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Abstract

Composites of glutamine-based segmented polyurethanes with 5 to 25 wt.% bioactive glass nanoparticles were prepared,

characterized, and their mineralization potential was evaluated in simulated body fluid. Biocompatibility with dental pulp

stem cells was assessed by MTS to an extended range of compositions (1 to 25 wt.% of bioactive glass nanoparticles).

Physicochemical characterization showed that composites retained many of the matrix properties, i.e. those corres-

ponding to semicrystalline elastomeric polymers as they exhibited a glass transition temperature (Tg) between �41

and �36�C and a melting temperature (Tm) between 46 and 49�C in agreement with X-ray reflections at 23.6� and 21.3�.

However, with bioactive glass nanoparticles addition, tensile strength and strain were reduced from 22.2 to 12.2 MPa and

667.2 to 457.8%, respectively with 25 wt.% of bioactive glass nanoparticles. Although Fourier transform infrared spec-

troscopy did not show evidence of mineralization after conditioning of these composites in simulated body fluid, X-ray

diffraction, scanning electron microscopy, and energy dispersive X-ray microanalysis showed the formation of an apatite

layer on the surface which increased with higher bioactive glass concentrations and longer conditioning time. Dental pulp

stem cells proliferation at day 5 was improved in bioactive glass nanoparticles composites containing lower amounts of

the filler (1–2.5 wt.%) but it was compromised at day 9 in composites containing high contents of nBG (5, 15, 25 wt.%).

However, Runx2 gene expression was particularly upregulated for the dental pulp stem cells cultured with composites

loaded with 15 and 25 wt.% of bioactive glass nanoparticles. In conclusion, low content bioactive glass nanoparticles and

segmented polyurethanes composites deserve further investigation for applications such as guided bone regeneration

membranes, where osteoconductivity is desirable but not a demanding mechanical performance.
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Introduction

Bone loss can occur for numerous reasons including
trauma, cancer, osteomyelitis, and periodontal disease
that generates bone defects of varying sizes and locations
in the body. Hence, there is an increasing need for bone
grafts in the field of orthopaedics, maxillofacial surgery
and dentistry, which in the case of periodontal disease,
affects 92% of world population according to World
Health Organization (WHO).1 Since the use of autolo-
gous graft is not always possible due to the scarcity of
bone tissue or difficulties in shaping it into a specific
geometry, a possible solution is to provide biomaterials
able to enhance the body’s own repair ability.2

The ideal material for bone regeneration therefore
must exhibit a controlled biodegradability, open and

highly interconnected porosity (macro and micro),
bone cell proliferation, mechanical properties similar
to trabecular or cortical bone, biocompatibility, long
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storage life, and ease of sterilization.3,4 Although these
requirements are very complex and demanding, they
can be fulfilled by a versatile family of polymers
known as polyurethanes (PU).5 In the case of seg-
mented PUs, biodegradation can be controlled by
incorporating biodegradable soft segments (PCL)6 or
labile linkages in the rigid segment (lysine ester diiso-
cyanate, 1,4-diisocyanatebutane tyramine, etc.), while
their mechanical properties can be tailored by incorpor-
ating various types of bioactive fillers, like hydroxyapa-
tite (HA),7 b-tricalcium phosphate (b-TCP),8 and
various bioactive glasses.9,10

Bioactive glasses (BGs) are reported to stimulate more
bone regeneration than any other bioactive ceramic and
even to promote angiogenesis.11 Upon implantation,
BGs gradually convert to HA or carbonated hydroxy-
apatite (HCA), which chemically bond to the underlying
bone, the main mineral constituent of bone.9 The grow-
ing HCA layer provides an ideal environment for colon-
ization by osteoblast bone-forming cells followed by
proliferation and differentiation of the cells to form
new bone.12 BG stimulates cell proliferation and the
upregulation of genes known to be involved in osteoblast
metabolism and bone homeostasis.13

