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In the present work, we have studied the effect of the piezoelectricity of elastically deformed cortical bone collagen
on surface using a biomimetic approach. The mineralization process induced as a consequence of the piezoelectricity
effect was evaluated using scanning electron microscopy (SEM), thermally stimulated depolarization current
(TSDC), and differential scanning calorimetry (DSC). SEM micrographs showed that mineralization occured
predominantly over the compressed side of bone collagen, due to the effect of piezoelectricity, when the sample
was immersed in the simulated body fluid (SBF) in a cell-free system. The TSDC method was used to examine
the complex collagen dielectric response. The dielectric spectra of deformed and undeformed collagen samples
with different hydration levels were compared and correlated with the mineralization process followed by SEM.
The dielectric measurements showed that the mineralization induced significant changes in the dielectric spectra
of the deformed sample. DSC and TSDC results demonstrated a reduction of the collagen glass transition as the
mineralization process advanced. The combined use of SEM, TSDC, and DSC showed that, even without osteoblasts
present, the piezoelectric dipoles produced by deformed collagen can produce the precipitation of hydroxyapatite
by electrochemical means, without a catalytic converter as occurs in classical biomimetic deposition.

Introduction alignment and close packing of the dipolar tropocollagen units,
with the entire collagen fibril acquiring a permanent dipole
The collagens are a large family of proteins defined by their moment’8 The triple-helical structure characterized by left-

ability to form highly organized supramolecular structures in handed single chains with a right-handed twist and an overall
the extracellular matrix of connective tissues, and by a common permanent dipole allows a shielding effect of the surrounded
basic structural element of three parallel polypeptidehains thin water structures, which serves to maintain a situation of
folded into a triple helix-? Collagen molecules consist of three  electron mobility in the physiological environment. In the in
a-chains, which wind around each other to form a thermally vivo tests, both parallel and antiparallel alignment of the dipolar
and proteolytically stable triple helix. Such a collagen triple helix tropocollagen units can be obsenfddowever, in vitro collagen
shows a sharp transition to a random coil configuration close can exist only in the form of fibrils in which the dipolar
to body temperature, suggesting that minor changes of thermo-tropocollagen units always align in the parallel state that results
stability can be critical for the biological half-life of collagén.  in a permanent dipole moment along the longitudinal molecular
Collagen molecules are rod-like and are staggered one-quarteiaxis. It is possible to assume that sufficient disturbance to the
of their length from one another, forming microfilaments and native collagen structure, for example, an ionic imbalance and
filaments that pack laterally to produce macroscopically in- a change in water concentration, may affect the particular
soluble fibers! The range of denaturation temperatures of the parallel alignment and condensed stacking of the molecule, with
solid-state collagen is an outcome of the degree of collagen consequent changes in its electrical properties. These changes
cross-linking, water content, and the presence of substances likemay in themselves be insufficient to give rise to extensive
hydroxyapatite, and as a consequence the denaturation tempemolecular rearrangement in the collagen, but sufficient to initiate
ature range goes from 60 to near 280.>6 Among natural a series of complex biochemical events with subsequent
biopolymers, collagen deserves special attention. Its fundamentalprocesses of adhesion and aggregation involving the collagen
building block is believed to be the triple helical, dipolar itself as well as the proteic substances with which it comes into
tropocollagen unit, which aligns and stacks into fibril that exhibit contact®
an overall permanent dipole moment. The electrical-conduction ~Some biological materials, like collagen and biopolymers,
properties of collagen are believed to result from this particular are found to exhibit the polar uniaxial orientation of molecular
dipoles in their structure and can be considered as bioelectret.
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studied'?~16 However, the mineralization process has been so Peristaltic
far accredited to the work of osteoblasts, which are attracted L
by the electrical dipoles produced either by piezoelectricity, dU€ controt sampte Without SBF treatment
to deformation of the bone, especially the collagen in it, or due (Undeformed <

