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Fundamental aspects of biomineralization may be important in order to understand and improve calcification
onto the surface of biomaterials. The biomineralization process is mainly followed in vitro by assessing the
evolution of the apatite layer that is formed upon immersion of the material in Simulated Body Fluid (SBF).
In this work we propose an innovative methodology to monitor apatite deposition by looking at the evolution
of the mechanical/viscoelastic properties of the sample while immersed in SBF, using non-conventional dy-
namic mechanical analysis (DMA) performed under distinct displacement amplitudes (d). The biomimetic
biomineralization process in composite membranes of chitosan (CTS) with Bioglass® (BG) was followed by
measuring the change of the storage modulus, E′, and the loss factor, tan δ, at 37 °C and in SBF, both online
(d = 10 μm and d = 30 μm) and offline (d = 0 μm). The online experiments revealed that the E′ decreased
continuously up in the first hours of immersion in SBF that should be related to the dissolution of BG particles.
After that, an increase of the stiffness was verified due to the apatite deposition. SEM/EDS observations upon
24 h of immersion in SBF showed higher development of apatite deposition with increasing displacement
amplitude.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In the last years, many strategies have been employed in order to
confer bioactivity to biomaterials aimed to be used in the orthopedic
field [1,2]. Much research has been done in order to understand the
mechanism of mineralization of such materials. A common character-
istic of such bioactive materials is a time-dependent, kinetic modifica-
tion of the surface that occurs upon implantation. Such surface forms
a bone-like apatite layer that provides the bonding interface with bone
tissue. The morphological, structural and chemical characterization of
the formed calcified layer is typically performed at pre-determined
time points after immersion in aqueous physiological-like fluids. Such
aqueous solutions simulate different properties of human plasma,
such as pH and ionic composition. Usually, when bioactive materials
are in contact with any of these solutions, three phenomena occur: re-
lease of ions, pH modifications and growth of an apatite layer on the
glass surface [3]. To explain the evolution of the reaction between the
bioactive materials and its surrounding medium different protocols
materials, Biodegradables and
uropean Institute of Excellence
k, 4806-909, Taipas, Guimarães,

. Caridade),
inho.pt (N.M. Alves),

rights reserved.
have been tested. To carry out in-vitro study, different aqueous biologi-
cal fluids such as, Tris buffer [4], simulated body fluid (SBF) [5,6], new-
born bovine serum [7] and some cell culture media such as Dulbecco's
modified Eagle's medium [8,9] have been used. Moreover, several pro-
tocols have been tested in which the assay can be performed in a static
medium [10–12], renewed at pre-determined time [13], renewed with
continuous stirring or in a dynamic mediumwhere the solution is con-
stantly exchanged with a peristaltic pump or under circulating flow
perfusion conditions [14–17].

The description of the biomineralization process in real time may
provide information about the calcification kinetics and mechanism
and could also describe the evolution of useful properties of the bio-
material. However until now, just few studies have followed the biomin-
eralization process in situ [18–22]. Leonor et al. reported the change in the
surface topography by monitoring in situ using atomic force microscopy
while apatite was deposited onto a biodegradable bioactive substrate
[18]. Also, real-time, in situ quartz crystal microbalance measurements
were conducted to better understand the crystallization of calcium phos-
phates onto substrates [19]. Other techniques could be also used to follow
the biomineralization process in situ and extract valuable information.
DMA demonstrated be an adequate technique for characterizing the
mechanical features of biomaterials [23], as one can use test conditions
that closely simulate the physiological environment. Previousworks re-
ported that biomaterials tested in buffered solutions at 37 °C show a
completely different viscoelastic behavior to the observed in the typical
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dry conditions [24,25]. Such kind of studies strengthens the need of
performingmechanical tests in biomaterials withwater uptake capabil-
ity under physiological-like conditions. On a previous work [21], the
biomineralization process was, for the first time, followed in real time
using DMAwhere online experiments were used tomonitor the change
in the viscoelastic properties of CTS/BG composite membranes im-
mersed in SBF during the first 24 h. The motivation was that, if the bio-
material possesses osteoconductive properties it should promote the
deposition of apatite and its mechanical properties could be changed
and followed in real time. The online experiments revealed that the E′
decreased continuously up in the first hours of immersion in SBF, that
being related to the dissolution of BG particles. After that, an increase
of the stiffness was verified due to the apatite deposition. This work
demonstrated the possibility of using real-time mechanical characteri-
zation to monitor the process of biomineralization and provided infor-
mation about the calcification kinetics and mechanism. However, the
effect of the displacement amplitudewas not analysed.We hypothesise
that such parameter will influence the ion dissolution profile and thus,
the evolution of the apatite deposition and the change of the mechani-
cal properties of the composite membrane.

