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ABSTRACT: The study of bone changes induced by heating is
highly relevant for forensic and archeological analyses as well as for
the production of bone-derived materials with novel properties and
applications. In the present study, we study in detail how different
types of avian bone (cortical, medullary) transform during thermal
treatments (up to 800 °C) using different analytical techniques
such as thermogravimetry (TGA-DSC), electron microscopy, X-ray
diffraction and infrared spectroscopy. We show that bone
transformation following thermal treatments is strongly influenced
by bone architecture, the composition of the organic matrix, and
the integration of the mineral with the organic fractions. For
instance, in avian cortical bone, the apatite nanocrystals are
integrated within collagen fibrils and coated with phosphorylated
proteins. During heating, the collagen losses structural order and denatures (at around 200 °C), losing all structural integrity at 300
°C. In the bone mineral fraction, there is a gradual conversion of phosphate, in poorly crystalline/amorphous environments, into
apatite (up to 400 °C). However, it is not until all organics are completely lost at around 600 °C that recrystallization sets in with a
rapid increase in the size of apatite crystals. Also, during recrystallization, foreign ions (Mg®", Na*) are expelled from the apatite
lattice to the crystal surface, and the degree of preferential orientation of the apatite crystals increases as larger, well-oriented apatite
crystals grow epitaxially at the expense of smaller, randomly oriented crystals. However, the scenario is different for the medullary
bone. In this case, with an organic matrix rich in noncollagen proteins and proteoglycans, the recrystallization sets in at much lower
temperatures (around 400 °C compared to 600 °C in cortical bone). Thus, the association of mineral and organic components
controls recrystallization, particularly in the case of apatite nanocrystals within collagen fibrils in cortical bone. Also, the calcination
process creates additional microporosity in both types of bone, increasing the bone mineral surface area and reactivity. The
information obtained in this study provides a better understanding of the dynamics of bone transformation during alteration in
natural processes (e.g., diagenesis, burning) and how bone mineral characteristics can be modified for specific applications (e.g.,
bone grafts, waste removal, or chromatography).
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B INTRODUCTION porosity that facilitates osseointegration.'” Also, the high
capacity for elemental substitution of apatite structure, and the
large surface area of bone mineral, can be used for the removal
of heavy metals from contaminated sites or for protein
chromatography.'' Therefore, understanding heat-induced
changes is critical to controlling the properties of these bone
derived materials.

Bone is a composite material with a complex chemical
composition and hierarchical structure that serves different

Following heating, bone experiences extensive changes in its
chemical composition, structure, and mineralogy. The under-
standing of those changes is highly relevant in a wide range of
areas, going from Forensic Science and Archaeology (to
identify the conditions at which bones were exposed) to
Material Science (to obtain bone-derived materials with novel
properties and applications).'™® Also, understanding heat-
induced changes in bones is relevant in biotechnological
processes such as the production of hydroxyapatite materials
for bone implants or grafts or for environmental remedia- Received: May 26, 2023
tion.””~"" For instance, deproteinate bone mineral produced Revised:  September 21, 2023
by thermal treatments can be used as safe and biocompatible

fillers, cements, or grafts for bone regeneration. Moreover,

heating preserves some of the chemical and structural

characteristics of natural bone and generates additional

© XXXX The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.cgd.3c00648

W ACS Publications A Cryst. Growth Des. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alejandro+B.+Rodri%CC%81guez+Navarro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergio+Madero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martina+Greiner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+A.+Rodriguez-Jimenez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wolfgang+W.+Schmahl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wolfgang+W.+Schmahl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Concepcio%CC%81n+Jime%CC%81nez-Lo%CC%81pez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.3c00648&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00648?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00648?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00648?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00648?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.3c00648?fig=tgr1&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.cgd.3c00648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org/crystal?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Crystal Growth & Design

pubs.acs.org/crystal

functions, such as structural support and supply of ions for
homeostasis."*~"> Bone is composed of an inorganic phase
(carbonated apatite nanocrystals) mineralizing an organic
matrix (largely type I collagen) and water. Type I collagen
molecules self-assemble into a triple helix structure stabilized
by hydrogen bonds bridging adjacent molecules. Collagen
microfibrils have a characteristic banding pattern (with 67 nm
repeats) produced by a 40 nm gap zone between the ends of
the individual collagen molecules, and a 27 nm region in which
they overlap.16 Apatite nanocrystals, mineralizing collagen,
nucleate within the gap zones, on the fibrils surface and in the
interfibrillar space.'®”'® Besides collagen, there are a large
number of noncollagenous phosphoproteins (NCPs) (i.e.,
osteocalcin, osteopontin), strongly bound to the apatite crystal
surface, that play an important role controlling the nucleation
and growth of apatite, as well as its attachment to
collagen.”"*™** The integration of the mineral within the
organics reduces mineral reactivity and solubility, and controls
the recrystallization induced by diagenesis or by heating.*”**

