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ABSTRACT

An insight into the interaction of collagen type I with
apatite in bone tissue was performed by using differ-
ential scanning calorimetry, Fourier transform in-
frared spectroscopy, and molecular modeling. Scan-
ning electron microscopy shows that bone organic
content incinerate gradually through the different
temperatures studied. We suggest that the amide re-
gions of the type I collagen molecule (mainly C=0
groups of the peptide bonds) will be important in the
control of the interactions with the apatite from bone.
The amide I infrared bands of the collagen type I
change when interacting to apatite, what might con-
firm our assumption. Bone tissue results in a loss of
thermal stability compared to the collagen studied
apart, as a consequence of the degradation and fur-
ther combustion of the collagen in contact with the
apatite microcrystals in bone. The thermal behavior
of bone is very distinctive. Its main typical combus-
tion temperature is at 360°C with a shoulder at 550°C
compared to the thermal behavior of collagen, with
the mean combustion peak at ca. 500°C. Our studies
with molecular mechanics (MM+ force field) showed
different interaction energies of the collagen-like
molecule and different models of the apatite crystal
planes. We used models of the apatite (100) and (001)
planes; additional two planes (001) were explored
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with phosphate-rich and calcium-rich faces; an ener-
getic preference was found in the latter case. We pre-
liminary conclude that the peptide bond of collagen
type I is modified when the molecule interacts with
the apatite, producing a decrease in the main peak
from ca. 500°C in collagen, up to 350°C in bone. The
combustion might be related to collagen type I, as the
AH energies present only small variations between
mineralized and non-mineralized samples. The data
obtained here give a molecular perspective into the
structural properties of bone and the change in colla-
gen properties caused by the interaction with the
apatite. Our study can be useful to understand the
biological synthesis of minerals as well as the or-
ganic-inorganic interaction and the synthesis of apa-
tite implant materials.

Keywords: Bone, Collagen Type I; Apatite; Differential
Scanning Calorimetry (DSC); Molecular Modeling;
Fourier Transform Infrared (FTIR) Spectroscopy

1. INTRODUCTION

Biominerals such as teeth, shells, eggshells and bones are
subject of a significant research because of their charac-
teristic structural arrangements and unique mechanical
and physicochemical properties [1-7]. The determination
of their structure at the nanoscale is a critical step in un-
derstanding their properties and formation mechanisms,
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and to design new biomimetic solids [5,8-10]. Among
these hard biostructures, bone has two main components:
the carbonate apatite (=<70%), and the collagen type I
protein (=30%) [9]. The structure of bone at the nano-
scale as the organic-inorganic interactions, are not yet
completely understood, and this information might be
essential for the synthesis of new composite materials for
biocompatible ceramics or other nanostructured biomi-
metic materials [1,4,6,9]. The extraordinary hierarchical
structure of bone originates different interactions be-
tween the crystalline apatite phase, collagen macro-
molecules, and cells producing a complex structure at
different scales [4]. Crystal size, morphology and prop-
erties of the mineral component might be originated from
a collagen template [9,11], making up a genetically-con-
trolled crystallization [12]. Some authors recently deter-
mined crystal sizes approximately of 5 nm thick, 70 nm
wide and several hundred nm long [13]. It is possible that
the biological process exploits the existence of unique
repetitive motifs in the organic molecule [14], to control
the fine structures of the inorganic solids [15,16]. [15-17]
the exploitation of molecular recognition at the organic-
inorganic interface offers the opportunity to systemati-
cally use specific macromolecules [8,16] for binding of
previously selected crystalline faces, stimulating or inc-
hibiting the crystal growth in a predictable manner, as in
biological hard tissues [7,11]. Significant studies on hard
tissues were performed to know the thermal changes
through different temperatures [18-21]. In such cases, the
thermal transitions below 120°C offered information
about the non covalent changes in collagen [19]. Studies
at higher temperatures (150°C up to ca. 600°C) used
successfully differential scanning calorimetry (DSC)
together with X-rays in bones [18,22,23] to characterize
the thermal behavior of the biomineral [20,24]. For in-
stance, the AH values, obtained by DSC, of the collagen
from Achilles tendon and organic extracts from bone are
not very different, although the characteristic maximum
reaction peak (T.) of collagen (ca. 550°C) shifts to-
wards lower temperatures (365°C), apparently due to
interactions with apatite nanocrystals [18]. This assump-
tion is based on the fact that apatite does not exhibit such
shifts at those temperatures, e.g. nor in the bone-ex-
tracted inorganic material neither in the synthetic apatite
samples [25].

Nonetheless, very scarce information on thermal
analysis in biominerals remains and whether or not the
role of the chemical differences of the surface of apa-
tite nanocrystals exerts changes in the interacting colla-
gen [25,26]. Herein, we attempt to give a further exp-
lanation of the nature of the thermal behavior of bone
and the interactions between the model of the collagen
type 1 and bone apatite by using Fourier transform in-
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frared (FTIR) spectroscopy, DSC and molecular modeling.