Aerylie
column

to outside electrical stimuh’ Falleg) " With SBF treatment
Because collagen is constituted by polar repeating units of : f;ﬁ’;::
aminoacid - CO—CR—NH-), the dielectric techniques are ot . [ #]
particularly sensitive to analysis by the relaxation phenomena RalRE s ‘
in this material. In fact, these techniques have been used to study i
the effects of water on the dielectric properties of constituent Ds"""";:" e " |Undeformed
phases of unmodified collagé#r.22 = e F L eollape
The main purpose of this work was to study the mineralization G B
process of cortical bone collagen induced by the effect of %ﬁmﬁd
piezoelectricity in the material using a biomimetic approach in e skl \l—/
a cell-free system. The mineralization process was evaluated

using scanning electron microscopy (SEM), thermally stimulated Figure 1. Schematic drawing of the experimental setup for the
depolarization current (TSDC), and differential scanning calo- biomimetic system used for collagen mineralization.
rimetry (DSC).
and a peristaltic pump impelled the SBF to the column guaranteeing
that it circulated cyclically throughout the column. The sample-
Experimental Section containing column was thermally isolated to avoid heat exchange with
the atmosphere, trying to maintain the temperature of the system nearest
Collagen Demineralization. Type | collagen was obtained from {0 body temperature. Figure 1 shows a schematic representation of the
rabbits’ bones and was demineralized as previously deschiliréfly, system. The solution of SBF was weekly replaced in the system by
two femurs and tibias were demineralized by dissolving the mineral fresh solution. Also, the samples of deformed and undeformed bone
phase of the bone with a solution of EDTA 0.5 M, pH 7.4, under cortical collagen were retired from the system weekly and preserved
agitation at 4°C, changing this solution for a fresh solution each 3 or 5t —20 °C for analysis.
4 days. After 4 weeks, the samples were retired from the solution and Scanning Electron Microscopy (SEM).The photomicrographs of
washed thOrOUghly with distilled water to ensure that all EDTA was the samp|es of Co”agen and Co||agen with hydroxyapatite (HA) deposits
removed from the sample. To verify the degree of decalcification \yere obtained with a SEM, Phillips XL-30. Rectangular samples were
reached by the collagen, small samples of these were dyed with prepared, lyophilized, and covered with a carbon layer. In addition,
Alizarin'red?4 this COmpOUnd is sensitive to calcium and allows for EDS (energy dispersion Spectrophotometry) characterizations were
verification of the presence of calcium in the materials or tissue. In made, yielding semiquantitatively the amount of calcium and phos-
the preparations, the amount of present calcium by means of this phorus that had been deposited on the collagen substrate.
procedure was evaluated each week. After 4 weeks of decalcification,  TSDC Analysis. In this study, the thermal stimulated depolarization
the amount of calcium present reached the lowest level of Concentrationcurrent technique (TSDC) was emp|0yed to Study the influence of the
attainable despite maintaining the samples for longer periods of mineralization on the dielectric relaxation behavior of the collagen
treatment (3 months) with EDTA. The demineralized collagen obtained molecules. The TSDC technique is used to examine the variation with
in this form is referred to subsequently as a control sample. temperature of the depolarization current, produced by a sample that
Deformation Process.The procedure used to deform the collagen was previously polarized at a temperatifg The T, should be
substrates consists basically of bending the substrate inside a plastisufficiently high to allow the orientation of the different dipolar species
tube, and maintaining it constrained, thus deformed, forming an arc in the presence of an external electric fidld. The technique is
co-incident with the internal radius of the tube that is 0.6 cm. This conducted at a low equivalent frequeney10~3 Hz), allowing the
deformation assured a considerable stress, sufficient to elastically accurate resolution of multicomponent peaks. By careful selection of
separate molecules of the collagen, thus generating the polarizingthe polarization conditions, it is possible to isolate a specific relaxation
piezoelectric effect. The dipoles thus formed could induce the nucleation from a multitude of peaks. These characteristics make it possible to
and deposition of the apatite. On the constraining tubes, relatively wide study the secondary relaxationsgnds modes), as well as cooperative
rectangular windows were opened, to provide direct contact of the relaxations such as segmental (mode) and higher temperature
sample with the simulated body fluid (SBF). Altogether, four collagen processes. The samples studied were rectangular shaped of ap-
substrates were deformed and exposed to the SBF; a similar numberproximately 0.40 crharea and 600 micrometers thick. To avoid the
of undeformed samples was used for calcification control. The samples effect of the conduction current and carrier injection on the depolar-
were exposed for 4 weeks, on the average. ization spectra, the experiments were performed adding to both sides
Biomimetic Tests. To simulate the blood plasma, a physiological of the sample a pair of blocking electrodes. They were formed with a
fluid, following the specifications presented by Kokubo in the prepara- pair of sapphire disks of 19 mm in diameter and 0.216 mm thick. The
tion of one simulated body fluiéf, was prepared, thus using the so- sandwich was placed between two spring-loaded metallic electrodes
called biomimetic method, to simulate the conditions for bone growth. in contact with the sapphire disks. The principle of the TSDC technique
SBF was prepared by dissolving reagent grade chemicals of NaCl, is based on the strong dependence of the dielectric relaxation#jme,
NaHCGQ;, KCI, K,HPO,-3H,0, MgCk+6H,0, CaC}, and NaSQ, into on temperaturd. The state of polarization was frozen by quenching
distilled water. It was buffered at pH 7.25 with 50 mM Tris-HCI. The the sample rapidly (58C min™?) to liquid nitrogen temperature. Next,
fluid temperature was kept at 36450.5°C and completely free from the electric field was switched off, and the sample temperature was
living cells or organic substances using sodium azide to inhibit increased at a linear heating rate to record, with a Cary Vibrating Reed
microorganism growth. An acrylic column on a universal support was Electrometer model 401, the depolarization current caused by the
used, inside of which the substrates of collagen with and without disorientation of the dipoles. The sensitivity of our current measuring
deformation (that is, inside and outside constraining tubes) were system was 107 A, and the signal-to-noise ratio was greater than 500.
submerged in the SBF. With the purpose of simulating the blood The constant heating rate used was1s, and a typical electric field
circulation in the body, an outside beaker that contained fresh SBF of 5 x 10° V/m was applied. Samples of different hydration levels had
fluid was placed inside a stove to control the temperature t6G37 been studied by TSDC to follow the effects of water on the dielectric
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properties of collagen. The hydration levels were varied by equilibrating
the samples at room temperature in high vacuunT§{Irr). The
hydration level,h (%), was calculated from the weight differences
obtained at each step of the vacuum outgassing cycle. In all cases, the
water content of the samples was determined from the loss of weight
after drying to constant weight at 106 for 24 h. Hydration treatments
were repeated in several samples to check reproducibility of the results
obtained.