However, bone composition and structure are highly
heterogeneous and vary with age and location in the skeleton
depending on bone function.””° It is also a living tissue that is
constantly accreted and remodeled by bone cells, so its
properties change overtime.'* Given the heterogeneous
composition and complex structure of bone, there is not a
complete understanding of how bone transforms with heating
and what factors control this process. This is crucial to better
understand alteration processes occurring in archeological
bone during heating, burying, and/or diagenesis, or how to
control bone-derived materials’ properties for implants or
other applications.”™>"'*"!

Here, we study in detail the changes occurring in bone
induced by thermal heating. In particular, to understand how
the mineral characteristics, the composition of the organic
fraction, and the association of mineral—organics influence the
transformation, we used cortical and medullary bone from long
bones of laying hens, which represent two types of bone tissues
with very different organic matrix composition, organization
and mineral properties.”’ >’ Cortical bone is a dense structural
bone that forms a cortex surrounding the marrow cavity. The
basic structural units are collagen fibrils mineralized by
carbonate apatite nanocrystals oriented with their c-axis parallel
to the fibrils. The tissue is organized into cylindrical structural
units (osteons) surrounding a central canal, the Haversian
canal, responsible for transporting the blood vessels and
nerves."* On the other hand, medullary bone is a special type
of bone formed within the marrow cavities of long bones of
female birds during reproduction, that is highly reactive and
metabolically active as it acts as a labile source of calcium for
rapid eggshell calcification.”” ' Medullary bone consists of
apatite nanocrystals of very small size deposited randomly in
an organic matrix rich in proteoglycans.””**** The low
crystallinity and high carbonate content could explain the
extremely high reactivity and the solubility of medullary bone
mineral, which is at least 30-fold greater than that of cortical
bone.”*

To follow the changes that occur in the chemical
composition and structural organization of the different types
of bones during the heating process, we used complementary
analytical techniques such as thermogravimetric analysis and
electron microscopy, infrared spectroscopy, and X-ray
diffraction. The information obtained in this study can help
to better understand the dynamics of bone alteration processes.

B MATERIALS AND METHODS

2.1. Bone Samples. Tibiae samples from White Leghorn laying
hens (65 weeks old) were selected for this study. The experimental
and raising condition of these animals is fully described elsewhere.*®
Bone samples were kept in a freezer (—20 °C). One-centimeter-thick
slices were cut from each tibia at mid-diaphysis to prepare
longitudinal pieces of cortical bone (about 10 mm X S mm X 0.5
mm in size) and to extract the medullary bone (>10 g) from the
marrow cavity. The cortical and medullary bone from the tibiae mid-
diaphysis were manually separated using a scalpel. Medullary bone
collected from several bones was homogenized.

2.2. Heating Experiments. To study the process of bone
transformation with heating, pieces of cortical bone and homogenized
medullary bone were annealed at different temperatures (from 100 °C
until 800 °C in 100 °C intervals) for 1 h in air in a Carbolite furnace
(model 1100). Samples were placed in a crucible and inserted in the
furnace at the preset temperature. They were removed after 60 min
and left to cool down at room temperature. To study the organic bone
matrix, bone samples were demineralized by immersing them in 1%
HCI solution under shaking overnight. Demineralized samples were
rinsed twice with milli-Q water to remove any residual HC, then
dried at room temperature for 24 h.

