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ABSTRACT

A new family of biodegradable polymer/bioactive glass (BG) composite materials has
emerged based on the availability of nano-sized bioactive particles. Such novel biocompo-
sites can have enhanced performance, in terms of mechanical properties and bioactivity,
and they can be designed to be used in bone regeneration approaches.

In this work, membranes of chitosan (CTS) and chitosan with bioactive glass (BG) both
micron and nano sized particles (CTS/uBG, CTS/nBG, respectively) were prepared by
solvent casting. Microstructural and mechanical properties were evaluated in order to
compare the effects of the incorporation of micro (uBG) and nano (nBG) particles in the
chitosan matrix. In vitro bioactivity tests were performed to characterize the apatite layer
that is formed on the surface of the material after being immersed in simulated body fluid
(SBF). The biomineralization process on the biomaterials was also followed using non-
conventional dynamic mechanical analysis (DMA), both online and offline. In such DMA
experiments, the change in the storage modulus, E, and the loss factor, tan J, were
measured as a function of the immersion time in SBE. The results demonstrated that CTS/
nBG membranes possess enhanced mechanical properties and higher bioactivity in
comparison with the CTS/uBG membranes. Such results suggest the potential of nBG for
the development of bioactive composites for bone regeneration applications.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Composite materials, based on polymer and bioactive cera-
mics and glasses, have gained enormous attention, in the
past years, for a variety of biomedical applications. Several
studies demonstrate that the combination of the properties
of polymers and bioactive ceramics leads to optimal perfor-
mance for applications in areas such as bone regeneration
(Rezwan et al., 2006). The polymer’s role is to serve as the
matrix to support cell growth, which is based on convenient
polymers properties such as biodegradability, biocompatibil-
ity and flexibility. On the other hand, the incorporation of
inorganic particles such as hydroxyapatite or bioactive glass
has the dual aim to improve the mechanical properties as
well as to provide bioactivity to the device. For that reason,
composites based on biodegradable polymers containing
bioactive ceramics or glasses are effective in preserving the
structural and biological functions of damaged hard tissues
and they mimick more closely the natural system (Gloria
et al.,, 2010; Luz and Mano, 2010) in comparison to polymers
or ceramics taken separately. Different approaches have been
proposed to provide osteoconductive properties in biomater-
ials intended for bone regeneration purposes (Alves et al.,
2010a; Kim et al., 2005a; Oliveira et al., 2003). A simple way is
to introduce bioactive inorganic particles or fibers into the
polymeric matrix (Alves et al., 2010a; Boccaccini et al., 2010;
Rezwan et al., 2006). Although the combination of such
materials has been mainly reported by using conventional,
micron-size, bioactive glass particles (Rezwan et al., 2006),
some recent studies report the use of nano-sized bioactive
glass (BG), as reviewed elsewhere (Boccaccini et al., 2010).
Such novel composite materials appear to be relevant for use
in bone defects/bone regeneration approaches since it is
expected that they exhibit enhanced performance in terms
of mechanical properties and bioactivity (Boccaccini et al.,
2010; Swetha et al., 2010).

One important parameter that affects the mechanical proper-
ties of composite materials is the size of the inclusions because
it influences the interactions between the filler particles and the
polymer matrix. Nanoscale bioactive particles possess a higher
specific surface area than the microscale ones forming a tighter
interface with the polymer matrix in composites, and therefore
a high performance in mechanical properties and processing
can be expected (Hong et al., 2005; Juhasz et al., 2004). Moreover,
the higher specific surface area of nanoparticles allows not only
for a faster release of ions (higher bioreactivity) but also a
higher protein adsorption ability, which results in enhanced
bioactivity (Loher et al., 2006; Misra et al., 2008; Vollenweider
et al.,, 2007). Additionally, the use of nanoparticles in a poly-
meric matrix mimics more closely the structure of natural
bone, which contains nanoscale hydroxyapatite crystallites,
being responsible for the high strength of bone, combined with
the polymeric phase of collagen (Kay et al., 2002; Palin et al.,
2005). Mimicking the nanofeatures of bone on the surface of a
synthetic implant material also provides more active sites for
osteoblast cell attachment and tissue growth (Kim et al., 2005b;
Webster et al., 1999; Wheeler et al., 1998).