Differential Scanning Calorimetry (DSC). To determine the
differences in thermal properties of the collagen and mineralized
collagen samples, studies of differential scanning calorimetry (DSC)
were employed using a Perkin-Elmer DSC-7; sample weights between
5.0 and 7.0+ 0.1 mg were used. The collagen samples were sealed in
aluminum pans, under a nitrogen atmosphere of high purity. The rank
of temperatures studied went from 0 to 200, and, when heated at
the scanning rate of 20C/min, at least two replicas of collagen sample
for each run were recordedly measurements were determined using
the midpoint inflection method. The temperature was controlled with
a precision not less thah0.1 °C over the whole measured temperature
interval. Samples with different levels of hydration were employed.
Vacuum at room temperature during 44.17 h was used for dehydration
of collagen.

Results and Discussion

'Using the biomimetic system, represented schematically in gigyre 2. SEM micrographs of control sample bone cortical collagen
Figure 1, the piezoelectric effect of the cortical bone collagen (non-immersed in simulated body fluid). (A) Outer side (corresponds
was evaluated with respect to the deposition of hydroxyapatite to periostium bone surface). (B) Inner side (corresponds to endostium
(HA) on the surface of the collagen material. For this purpose, bone surface).
a system was used that imitates the conditions of ion composi-
tion similar to the biological fluid, using the SBFwith a pH deposition on the compression zone (Figure 3B), as compared
and temperature at physiological conditions, and establishing ato the tension zone (Figure 3A). When making semiquantitative
system of constant flow of liquid, to imitate in vivo conditions. comparisons between the Ca/P relations in the compression zone
In this study, the bone cells were excluded to study the to a magnification of 10Q, the Ca/P relation obtained (Figure
piezoelectric effect of the collagen on HA precipitation. 3B) corresponds to 1.39 (see Table 1), which is very near the
To determine the influence of the collagen piezoelectricity value of octacalcic phosphate (Ca/P is 1.33). Nevertheless, when
originated by the mechanical deformation in the mineral the magnification is increased to 100@Figure 3C), the Ca/P
deposition, the samples were immersed during a total period of relation obtained is 1.72, a value that is very near to the
4 weeks as it was described previously. The undeformed hydroxyapatite (Ca/P= 1.67). Comparing the results of EDS
(UNDS) and deformed (DS) samples were retired weekly for obtained for the DS substrates, it is possible to observe that the
the corresponding analysis. The observations by SEM were higher deposition occurs in the compression face.
made on the original two bone surfaqeg, thaf[ IS to say, .the The micrographs obtained by SEM for the samples immersed
internal faqe of the collagen surface, orlgmally in contact WIFh during 4 weeks in SBF are shown in Figure 3 (micrographs
the end_ostl_um, and the external face, originally in contact with D—H). The micrographs of the UNDS sample immersed during
the periostium. 4 weeks are shown in Figure 3D and E. From this figure, it can
. . e observed the presence of mineral deposits on both surfaces,
of EDS with the purpose of measuring the amounts of Ca and althouah there was not a noticeable diff betw th
P that were still present in both faces. From the micrographs of 9 was I iceable diiference between (ne
famount and the quality of these deposits when both faces are