2.3. Electron Microscopy. Scanning electron microscopy (SEM)
observation was carried out on polished cross sections of the tibiae
mid-diaphyses. To prepare the sections, bone samples were fixed with
4% glutaraldehyde, embedded in Epothin epoxy resin (Buehler), cut,
polished, coated with carbon (Hitachi UHS evaporator), and
observed with a variable pressure SEM (LEO 1430-VP) using a
backscattering electron (BSE) detector and an accelerating voltage of
30 keV. A selection of bone samples from each temperature was
analyzed by transmission electron microscopy (TEM). Untreated
bone samples (25 °C) were fixed with 2.5% glutaraldehyde and
cacodylate buffer (0.1 M, pH = 7.4) for 4 h at 4 °C. Later on, samples
were dehydrated using an ethanol gradient (50, 70, 90, and 100%),
and embedded in Spurr epoxy resin. Then, they were ultrathinly
sectioned (50—70 nm thick) with a LEICA Ultracut R (Germany),
carbon coated, and analyzed using a Carl Zeiss LIBRA 120 PLUS
(Germany) TEM microscope equipped with an EELS (Electron
Energy Loss Spectroscopy) detector or a Thermo-Fisher TALOS
F200 XTEM (USA) equipped with a EDX detector. EELS was used
to map the Ca distribution and EDX other elements. Bone treated at
different temperatures (200 °C and above) were grounded, and fine
particles were suspended in ethanol, fished with a TEM grid, and
observed with the TALOS TEM system.

2.5. Infrared Spectrometry and Thermogravimetry. To
follow the changes in chemical composition of bone tissues (cortical
and medullary bone) during heating, bone samples in powder form
were analyzed using an ATR system (MIRacle Single Reflection ATR,
PIKE Technologies), and the infrared spectra were recorded at a 2
cm™ resolution over 40 scans using an FTIR spectrometer (model
6600, JASCO Analytical Instruments Japan). The composition was
analyzed using the absorption bands associated with the characteristic
molecular groups of each component (e.g,, O—H: water; C—H: lipids;
amide I: collagen; v,, v; COj: carbonates; v;, v; PO,: phosphates).”
The FTIR spectra were deconvoluted to resolve overlapping peaks
from different molecular groups using PeakFit v. 4.12 software
(Seasolve, USA), and their peak areas calculated, as described in more
detail in the Supporting Information (Figure SS).

The relative amounts of water, organic matter, phosphate, and
carbonate in the bone samples were determined by thermogravimetric
analysis using approximately 30 mg of each sample and a TGA system
from METTLER-TOLEDO (model TGA/DSC1). A heating rate of
20 °C/min in air was used for registering the TGA curves.

2.6. X-ray Diffraction. The mineralogy and microstructure of
bone samples were analyzed by powder X-ray diffraction. Bone
samples in powder form were analyzed with a Panalytical Xpert Pro X-
ray powder diffractometer (Panalytical Xpert Pro, Almelo, The
Netherlands) operating in reflection mode using copper radiation to
determine Theta-2Theta scans (from 4 to 120° with 0.017° step size
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Figure 1. Electron microscopy of (untreated) bone. A) SEM images of a tibia cross-section showing cortical bone (CB) and medullary bone (MB)
partially filling the marrow cavity. B) Highly oriented and mineralized collagen fibrils in cortical bone, as seen by TEM. C) TEM images of
elongated apatite crystals within collagen fibrils. D) Detail of cortical bone showing osteons around Harversian canals and medullary trabecula with
osteocytes close to the inner cortex (endosteal) surface. E, F) TEM images of aggregates of apatite crystals mineralizing the medullary bone matrix.
Scale bars: A) 1 mm; B) 500 nm; C) 200 nm; D) 200 um; E) 1 um; and F) 200 nm.