In this work, membranes of chitosan (CTS), chitosan micro-
sized bioactive glass (CTS/uBG) and chitosan nano-sized

bioactive glass (CTS/nBG) were prepared by solvent casting.
The motivation was to compare the differences in the structural
and mechanical properties as well as in bioactivity by using
both micron and nano sized bioactive glass particles in the
polymeric matrix. The bioactivity of composites has been
typically followed, in vitro, by monitoring the formation of an
apatite layer on the surface of the biomaterial after being
immersed in SBF (Kokubo and Takadama, 2006); the character-
ization of such apatite layer is done at pre-determined time
points after samples are soaked in the SBF solution. Informa-
tion about the formation of this apatite layer, in real time, may
provide relevant cues about the kinetics and mechanism of
calcification; this could help in explaining the evolution of the
properties of the biomaterial. It is worthwhile noticing that
until now just few studies have followed the biomineralization
process in situ (Cerruti et al., 2005; Eliaz et al., 2009; Leonor et al.,
2003). Therefore, we propose here to investigate the formation
of the apatite layer, in real time, over the bioactive composite
surfaces upon immersion in SBF using in situ dynamic mechan-
ical analysis (DMA). It is expected that such experiments are
relevant to predict the evolution of the mechanical perfor-
mance of bioactive medical devices upon implantation. Indeed
DMA has been used previously extensively to characterize
biomaterials (Mano, 2002). However, other mechanical techni-
ques have been used to characterize soft biotissues and poly-
mers, such as, nanoindentation (Ebenstein and Pruitt, 2004,
2006; Franke et al., 2007, 2011; Nayar et al., 2012; Strange and
Oyen, 2012). To our knowledge, however, this is the first time
that composites containing micron and nano sized bioactive
glass nanoparticles are characterized and compared in terms of
calcification using in situ DMA tests.

2. Materials and methods
2.1. Materials

Chitosan (medium molecular weight) was purchased from
Sigma-Aldrich, Germany, and was purified prior to use. The
degree of N-deacetylation (DD) was found to be 78.7% by the
first derivative ultraviolet spectrophotometry, using both
glucosamine (GluN) and N-acetylglucosamine (GluNAc) stan-
dards for calibration (da Silva et al., 2008). The molecular
weight (M,) was determined by viscometry in CH;COOH
0.5 M/NaCHsCOO 0.2M, which was found to be 770kDa
according to the Mark-Houwing theory (k=3.5x107%
a=0.76) (Terbojevich et al., 1996). Micro-sized bioactive glass
particles of Bioglass™ (45S5) composition (45 wt% SiOs,
24.5 wt% CaO, 24.5 wt% Na,0, 6 wt% P,0s) (Hench, 1998) with
an average particle size of 5 um was supplied by US Bioma-
terials Corp. (Florida, USA). Bioactive glass nanoparticles with
chemical composition close to 45S5 Bioglass®™: 46.08 wt%
S10,-22.96 wt% Na,0-27.18 wt% Ca0-3.77 wt% P,Os were pre-
pared by flame spray synthesis (Madler et al., 2002) as
described in detail by Brunner et al. (2006). The SBF was
prepared by dissolving NaCl (ACS reagent, >99.0% purity),
NaHCO; (ACS reagent, >99.7% purity), KCl (ACS reagent,
>99.0% purity), K,HPO, - 3H,0 (ReagentPlus®™, >99.0% purity),
MgCl,-6H,0 (ACS reagent, >99.0% purity), CaCl, (ACS
reagent, >96.0% purity) and Na,SO, (ACS reagent, >99.0%
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purity) in distilled water and buffered with Tris buffer (ACS
reagent, >99.8% purity) and HCI (ACS reagent) to reach a pH
value of 7.4. All chemicals for simulated body fluid (SBF)
preparation were obtained from Sigma-Aldrich, Germany. All
other reagents and solvents used were of reagent grade and
were used without further purification.

2.2 Membranes preparation

Chitosan (CTS), chitosan/micro BG (CTS/uBG) and chitosan/
nano BG (CTS/nBG) membranes were prepared by solvent
casting. First, 1 wt% chitosan was dissolved in 1 wt% aqueous
acetic acid (glacial, ACS reagent, >99.7% - Sigma Aldrich) and
filtered to remove impurities. For the composite membranes,
30 wt% of BG particles were added to the polymer solution.
This mixture was stirred for 2h and then sonicated for
15 min. The solutions were cast in Petri dishes and left to
dry at room temperature. After drying, CTS, CTS/uBG and
CTS/nBG composite membranes were peeled off and neutra-
lized in a 0.1 M NaOH (ACS reagent, >97.0%, pellets) solution
for about 10 min, washed thoroughly with distilled water and
dried again at room temperature. The thickness of the films
was about 50 um.