2. MATERIALS AND METHODS
2.1. Materials

Bones used as controls in anthropological research
[27,28] were supplied from the contemporary material
from the Archacometry laboratory at the Anthropological
Research Institute at National Autonomous University of
Mexico. Healthy young human adult radium (bone) was
used in the experiments with no visible signs of illness.
The pieces were cut and washed by gentle shaking with
distilled water in an agate mortar for 1 h. The water was
removed and substituted by 96% ethanol, and again the
samples were washed by shaking during 5 days; the etha-
nol was changed every 3 hours [18,22]. The ethanol remo-
ves the lipids and other fat components of the collagen
matrix. After rinsing, the samples were milled in the
agate mortar and sieved to a 325 mesh. The organic con-
tent was obtained by boiling the powdered bone samples in
distilled water for 1 h and evaporated by desiccation.

Commercial collagen type I extracted from bovine
Achilles tendon (Sigma-Aldrich C-9879) was analyzed
by DSC as control samples.

2.2. Experimental

FTIR analyses were carried out using a Nicolet 680
spectrophotometer. Commercial Sigma Collagen, ex-
tracted bone collagen, and bone samples were mixed
with crystalline KBr powder (1:100 ratio) and com-
pressed into pellets and scanned with a resolution of 4
cm ' over 64 scans.

DSC measurements were performed on a Thermal
Analysis System 9900, Du Pont 910 (DSC module). The
heating was constant at a rate of 10°C/min, in air atmos-
phere. The samples (1.0 mg for collagen and 2.0 mg for
bone samples) were placed in aluminum pans [18].

SEM imaging for structural properties of the bones
were studied using a scanning electron microscope
(JSM-6300, Japan). Samples were coated with a thin film
of carbon and then examined with an accelerating volt-
age of 15 kV with an Energy-dispersive X-ray spectros-
copy (EDX) facility (Noran Vantage, USA). Samples
were exposed to the electron beam for 30 seconds ac-
quiring secondary electrons for the EDX spectra and
images.

2.3. Molecular Modeling

Fragments of hydroxyapatite surface were constructed
using ATOMS Version 6.0 (by Shape Software) for
Windows, by extending and editing the unit cell. The
resulting surface fragments represent (100) and (001)
crystal planes and have an approximate size of 38 x 32
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and 32 x 27 A, respectively. For the modeling, we used
the (100) plane and two (001) models, with phosphate
and calcium-rich sides; they are shown in Figure 1.

MM+ molecular mechanics implemented in Hyper-
Chem Version 7.1 package [29] was used. As a collagen-
like model, we used the fragment Gly-L-Pro-L-Hyp-
Gly-L-Pro-L-Hyp-Gly-L-Pro-L-Hyp nonapeptide with
zwitterionic terminations and helical structure. The pep-
tide model was placed in the working space close to the
apatite surface models (approximately over its center, at
ca. 5 A distance). By selecting (Selection Tool) the for-
mer and leaving the latter deselected, the surface frag-
ment was frozen (as the simplest approach to simulate a
crystal plane) [30], and only the peptide geometry was
optimized. Geometry optimization was performed with
the Polak-Ribiere conjugate gradient algorithm and a
root mean square (RMS) gradient of 0.01 kcal A™"-mol ™.
To find different possible conformations and their corre-
sponding local minima, we tested different starting ori-
entations of the peptide with respect to the surfaces, as
well as molecular dynamics annealing (step size of 0.001
ps; run time of up to 10,000 ps; simulation temperature
of 300 K).

(100) plane

(001) POJ™ -rich
plane

4
$ ol

%
bl ) (001) Ca® —rich
’ ',. plane

Figure 1. Surface fragments of hydroxyapatite used for MM+
molecular mechanics modeling: (a) (100) model; (b, c¢) (001)
models, with phosphate (b) and calcium-rich sides (c). Atomic
symbols are shown for several atoms at the bottom left.

Copyright © 2013 SciRes.

3. RESULTS
3.1. FTIR Spectra

When analyzing FTIR spectra of the samples, we fo-
cused on variations in the signals related to amide bands
[31-33]. The FTIR spectra of bone exhibit the bands of
peptides (“amide I” at ca. 1650 cm ™' and “amide II” at ca.
1550 cm™', in the segmented box) and apatite (Figure 2)
[34]. For comparison, the FTIR spectra of the collagens
purchased from Sigma, the extracted from the bone and
the bone are presented in Figure 2. The band at 3400
cm ' from secondary amines, in the extracted collagen
from bone tissue shows a decrease in its intensity, proba-
bly due to the elimination of amines from non-collagen
molecules and elimination of apatite, always containing
adsorbed water and molecules [20,33,35].