In spite of these advantages, BGs cannot share the
load with the bone, as they are brittle.4 One way to
improve this behavior is to use them as hybrids or com-
posites within a polymeric matrix. Literature reports
that foams of PU/BG composite can be manufactured
with porosities greater than 60%, interconnected pores
>100mm,9 and that the composite foams had higher
elastic modulus than the pure PU foams. High bioactiv-
ity of PU/BG composite was confirmed based on the
behavior of these materials in simulated body fluid
(SBF), which led to the formation of HA on the surface
of the foam.9 Therefore, it is clear that BG addition can
improve the performance of these composites but it is
also clear that BG is commonly incorporated into poly-
meric matrices by using microsized particles.9,11,14,15

However, the advances in sol-gel technique enable the
production of BG with nanometric particle size, which
exhibits improved bioactivity accelerating the crystal-
lization of the HA layer as well as the cell differenti-
ation process.12,16

De Oliveira et al.10 reported segmented PU foams
with up to 10% of bioactive glass nanoparticles that
act as reinforcement to improve their mechanical
properties, specifically increasing its elastic modulus.
Although the mechanical properties of these compos-
ites are still below the mechanical properties of can-
cellous bone they can meet the requirements necessary
to support growth and cell proliferation as these
materials formed a layer of HA after an immersion
in SBF. An additional relevant feature of these
foams was their ease for surgical management, as

they can be anatomically adapted to the shape of the
implantation site.10

Previous studies of our group have shown that seg-
mented PU prepared with glutamine (GLU) were less
biocompatible compared to other PU prepared with
other biologically important molecules.17 This was
explained by a higher GLU release than required by
human alveolar osteoblasts and even ammonia produc-
tion. Therefore, it is hypothesized that the properties of
GLU-based PU can be improved by the addition of
bioactive glass nanoparticles (nBG), producing thus a
composite enable able to stimulate HA formation and
cellular activity.

In this work, segmented PUs based on L-GLU as
chain extender were synthesized and composites pre-
pared with varying amounts of nBG. These composites
were conditioned in SBF and their mineralization
potential followed by FTIR, EDX, XRD, and SEM.
The cytocompatibility and cell differentiation proper-
ties of the materials were preliminarily assessed using
dental pulp stem cells (DPSC).

Materials and methods

Synthesis of bioactive glass nanoparticles (nBG)

Nanosized BG particles were synthesized by the sol-gel
method following the procedure reported previously.12

The synthesis mixture (molar composition: 58SiO2:
40CaO:5P2O5) was stirred for 48 h and aged for 48 h
at room temperature. The precipitate was separated
by centrifugation (12,000 r/min) and washed by three
centrifugation-redispersion cycles with distilled water,
freeze dried, and then calcined at 700�C for 3 h to
obtain a fine white nBG powder. The particle size
was measured by Dynamic Light Scattering (DLS)
using a Malvern Zetasizer Nano ZEN3600 and by scan-
ning electron microscopy (SEM) with a JEOL, JMS
6360LV.

PU synthesis

A segmented PU with GLU (SPU-G) was synthesized
by two-step polymerization method, using polycapro-
lactone diol (PCL) as soft segment, and 4,4-methylene-
bis ciclohexyl diisocyanate (HMDI) and GLU as chain
extender for rigid segment formation. In the first stage,
PCL was dissolved in anhydrous DMF and then an
excess of HMDI was slowly added in the presence of
0.3% of stannous octoate during 4 h at 60�C. In the
second step, GLU was added and left to react during
2 h more. The SPU-G was precipitated in water and
washed several times before drying at 60�C during
24 h. Films of neat SPU-G for the different character-
izations were obtained after chloroform evaporation.
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Figure 1 shows the suggested structure for the synthe-
sized SPU-G with a 1:2.05:1.05 molar ratio (PCL:
HMDI:GLU).

Composite preparation

Composites with nBG were prepared dispersing the
proper amount of glass particles in chloroform and
then adding this suspension to a SPU-G chloroform
solution. The suspension was sonicated during 30min
and then poured in a Teflon mold. After evaporation at
25�C for a minimum of 24 h, films of the composites
were obtained. With this procedure, composites with
5, 15, and 25wt.% were prepared.