and 100 s integration time per step). Analyses of XRD profiles were
done using TOPAS 5.0 software (Bruker, Karlsruhe, Germany). To
determine the crystallite size of apatite crystals, apatite reflections
were fitted using a Peak phase model, and the crystallite size along the
c-axis and g-axis were determined from 002 and 310 reflections using
the Scherrer method and a K value of 0.9. For 2D X-ray diffraction,
pieces of tibiae cortical bone (about 10 mm X S mm in size), cut
longitudinally from the midshaft of the diaphysis, were analyzed in
transmission mode with an X-ray single crystal diffractometer
equipped with a PHOTON area detector (D8 Venture, Bruker,
Germany) and a dual microsource (Cu and Mo). A 02 mm
collimated beam, 120 s of exposure time, and Mo radiation were used.
Each sample was measured at three different points separated by 1
mm. For the analysis of organic matter extracted from demineralized
bone samples, a Cu microsource was used. A quantitative estimation
of the degree of alignment of the c-axis of apatite crystals in the
cortical bone was determined from the angular breadth of bands
displayed in the intensity profile along the Debye—Scherrer ring
associated with the 002 reflection of the apatite mineral (Gamma
scan).” For pole figures, samples were measured in reflection mode
(2Theta = 20° and Omega = 10°), and a sequence of 2D patterns
(72) were collected during a Phi scan with S° steps. Crystallinity of
bone mineral from different populations (oriented and nonoriented)
was determined from 2D XRD data by measuring the full width at
half-maximum (fwhm) of the main apatite peaks (e.g,, 002, 211, 310)
displayed in the calculated 2Theta scans (calculated by radially
integrating intensities) and by applying the Scherrer formula. The
sharper the peaks and the smaller the fwhm, the greater the
crystallinity. XRD2DScan software v 8.0 (PANalytical, The Nether-
lands) was used to analyze the collected 2D X-ray diffraction patterns.

B RESULTS AND DISCUSSION

Untreated Bone. Figure 1 shows representative electron
microscopy images of avian bone (tibia) structure at the micro-
and nanoscale. The tibia in the cross-section has an outer

dense cortex (cortical bone; 0.5 mm thick) and a hollow cavity
(the marrow or medullar cavity) that is partially filled with
medullary bone, mostly near the endosteal surfaces (Figure 1A,
D). Cortical bone is made of cylindrical structural units, or
osteons, with osteocytes (embedded bone cells, seen as small
pores) that are distributed around a central canal (e.g,
Haversian channels), where blood vessels and nerves run
(Figure 1D). The medullary bone consists of small, isolated
trabeculae elements, that also contain osteocytes, and that are
generally surrounded by a large number of osteoclasts and/or
osteoblasts,”* as they have a very fast remodeling rate to supply
calcium needed for the eggshell formation.

The structures of cortical and medullary bone are very
different at the nanoscale. Cortical bone is made of cross-
linked collagen fibrils mineralized by apatite nanocrystals, that
nucleate in the gap zones of the fibrils with a 67 nm repeat
(Figures 1B, S1). Apatite crystals are elongated along the c-axis
(about 22 nm X S nm in size) and are typically oriented
parallel to the collagen fibrils (Figure 1C). Medullary bone has
a small amount of collagen and, unlike in cortical bone,
collagen fibrils are randomly oriented. Medullary bone
extracellular organic matrix contains mainly proteoglycans,
glycoproteins and noncollagenous proteins.”**° The different
chemical composition of the organic matrix in these two types
of bone causes them to stain differently.’* The organic matrix
is mineralized by aggregates of randomly oriented apatite
nanocrystals, reminiscent of those found at early stages of
(woven) bone mineralization””** (Figures 1E, 1F, S2). Apatite
crystals in medullary bone are also elongated along the c-axis
but are smaller (about 1S nm X 2 nm; Figure S2). The small
crystal size and large amount of carbonate substitutions make
the mineral less stable and more soluble, facilitating mineral
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Figure 2. Thermogravimetric analysis (TGA-DSC) of bone. A) Representative TGA curves from cortical (red) and medullary (blue) bone
displaying characteristic weight loss events occurring during heating, which correspond to water evaporation (25—200 °C), organic matter
combustion (200—600 °C), and carbonate thermal decomposition and release of CO, (600—800 °C). B) DSC curves showing peaks from the heat
absorbed (negative peak) or released (positive peak) during heating that are associated with previous weight loss events. Peaks I and II are

associated with collagen, or NCPs, and proteoglycans, respectively.

dissolution.”* Additionally, medullary bone trabeculae ele-
ments are generally surrounded by a large number of
osteoclasts and/or osteoblasts,>* which induce medullary
bone mineralization/demineralization during the egg laying
daily cycle.

Effect of Heating. The observed changes in bone
chemistry and structure during heating reproduces well some
of the results obtained by other authors,">>”%% and, in
addition, our results show how the mineral transforms with
heating and reorganizes during the recrystallization, changing
its crystallographic orientation and surface chemistry, as
described below. Moreover, it is shown how the different
organic matrix composition of the two types of bone studied
and the mineral-organic matrix association determine these
transformations.