Changes are seen in the peak corresponding to “amide
I’ C=O0 stretching vibrations [32] (A I in Figure 2, 1650
cm '), what might be involved in the macromolecular
interactions with the apatite phase. In the bone sample,
Sigma and extracted collagen samples, “amide I” and
“amide II” (1550 cm ' [32]) signals exhibit different
intensities compared to the FTIR bone spectrum too.
Noticeable is that in the FTIR spectra of the whole bone
tissue (Figure 2), the “amide II” band presents a higher
intensity compared to those from the extracted collagens
(dashed line inset in Figure 2). The reason, is likely the
double bond character of peptide bond [36] that might
change the distribution of its dipole moment of the helix
when the collagen type I interacts with the nanocrystal

All (=1550 cm™)  CO»

Transmitance (%)

Collagen (bone)

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

Figure 2. FTIR spectrum of healthy bone sample between 4000
and 500 cm'. Some of the bands corresponding to the apatite
(P-O at 1050 em ', and for carbonate group 1420 and 1470
cm ') and the collagen “amide I’ and “amide II” (“A I” and “A
II” respectively) are shown.
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[37]. Indeed the amide region is dependent on cross-links
to the mineral [38]. The chemical and structural docking
between the chemical groups in the peptide bond makes
difficult to interpret the changes in the amide I and amide
II bands.

3.2. Thermal Analysis

Figure 3 shows typical DSC curves for bone and colla-
gen samples, these curves are consistent with other stud-
ies [18,21]. The single endothermic peak at 50°C - 90°C
is probably due to the dehydration process, water mole-
cules are present on the sample surfaces, as well as the
macromolecular denaturalization and conformational
changes or other different processes in collagen type I
macromolecule. In bone sample, it is possible to observe
an exothermic peak with a T, around 345°C with a
right shoulder at 425°C. These signals comprising the
range from 220°C to 530°C, represent complex processes
of collagen degradation and combustion [18,20,23].

The thermal analysis of the human bone sample shows
mainly two thermal transitions near 350 and 450°C;
Sigma collagen shows three exothermic transitions,
namely at 185°C (small but sharp), ca. 300°C (diffuse)
and 480°C (main). The extracted collagen from bone
exhibits three transitions at ca. 270°C (diffuse), 455°C
(shoulder) and 500°C (main).

3.3. Scanning Electron Microscopy

The investigation of the surface morphology of bone

| Human Bone AH ~ -8 #kJ/g

Heat Flow (mW)

:Collagen (Bone) AH=~-8.9 kl/g

d 100 200 300 400 500

600 700
Temperature (°C)

Figure 3. DSC comparison of thermal transitions
from adult human bone, Sigma collagen and collagen
extracted from bone. The exothermic transition re-
presents the degradation and combustion process
from 200°C to 550°C. The upper DSC shows a T, at
345 and a right shoulder at about ~425°C. The maxi-
mum of Sigma collagen is at temperatures lower than
550°C. In the extracted collagen the peak of maxi-
mum thermal flow is at about 525°C and it has on the
left side a shoulder at about 465°C. AH values [18]
suggest that combustion is the same molecule.

Copyright © 2013 SciRes.

using scanning electron microscope gave more details
about the state of the surface (Figure 4), showing a very
smooth surface in the control samples. Heating the sam-
ples the surface was coarse and some pittings were no-
ticed. The deterioration was clearer the higher the tem-
perature (Figure 4(d)), with some cracks. Destruction of
the surface was coarse and the equality in the surface
could be recognized in the control (Figure 4(a)) but not
at higher temperatures in the micrograph Figures
4(b)-(d). After EDS analysis at different hours of thermal
treatment the elemental analysis did not show clear
changes in elemental content (Table 1, Figure 4(e)),
although the destruction increased and the surface flat-
tening was absent in most of the surface at the highest
temperature.

This EDS analysis shows effectively the persistence of
the inorganic material confirming that the reactions in
the DSC experiments correspond to collagen type I (Ta-
ble 1, Figure 4). EDS shows the stability of the apatite
through the different temperatures [39].

3.4. Molecular Modeling

The fragments of hydroxyapatite surfaces were con-
structed by matching and editing the crystal face struc-
ture. For modeling, we used the (100) plane and two
(001) models with phosphate and calcium-rich sides
(shown in Figure 1). The final structures (Figure 5) ob-
tained by geometry optimization reflected both the geo-
metric correspondence of the collagen models with the
surface fragments and the charge interactions. In this
way, the order of affinity of the collagen type I model to
hydroxyapatite surfaces is as follows: 4.31 kcal/mol (100)
< 0.04 kcal/mol (001) phosphate-rich < 5.98 kcal/mol
(001) calcium-rich. In our molecular model the (001)
plane has more affinity to the simulated macromolecule,
perhaps promoting a preferential growth in the (001) axis.
The affinity is apparently favored by the interactions of

collagen with the PO , PO tetrahedral groups as

Table 1. Elemental content of bone by weight after 30 minutes
of thermal treatment.