Composite physicochemical and mechanical
characterization

Infrared spectroscopy (FTIR). Fourier transform infrared
spectroscopy (FTIR) spectra were obtained using atte-
nuated total reflectance (ATR) in the 4000 and
650 cm�1 spectral range averaging 50 scans with a reso-
lution of 4 cm�1. For this, a Thermo Scientific Nicolet
8700 spectrometer was used.

Differential scanning calorimetry. Melting point (Tm) was
determined with a Perkin Elmer DSC-7, using 5–7mg
of the composite, after heating from �5 to 150�C with a
heating rate of 10�C/min under nitrogen atmosphere.

Thermogravimetric analysis. Mass loss was obtained with
25mg of the sample after heating from 50 to 650�C at
10�C/min under nitrogen atmosphere by means of a
TGA-7 from Perkin Elmer. From the mass loss first deriva-
tive, the decomposition temperature (Td) was obtained.

Dynamic mechanical analysis. Storage modulus (E0) and
the dissipation factor (Tan d) were obtained with a

Perkin Elmer DMA-7. For this, rectangular samples
of 20mm long, 4mm wide, and 0.1mm thickness
were deformed in the extension mode with a static
load of 80mN and a dynamic load of 65mN at fre-
quency of 1Hz while heated from �100 to 75�C at
5�C/min.

X-ray diffraction. Crystallinity was confirmed by X-ray
diffraction (XRD) using a Siemens D5000 diffractom-
eter with radiation CuKa (�¼ 1.5416 Å), in the
2y range from 5� to 60�, with a step count of 3 s and
a step size of 0.02� (2y).

SEM. Surface morphology of materials was studied
with a JEOL, JMS 6360LV with acceleration
voltage of 20 kV. Microanalysis was conducted with
energy dispersive X-ray spectroscopy (EDX) (Oxford
Instruments, INCA Energy 200) coupled to SEM.
nBG distribution in the composites was assessed by
Silicon (Si) mapping.

Tensile mechanical test. Elastic modulus at 100% deform-
ation (E100), maximum tensile strength (�max), and
maximum deformation ("max) were obtained after ten-
sile test according to ASTM D882. For this, a
Shimadzu AGSX with a cross head speed of 50mm/
min was used. Films of 33mm long, 5mm wide,
0.1mm thick, and 25mm of gauge length were used.
Data were compared using one-way analysis of vari-
ance (ANOVA) with post hoc multiple comparison per-
formed using Tukey’s test. A minimum of n¼ 5 was
used and P< 0.05 was considered significant.

In vitro bioactivity assays

The ability of the materials to induce the formation of
apatite was evaluated by conditioning all samples in
SBF #9 as described by Kokubo.18 Circular samples
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Figure 1. Suggested structure of segmented polyurethanes prepared with glutamine as chain extender (SPU-G).
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of 11mm diameter, three repeats for each time and
material, were conditioned at 3, 7, and 10 days at
37�C in 20ml of SBF as reported by others.19 After
this period of time, FTIR, SEM, EDX, and DRX
were conducted as described above.

Cell culture

Stem cells isolated from dental pulp (DPSCs) were used
to evaluate cell viability and differentiation in the pres-
ence of the materials. Approximately 6.5� 103 cells
were seeded on the materials and incubated at 37�C
in a humidified air atmosphere containing 5% CO2.
The cell viability was evaluated using the 3-(4,5-
dimethylthiazol-2-yl)5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H tetrazolium (MTS) assay according to
the protocol provided by the manufacturer (CellTiter
Aqueous One Solution cell proliferation assay kit
from Promega). MTS assays were performed in quad-
ruplicate after 2, 5, 7, and 9 days of cell culture. The
osteogenic differentiation of DPSCs in the presence of
the materials was evaluated by analyzing the Runx2
gene expression in basal culture medium for 48 h.
Quantitative PCR was performed with the real-time
PCR system, LightCyclerTM (Roche, Diagnostics,
BS, SE).

Results and discussion

Properties of non-conditioned composites

Particle size distribution of nBG was �120nm, as
obtained by DLS (Figure 2(b)), and this was confirmed
by SEM at large magnifications (45,000�). SEM also
showed an irregular morphology for the particles
(Figure 2(a)). An acceptable distribution of nBG particles
was observed, although nanoparticle clusters of nBG
were detected, especially at high nBG concentrations.