The most evident change in bone induced by heating is a
color change due to the combustion of organic components
and char formation. With increasing temperature, bone color
changes from a brownish caramel color at 200—300 °C, a gray
to black color from 400 to 500 °C, and from a gray to a white
color at 600 °C and above. The macroscopic appearance and
color of archeological bones offer a first estimation of the
temperature at which bone were exposed. However, other
factors such as the duration of the thermal exposure and
oxygen availability strongly influence these changes."”*

Although the original external shape and volume of bone are
well preserved up to at least 800 °C, bone chemical
composition changes extensively with temperature due to
dehydration and loss of the different components (organics,
carbonate). These compositional changes were analyzed by
thermogravimetry and differential scanning calorimetry (TGA-
DSC). TGA graphs show three main weight loss events
(Figure 2): 1) 25—200 °C (water loss); 2) 200—600 °C
(organic matter combustion); and 3) 600—800 °C (thermal
decomposition of carbonates and release of CO,) (Figure 2A).
The weight lost in each step is different for the two types of
bones studied, as they have different chemical composition.
The ash weight or amount of remnant mineral at 600 °C in
cortical bone is always higher (about 65% of the original bone)
than that of medullary bone (about 30—35%). Although
cortical and medullary bone particles display similar brightness

in the SEM (back scattering imaging mode; Figures 1A, 1D),
differences in ash weight and thermal behavior could be
explained, on one hand, by the presence of marrow organic
matter and, on the other, by a different carbonate content in
the mineral fraction [greater in medullary bone than in cortical
bone (about 11% and 7%, respectivelylé)].

The different compositions of cortical and medullary bone
organic matrices can also be argued to explain differences in
DSC data (Figure 2B). While cortical bone shows a single large
exothermic peak at around 390 °C, medullary bone shows two
exothermic peaks: a smaller one at about 400 °C and a larger
one at about S00 °C (Figure 2B). The peak of cortical bone
and the first peak of medullary bone could be attributed to the
thermal decomposition of collagen and noncollagenous
proteins (NCPs), and the second peak in medullary bone
should be attributed to the thermal decomposition of
proteoglycans, which are the major components of the organic
matrix in this type of bone. Proteoglycans are thermally more
stable than proteins (such as collagen) and decompose at
higher temperatures.’®~**

Infrared Spectroscopy. Infrared spectroscopy is very
informative and sensitive to the changes occurring in bone
chemistry and structure during heating due to dehydration,
loss of organic components (lipids and collagen), and
recrystallization of the mineral. FTIR spectra of cortical and
medullary bone (Figure 3) shows identical infrared absorption
bands (i.e., CH bands from polysaccharides and lipids, amide
bands from bone collagen, phosphate and carbonate bands
from bone mineral), though their relative intensities change as
both tissues have different chemical composition. In fact,
medullary bone has more intense methyl (CH) peaks (around
2900 cm ™) and carbonyl (C=0) peaks (around 1740 cm™)
from polysaccharides and lipids, and less intense v, v; PO, and
v5, v; CO; bands from the mineral part (phosphate and
carbonate). Thus, these data show that the organic matrix of
medullary bone contains a larger amount of lipids and
polysaccharides and has a lower degree of mineralization
than cortical bone. These results are in agreement with those
observed from TGA analyses (Figure 2A).

In the context of heating effects, up to 200 °C, there are only
minor changes in the infrared spectra for both types of bones
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Figure 3. FTIR spectra of bone treated at different temperatures. A)
Cortical bone. B) Medullary bone. Main molecular groups of the bone
organic matrix and bone mineral detected by IR spectroscopy are
indicated.