the surface, it is possible to observe the size and the amount o 4 N thel hen the DS | . d
present crystals (Figure 2). A presence of dispersed white dotsCOMPared. Nevertneless, when the samplé was Immerse

in the surface can be observed in the micrographs (Figure oa'n SBF for 4 weeks, an importan_t deposition formed on the
and B). They could correspond to the HA from the original surface subject to compression (Figure 3G) as compared to the

bone that was not dissolved during the process of bone surface under tension (Figure 3F). This preferential deposition
demineralization. According to the EDS results, the amount of IS attributed to the piezoelectric effect generated by the
calcium and phosphorus is approximately between 1% and 3%application of a mechanical deformation in the collagen, causing
of atoms on the substrate, which indicates that the initial the dipoles in collagen fibers to reorganize tending to increment
decalcification generally occurred. However, these traces might of negative charges in the compression zone, favoring the
be leftover from that initial demineralization process. nucleation and later the crystallization of the HA. The negative
The DS and UNDS samples evaluated for the first and the charges in the zone of compression apparently attract the calcium
second week of immersion in the SBF do not show an ions in solution that soon connect with the ion phosphate.
appreciable modification of the surface when compared to the Increasing the magnification to 1080 values near 1.69 were
control sample. The results of the percentage of Ca and P areobtained for the atomic relation Ca/P of these particles (see
small and comparable to the result obtained for the control Table 1); this value is close to the one of the hydroxyapatite
sample. stoichiometric proportion (Ca/B 1.67) indicative that this is
The micrograph corresponding to the DS sample for the third probably the mineral deposited in the zone of the cortical bone’s
week of immersion in SBF showed a higher mineral particle collagen under compression. It should be emphasized that,
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Ca/P=1.72
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Figure 3. SEM micrograph of cortical bone collagen immersed in the simulated body fluid. (A) Tension deformed side after 3 weeks, (B)
compression deformed side after 3 weeks, (C) detail of crystal observed on sample shown in micrograph B, (D) outer undeformed side after 4
weeks, (E) inner undeformed side after 4 weeks, (F) tension deformed side after 4 weeks, (G) compression deformed side after 4 weeks
immersed, and (H) detail of compression deformed side after 4 weeks immersed.

Table 1. Ca and P Composition (%) and Ca/P Ratio of Cortical Bone Collagen, Analyzed by EDS

collagen internal surface collagen external surface
immersion undeformed deformed (compression) undeformed deformed (tension)

time %Ca %P Ca/P %Ca %P Ca/P %Ca %P Ca/P %Ca %P Ca/P
control 1.19 1.18 1.01 1.19 1.18 1.01 1.85 2.04 0.91 1.85 2.04 0.91
1 week 100x 0.62 0.61 1.02 1.46 1.84 0.79 0.85 0.81 1.05 1.46 1.84 0.79
3 weeks 100x 1.37 1.19 1.15 2.9 2.08 1.39 3.12 1.45 2.15 0.92 141 0.65
1000x 16.50 28.38 1.72
4 weeks 100x 3.55 2.55 1.39 28.8 14.23 2.02 6.79 3.11 2.18 2.85 2.10 1.36
1000x 29.26 17.27 1.69 25.06 15.14 1.66