SPU-G obtained from synthesis exhibited Mn and
Mw of 28,966 g/mol and 77,649 g/mol, respectively.
Neat SPU-G films were translucent but their compos-
ites become opaque as the concentration of nBG
increased.

FTIR spectra of SPU neat films and composites are
shown in Figure 3. In the unfilled polymer, absorption
bands were observed at 3373 cm�1 corresponding to
the N–H bond in the urethane/urea and at 2932 cm�1

and 2860 cm�1 those corresponding to the asymmet-
rical and symmetrical stretching vibration of CH2

groups, from PCL, HMDI, and GLU. The carbonyl
stretching (C¼O) appeared between 1732 and
1760 cm�1 which includes the ester group from the
PCL, and the urethane group (NHCOO). Amide II
absorption (urethane N–H bendingþC–N stretching)
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Figure 2. (a) SEM micrograph of nano BG particles, (b) particle size distribution of nBG by DLS. EDX mapping of Si (red), and

corresponding SEM image of the cross-sectional area of composites with, (c) 5 wt.%, (d) 15 wt.%, and (e) 25 wt.% of nBG.
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was located at 1530 cm�1 and 1240 cm�1, while the
peak at 1165 cm�1 was attributed to the C–O–C stretch-
ing vibration in the soft segment. At 1636 cm�1 urea
absorptions were detected.

In composites, infrared absorptions from the PU
and the nBG were expected. Absorption bands were
observed at 1080 cm�1 and 810 cm�1 corresponding to
the symmetric vibration of Si–O–Si in the nBG.9,10 These
bands were expected to increase with nBG concentration
but this was not observed in the composite probably
because they were masked by the absorption character-
istics of the PU, or because the amount of nBG at the
surface was too low, as reported in similar studies of
composites from PU and different fillers.9,10,20

DSC thermograms (Figure 4) showed a melting tem-
perature (Tm) of 46

�C for SPU-G, 47�C for composites
with 5% and 15% of nBG, and 49�C for composites
25% of nBG. This suggests that the crystallinity of the
PCL is not affected, at least on the first DSC trace, by
the presence of bioactive glass.

TGA thermograms (Figure 5(a)) showed the main
decomposition temperature (Td) of the composites
between 350� and 450�C. Td of the composites
increased as the concentration of nBG was increased.
This is better seen in Figure 5(b) where the first deriva-
tive is plotted, and decomposition peaks are shifted to
higher temperatures. It has been reported that the
introduction of inorganic material nanoparticles into
polymeric matrices can improve their thermal stability
as the dispersed agents hinder the permeability of vola-
tile degradation products out of the materials, i.e. the
inorganic material generates a ‘‘barrier effect’’ which
delays the release of thermal degradation products in
comparison to the pristine polymer.9,21–23

The maximum temperature used during thermogra-
vimetric analysis was 650�C, which is far from the Td of
nBG (greater than 1100�C). As observed, the final
mass was 24%, 18%, and 6% which is in close
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Figure 5. TGA thermograms of SPU-G and SPU-G/nBG com-
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agreement with the original composition of the com-
posite. In addition, microanalysis performed on these
composites showed that as the amount of nBG is
increased in the composite, the amount of Si also
increased (see Table 1). This was observed for 5%
and 15% of nBG except for the composition of 25%,
probably because of the heterogeneous surface distribu-
tion of the nBG.

Storage modulus (E0) and the dissipation factor (Tan d)
of each composite are shown in Figure 6 as obtained from
the DMA thermograms. Figure 6(a) shows a significant

drop in the storage modulus of the composite between
�55� and �40�C. Furthermore, Figure 6(b) shows a
peak in Tan d, which can be associated to the Tg of the
soft segments (PCL) of the PU.5 For these composites, Tg

slightly increased from �41 to �36�C as the amount of
filler increased. The higher value of these transitions com-
pared to pristine PCL (Tg¼�60

�C) suggests that the filler
is restricting the movement of polymer chains.21

X-ray diffractograms of the composites are shown
in Figure 7. Here, typical PCL reflections in the
SPU-G are observed at 23.6� and 21.3� and in compos-
ites they become less intense and broad, as reported
before.5,10,17,24 As expected, nBG did not exhibit
peaks due to its amorphous nature, in consequence
composites only show peaks from the SPU-G matrix
as reported for other systems.12

SEM images of composites are shown in Figure 8.
The reported spherullitic morphology of PCL was not
clearly observed in pure SPU-G films nor observed in
any of the composites. Only a rough surface can be
appreciated at all compositions.