Element weight (%)
Element Not treated 340°C 500°C 530°C
P 17.78 17.89 17.72 18.32
Ca 39.57 41.58 40.76 40.10
Zn 2.16 0.0 1.03 0.42
Mg 0.66 0.41 0.27 0.72
Cl 0.10 0.11 0.28 0.22
0.0 0.02 0.14 0.0
(6} 39.72 39.99 39.80 40.24
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300

Ca

keV

Figure 4. Scanning electron micrographs illustrate the change in the surface of bone, after exposure to different
temperatures. (a) control, (b) 340°C, (c) 500°C, (d) 530°C and (e) (scale bar 10 pm). Typical EDS analysis from the

sample treated at 530°C.

substantiated experimentally [40] and with the divalent
ions of Ca®" in this plane. We assume that the number of
organic-inorganic contacts, the distance among the
groups and their geometrical order produce the higher
stability in the interaction between the collagen model to
the (001) phosphate-rich < (001) and calcium-rich mod-
els (Figure 4).

4. DISCUSSION

From the FTIR spectra it can be noticed that only the
bands due to apatite and collagen type I are seen, no
other major solid phases can be identified in bone tissue.

From thermal analysis, it is possible to conclude that
the human bone is thermally the less stable structure
studied here (Figure 3). Pure Sigma collagen (from
Achilles tendon) is more stable than the collagen ex-
tracted from bone. In the case of Sigma collagen, its high
stability compared to the one of collagen extracted from
bone might be explained by its interaction with bone
apatite remnants (as Ca’" ions) because our extraction
method is not the most suitable to obtain pure collagen
[18,22]. On the contrary, in bone biomineral these
cations interact with the amide groups, resulting in a par-
tial loss of the structure of the collagen. A possible
mechanism of the collagen-apatite interaction, is a

Copyright © 2013 SciRes.

transfer of the resonant electron density from N to C=0
group in the resonant peptide bond [36]. This assumption
is supported by changes in the infrared bands amide I (at
about 1650 cm™') and amide II (at about 1550 cm™)
(Figure 2), since these characteristic bands are sensitive
to the chemical state of the N-C groups [36]. Further-
more, the electrostatic attraction between the Ca’’
cations and the carbonyl groups, might distort partially
the collagen backbone resulting in a decrease in the
thermal stability of the molecule. It manifests itself in the
change of T, (the three thermograms in Figure 3) from
550°C (Sigma collagen) to two shoulders (in collagen
from bone) and finally to 365°C (bone) and in the distor-
tions of the molecule in the simulation (Figure 5). In
other experiments performed with bones demineralized
with EDTA [20], the organic phase recovered has its
Tmax at 550°C, as for type I collagen.

The most stable interactions in the simulation among
different crystal faces and collagen-like molecules, cor-
respond to the apatite (001) PO}™ and Ca**-rich lattice
planes. In these planes, the order of the PO}” and Ca*"
groups are remarkably in contact with the organic mole-
cule. Indeed in our models (Figure 5), these two (001)
planes are the nearest to the molecule’s covalent back-
bone. This closest interaction might have an effect

OPEN ACCESS



220 A. Heredia et al. / Advances in Biological Chemistry 3 (2013) 215-223

(100)

Energy = 4.31 kcal/mol

(001) Ca* rich

. Energy = 5.98 kcal/mol

Figure 5. Lowest energy conformations for the model peptide Gly-L-Pro-L-Hyp-
Gly-L-Pro-L-Hyp-Gly-L-Pro-L-Hyp on hydroxyapatite surfaces, according to
MM+ molecular mechanics modelling: (a) (100), (b) phosphate-rich (001), and (c)
calcium-rich (001) surface. Dashed lines show contacts closer than 3 A (10, 24

and 22 contacts, respectively).

on the structure of the peptide and the corresponding

infrared spectra in the development and peptide synthesis.

For this, time-dependent FTIR studies of bone tissue
showed that the amide bands from bone are sensitive to
changes in mineralization in function of time [35] corre-
sponding to our assumption. From the above observa-
tions we suggest that the collagen molecule changes its
physicochemical properties by loosing the thermal stabil-
ity when it interacts with apatite crystals in the bone tis-
sue. These assumptions derived from the experimental
data correlate well with the results of molecular mode-
ling and from the fact that in other sessile organisms the
interaction between the biomineral crystallites are min-

Copyright © 2013 SciRes.

eral bridges conferring structural rigidity as a whole
structure [41]. In contrast, the possible dynamic ultra-
structure similar to a spring in bone [42] might need less
rigidity.