(Figures 3, S6, S7), mainly consisting of a reduction of the
intensity of the OH band (around 3000—3500 cm™") due to
the loss of water (Figure S6A). At 300 °C, the methyl (CH)
peaks (near 2920 cm™') and carbonyl (C=0) peaks are no
longer detectable due to the loss of lipids. At 400 °C, there is a
marked reduction in amide peak intensity accompanied by a
notable peak broadening (individual amide peaks are no longer
resolved), due to the thermal degradation of collagen in
cortical bone and NCPs in medullary bone. At 500 °C, the
amide peaks have disappeared. At 600 °C and an above, there
is a notable reduction of the intensity of the main carbonate
band (around 1410 cm™) associated with type B carbonate. At
the same time, above 400 °C, the peak area ratio between
carbonate peaks at 1450 cm™' (associated with type A
carbonate) and 1405 cm™ (associated with type A carbonate)
increases, indicating that there is a gradual mobilization of
carbonate from type B to type A sites in the apatite structure
(Figure S6C). On the other hand, with increasing temperature
(>400 °C), there is a gradual sharpening and splitting in
phosphate bands due to an increased apatite crystallinity
during recrystallization. These results reproduce those from
other authors studying the aerobic combustion of bone.””*
Also, up to 400 °C, the relative intensity of phosphate sub-
bands in the v, PO, domain®® changes with temperature
(Figure S6D): the intensity of the band at 539 cm™
(associated with acid phosphate HPO,*") decreases, and the
intensity of the band at 600 cm™ (associated with apatitic
PO,) increases, indicating that phosphate in poorly crystalline
or amorphous environments is converting into highly

crystalline apatitic phosphate. In bone apatite nanoparticles,
it has been proposed that there is an amorphous or poorly
crystalline external hydrated layer rich in carbonate and acid
phosphate surrounding a crystalline apatite core.”” With
heating and after dehydratation (>200 °C), this layer
crystallizes (as observed in our experiments with the loss of
nonapatitic phosphate bands; see Figure S6D). The existence
of poorly crystalline or amorphous components in bone
mineral, that are progressively converting into crystalline
components, is in agreement with current models of bone
mineral forming from amorphous precursors (i.e.,, amorphous
calcium phosphate) or how bone mineral crystallinity changes
during maturation and/or remodeling.25’40’41

Above 600 °C, a peak at 630 cm™" and a smaller peak at
3600 cm™! started to appear. These peaks are associated with
OH" ions replacing carbonate groups (type A) in the apatite
structure, indicating that bone mineral is converting into
hydroxylapatite.” These results are in agreement with other
studies”® showing that bone apatite structure has a high
capacity to exchange ions between different structural sites,
and that such ionic mobility increases with temperature.*”

Regarding the bone organic matrix, though no notable
changes in infrared spectra were observed up to 200 °C, there
are relevant changes in collagen structure, even at lower
temperatures. For instance, Kubisz"’ and Ferreira et al.** have
shown that bone collagen denaturalization occurs between 130
and 180 °C, when the structure of collagen changes from an a-
helix to a random coil, due to the release of bound water that
stabilizes the structure. However, other authors® show that
collagen conformational changes and degradation in mineral-
ized bone occur at higher temperatures (between 237 and 327
°C). This discrepancy could be understood if the collagen—
mineral interaction is considered, as the mineral protects the
collagen and delays its degradation. Our data align to this idea,
as complete thermal degradation of collagen and/or by-
products was observed at ~390 °C, associated with a main
weight loss event and a large exothermic peak in TGA-DSC
graphs (Figure 2), which could be induced by the combustion
of amino acids and the subsequent release of NH; and NO,.”
Above 600 °C, more notable changes occur in the mineral part
of the bone, with ionic exchange between structural sites in the
crystal lattice and a gradual increase in crystallinity.

Electron Microscopy: Bone Microstructure. The loss of
organic components and mineral recrystallization during
heating also generate important changes in bone micro-
structure, as revealed by electron microscopy. In cortical bone,
the organization of the mineral is very well preserved, at least
up to 800 °C. Figure 4A shows that the surface of the bone
treated at 400 °C is quite smooth. However, at higher
magnification, the surface shows bundles of fibrils running
parallel to the elongation of bone and that are partially covered
by organic membranes. Each bundle is formed by densely
packed mineralized fibrils which are highly aligned. In bone
treated at 800 °C, the bundles are fully exposed and apatite
nanoparticles have recrystallized, forming strings of crystals
about 80 nm in diameter (Figure 4D—4F).