2.3.  Bioactivity tests

For the in vitro bioactivity tests, an acellular simulated body
fluid (SBF) (1.0x) was prepared, with ions concentration nearly
equal to human blood plasma. The SBF composition and
preparation were previously described by Kokubo and
Takadama (2006). Sample membranes of 20 x 15 mm? were
cut from the original processed films. Three replicates for
each sample were immersed in SBF for 1, 5 and 7 days at
37 °C. After being removed from SBF, the samples were gently
rinsed with distilled water and dried at room temperature.

2.4. Physical characterization of materials

2.4.1. Transmission electron microscopy (TEM)

The nBG particles were analyzed prior to composite prepara-
tion by Transmission Electron Microscopy. TEM image of the
nBG particles was recorded on a CM 30ST (Philips, LaB6
cathode, operated at 300 kV, point resolution 4 A).

2.4.2. Scanning electron microscopy (SEM)

The morphological analysis of the samples (after and before
bioactivity test) was performed using Scanning Electron
Microscope (SEM, Leica Cambridge S 360) at an accelerated
voltage of 15kV. Before being observed by SEM, the mem-
branes were gold coated using a Hitachi coater at 6 mA.

2.4.3. Energy dispersive spectroscopy (EDS)

Samples were observed by a Leica Cambridge S360 Scanning
Electron Microscope. The samples were fixed by mutual
conductive adhesive tape on aluminum and covered with
carbon using a sputter coater. After immersion in SBF the
samples were again analyzed in order to visualize the
appearance of a calcium-phosphate layer on their surfaces.

2.4.4. Thin-film X-ray diffraction (TF-XRD)

TF-XRD analyses on samples before and after 7 days of
immersion in SBF were performed to characterize the crystal-
line/amorphous nature of the films and to identify any
crystalline phases present after immersion in SBF. The
membranes were analyzed recording the wide-angle X-ray
scattering patterns in a Philips PW1710 reflection diffract-
ometer (Almelo, The Netherlands), with a step at 20=0.02°,
scanning time of 2 s and Cu-Ko-radiation generated at 40 kV
and 30 mA.

2.4.5. Fourier transform attenuated total reflectance infrared
spectroscopy (FTIR-ATR)

The chemical structure of the samples before and after
soaking in SBF was assessed by FTIR-ATR measurements
using a Perkin-Elmer Spectrum Spotlight 200 FTIR Microscope
System with the attenuated total reflection accessory. The
spectra were acquired at room temperature in the 2000—400
cm~? range by averaging 128 scans at a resolution of 4 cm™1.

2.4.6. Inductively coupled plasma atomic emission
spectrometry (ICP)

Inductively coupled plasma atomic emission spectrometry
(ICP; JY 2000, Horiba Jobin Yvon) was used to measure
elements concentration in SBF, before and after soaking the
membranes.

2.4.7. Water contact angle (CA) measurements

The surface wettability of the samples was assessed by water
contact angle measurements. These measurements were
carried out by the sessile drop method using a contact angle
meter (model OCA 15+) with a high-performance image
processing system from DataPhysics Instruments (Filder-
stadt, Germany). A drop (3 pL) of water was added by a motor
driven syringe at room temperature. Two different samples of
each material were used and at least three measurements
were carried out for each sample.

2.5.  Dynamic mechanical analysis (DMA)

All viscoelastic measurements were performed using a TRI-
TEC2000B DMA from Triton Technology (UK), equipped with
the tensile mode. The measurements were carried out at 37 °C.
The membrane samples were cut at about 4 mm width (mea-
sured accurately for each sample). CTS, CTS/uBG and CTS/nBG
samples were always analyzed immersed in a liquid bath placed
in a Teflon®™ reservoir. Two different experiments were per-
formed: one was in real-time and the other one was offline. In
the online experiments (data points collected every 1s), two
different solutions were used: PBS and SBF solutions. In the
online measurements with SBF, the membranes were previously
immersed in SBF up to equilibration and then the measurements
were performed always keeping the membrane inside the
apparatus. The motivation was to observe in real time the
changes in the viscoelastic properties of the materials in a
solution that induces mineralization. The other online experi-
ment was performed with the membranes previously immersed
in phosphate buffer saline (PBS) solution. PBS solution was
chosen to see the viscoelastic behavior of the samples in a
solution that does not induce the formation of an apatite layer.
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The offline experiments were performed by measuring the
sample in the DMA after being immersed in SBF for different
periods. The procedure below was used for both online and
offline experiments. The geometry of the samples was then
measured and the samples were clamped in the DMA apparatus
(the distance between the clamps was 10 mm) and immersed in
the liquid bath. After equilibration at 37 °C, the DMA spectra
were obtained during a frequency scan between 0.1 and 10 Hz.
The experiments were performed under constant strain ampli-
tude (30 pm) and at a strain of 2%. A static pre-load of 1 N was
applied during the tests to keep the sample tight. Three speci-
mens were tested for each condition.