The energy of interaction between the crystal planes
and collagen models was plane-dependent, favouring the
(001) calcium-rich models, what coincides with our as-
sumption on the role of Ca®" cations in the hybrid (or-
ganic-inorganic) interaction. Another situation the de-
pendency to Ca®"ion in some proteins of bone, as the
osteopontin, seems to be important in the control of the
mechanical properties of bone at the molecular scale [43].
This might happen in other collagen-related tissues, as
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tendon, at different hierarchies studied already by force
spectroscopy [44]. It might be possible that the molecular
interactions of the type one collagen to the apatite control
the order of the collagen I dipole moments in the volume,
possibly modifying the piezoelectric behaviour of bone
at different structural levels [45].

As a further prospect, in the future it could be impor-
tant and helpful the use of computational models com-
bined with DSC and FTIR experiments to elucidate the
nature of hybrid interactions in biominerals. Additional
methods as Atomic Force Microscopy (AFM), used to
figure out the different ordering of the structure at the
nanoscale, might be useful [46] along with new methods,
as Piezoresponse Force Microscopy (PFM) [47]) to bring
new information about the organic molecules and their
interactions with ions or biominerals.

5. CONCLUSIONS

The mineral phase reduces the thermal stability of colla-
gen in bone, as demonstrated by DSC curves. We attrib-
ute this phenomenon to the change of the structure of the
covalent backbone in the collagen type I as a result of the
interaction with the apatite, potentially with the (001)
crystal face.

In our molecular models, the most stable assembly is
the PO rich surface (0.04 kcal/mol), showing that this
arrangement is important for the interaction with bone
collagen.

More detailed studies on the interactions of the apatite
or related ions with collagen type I and progressive min-
eralization experiments might help to understand the
collagen type I thermal properties at different structural
hierarchies giving answers to properties of the biomin-
eral such as piezoelectricity and apatite crystal growth
and assembly. These interactions are of crucial impor-
tance for explaining and predicting the properties of
biominerals. It is relevant the use of AFM and other
bionanotechnological methods to identify the differences
in adhesion in the main biomineral crystalline planes. It
is necessary the use of new nanotechnological methods
to elucidate how the highly complex biological nature of
peptide exerts controls on the crystal morphology by
preferring some crystalline planes to change its proper-
ties at different scales. The use of FTIR, DSC, piezore-
sponse force microscopy and molecular modeling is
useful to determine the changes in structure and thermal
properties of polymers associated to ions or crystals and
can be considered a helpful tool to study biominerals as a
whole material.

6. ACKNOWLEDGEMENTS

We thank the National Autonomous University of Mexico for financial
support (grant DGAPA-IN100303). A. H. thanks the National Council

Copyright © 2013 SciRes.

of Science and Technology of Mexico (CONACyT) and DAAD for
scholarships. We are grateful to Margarita Reyes and Sonia Angeles for
their technical assistance in SEM studies at Instituto de Geologia,
UNAM.

REFERENCES

[1] Addadi, L. and Weiner, S. (1997) Nature, 389, 912-915.
doi:10.1038/40010

[2] Camacho, N.P., Rinnerthaler, S., Paschalis, E.P., Men-
delsohn, R., Boskey, A.L. and Fratzl, P. (1999) Comple-
mentary information on bone ultrastructure from scan-
ning small angle X-ray scattering and fourier-transform-
infrared microspectroscopy. Bone, 25, 287-293.
doi:10.1016/S8756-3282(99)00165-9

[3] Feng, Q.L., Cui, F.Z., Pu, G., Wang, R.Z. and Li, H.D.
(2000) Crystal orientation, toughening mechanisms and a
mimic of nacre. Materials Science and Engineering C, 11,
19-25. doi:10.1016/S0928-4931(00)00138-7

[4] Fratzl, P. and Weinkamer, R. (2007) Nature’s hierarchical
materials. Progress in Materials Science, 52, 1263-1334.
doi:10.1016/j.pmatsci.2007.06.001

[5] Gupta, H.S., Seto, J., Wagermaier, W., Zaslansky, P.,
Boesecke, P. and Fratzl, P. (2006) Cooperative deforma-
tion of mineral and collagen in bone at the nanoscale.
Proceedings of the National Academy of Sciences, 103,
17741-17746. doi:10.1073/pnas.0604237103

[6] Sandy, C., Marks, J. and Hermey, D.C. (1996) The struc-
ture and development of bone. Academic Press, San
Diego.