In this work, we propose to monitor the precipitation of the apa-
tite layer under different mechanical dynamic conditions over com-
posites membranes upon immersion in SBF using in situ DMA. If one
can recreate the physiological environments in the bioactivity tests,
these DMA experiments could help in predicting the evolution of
the mechanical/viscoelastic performance of bioactive implants upon
implantation, including under distinct loading conditions. To demon-
strate the applicability of the proposed methodology, we tested flex-
ible bioactive membranes obtained by the combination of CTS and BG
particles. The biomineralization processwas followed bymeasuring the
change of the storagemodulus, E′, and the loss factor, tan δ, at 37 °C and
in SBF, both online and offline.

In literature, other studies have reported such kind of chitosan-based
bioactive systems [26–29]. For example, Leonor et al., [30] demonstrated
the growth of a bonelike apatite on chitosan microparticles after a calci-
um silicate treatment. They showed that such system can be used as an
injectable bone substitute that can also act as a drug delivery system.
Lee et al., [26] prepared a membrane of hybrid chitosan-silica xerogel
that presented superior mechanical properties and excellent in-vitro bio-
activity than pure chitosan membranes. They reported that, such hybrid
membranes can be used for guided bone regeneration.

As in in-vivo conditions tissues are subjected to mechanical stimuli
with distinct intensities, the motivation of this work was observed
which effects could occurred in the mineralization process by doing
the samples oscillating at different displacements.

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 deriva-
tive ultraviolet spectrophotometry, using both glucosamine (GluN)
and N-acetylglucosamine (GluNAc) standards for calibration [31].
The molecular weight (Mv) was determined by viscometry in CH3-

COOH 0.5 M/NaCH3COO 0.2 M, which was found to be 770 kDa
according to the Mark-Houwing theory (k = 3.5 × 10−4; a = 0.76)
[32]. The Bioglass ® (45S5) with particle size of 5 μm was supplied by
US Biomaterials Corp. (Florida, USA). The SBF [33] was prepared by dis-
solving NaCl (ACS reagent, ≥99.0 % purity), NaHCO3 (ACS reagent,
≥99.7 % purity), KCl (ACS reagent, ≥99.0 % purity), K2HPO4.3H2O
(ReagentPlus®, ≥99.0 % purity), MgCl2.6H2O (ACS reagent, ≥99.0 %
purity), CaCl2 (ACS reagent, ≥96.0 % purity) and Na2SO4 (ACS reagent,
≥99.0 % purity) in distilled water and buffered with Tris buffer (ACS
reagent, ≥99.8 % purity) and HCl (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
usedwere of reagent grade and were usedwithout further purification.

2.2. Membranes preparation

Composite membranes, CTS/BG, were prepared by solvent casting.
First, chitosan was dissolved at 1 wt. % in 1 wt. % aqueous acetic acid
and filtered to remove impurities. After, 30 wt % of BG was added to
the polymer solution. This mixture was stirred during 2 h and then
sonicated for 15 min. The solutions were cast in Petri dishes and left
to dry at room temperature. After drying, CTS/BG compositemembranes
were peeled off and neutralized in a 0.1 M NaOH solution for about
10 min, washed thoroughly with distilled water and dried again.

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 was previ-
ously described by Kokubo and co-workers [33]. Sample membranes of
20x15mm2 were cut from the original processed films for the bioactiv-
ity tests. Three replicates for each sample were immersed in SBF for
1 day at 37 °C. After being removed from SBF, the sample membranes
were gently rinsed with distilled water and dried at room temperature.