Figure 9 shows the representative stress–strain curves
obtained during the mechanical test of composites.
Young’s modulus, tensile strength, and maximum strain
values are shown in Table 2. In general, tensile strength
and deformation decreased significantly with nBG add-
ition, i.e. from 22.2 to 12.2MPa and 667.2 to 457.8%,
respectively. However, Young’s modulus did not show a
significant difference between SPU and its composites.

Properties of composites after SBF conditioning

The formation of an apatitic layer covering the com-
posites was expected as it is generally accepted when
using bioactive glasses. This means that infrared
absorption bands at 1032 cm�1 (PO3�

4 ), at 875 and
1468 cm�1 (CO2�

3 ) and 3565 cm�1 for hydroxyl group
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Table 1. Elemental composition (weight %) of nBG, SPU-G, and

SPU-G/nBG composites obtained by EDX.

nBG SPU-G 5% 15% 25%

C 11.5 67.3 63.7 59.4 64.9

O 49.6 32.7 34.7 37.6 35.0

Si 14.7 0 0.8 1.6 0.3

P 4.9 0 0.3 0.5 0.1

Ca 19.3 0 0.5 1.0 0.2
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(OH) should be observed. However, the infrared spec-
tra of composite materials immersed in SBF even
after 10 days only showed typical bands of PUs (see
Figure 10). It has been reported that as earlier as 3
days, apatitic formation should occur but in our
system even at day 10 no HA formation was detected.
However, SEM images (Figure 8) showed deposits on
the surface, which suggest the apatite layer formation.

This apparent contradiction can be easily explained if
one considers the depth analyzed by ATR-FTIR tech-
nique. The agglomerates were more evident at higher
concentrations of nBG and longer conditioning times,
as reported on literature.9–11

In order to confirm the composition of these deposits,
elemental analysis was performed by means of EDX.
However, the presence of calcium (Ca) and phosphorus
(P) alone cannot be used as evidence of the formation of
the apatite layer20 as these elements are present in the
nBG (Ca/P¼ 2.94 (atomic%) or Ca/P¼ 3.07 (wt.%)).
It can be seen in Table 3 that the Ca/P ratio for stoi-
chiometric HA (1.67) was not achieved in any of these
composites as a Ca/P ratio close to 1 was observed. This
may suggest that other calcium phosphates such as
amorphous calcium phosphate (ACP) (Ca/P¼ 1.2 – 2.2)
or brushite (DCPD) (Ca/P¼ 1) are formed,25 explained

Figure 8. SEM micrographs of SPU-G and SPU-G/nBG composites non-conditioned (NC) and after conditioning in SBF for 3, 7, and

10 days.
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Table 2. Tensile mechanical properties of pure SPU-G and SPU-

G/nBG composites.

E100 (MPa) �max (MPa) "max (%)

SPU-G 3.21� 0.58 22.42� 5.90 667.21� 74.36

SPU-G 5% nBG 2.58� 0.05 20.89� 3.91 555.30� 34.84

SPU-G 15% nBG 2.92� 0.15 17.35� 3.87 516.79� 46.21

SPU-G 25% nBG 2.94� 0.31 12.08� 1.84 457.85� 33.09
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by heterogeneous deposits on the analyzed zones of
materials.