although the amounts of Ca and P present in the zone calcium atoms on their surface. All of the evaluated substrates
corresponding to endostium face (inner bone surface) in the 4DS and UNDS except the DS collagen external surface (tension
weeks immersed UNDS samples are very small when comparedside) showed an increase in the amount (%) of Ca and P atoms
to those in the zone corresponding to the periostium face (outerstarting the third week; in particular, the increase in the zone
bone surface), these values are bigger than those obtained foof compression for DS samples was substantially higher when
the control sample (see Table 1). compared to the tension zone. In the case of DS collagen
Studying the process of Ca deposition on collagen as a external surface, itis possible to observe that the amount of Ca
function of the immersion time in SBF (Table 1), it is possible and P atoms remains almost constant during the 4 weeks of
to compare the immersed substrates in SBF with the control immersion; these amounts are comparatively inferior to values
sample (not immersed), which have very little amount of found in the corresponding surface of the UNDS sample (6.79%
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Figure 4. Schematic model of the biomineralization process.

e
)}
T

Ca and 3.11% P) and comparable to the values found in the
collagen external surface of the control sample.

For a long time, the growth of bone tissue has been described
as a product of a mechanical stress. In 1982, Wolff systematized
the study of this phenomenon, which nowadays is known as
th.e Wolff Law2 In Cer.tain crystalline ino_rganic materials’ .WhiCh Figure 5. Low-temperature TSDC spectra of cortical bone collagen
display an asymmetrical structure (lattice), the application of a - spectra correspond to two different hydration conditions: 10 min
mechanical stress results in the displacement of Charges*drying in high vacuum (first hydrated state, h = 77%, filled symbols),
generating the electrical dipoles, from surface to surface of the and 20.17 h drying in high vacuum (second hydrated state, h = 69%,
crystal. Diverse investigations confirm this phenomenon in the open symbols). A = control sample (UNDS, week 0), & = 4 weeks
bone tissué’~32 Studies made on the bone tissue demonstrated SBF immersed UNDS sample, and O = 4 weeks SBF immersed DS
that, when applying a mechanical stress on the tissue, a negativéample. The densi_ty current was normalized to an electric fi_e!d of 1
polarity is created in all of the extension of the concave face “v/M- The intensity of the open symbol curves was magnified by

. . . . . 10. The polarization temperature of the spectra was 27 °C.
(or compressed side), and a positive polarity is obtained in the
convex surface of the bone (put under tensigy:28.29

This difference of polarity on the faces of the bone tissue
gave basis to the explanation of bone growth, due to negative
polarity and the process of resorption on the side with positive
polarity12:33|n the experiments of deposition of HA that were
carried out in the present work, using collagen cortical bone of
rabbits and the biomimetic method, it was clearly observed that . ) .

respectively. The figure shows broad multicomponent relax-

the preferential zone for the deposition of mineral is the zone ations with intensity variations amona the different samoles
under compression, when compared to the surface subject to Y 9 P

tension. Figure 4 provides a model of the biomineralization ?hutgassed (Ijur|ngh1t())_tm!n._|Afte: 20 rl] oftfturthe: %utgasstlng,trt]he
process described above. ree samples exhibit similar strongly attenuated spectra (there

This suggests that the electrochemical action produced byIS a factor of 10 between the intensities), composed of a poor

generated piezoelectric dipoles can be the source of initial HA broad relaxation ban:j located abovd 33 °C and a smaII_
growth on the collagen substrate. Also, the depletion of HA shoulder around-173°C. The remarkable spectra attenuation

from the side in tension, as compared to the immersed UNDS wﬂh_outgassmg time indicates tha.‘t water plays an important
sample, could indicate that bone depletion could be also role in the low-temperature relaxations of collagen. Nomura et
attributed, at least in part, only to electrochemical effects. If & observed by mechanical measurements at 1 Hz two main
the deposition and depletion of HA were of electrochemical M0des on human dura matter collagen, labgleand/s, whose
origin, this would suggest the application of electric fields to |n_tene|t|es m_creased, and they shifted toward lower temperatures
control bone molding. with increasing water content. At above 25% water content,