2.4. Physical characterization of materials

2.4.1. Scanning electron microscopy (SEM)
The morphological analysis of the samples (after and before of

bioactivity test) was performed using Scanning Electron Microscope
(SEM, Leica Cambridge S 360) at an accelerated voltage of 15 kV. Be-
fore being observed by SEM, the membranes were gold coated using a
Hitachi coater at 6 mA. After DMA experiments, the composite mem-
branes were gently rinsed with distilled water and dried at room tem-
perature. Such drying step made cracks in the apatite layers formed
being used to estimate their thicknesses by SEM. The surfaces of all sam-
ples were always put in an orientation of 45° in the SEM apparatus in
order to have always the same inclination for the measurements. At
least three measures were taken for each condition.

2.4.2. Energy dispersive spectroscopy (EDS)
Samples of the polymeric matrixes prepared were observed by a

Leica Cambridge S360 Scanning Electron Microscope. The matrixes
were fixed by mutual conductive adhesive tape on aluminium stubs
and covered with carbon palladium using a sputter coater. After im-
mersion in SBF the samples were again analysed in order to check
the appearance of a calcium-phosphate layer on the surface of the
matrixes.

2.5. Dynamic Mechanical Analysis (DMA)

All viscoelasticmeasurementswere performed using a TRITEC2000B
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 mmwidth (measured accurately for each sample).
CTS/BG were always analyzed immersed in a liquid bath placed in a
Teflon® reservoir. Two different experiments were performed: one was
in real-time and the other one was offline. In the online experiments,
two different displacement amplitudes (d) were used during the DMA
measurements: 10 and 30 μm. In the online measurements the mem-
branes were immersed in SBF up to equilibration and then the measure-
ments were done always keeping the membrane inside the apparatus.
Themotivationwas to observe in real time the changes in the viscoelastic
properties of the materials in a solution that induces mineralization
under different cyclic amplitude displacements. The offline experiments
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Fig. 1. A: storage modulus and B: loss factor of DMA measurements at 1 Hz on the CTS and CTS/BG membranes while immersed in SBF for the first 24 h.
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were performed by measuring the sample in the DMA after being im-
mersed in SBF for a period of 24 h (“static” experiment). 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, theDMA spectra
were obtained during a frequency scan between 0.1 and 10 Hz. A static
pre-load of 1 N was applied during the tests to keep the sample tight.
Three specimens were tested for each condition.

3. Results and discussion

The description of the biomineralization process in real time may
provide information about the calcification kinetics and mechanism
and could describe the evolution of the properties of the biomaterial.
Our group reported, for the first time, the monitoring of the biomineral-
ization process in real time using DMA [21]. In another study [22] the
biomineralization process was also followed in real time by using DMA
where a fastermineralization kineticwas observed for CTS/BG composite
membranes containing nanosized bioactive glass particles, as compared
with the composites with micro sized particles. It is known that the bio-
mineralization process is dependent of several factors and that the living
Fig. 2. A: EDS profiles of the CTS/BG membranes after being soaked in SBF for 24 h at differ
possible to detect the cracks in the apatite layer that were used to estimate the thickness of t
CTS/BG control corresponds to the composite membrane before soaking in SBF. The scale b
tissues are subjected to mechanical loads with distinct intensities. We
hypothesise that such behavior could be recreated by analyzing the bio-
mineralization while the sample is loaded with different displacement
amplitudes. For that, DMA experiments were performed, both online
(“dynamic”) and offline (“static”), where the viscoelastic properties
were followed in wet conditions as a function of immersion time in
SBF. The offline experiments were carried out for a period of 24 h: after
soaking the membranes during 24 h in SBF, under static conditions
(i.e. no dynamic load was imposed during soaking in SBF), the samples
were placed in the DMA apparatus and tested after equilibration at
37 °C immersed in SBF. Fig. 1 shows the change in the viscoelastic pa-
rameters of the composite membranes immersed in SBF for a period
of 24 h. Changes were detected on the CTS/BG membranes during the
mineralization process just by changing the displacement conditions.
The online experiments revealed thatwhen immersed in SBF, the storage
modulus, E′, decreases continuously up to ca. 7 h (in the case of CTS/BG
subjected to a displacement of d = 30 μm) and up to ca. 12 h (for
CTS/BG subjected to a displacement of d = 10 μm) of immersion in
SBF indicating that the BG particles are being dissolved from the mem-
branes. After such periods of time E′ stabilizes and starts to increase (ca.
12 h for the CTS/BG subjected to d = 30 μm and ca. 17 h for CTS/BG
subjected to d = 10 μm), with increasing immersion time in SBF
ent displacements (offline, d = 30 μm and d = 10 μm) and B: SEM images where it is
he apatite layer developed in the CTS/BG membranes during the immersion in SBF. The
ar is 2 μm.