Further confirmation of the structure of calcium
deposits came from XRD analysis (see Figure 11).
Peak corresponding to an apatitic layer can be located
at 31.9�.18,24,26 This reflection was observed almost in all
composites after conditioning in SBF, even at three days
conditioning. In addition to this main peak, a second
reflection was observed at 29.4� in the 5wt.% compos-
ites after three days of conditioning, and in the 15wt.%
after three and seven days, and in the 25wt.% after three
days. This can be related to formation of ACP, DCDP,
calcite, or calcium carbonate.11,25 Other peaks associated
to the formation of apatitic layer or HA on these com-
posites were observed at 25.9�, 26�, 32.7�, 34.6�, 36.7�,
49.6�, and 50.4� as reported in other studies.12,17,24–27

Biological properties of composites

The use of silicate based bioactive glasses is reported
to promote osteoblast adhesion and proliferation.28

In our study, MTS assay showed that DPSC prolifer-
ation initially increased (up to day 5) for all compos-
ition studied. However, it was compromised at day 9
when composites contained high contents of nBG
(Figure 12). Cell proliferation increased at day 9 in
composites containing up to 2.5% of nBG, possibly
because the concentration of ions in the medium
increases with time. At day 9, cells are dead in compos-
ites with higher nBG concentrations because the exces-
sive alkalinization produced by ion exchange between
the glass and the medium.

The Runx2 expression is comparable between differ-
ent compositions, except for the 15% and 25% nBG
composites (Figure 13). In the later composites, Runx2
was overexpressed as more Ca2þ, PO3�

4 or even silicon
are released, inducing cell differentiation.

At 48 h, cell proliferation and Runx2 expression are
balanced but this early marker of osteogenic differenti-
ation was not assessed on the same day of the studied
proliferation and therefore it is not possible to correlate
both parameters. Although it is desirable to study this
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Figure 10. FTIR spectra of composites conditioned at 3, 7, and 10 days in SBF at 37�C; SPU-G (a), SPU-G 5% nBG (b), SPU-G 15%

nBG (c), and SPU-G 25% nBG (d).
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marker for a longer time,29 there are some reports
where Runx2 expression is studied only at one time
point.30 Thus, the incorporation of appropriate
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Table 3. Calcium/phosphorous ratio of SPU-G/nBG compos-

ites after conditioning in SBF at 37�C, obtained by EDX.

Composite

Ca/P

(weight %)

Ca/P

(atom %)

Not conditioned BG 2.94 3.07

SPU-G (P¼ 0) (P¼ 0)

SPU-G 5% nBG 2.13 1.64

SPU-G 15% nBG 1.96 1.50

SPU-G 25% nBG (P¼ 0) (P¼ 0)

3 days SPU-G (P¼ 0) (P¼ 0)

SPU-G 5% nBG 1.08 0.83

SPU-G 15% nBG 0.92 0.71

SPU-G 25% nBG 1.18 0.91

7 days SPU-G (P¼ 0) (P¼ 0)

SPU-G 5% nBG 1.10 0.78

SPU-G 15% nBG 1.61 1.30

SPU-G 25% nBG 1.03 0.71

10 days SPU-G (P¼ 0) (P¼ 0)

SPU-G 5% nBG 0.93 0.75

SPU-G 15% nBG 0.90 0.64

SPU-G 25% nBG 0.83 0.70
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Figure 12. Viability of DPSCs cultured in the presence of the

SPU-G/nBG composites at different culture times as determined

by the MTS assay.
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contents of nBG into the PU matrix can be used to
provide it osteostimulative properties.

Conclusions

SPU-G/nBG composites combine the good properties of
both materials when used separately. The brittle nature of
nBG was improved by its incorporation into a polymeric
matrix of poor biocompatibility. In this manner, semycrys-
talline elastomeric composites with good mechanical prop-
erties were obtained for instance with 5wt.% of nBG.
However, at 15 or 25wt.%, their mechanical performance
was compromised. In spite of this, they showed good min-
eralization potential. The in vitro mineralization test using
SBF showed the formation of deposits of varying compos-
ition including calcium phosphates, calcium carbonates,
and apatite in most cases. These calcium derivatives
were more evident when the content of nBG was higher
and after extended times of conditioning in SBF. In add-
ition, nBG composites were also able to induce the osteo-
genic differentiation of DPSCs. These properties render
them suitable for guided bone regeneration, for example,
in the maxillary bone, where osteoconductivity is desirable
but not a demanding mechanical performance.
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