3. Results and discussion
3.1.  Physical characterization of materials
3.1.1. Morphological characterization: TEM and SEM

In this study, two different types of bioactive glass particles
(micro, pBG, and nano, nBG) were used in the preparation of

CONTROL

1daySBF

the composites (see Fig. 1). As show in Fig. 1, the nBG
particles had a spherical somewhat interconnected appear-
ance with particle size in the range 30-50 nm. Conversely, the
uBG particles possess an irregular shape with particle size
around 5 pm.

3.1.2. Bioactivity tests

3.1.2.1. SEM and EDS. The membranes were immersed in
SBF for different time periods: 1 day, 5 days and 7 days. Fig. 1
shows representative SEM images and EDS spectra of the
materials, which characterize the evolution of the apatite
precipitation during the in vitro bioactivity tests. Both CTS/
uBG and CTS/nBG composite membranes present an increase
in the intensity of both calcium (Ca) and phosphorous (P)
peaks with increasing soaking time in SBF. After only 1 day in
SBF, an increase in the quantity of Ca and P is detected. After
7 days of immersion, strong peaks ascribed to Ca and P are
observed indicating apatite-forming ability in SBF (Fig. 1). In
the case of CTS membranes, no changes are observed by EDS,
even after 7 days in SBF (Fig. 1), consistent with no apatite

5 days SBF 7 days SBF

ogu/sid

nBG particles

preey

1BG particles

S1O

' H . . .
e s

Fig. 1 - TEM image of the nBG particles and SEM image of the pBG particles prior to composite preparation. EDS spectra and
SEM photographs of the surface of the CTS/nBG, CTS/uBG and CTS membranes after being soaked in SBF for different

periods: 0 day (control), 1 day, 5 days and 7 days.
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formation (lack of bioactivity). SEM images of the surface of
the membranes before and after in vitro bioactivity tests are
also presented in Fig. 1. CTS membranes exhibit a smooth
surface. Conversely, the surface of both CTS/BG composite
membranes show asperities corresponding to the presence of
partially exposed BG particles which are homogeneously
distributed in the entire surface. Comparing the morphology
of the CTS/nBG and CTS/uBG membranes, a finer and rougher
topography is observed in the case of the CTS/nBG mem-
brane, this is a consequence of the smaller size of the
inorganic particles in those membranes that should contri-
bute to a more rapid formation of an apatite layer in
agreement with previous results (Misra et al., 2008). Even
after soaking in SBF for just 1 day, the composite samples
could induce the precipitation of apatite (Fig. 1) with a
thickness 0f~1.24+0.2 pym and ~0.84+0.2 um for the CTS/nBG

211)

(002)

Intensity (a.u.)

q (nm™)

Fig. 2 - XRD patterns of the surface of the composite
membranes before (CTS/pBG (a) and CTS/nBG (b)) and

after being immersed for 7 days in SBF (CTS/uBG (c) and
CTS/nBG (d)).

A

and CTS/uBG samples, respectively. After 5 days of immer-
sion in SBF the composite membrane was completely covered
by a denser apatite layer, which increased in density after 7
days of soaking (Fig. 1). The typical cauliflower morphology of
apatite crystals (Vallet-Regi, 2001) formed on bioactive sur-
faces after immersion in SBF is verified, which results from
the assembling of nanometric-size needle-like crystals. The
pure CTS membrane did not induce any apatite precipitation
after immersion in SBF for 7 days (Fig. 1).

3.1.2.2. TF-XRD. The nature of the apatite layer formed
in vitro was further characterized by XRD (Fig. 2). The XRD
pattern of both CTS/BG control samples consisted of two
major, broad crystalline Bragg peaks at around q=3.55 and
7.10nm™! (Fig. 2a and b, respectively), that are ascribed to
CTS (Teng et al., 2008). After 7 days of immersion in SBF, new
broad peaks emerge in the patterns of both membranes,
indicating that the layer formed is composed of nanocrystal-
line precipitates, possibly of similar dimensions to the ones
found in bone. The reflections at q=9.19 and 11.42 nm™?,
corresponding to diffraction planes (002) and (211), respec-
tively, are characteristic of apatite, whereas those at 14.09,
16.49 and 19.38nm™' are associated with the diffraction
planes (310), (213) and (004) of hydroxyapatite (ASTM JCPDS
9-432) (Leonor et al., 2008; Zainuddin et al., 2006).