[71 Tang, R., Wang, L., Orme, C.A., Bonstein, T., Bush, P.J.
and Nancollas, G.H. (2004) Dissolution at the nanoscale:
Self-preservation of biominerals. Angewandte Chemie
International Edition, 43, 2697-2701.
doi:10.1002/anie.200353652

[8] Bradt, J., Mertig, M., Teresiak, A. and Pompe, W. (1999)
Biomimetic mineralization of collagen by combined fibril
assembly and calcium phosphate formation. Chemistry of
Material, 11, 2694-2701. do0i:10.1021/cm991002p

[9] Palmer, L.C., Newcomb, C.J., Kaltz, S.R., Spoerke, E.D.
and Stupp, S.I. (2008) Biomimetic systems for hydrox-
yapatite mineralization inspired by bone and enamel.
Chemical Reviews, 108, 4754-4783.
doi:10.1021/cr8004422

[10] Katti, K.S. and Katti, D.R. (2006) Why is nacre so tough
and strong? Materials Science and Engineering: C, 26,
1317-1324. doi:10.1016/j.msec.2005.08.013

[11] Rhee, S., Lee, J.D. and Tanaka, J. (2000) Nucleation of
hydroxyapatite crystal through chemical interaction with
collagen. Journal of the American Ceramic Society, 83,
2890-2892. doi:10.1111/5.1151-2916.2000.tb01656.x

[12] Pokroy, B., Quintana, J.P., Caspi, E.A.N., Berner, A. and
Zolotoyabko, E. (2004) Natural Material, 3, 900-902.
doi:10.1038/nmat1263

[13] McNally, E.A., Schwarcz, H.P., Botton, G.A. and Arse-
nault, A.L. (2012) A model for the ultrastructure of bone
based on electron microscopy of ion-milled sections.

OPEN ACCESS


http://dx.doi.org/10.1038/40010
http://dx.doi.org/10.1016/S8756-3282(99)00165-9
http://dx.doi.org/10.1016/S0928-4931(00)00138-7
http://dx.doi.org/10.1016/j.pmatsci.2007.06.001
http://dx.doi.org/10.1073/pnas.0604237103
http://dx.doi.org/10.1002/anie.200353652
http://dx.doi.org/10.1021/cm991002p
http://dx.doi.org/10.1021/cr8004422
http://dx.doi.org/10.1016/j.msec.2005.08.013
http://dx.doi.org/10.1111/j.1151-2916.2000.tb01656.x
http://dx.doi.org/10.1038/nmat1263

222

[14]

[17]

[20]

(21]

(23]

A. Heredia ef al. / Advances in Biological Chemistry 3 (2013) 215-223

PLoS ONE, 7, €29258. doi:10.1371/journal.pone.0029258

Nudelman, F., Pieterse, K., George, A., Bomans, P.H.H.,
Friedrich, H., Brylka, L.J., Hilbers, P.A.J., de With, G.
and Sommerdijk, N.A.J.M. (2010) The role of collagen in
bone apatite formation in the presence of hydroxyapatite
nucleation inhibitors. Natural Material, 9, 1004-1009.
doi:10.1038/nmat2875

Addadi, L. and Weiner, S. (1985) Interactions between
acidic proteins and crystals: Stereochemical requirements
in biomineralization. Proceedings of the National Aca-
demy of Sciences, 82, 4110-4114.
d0i:10.1073/pnas.82.12.4110

Xie, B. and Nancollas, G.H. (2010) How to control the
size and morphology of apatite nanocrystals in bone.

Proceedings of the National Academy of Sciences, 107,
22369-22370. doi:10.1073/pnas. 1017493108

Wong, K.K.W. and Mann, S. (1998) Small-scale struc-
tures in biomineralisation and biomimetic materials che-
mistry. Current Opinion in Colloid & Interface Science, 3,
63-68.

Lozano, L.F., Pefia-Rico, M.A., Heredia, A., Ocotlan-
Flores, J., Gomez-Cortés, A., Velazquez, R., Belio, L. A.
and Bucio, L. (2003) Thermal analysis study of human
bone. Journal of Material Science, 38, 4777-4782.
doi:10.1023/A:1027483220584

Christopher, A.M. and Nicholas, C.A. (2011) Thermal
stabilization of collagen in skin and decalcified bone.
Physical Biology, 8, 026002.
doi:10.1088/1478-3975/8/2/026002

Sakae, T., Mishima, H., Kozawa, Y. and LeGeros, R.Z.
(1995) Thermal stability of mineralized and demineral-
ized dentin: A differential scanning calorimetric study.
Connective Tissue Research, 33, 193-196.
doi:10.3109/03008209509017001

Peters, F., Schwarz, K. and Epple, M. (2000) The struc-
ture of bone studied with synchrotron X-ray diffraction,
X-ray absorption spectroscopy and thermal analysis.
Thermochimica Acta, 361, 131-138.
doi:10.1016/S0040-6031(00)00554-2

Lozano, L.F., Pefia-Rico, M.A., Jang-Cho, H., Heredia,
A., Villarreal, E., Ocotlan-Flores, J., Gomez-Cortes, A.L.,
Aranda-Manteca, F.J., Orozco, E. and Bucio, L. (2002)
Thermal Properties of Mineralized and Non Mineralized
Type I Collagen in Bone, MRS Proceedings, 724, N7.6.