Previous works made on bone molding aim at the biological 1€ témperature position g, remains constant at 123 °C,
phenomenon (osteoblast HA synthesis and osteoclast remotion)VNile that of 5 reaches the limited value of73 °C above
and the present work shows that the electrochemical phenomenzisoo/0 water content. Maeda and Fukédaave also reported,
produced by the piezoelectricity due to the deformation of the On calcified and decalcified bones, by dielectric spectroscopy
collagen added to that of the mineral bone determine the & 10 Hz, a peak at-110 °C that is shifted toward higher
deposition and remotion of HA. The appearance of HA particles temperatures an_d diminished as the hydration level decreases.
on the collagen is going to diminish its surface energy and FOis et ak® studied, on human-bone collagen by TSDC, one
contributes to create a new interface sefithid with a different main mode at-100°C for a hydration of 10.5%. By analogy
dipole distribution. This new charge distribution could give a With these results, we believe that the TSDC mode observed in
message to the osteoblasts to continue their tissue constructiorigure 5 around-153°C in the first hydrated state, and strongly
and the osteoclasts to remove HA from the opposite side. Theattenuated and shifted toward higher temperatures in the second
cells probably participate in the bone molding stimulated either hydrated state, is the same mode labglgdy Nomura et al*}
by the electrochemically deposited HA or by the piezoelectric and the same dielectric relaxation as the ones reported by Maeda
polarization or by both. However, bone growth and molding and Fukad® and Fois et afS Table 2 resumes our results
could apparently occur by electrochemical effects only, without concerning the evolution with vacuum time of the temperature
the activity of osteoblasts and osteoclasts. position of the mean relaxation peaks shown in Figure 5. The

Figure 5 shows the low-temperature dielectric spectra of three low-temperature position limit of thd, mode obtained in our
collagen samples: a demineralized bone collagen with no furtherexperiments could account for the lower equivalent frequency
treatment (control sample, week 0), a collagen sample 4 weeksof the TSDC experiments~10-2 Hz) as compared to that
immersed in the SBF solution (UNDS sample), and a collagen corresponding in mechanical and dielectric measurements, and
sample deformed (DS) and placed during 4 weeks in the SBF to the high water content of our samples in the first hydrated
solution. TSDC experiments were performed in the following state (higher than 50% w/w). Concerning the origin of this
sequence: (a) the polarizing field was applied at room temper- relaxation, in accordance with these authors, it could be

Current density x10% (A/m?)

o
¥

-200 -150 -100 -50
Temperature (°C)

o
o

ature, after drying the samples in high vacuum during 10 min
(first hydrated state with filled symbols in Figure 5); and (b)
the same polarizing conditions but after further 20 h of high
vacuum drying (second hydrated state with open symbols in
Figure 5). The calculated hydration level of the three samples
studied in the first and second hydrated state was 77% and 69%,
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Table 2. Evolution with Vacuum Time of the Temperature Position 3 ‘
of the 5, and ;1 Peaks Shown in Figure 5 ) }
£
type of vacuum Tm () < ‘
sample time 2 peak 1 peak o ol }
control 10 min —152.6 —93.9 E g |
20.17 h (—99, —97) 7 }
4 weeks 10 min -152.9 —95.4 § L
UNDS 20.17 h (-91, —88) =1 !
4 weeks 10 min —149.2 -83.5 g
DS 20.17 h (-111, —108) 3
0 & : : -
. . o -50 0 50 100 150
attributed to the relaxation of structural water, which is most Temperature (°C)
strongly interacting with macromolecules. Figure 6. High-temperature TSDC spectra of cortical bone collagen.

In Figure 5, it is worth noting that at the first hydrated state, The spectra were obtained after a total vacuum outgassing time of
the maximum intensity ratio of the first to the second mean 44.17 h (third hydrated state, h = 65%). A = control sample (UNDS,
modes,S2/f1, is about 1.4 for control sample (week 0) and 4 Wweek 0), & = 4 weeks SBF immersed UNDS sample, and O = 4
week immersed UNDS sample, while this ratio decreases to "We€ks SBF immersed DS sample. The density current was normal-