Medullary bone treated at high temperatures has a highly
porous structure as all the organic matter has been removed,
and only the mineral part is left (Figure 4G). The mineral part
is made of isolated trabeculae a few tens of microns in size with
a very irregular shape and rough surface. They are made of
apatite nanocrystals fused together into aggregates about 200
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Figure 4. Evolution of bone microstructure with temperature analyzed by scanning electron microscopy. A—C) Imaging of cortical bone treated at
400 °C showing bundles of mineralized collagen fibrils running parallel to the elongation of bone (horizontal direction; see arrow). D—F) Cortical
bone treated at 800 °C showing bundles of recrystallized apatite particles arranged in well-ordered parallel arrays. G—I) Imaging of medullary bone
treated at 800 °C showing a highly porous structure made of mineral trabeculae. Each trabecula is made of a massive aggregate of nanoapatite
crystals. Scale bars: A: 100 ym; B, 10 ym; C, 1 um; D, 10 ym; E, 1 um; F, 100 nm; G, 100 ym; H, 10 ym; and I, 100 nm.

nm in size that are formed during recrystallization (Figure 4H,
41).

Electron Microscopy: Bone Nanostructure. TEM
observation of tibiae cortical and medullary bone samples
treated at different temperatures (annealing for 1 h) shows that
heating has also induced notable changes in bone structure at
the nanoscale. In cortical bone, the organization of the mineral
is very well preserved, at least up to 500 °C. Figures SA and S3
show packages of highly aligned apatite crystals that have
imprinted the periodic banding of the collagen fibrils in which
they mineralized (seen as slight changes in electron density).
TEM images show that the size of apatite crystals is nearly
constant up to 400 °C (22 nm X S nm) and increases slowly
first up to 600 °C (60 nm X 9 nm) and very rapidly at higher
temperatures, adopting a nearly rounded morphology at 700
°C (250 nm in diameter) and a euhedral crystal morphology at
800 °C (400 nm in diameter) (Figures SA—5C). The increase
in the size of crystals is due to a recrystallization process in the
solid state, in which smaller crystals coalesce and/or provide
material, through diffusion, for the growth of larger crystals at
the expense of smaller ones (Oswald ripening).”*®

In medullary bone, the recrystallization process starts earlier
(at about 400 °C), and the crystal size increases faster than
that in cortical bone (Figures 4, S, and S4). Crystal size
increases from 26 nm X 4 nm at 400 °C, to 85 nm X 27 nm at
500 °C, and 120 nm in diameter at 600 °C. It seems that the

growth of bone apatite crystals is constrained, especially in
their width, up to this temperature. However, at temperatures
>600 °C, when the organic components (i.e., collagen,
proteins) and their decomposition products are lost, the
crystals grow uninhibited in all directions (length and width),
developing a rounded morphology above 700 °C (see Figure
SE, SF). A schematic drawing is presented in Figure 6, which
illustrates the changes induced by heating during the
recrystallization process of minerals in cortical and medullary
bone.

In order to understand these changes, the composition of
the organics present in the different type of bones and the
interaction mineral—organics must be taken into account.
Many noncollagenous proteins (NCPs) are phosphoproteins
(i.e., osteocalcin, osteopontin), which are strongly bound to
apatite crystal surfaces and, as such, play an important role
controlling the nucleation and growth of apatite.”'®'***** In
both types of bone, apatite crystals are elongated along the c-
axis. This could be explained by the preferential attachment of
acidic proteins (i.e., osteocalcin) to (100) faces, arresting their
growth and resulting in the elongated shape of apatite crystals
in bone.”” These proteins may also facilitate the attachment of
apatite crystals to collagen and determine the typical parallel
orientation of apatite to the collagen fibrils (in cortical bone).
These proteins can also control recrystallization, as crystal
growth is inhibited until all organics coating the crystal surfaces
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Figure S. Evolution of bone nanostructure with temperature analyzed by transmission electron microscopy. A) Cortical bone treated at 500 °C
showing the banding pattern of preexisting collagen. B) cortical bone treated at 600 °C. C) cortical bone treated at 800 °C showing recrystallized
apatite particles. D—F) Imaging of medullary bone treated at 400 °C (D), 500 °C (E), and 700 °C (F). G—I) Elemental mapping of bone particles
analyzed by EDS showing the distribution of Ca and Mg. Cortical bone treated at 600 °C (G) and at 800 °C (H). I) Medullary bone treated at 800

°C. Scale bars: A—F) 200 nm.

are completely removed and crystals grow unhindered in all
directions, developing rounded and then well-faceted mor-
phologies.””'® Interestingly, even though the main organic
matrix components of cortical bone (collagen, NCP) are less
thermally stable than those of medullary bone (i.e.,
proteoglycans), the crystal growth and recrystallization of
bone mineral are delayed in cortical bone. This could be due to
the fact that, in cortical bone, collagen is the main organic
matrix component, and the mineral is integrated within
collagen fibrils. Therefore, until this larger amount of collagen
or byproducts is completely lost (at around 600 °C), crystal
growth and recrystallization is prevented.