Peters, F., Schwarz, K. and Epple, M. (2000) The struc-
ture of bone studied with synchrotron X-ray diffraction,
X-ray absorption spectroscopy and thermal analysis.
Thermochimica Acta, 361, 131-138.
doi:10.1016/S0040-6031(00)00554-2

BoBelmann, F., Romano, P., Fabritius, H., Raabe, D. and
Epple, M. (2007) The composition of the exoskeleton of
two crustacea: The American lobster Homarus Ameri-
canus and the edible crab Cancer pagurus. Thermo-
chimica Acta, 463, 65-68. d0i:10.1016/].tca.2007.07.018

Chernorukov, N.G., Knyazev, A.V. and Bulanov, E.N.
(2011) Phase transitions and thermal expansion of apa-
tite-structured compounds. /norganic Materials, 47, 172-
177. doi:10.1134/S002016851101002X

Copyright © 2013 SciRes.

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Heredia, A., Lozano, L.F., Martinez-Matias, C.A., Pefia,
M.A., Rodriguez-Hernandez, A.G., Velazquez, R., Gar-
cia-Garduiio, M.V., Bucio, L. and Orozco, E. (2002) Mi-
crostructure and thermal expansion properties of ostrich
eggshell. MRS Proceedings, 724, N7.5.

Price, T.D., Manzanilla, L. and Middleton, W.D. (2000)
Immigration and the ancient city of Teotihuacan in Mex-
ico: A study using strontium isotope ratios in human bone
and teeth. Journal of Archaeological Science, 27, 903-
913. doi:10.1006/jasc.1999.0504

Aguirre-Beltran, L.L., Barbero, A.H., Villarreal, E., Ocot-
lan-Flores, J., Orozco, E. and Bucio, L. (2006) In: Jimé-
nez-Lopez, J.C.S., Gonzalez, Pompa, J.A. y Padilla and
Ortiz-Pineda, F., Eds., El hombre temprano en américa y
sus implicaciones en el poblamiento de la cuenca de
méxico: Primer simposio Internacional CONACULTA,
Instituto Nacional de Antropologia e Historia, México,
274.

Hyperchem™ release6. Windows Molecular Modeling
System, hypercube, Inc. and Autodesk, Inc. Developed
by Hypercube, Inc.

Heredia, A., Aguilar-Franco, M., Magafia, C., Flores, C.,
Pifia, C., Velazquez, R., Schiffer, T.E., Bucio, L. and
Basiuk, V.A. (2007) Structure and interactions of calcite
spherulites with a-chitin in the brown shrimp (Penaeus
aztecus) shell. Materials Science and Engineering: C, 27,
8-13. doi:10.1016/j.msec.2005.11.003

Bellamy, L.J. (1975) The infra-red spectra of complex
molecules. Chapman and Hall, London.
doi:10.1007/978-94-011-6017-9

Hlady, V. and Buijs, J. (2002) Local and global optical
spectroscopic probes of adsorbed proteins. Marcel Dek-
ker Inc., Santa Barbara, California.

Magne, D., Pilet, P., Weiss, P. and Daculsi, G. (2001)
Fourier transform infrared microspectroscopic investi-
gation of the maturation of nonstoichiometric apatites in
mineralized tissues: A horse dentin study. Bone, 29, 547-
552. doi:10.1016/S8756-3282(01)00609-3

Fleet, M.E. (2009) Infrared spectra of carbonate apatites:
v2-Region bands. Biomaterials, 30, 1473-1481.
doi:10.1016/j.biomaterials.2008.12.007

Declercq, H.A., Verbeeck, R.M.H., De Ridder, L.L.F.J.M.,
Schacht, E.H. and Cornelissen, M.J. (2005) Calcification
as an indicator of osteoinductive capacity of biomaterials
in osteoblastic cell cultures. Biomaterials, 26, 4964-4974.
doi:10.1016/j.biomaterials.2005.01.025

Pauling, L. and Corey, R.B. (1951) Atomic coordinates
and structure factors for two helical configurations of po-
lypeptide chains. Proceedings of the National Academy of
Sciences of USA, 37, 235-240.

doi:10.1073/pnas.37.5.235

Whitesell, J.K. and Chang, H.K. (1993) Directionally
aligned helical peptides on surfaces. Science, 261, 73-76.
doi:10.1126/science.261.5117.73