3.1.2.3. FTIR-ATR. To get further insight into the apatite
layer the FTIR spectra were examined. The FTIR spectrum
of CTS displays a series of typical bands at: 3400 cm™* (OH
and NH stretching modes); 2913 and 2859 cm™* (CH stretching
modes) (Fig. 3(A)) and at 1655 and 1589 cm™" (amide I and
amide II modes, respectively); 1380 and 1319 cm™* (C-CH,
deformation mode) (Fig. 3(B)) (Wan et al., 2006). Although the
spectra of both CTS/BG composite membranes contain the
main characteristic bands of CTS, some additional bands
emerge confirming the presence of BG particles. Such bands
are located at 1020 cm™? (Si-O-Si and P=0 bands), 1000 cm™*
(Si-O NBO) and 758 cm~* and 540-470 cm~* (Si-O-Si) (Fig. 3(B))
(Cerruti et al., 2005; Marelli et al.,, 2010). After 7 days of

Absorbance (a.u.)
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Wavenumber (cm'1)

B
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Fig. 3 - FTIR spectra of the surface of the membranes in the 4000-2300 cm~* (A) and 2000450 cm ™" (B) spectral intervals:
CTS (a); CTS/uBG (b) and CTS/nBG (d) before being immersed for 7 days in SBF and CTS/uBG (c) and CTS/nBG (e) after being

immersed for 7 days in SBF.
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soaking in SBF, the FTIR spectra of both CTS/BG composite
membranes exhibit characteristic phosphate and carbonate
bands which provide evidence of the formation of an apatite
layer. The absorption bands of the phosphate (PO3~) groups
are found between 1200—1030 cm~* (asymmetric P-O stretch-
ing mode, vs3), 962 cm™' (P-O symmetric stretching mode, v,)
and at 604 and 567 cm~* (O-P-O bending mode, v,) (Fig. 3(B))
(Pleshko et al., 1991; Slosarczyk et al., 1997; van der Houwen
et al., 2003). The absorption bands corresponding to the
carbonate (CO3™) groups are detected at 878 cm™' (out-of-
plane bending mode, v,), and 1650—1300 cm™ (asymmetric
stretching mode, v;, broad) (Fig. 3(B)) (Fleet, 2009). The broad,
non-resolved envelope at 3700-330cm~'! is due to the
stretching mode of the OH groups (Fig. 3(A)). Comparing the
spectra between the CTS/BG composite membranes, it is
observed that the peaks of the CTS/nBG appear to be more
narrowed than those of CTS/uBG. Taken all this information
together, the results confirm the formation of an apatite layer
on composite membranes which is similar to the major
mineral component of vertebrate bone tissue.

3.1.2.4. ICP. ICP experiments allowed to determine the evo-
lution of the concentration of ions in the SBF solution,
namely Ca and P. Fig. 4 shows ICP results on SBF solutions
after different immersion times. In the case of the solutions
from the CTS membranes the concentrations of both Ca and
P remain relatively constant, indicating again that this
material does not have apatite-forming ability by itself. From
the SBF extracts of both CTS/BG samples, a gradually
decrease in Ca and P concentration was observed over the
period of 7 days. The decrease in both Ca and P concentra-
tions can be attributed to the consumption of these ions for
the formation of the apatite layer. From literature (Peitl et al.,
2001; Zeitler and Cormack, 2006), it is well known that an
apatite layer is formed when bioactive glasses are placed in
contact with the aqueous component of physiologic fluids
and this process can be summarized in five stages (Peitl et al.,
2001; Zeitler and Cormack, 2006). In the present case, when

—v—CTS
3.0 —0— CTS/uBG
[ —a— CTS/nBG
25y ——7— | T¥—————vc(a
s S
T
= 1 T
5 201 \ﬁss
2 2
o 1 —
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9] =
) J N
< m
= 0.5
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0.0 0.5 1.0 5 6 7
Time (days)

Fig. 4 - Change in Ca and P concentrations of SBF after the
CTS, CTS/pBG and CTS/nBG membranes were immersed in
SBF for different time periods up to 7 days, measured by ICP
analysis.

the CTS/BG membranes are soaked in SBF, the Ca or sodium
(Na) ions in the BG are released into the SBF solution (stage I),
the soluble silica is loosen in the form of Si(OH), to the
solution as a result of the breakage of Si-O-Si bonds to form
silanol groups (Si-OH) which induce apatite nucleation
(stages II and III), as it is evident in Fig. 4 for the first time-
points (before 1 day). Once apatite nuclei are formed, they
can grow yielding a uniform layer by consuming the Ca and P
ions from SBF (stages IV and V), as demonstrated by ICP
experiments after 1 day. Thus, the induction period necessary
for the Ca-P nucleation on the surface of the CTS/BG
membranes is less than 24 h in SBF as a slight decrease in
Ca and P concentration was observed even after 1 day. It is
worth mentioning that a faster release of both Ca and P is
observed in the case of CTS/nBG composite membranes
indicating an enhanced bioactivity with respect to the CTS/
uBG membranes.

