of released Ca and Sr ions are still
within the specied range.
In vitro biocompatibility

Proliferation of MC3T3-E1 cells on the electrospun Ca-g-PGA-
silica, Sr-g-PGA-silica and Sr/Ca-g-PGA-silica hybrid materials
and the TCP control substrates aer incubation times of 1–14
days are shown in Fig. 7a. On the rst day, the cell viability on all
samples and control were similar. Aer 3 days, cell activity
showed a signicantly increase and the Ca-g-PGA-silica and Sr/
Ca-g-PGA-silica had the better cell viability than the Sr-g-PGA-
silica. A might reason for this different cell viability is the
released Si, Ca and Sr ions concentration of these hybrid
materials. The in vitro biocompatibility was further evaluated by
the ALP assay. ALP is known as a biochemical marker for
determining the osteoblast phenotype and is considered as an
important factor for assessing bone differentiation and miner-
alization.28 Results of spectrophotometric measurements of ALP
activity of MC3T3-E1 cells cultured on electrospun hybrid
materials and on TCP controls are presented in Fig. 7b. The ALP
activity reached its highest level at day 10, followed by a reduc-
tion at day 21. The increase in the ALP activity is an indication
that the cells were able to carry out an osteogenic function on all
prepared hybrid materials,29 while the higher ALP activity of the
cells on hybrid materials in comparison to the TCP control
substrates indicated a greater ability of those materials to
support osteoblasts differentiation. In addition, the ALP activity
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Response of MC3T3-E1 cells to fibrous Ca-g-PGA-silica, Sr-g-
PGA-silica and Sr/Ca-g-PGA-silica hybrid materials, and to tissue
culture plastic (TCP) control substrates: (a) cell proliferation as
a function of incubation time; (b) alkaline phosphatase (ALP) activity of
MC3T3-E1 cells on the cell-seeded scaffolds and TCP control after
incubation times of 5, 10, 14 and 21 days; *significant difference
between pairs of substrates shown (p < 0.05). (Mean � SD; n ¼ 3).

Fig. 9 EDX elemental spectra of hybrid materials and elemental
mapping images of the silicon, strontium and calcium after incubation
of 14 days (a) Ca-g-PGA-silica; (b) Sr/Ca-g-PGA-silica and (c) Sr-g-
PGA-silica.
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in the sample Sr-g-PGA-silica was higher than the other
samples.

Osteoblast response to prepared hybrid materials was
assessed through CCK-8 assay, ALP activity test and cell
morphological observations (Fig. 7, 8 and 9). Results revealed
that the Ca-g-PGA-silica, Sr-g-PGA-silica and Sr/Ca-g-PGA-silica
hybrid materials were biocompatible. In this study, the
enhanced biological properties especially for ALP activity can be
attributed to their ECM-like brous structure of materials and
unique Si, Sr and Ca ions release behavior. Hench et al. sug-
gested that the Si concentrations of 17–21 ppm are critical for
Fig. 8 SEM images of MC3T3-E1 cells morphology evolutions on the
fibrous hybrid materials (a, a0 and a00) Ca-g-PGA-silica; (b, b0 and b00) Sr/
Ca-g-PGA-silica and (c, c0 and c00) Sr-g-PGA-silica after incubation for
1 day (a–c); 3 days (a0–c0) and 14 days (a00–c00).

This journal is © The Royal Society of Chemistry 2018
up-regulation of several osteogenic genes.30,31 In this study, the
Si release concentrations were 1.51, 3.57 and 5.37 ppm within 2
days. Considering refreshing the culture media every 2 days,
together with the decrease of release rate, the Si, Ca and Sr
concentration released from the materials will be suitable for
stimulating osteoblast proliferation and differentiation. Natu-
rally, higher osteogenic differentiation would lead to greater
population of cells with osteoblastic phenotype and thus to
more secretion of bone.28 Our results showed that Sr/Ca-g-PGA-
silica hybrid materials with the higher Si and Sr released
content had higher ALP activity, indicating that material
induced osteogenesis occurred.