Chang, M.C. and Tanaka, J. (2002) FT-IR study for
hydroxyapatite/collagen nanocomposite cross-linked by
glutaraldehyde. Biomaterials, 23, 4811-4818.
doi:10.1016/S0142-9612(02)00232-6

OPEN ACCESS


http://dx.doi.org/10.1038/nmat2875
http://dx.doi.org/10.1073/pnas.82.12.4110
http://dx.doi.org/10.1073/pnas.1017493108
http://dx.doi.org/10.1023/A:1027483220584
http://dx.doi.org/10.1088/1478-3975/8/2/026002
http://dx.doi.org/10.3109/03008209509017001
http://dx.doi.org/10.1016/S0040-6031(00)00554-2
http://dx.doi.org/10.1016/S0040-6031(00)00554-2
http://dx.doi.org/10.1016/j.tca.2007.07.018
http://dx.doi.org/10.1134/S002016851101002X
http://dx.doi.org/10.1006/jasc.1999.0504
http://dx.doi.org/10.1016/j.msec.2005.11.003
http://dx.doi.org/10.1007/978-94-011-6017-9
http://dx.doi.org/10.1016/S8756-3282(01)00609-3
http://dx.doi.org/10.1016/j.biomaterials.2008.12.007
http://dx.doi.org/10.1016/j.biomaterials.2005.01.025
http://dx.doi.org/10.1073/pnas.37.5.235
http://dx.doi.org/10.1126/science.261.5117.73
http://dx.doi.org/10.1016/S0142-9612(02)00232-6

[39]

[41]

A. Heredia et al. / Advances in Biological Chemistry 3 (2013) 215-223

Cruz, G.A.D., Toledo, S.D., Sallum, E.A. and Lima,
A.F.M.D. (2007) Morphological and chemical analysis of
bone substitutes by scanning electron microscopy and
microanalysis by spectroscopy of dispersion energy. Bra-
zilian Dental Journal, 18, 129-133.
doi:10.1590/S0103-64402007000200008

Termine, J., Eanes, E. and Conn, K. (1980) Phospho-
protein modulation of apatite crystallization. Calcified
Tissue International, 31, 247-251.
doi:10.1007/BF02407188

Gries, K., Kroger, R., Kiibel, C., Schowalter, M., Fritz, M.
and Rosena Uer, A. (2009) Correlation of the orientation
of stacked aragonite platelets in nacre and their con-
nection via mineral bridges. Ultramicroscopy, 109, 230-
236. doi:10.1016/j.ultramic.2008.10.023

Wagermaier, W., Gupta, H.S., Gourrier, A., Burghammer,
M., Roschger, P. and Fratzl, P. (2006) Spiral twisting of
fiber orientation inside bone lamellae. Biointerphases, 1,
1-5. d0i:10.1116/1.2178386

Zappone, B., Thurner, P.J., Adams, J., Fantner, G.E. and
Hansma, P.K. (2008) Effect of Ca2+ Ions on the
Adhesion and Mechanical Properties of Adsorbed Layers

Copyright © 2013 SciRes.

[45]

[46]

223

of Human Osteopontin. Biophysical Journal, 95, 2939-
2950. doi:10.1529/biophysj.108.135889

Gutsmann, T., Fantner, G.E., Kindt, J.H., Venturoni, M.,
Danielsen, S. and Hansma, P.K. (2004) Force spectro-
scopy of collagen fibers to investigate their mechanical
properties and structural organization. Biophysical Jour-
nal, 86, 3186-3193.

doi:10.1016/S0006-3495(04)74366-0

Minary-Jolandan, M., Yu, M.-F., ACS Nano, (2009).
Uncovering nanoscale electromechanical heterogeneity in
the subfibrillar structure of collagen fibrils responsible for
the piezoelectricity of bone majid. ACS Nano, 3, 1859-1863.

Heredia, A., Silva, S., Santos, C., Delgadillo, I. and Vrie-
ling, E.G. (2009) Analysis of cross-sections of ditylum
brightwelli biosilica by tapping mode atomic force micro-
scopy and scanning electron microscopy. Journal of Sca-
nning Probe Microscopy, 3, 19-24.

Halperin, C., Mutchnik, S., Agronin, A., Molotskii, M.,
Urenski, P., Salai, M. and Rosenman, G. (2004) Pie-
zoelectric effect in human bones studied in nanometer
scale. Nano Letters, 4, 1253-1256. doi:10.1021/n1049453i

OPEN ACCESS


http://dx.doi.org/10.1590/S0103-64402007000200008
http://dx.doi.org/10.1007/BF02407188
http://dx.doi.org/10.1016/j.ultramic.2008.10.023
http://dx.doi.org/10.1116/1.2178386
http://dx.doi.org/10.1529/biophysj.108.135889
http://dx.doi.org/10.1016/S0006-3495(04)74366-0
http://dx.doi.org/10.1021/nl049453i