In order to have more information about the apatite layer
formed on the CTS/nBG membranes, SEM+EDS elemental
mapping data was performed and results are presented in
Fig. 5. Fig. 5 reproduces SEM+EDS mapping of silicon (Si), Ca
and P along the thickness of the CTS/nBG membranes before
and after 7 days of immersion in SBF. Before immersion in
SBF, a uniform distribution of the nBG particles in the volume
of the membrane is observed. After 7 days in SBF, the data
shows that the Si content decreases, whereas the concentra-
tions of Ca and P increases. This trend supports the finding
that an apatite layer has developed. This apatite layer is well
connected to the membrane, which was assessed qualita-
tively by SEM.

3.1.2.5. CA measurements. Cell-biomaterial interactions are
strongly dependent on the wettability of the biomaterial’s
surface since this property determines several biological
events such as protein adsorption, cell attachment and cell
proliferation (Alves et al., 2010b; Lim et al., 2008). Water CAs
were measured on selected samples, before and after being
immersed either in SBF or PBS, to evaluate the wettability of
the membranes with micron and nano-sized BG inclusions
(Table 1). In the previous work, it has been reported that the
use of SBF induce the formation of an apatite layer and the
use of PBS did not induce apatite layer formation (Caridade
et al,, 2012). The aim of using such solutions was to see the
effects by using a solution that induces mineralization on the
material and another one that do not possess any effect on
the materials. It is well-known that both topographic features
and chemistry influence the wettability properties of sur-
faces. Before immersion in the solutions, CTS membranes
have a contact angle of 93°+4 evidencing a hydrophobic
character. After 7 days of immersion in SBF and in PBS, the
CAs are 90°+6 and 92°+5, respectively, indicating that CTS
essentially maintain their hydrophobic character. CTS/uBG
membranes have a CA of 75°+6 due to the presence of uBG,
which is a hydrophilic material. However, an increase in the
CA is observed (86°+7) after 7 days of immersion in PBS,
indicating that the pBG particles are being dissolved from the
membranes. CTS/nBG membranes possess a CA of 65°+6 due
the presence of the nBG and, when immersed in PBS over a
period of 7 days, they have a contact angle of 81°+15 also due
to the dissolution of the nBG particles. After 7 days in SBF,
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Silicon Calcium Phosphorous

CTS/nBG_ control

CTS/nBG_7d SBF

Fig. 5 - SEM+EDS elemental mapping of the CTS/nBG membrane before and after being soaked in SBF for 7 days evidencing
the presence of silicon, calcium and phosphorous. The arrow points the apatite layer formed. The scale bar presented in the
figure is the same for all images.

Table 1 — Water contact angle (0) of CTS, CTS/pBG and CTS/nBG membranes before and after immersion in PBS and SBF:

*%p<0.01 and **+*p<0.001.

Sample/medium 0(°)

CTS_ control 92.9°+3.6

CTS_ 7 days in PBS 91.6°£4.9 |,

CTS_ 7 days in SBF 90.4°+6.3 i 'jxf .
CTS/uBG_ control 74.5°+6.5 %
CTS/nBG_ 7 days in PBS ~ 86.4°+6.5

CTS/nBG_ control 65.0°+6.3

CTS/nBG_ 7 days in PBS 81.2°+14.6

#BG, biactive glass; PCTS; chitosan; °CTS/uBG, composite membranes made of chitosan and micron sized bioactive glass particles; 4CTS/nBG,
composite membranes made of chitosan and nano sized bioactive glass particles; uBG, micron sized bioactive glass particles; fBG, nano
sized bioactive glass particles; 8SBF, simulated body fluid solution; hp?, storage modulus; itan §, loss factor; JPBS, phosphate buffer saline

solution; XCTS/BG, composite membranes.

both CTS/BG composite samples became completely hydro-
philic as the CA could not be measured. Such findings are
correlated to the nature of the apatite layer formed on the
surface, characterized by the assembly of hydrophilic calcium
phosphate crystals forming a rough coating with a hierarch-
ical organization at both the nano and micro levels (Fig. 1).
Such combination of surface energy and topography leads to
a surface exhibiting superhydrophilic properties. Analyzing
all results together, the decrease in CA was more prominent
for the CTS/nBG composites than for the CTS/uBG compo-
sites. This could be due to the fact that more of the nBG
particles are exposed on the surface leading to increased
interaction surface between the polymer and the glass
particle inclusions facilitating water penetration.