. . o .., ized to an electric field of 1 MV/m. The polarization temperature of
0.4 for the 4 week DS sample. This observation coincides with o spectra was 127 °C.
the diminishing of the adsorption sites of water reported by
Maeda and Fukadain bone as compared to decalcified bone; assignment of this peak to the reorientation of melting freezable
therefore, it is an indication th@t process, that is, the relaxation  water. However, as this peak appears after polarizing the samples
of structural water, is being suppressed by the increasing amountat 127 °C, and it is absent in the TSDC spectra of samples
of HA. As for the shoulder observed arourd 73°C, it is stable polarized at room temperature, further experimental evidence
in temperature for the three samples whatever the hydrationneeds to be obtained to explain this peculiar behavior. The
level; therefore, by analogy with Nomura et34land Fois et greater intensity of th@,0 peak for the samples placed in the
al. 28 this mode, labelegt, could be attributed to the motion of ~ SBF solution as compared to the control sample shows the
aliphatic side chains. In Figure 5, the supplementary complex influence of HA on this relaxation. Figure 6 also displays a
relaxation located in the temperature range fre®3 to —53 higher temperature mode whose profile and temperature position
°C cannot be distinguished after 20.17 h of vacuum outgassing.vary with the HA content. The temperature position of this peak,
Similar water-dependent processes observed in wet skin col-labeleda peak, is located at 79°€ in the control sample. This
lageneous tissdé and hydrated polypeptid&s have been temperature position is similar to the one reported by Fois et
assigned to reorientation of loosely bound water molecules al3¢ for the glass transition of human collagen obtained by
inserted into the material. Therefore, this mode, labelefiias TSDC and DSC.
that can be easily erased after 20.17 h of vacuum outgassing, Consequently, the. peak shifting toward lower temperature
could be also attributed to motions of the hydrated side chains observed in Figure 6 can be understood as dielectric evidence
of glutamic acid, lysine, and other residues, which contain ionic of the increasing mineralization process of the samples. The
side chains. The first hydrated state of the DS sample shows adielectric spectrum of the sample with the highest mineralization
shifting of the 1 maximum toward higher temperature as level showed also the split of thee mode into two modesy;
compared to the same hydrated state of control and 4 weekanda; located at 47.2 and 109°Z, respectively. This splitting,
immersed UNDS samples. This effect can be thought of according to Samouillan et &P could be associated with some
considering that this dielectric response depends upon theheterogeneity in the chain dynamics of collagen originated by
environment closed to the relaxing dipoles, and the apatite the formation of different crystalline phases of apatite. The
crystals located between the triple helixes and microfibrils must appearance of different crystalline phases at high mineralization
affect this surrounding. levels could induce in some regions nearby the hardening of

Figure 6 shows the high-temperature spectra of the samethe polypeptide chains and thus slow their average segmental
collagen samples shown in Figure 4. The spectra were obtainedmobility. The TSDC results above-mentioned, especially those
after a total vacuum outgassing time of 44.17 h, and polarization obtained for 4 week immersed DS collagen, show clearly that
at 127°C during 3 min (third hydrated state). The calculated the interaction between the apatite crystals and the dipoles
hydration level of the three samples studied in this hydrated present in the collagen molecules is at the molecular level.
state was 65%. The lower temperature zone was not includedTherefore, thea process is expected to be the dielectric
in these spectra as the weak and broad relaxation band showmanifestation of the collagen glass transition. According to the
in Figure 5 was masked by a huge relaxation, labélgg, SEM micrograph of samples immersed in SBF solution, the
located at—28 °C. Similar findings have been reported by mineralization process is initiated in the 4 week immersed
Nomura et ab* by mechanical measurements of collagen, and UNDS sample and is enriched in the 4 week immersed DS
Bridelli et al3® by TSDC of hydrating biological macromol-  sample.
ecules, and have been assigned to the melting of freezable water. Figure 7A shows the DSC thermograms of wet control
Fois et aP® have also reported sharp peaks observed aroundsample, DS, and UNDS samples immersed 4 weeks in SBF;
ambient temperature and6 °C, and by analogy with polya-  the three thermograms exhibit a large endothermic peak ranging
mides they conclude that these peaks should correspond to thérom room temperature to 18C. This peak is ascribed to the
break of hydrogen bonds between CO and NH in the amorphousheat of vaporization of adsorbed watéthe differences in peak
phase, and between polypeptide chains and water moleculedemperature and enthalpy of vaporization are mainly due to the
enclosed inside the triple helix. The similar temperature positions different content in water in each sample, and it is not possible
of the Tw,0 peak observed in Figure 6 and the relaxation reported to relate these changes to the mineralization process. The
by Nomura et af* and Bridelli et aP® could allow the shoulder located at around 86 on the thermograms of Figure
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A Table 3. Comparison between the o Relaxation Temperature and
“0 the T, Values Obtained Using DSC for Cortical Bone Collagen
I T3 (O
bone collagen a peak DSC
| sample (+£0.2 °C) (+£1.0 °C)
deformed (4 weeks SBF immersed) 47.2 (o, = 109.2) 65
(4 weeks SBF immersed) 51.6 72
8 control (UNDS, week 0) 79.9 78—80
&