Fig. 8 shows the SEM images of MC3T3-E1 cellular
morphological aer cultured on the electrospun Ca-g-PGA-
silica, Sr-g-PGA-silica and Sr/Ca-g-PGA-silica hybrid materials
for 1, 3 and 14 days. Result is compatible with the results of the
proliferation and ALP assay that all hybrid materials supported
adhesion and growth of MC3T3-E1 cells. As shown in Fig. 8, the
size and morphology of cells evidently depended on the culture
time. The cells exhibited a typical polygonal morphology with
long lopodia on these three samples aer 1 day culture
(Fig. 8a–c). With the culture time increased to 3 days, cells
showed increase in the cell density (Fig. 8a0–c0). Further, the
cells were attached to the surface by discrete lopodia and
exhibited long and numerous microvilli on their surface. It is
interesting to see that these microvilli of cells tended to attach
to and integrate with the surrounding bers to form structured
3D cell-scaffold network (Fig. 8a0–c0). For all samples, cellular
density increased and reached conuence aer 14 days culture,
as shown in Fig. 8a00–c00. Moreover, it can be observed that many
mineral-like layer presented on the surface of samples. The
elemental compositions of these precipitated mineral-like layer
of hybrid materials aer incubation of 14 days were analyzed by
EDX and elemental mapping images, as shown in Fig. 9. Results
of EDX conrmed the presence of Ca, P and Si elements.
Moreover, elemental mapping images of Ca, P and Si were
shown in Fig. 9c–e, which further conrmed the physiological
mineralization has occurred as corroborated by the detection of
Ca/P ratios close to values found in human bones.
RSC Adv., 2018, 8, 25745–25753 | 25751
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Based on the results described above, the reaction mecha-
nism among the g-PGA, CaCO3/SrCO3 and GPTMS has been
investigated. The possible mechanism for formation of g-PGA-
silica hybrids was shown in eqn (1)–(3). Initially, g-PGA was
ionized by rapid reaction between carboxyl group (–COOH) and
CaCO3 and SrCO3 in aqueous solution, as shown in eqn (1); and
the mixture solution became homogeneous and transparent
within 2 h due to the ionized g-PGA became water soluble.
Then, GPTMS was added to this mixture solution with the
predetermined content. As shown in eqn (2), the ring-opening
reaction happened in the epoxy groups of GPTMS under the
acidic environment, and themethoxysilane groups (Si–OCH3) of
GPTMS were hydrolyzed to give silanol (Si–OH) groups; Finally,
with the prolonged reaction time, the protonated epoxy group of
GPTMS is believed to attack carboxyl side group (–COO–) of the
g-PGA, resulting in the bonding of GPTMS molecules to the g-
PGA chains. Simultaneously, the hydrolyzed silanol (Si–OH)
groups can co-condense and formed the Si–O–Si groups, as
shown in eqn (3). Finally, this homogeneous mixture solution
was then used in the electrospinning step to prepare the brous
hybrid materials.

(1)

(2)

(3)
Conclusions

In the present study, a new type of Sr/Ca-g-PGA-silica with
a mimic ECM structure has been fabricated by electrospinning.
Results of SEM, EDX and elemental mapping showed that all
three prepared hybrid materials presented a continuous and
uniform nanobrous morphology, homogeneous Si and Sr/Ca
element dispersion, and enhanced amorphous structure.
Results of ICP-AES revealed that the prepared Sr/Ca-g-PGA-silica
hybrid materials can provide a stable and continuous Si, Sr and
Ca ions release behavior in Tris–HCl buffer solution until 50
days and the Si release rate can be tailored by adjusting the
molar ratio of incorporated Sr and Ca. Immersion of the Sr/Ca-
g-PGA-silica hybrid materials in an SBF resulted in the
25752 | RSC Adv., 2018, 8, 25745–25753
formation of an apatite-like surface layer within 3 days, indi-
cating its excellent bioactivity. In addition, the prepared Sr/Ca-
g-PGA-silica hybrid materials supported the proliferation and
ALP activity of osteogenic MC3T3-E1 cells in vitro, showing their
good biocompatibility. Altogether, the results suggested that
the prepared Sr/Ca-g-PGA-silica hybrid materials with an
adjusted ionic release behavior have great potential for
providing an excellent ECM for repairing and regenerating
fractures resulting from osteoporosis.
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