3.2.  Dynamic mechanical analysis (DMA)

3.2.1. Offline monitoring of biomineralization

DMA has been shown to be an adequate technique for
characterizing the mechanical features of biomaterials
(Mano, 2002) as one can use test conditions that closely
simulate the physiological environment. It has been

reported that biomaterials tested in buffered solutions at
37 °C exhibit a completely different viscoelastic behavior to
the one observed in typical dry conditions (Ghosh et al.,
2008; Mano and Reis, 2004). For example, previous studies
on chitosan showed that upon immersion of the material in
water a profound effect in its mechanical properties is
verified in which E’ shows a reduction in a factor of 50
during the wetting process (Mano, 2008). Silva et al. (2004)
demonstrate that even in neutral pH aqueous media, where
the amine groups are not protonated, chitosan membranes
absorb up to about 150 wt% of water (Silva et al., 2004). Such
absorption takes place in few minutes during which the
glass transition of the biopolymer takes place. This behavior
has been demonstrated by performing DMA studies on
chitosan membranes immersed in mixtures of water/etha-
nol with different compositions where the strong decrease
in the loss modulus of chitosan upon water uptake could be
mainly a consequence of the glass transition event
(Caridade et al., 2009). For that reason, performing mechan-
ical tests on biomaterials with water uptake capability
under physiological-like conditions is of major importance.
In this study, offline DMA experiments were carried out to
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Fig. 6 - DMA scans of CTS, CTS/uBG and CTS/nBG membranes obtained under immersion in SBF at 37 °C after being
previously immersed in SBF for different time periods: e, 0 day; W, 24 h; ¢, 5 days; A, 7 days.

monitor the variations of the viscoelastic properties of the
samples upon immersion in SBF. Fig. 6 shows DMA results
obtained by frequency scans on the samples that were
previously soaked in SBF for different times. A small
increase in E’ with increasing frequency is verified for all
samples. In the case of the CTS membranes, all scans are
superimposed and the data are similar to those obtained in
water immersion tests (Mano, 2008) indicating that the
viscoelastic properties of CTS are independent of the
immersion time in SBF. Oppositely, both CTS/BG composite
membranes present a completely different behavior: E’
increases with increasing soaking time. This stiffening
effect induced by the immersion of the CTS/BG membranes
in SBF should be a result of the development of an apatite
layer over the surfaces of the samples. Before the static
soaking stage in SBF the E’ of both CTS/BG membranes is
higher than the one of the pure CTS membrane, a result
that can be explained by the reinforcing effect of the BG
particles in the composite materials. Comparing the two
composite membranes, CTS/nBG presents E’ higher than
the E’ of CTS/puBG (20 MPa and 17 MPa, respectively). Misra
et al. (2008) also reported that the addition of such kind of
nanoparticles has a significant stiffening effect in biode-
gradable polymer matrices. This stiffening effect is even
more pronounced with increasing soaking time in SBF after

7 days in SBF E’ of CTS/nBG is about 37 MPa and E’ of CTS/
uBG is about 22 MPa. Compared with uBG particles, nBG
particles have a larger surface area forming a tighter inter-
face with the polymer matrix in the composite, thus a
higher load transfer effect is expected leading to enhanced
composite stiffness.

Fig. 6 also represents the variation of the tan ¢ along the
frequency. The loss factor is the ratio of the amount of energy
dissipated by viscous mechanisms relative to energy stored in
the elastic component providing information about the
damping properties of the material. For all formulations,
tan 6 tends to decrease with the increase in frequency
indicating that the materials became less viscous and more
elastic. Moreover, from Fig. 6, it was observed that the tan
exhibited higher values for CTS/nBG than CTS and CTS/uBG
membranes indicating that such materials possess higher
capacity to dissipate energy. This could be the result of the
larger area covered by the interface between the polymeric
matrix and the particles for the former composite, that could
contribute more for the dissipation of mechanical energy. In a
general point of view, the tan 6 values of the composite
membranes do not exhibit significant variation with the
previous immersion period in SBF. This means that the in
vitro mineralization process of the biomaterial does not
influence significantly its damping properties.
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3.2.2.  Online monitoring of biomineralization