sample used for TSDC, as the control of water content during
20 40 60 80 100 120 140 160 180 measurements is better achieved in the case of TSDC. The
decreasing of these temperatures obtained by TSDC and DSC
as the mineralization process proceeds is consistent with the
findings shown in the SEM micrographs of Figure-3A. This
result might be attributed to a decrease in the amount of
hydrogen bonds as a result of the increased mineralization,
resulting in a increase in the flexibility of collagen molecules
having as a consequence the reduction of Tys and the
temperature position of the relaxation peaks observed; these
results are a consequence of the interaction between hydroxya-
patite and collagen at the molecular level. The higher resolution

HEAT FLOW ENDO (mW)

ENDO

20 40 60 80 100 120 140 160 180 of the TSDC method as ComparEd to DSC allowed the
observation of a secored mode (1), associated probably with
TEMPERATURE (°C) the formation of different crystalline phases of HA, which is
Figure 7. DSC thermograms of cortical bone collagen. (A) Hydrated not possible to observe by DSC.

samples: (a) control sample, (b) 4 weeks SBF immersed undeformed
sample, and (c) 4 weeks SBF immersed deformed sample. (B)

Thermograms of dehydrated samples outgassed in vacuum after a Conclusions

total of 44.17 h (third hydrated state, h = 65%), and isothermally

annealed at 127 °C during 3 min: (a) control sample (arrow indicates The effects of the mineralization process on DS and UNDS

Ta), (b) 4 weeks SBF immersed undeformed sample, and (c) 4 weeks collagen samples were studied using SEM, TSDC, and DSC

SBF immersed deformed sample. techniques. SEM results show that the mineralization effects
) ) were produced mainly in the bone collagen side deformed under

7A corresponds to the denaturation temperafiggif collagen;  compression, and this result suggests that the mineralization is

this transition is masked by the large endothermic peak relatedproduced by the piezoelectric effect induced in the sample
to absorbed water. The lower value Bf corresponds to the  jjmmersed in the SBF. This implies that bone growth could
collagen reference sample. apparently occur by electrochemical deposition only, without
Figure 7B shows the thermograms of dehydrated collagen the activity of osteoblasts. Also, slight mineral depletion could
samples outgassed in vacuum after a total of 44.17 h (third ocour without osteoclasts activity.
hydrated stateh = 65%), and isothermally annealed at 127 TSDC results show that the mineralization induces significant
during 3 min, to simulate the condition for the TSDC samples ¢hanges in the dielectric spectra of the compression-deformed
of Figure 6. In this figure, the large endothermic peak is absent, sample. These changes could be observed at the localized low-
and itis possible to observe a heat capacity step, demonstratingemperature relaxations, as well as at the cooperative segmental
the existence of collagen glass transition in the range ef 65 modes. DSC and TSDC demonstrate the decreasing of the glass
80 °C for the three samples. The endothermic peaks occurring yransition as the mineralization process proceeds. The sample
between 130 and 14T on immersed UNDS and DS samples  yjth the highest mineralization level exhibits two modes,
should correspond with the denaturation temperature; in thesepropably associated with the formation of different crystalline
samples;? the lower water content promotes the risingTafto phases of apatite. The changes observed in the dielectric
a higher values if we compare to Figure 7A (hydrated samples). re|axations with the evolution of the mineralization process
The deformed sample exhibits a highteras a consequence of  reyealed the TSDC technique as a very sensitive tool for the
the HA mineralized on the sample when it is compared to the getection of the interaction between HA and collagen.
immersed non-deformed sample. In the case of the reference Eing|ly, further studies are needed to understand better the

sample, the denaturation temperature is around°C}Gvhich role of piezoelectricity on the events that regulate the process
can be seen as a shoulder overlapping with the end oTdhe o phone growth and remodelling.

transition interval.
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