4483S.G. Caridade et al. / Materials Science and Engineering C 33 (2013) 4480–4483
indicating that an apatite layer is being formed (Fig. 1A). Although all
the conditions tested indicate the formation of an apatite layer, the
CTS/BG that are subjected to d = 30 μm present a faster kinetic of hy-
droxyapatite formation. An explanation to this behavior is that, the re-
lease of ions by diffusion is favored by employing a higher
displacement to the CTS/BG. This ions exchange by the BG particles and
the SBF lead to the formation of a hydrated silica gel layer which is abun-
dant in silanol groups (Si-OH) that provides favorable sites for calcium
phosphate nucleation. Once the apatite nuclei are formed, they grow
spontaneously into a dense and uniform layer of bone-like apatite. Simi-
lar results were obtained in another work, where the kinetic of apatite
formation was higher in composite membranes made of CTS and nano
BG [22]. Fig. 1B shows that, the loss factor (tan δ) values of the composite
membranes do not exhibit significant variation with the previous im-
mersion period in SBF. This means that the in-vitro mineralization pro-
cess of the biomaterial does not influence significantly its damping
properties. EDS and SEM observations were performed on the samples,
to investigate the apatite deposition occurred upon 24 h immersion
time in SBF on the CTS/BG composite membranes (Fig. 2). Fig. 2A
shows the EDS spectra of the CTS/BG that were subjected to the various
DMA conditions aforementioned. After only 24 h in SBF, all the condi-
tions studied present an increase on the intensity of both calcium (Ca)
and phosphorous (P) peaks relatively to the CTS/BG control indicating
the development of an apatite layer. In particular, one could detect a rel-
ative increase of the P and Capeakswith respect to the C andOpeaks for
the sequence: static (d = 0 μm), d = 10 μm and d = 30 μm.

Fig. 2B shows the surfaces of the composite membranes after DMA
experiments where the samples were gently rinsed with distilled
water and dried at room temperature for SEM observation. The cracks
in the apatite layers can be used to estimate the thickness of the apatite
component (Fig. 2B). A thickness of 0.68 ± 0.04 μm, 0.85 ± 0.07 μm
and 0.97 ± 0.05 μmwasmeasured for themembranes thatwere tested
in static conditions (offline experiment) and, with the membranes that
were subjected to d = 10 μm and d = 30 μm, respectively. Such re-
sults reinforced the hypothesis that the mineralization process can be
regulated just by changing the stimulations that are applied to a mate-
rial. Moreover, as observed in DMA experiments, it seems that the ki-
netic of apatite formation is faster on the CTS/BG membranes that
were subjected to a displacement of 30 μm. Taken all together, such re-
sults indicated that the apatite layer formation and stiffness can be con-
trolled depending on the stimulus that is employed to amaterial during
biomineralization.

4. Conclusions

CTS/BG composites membranes were prepared at room temperature
using a solvent casting process. It was possible to follow the biomineral-
ization process in-vitro using in-situ dynamicmechanical analysis. As the
living tissues are subjected to different mechanical stimulus in the body,
online DMA testswere performed at different cyclic displacement ampli-
tudes: 10 and 30 μm. Online DMA tests permitted to follow the calcifica-
tion process in SBF and a faster kinetic of apatite formation was verified
on the CTS/BG membranes that were subjected to a displacement of
30 μm.
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