In the present work, online DMA experiments have been also
performed. The motivation for these experiments is that if
the biomaterial possesses osteoconductive properties it
should promote the deposition of hydroxyapatite on its sur-
face and its mechanical properties will continuously change.
DMA experiments were used to monitor the change in the
viscoelastic properties of the samples immersed in both PBS
and SBF during the first 24 h (see Fig. 7(A)). No changes in E’
for the CTS membrane are observed with increasing immer-
sion time, indicating that, as expected, during this period no
mineralization, degradation or other processes that could
change the mechanical behavior take place in the pure
biopolymer membrane. The same behavior is observed for
CTS membranes when immersed in PBS. On the other hand,
when immersed in PBS, E’ of both CTS/BG composite mem-
branes present a continuous decrease. This loss of stiffness is
ascribed to the fact that the BG particles are being dissolved
from the membranes and the result is consistent with the
information obtained by CA measurements. When immersed
in SBF, a totally different evolution of E’ is verified for both
CTS/BG composites as in the case of PBS, the E’ decreases
continuously up to ca. 7 h (in the case of CTS/uBG) and up to
ca. 4 h (for CTS/nBG) of immersion in SBF indicating that the
BG particles are being dissolved from the membranes. After
such periods of time E’ stabilizes and starts to increase, with
increasing immersion time in SBE. The increase in E’ is more

A 2 —v— CTS/_online experiments in PBS
24 —o—CTS/uBG _online experiments in PBS
1 20 2 —=—CTS/nBG _online experiments in PBS
] 20
100 £ [LLIH
S e e :
804 " S1ll] ™
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pronounced after 15h for the CTS/uBG and after 8 h for the
CTS/nBG, indicating that a hydroxyapatite layer is being
formed. To reinforce this hypothesis, SEM observations were
performed for short immersion time in SBF on the CTS/BG
composite membranes. From SEM images shown in Fig. 7(B)
it is observed that after 5h no hydroxyapatite layer is
formed on the CTS/nBG sample, which is consistent with
the dissolution of the nanoparticles from the membrane,
thus E’ decreases. On the other hand, after 8 h of immersion
in SBF, the CTS/nBG membrane presents some apatite formed
on the surface that is associated to the increase in E’ of the
CTS/nBG composite membrane. For the CTS/uBG membranes
the presence of a hydroxyapatite layer could be detected after
a period of 15h (Fig. 7(B)). DMA experiments also demon-
strate being a non-destructive technique allowing the mon-
itoring of the apatite layer formation. In fact, bioactivity tests
were made separately, in static conditions, and the morphol-
ogy of the apatite layer formed observed by SEM was the
same as the ones obtained after the samples being tested in
DMA (data not shown). Interestingly, such results demon-
strate that a faster kinetic of hydroxyapatite formation is
obtained by using nanoparticles. Thus the use of nanoparti-
cles proves to have the following advantages: (i) using nano-
sized particles in the CTS matrix induces a tighter interface
leading to an effective increase of the Young’ s modulus; (ii)
the higher specific surface area of the nanoparticles allows a
faster release of ions, namely Ca and P, enhancing the

—v—CTS
—o— CTS/uBG
—— CTS/nBG

—

10 ~

0 2 4 6 8 10

12 14 16 18

8h 15h

CTS/nBG
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Fig. 7 - (A) Online DMA measurements at 1 Hz on the CTS and both CTS/BG membranes while immersed in SBF for the first
24 h. The inset represents the same online DMA experiments on CTS/nBG membranes while immersed in PBS for the first
24 h. (B) SEM images on the surface of both the CTS/BG composites membranes taken after short immersion times in SBF

(©Oh, 5h, 8h, and 15 h).
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bioactivity formation of a hydroxyapatite surface layer of
such composites; and (iii) the use of nBG in the CTS matrix
mimics more closely the structure of natural bone than
if micrometer-sized particles are used. Similar membrane
composites combining chitosan and silica-based bioactive
nanoparticles, prepared by sol-gel, were also found to elicit
favorable biological activity in vitro (Luz and Mano, 2012; Mota
et al,, 2012), which enhances the potential applicability of
such kind of systems for a series of biomedical applications,
including in the orthopedic and maxillo-facial fields.

4, Conclusions

CTS, CTS/uBG and CTS/nBG membranes were prepared by
solvent casting at room temperature. Both CTS/BG composite
membranes presented improved mechanical properties and
excellent hydroxyapatite forming ability compared to pure
CTS membrane. This study has highlighted the advantages of
using nano-sized bioactive particles over conventional
(micron-sized) bioactive glasses, which result from the large
surface area of the nBG; CTS/nBG composite membranes
presented enhanced performance in the mechanical proper-
ties and enhanced bioactivity. For the first time in this class of
composites, the biomineralization process was followed, in
real time, using in situ DMA where a faster mineralization
kinetic was observed for the CTS/nBG composite: a period of
8h was sufficient to induce an increase of stiffness due to
enhanced deposition of hydroxyapatite as compared with a
period of 15h required for apatite formation in the CTS/uBG
membranes.
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