Interestingly, elemental mapping by EDS shows notable
changes in the distribution of chemical elements at the crystal
surface in both types of bone (Figure SG—SI). At lower
temperatures (up to 600 °C), the chemical composition of
apatite crystals is homogeneous on the scale observable with
EDX (Figure SG). However, after recrystallization, Na and Mg
diffuse out from the apatite crystal lattice and accumulate on
the crystal surfaces in the form of very small Mg-rich
nanoparticles (about 20 nm in size). These nanoparticles are
made of periclase (MgO), which has been identified by XRD

as a minority mineral phase besides apatite (see below and in
SI in Figures S9, S10). Periclase formation occurs above 600
°C, and it has been estimated to range from 0.3% at 600 °C to
1.2% at 800 °C (see Supporting Information). Other authors*®
have also described the formation of lime (CaO) in burned
bones, but this mineral phase was not detected here. Greiner et
al.” observed the formation of buchwaldite (NaCaPO,) in
bovine bone when treated at 800 °C and above. However, the
formation of buchwaldite was not observed in the present
study, even though Na diffuses out to the surface of crystals. A
lower Na concentration in avian bones could have prevented
its formation. All in all, there are not only changes in the size of
apatite crystals during heating-induced recrystallization but
also changes in their surface chemistry. The recrystallization
process is, in fact, a reaction from nanocrystalline Mg-bearing
carbonate apatite to highly crystalline hydroxyapatite, where
the Mg*" is expelled from the original apatite to the surface of
the growing crystal. These changes should modify bone
mineral properties, making it more reactive as periclase and/or
lime are highly reactive (to CO, and water™).

X-ray Diffraction: Organic Matrix, Mineral Crystal-
linity, and Organization. The X-ray diffraction data also
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Figure 6. Schematic drawing depicting the transformation of cortical and medullary bone during heating. A) In cortical bone, apatite crystals
mineralize collagen fibrils and nucleate in the collagen gap zones (Ca-rich areas in red). The organic matrix is also mineralized by strands of apatite
crystals in the interfibrillar regions. With increasing temperature, the organic matter is lost, and the crystal grows in size but preserves the elongated
shape and crystal orientation. At higher temperatures, crystals grow very rapidly in all directions and develop a euhedral morphology. B) Medullary
bone is mineralized by small apatite crystals forming isolated aggregates. The onset of crystallization occurs at lower temperatures, and crystals grow

rapidly in all directions, developing a large size.
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Figure 7. Bone microstructure was analyzed by X-ray diffraction. A, B) Pole figure and 2D-XRD patterns (inset) of (untreated) cortical (A) and
medullary (B) bone. C) Theta-2Theta scans of powdered (untreated) bone samples. D) Evolution of crystal orientation with temperature
measured as the angular spread of 002 reflections (AS_002) (blue solid circles) and oriented fraction (OF) (red open circles) in cortical bone. E)
Evolution of crystallite size with temperature for cortical (diamonds) and medullary (circles) bone. Full markers (solid lines) and open markers

(dashed lines) correspond to the crystallite size measured.

show notable differences between cortical and medullary bone.
In the case of untreated cortical bone, the 002 pole figure
(Figure 7A) shows a unique and broad maximum around the
center, indicating that apatite crystals are aligned with their c-
axis parallel to the elongation of bone, but rotated around it
(fiber texture). Even though crystals are preferentially oriented,
there is a broad distribution in the orientation of their c-axis
(about 45—50°), as visible from the diffraction intensities
concentrated in 45—50° arcs of the Debye—Scherrer rings due
to the preferential orientation of apatite crystals in this tissue

(Figure 6A inset). On the other hand, medullary bone
produces a pole figure with homogeneous intensity, since
apatite crystals are randomly oriented in this tissue. Also, in the
associated 2D-XRD pattern, the intensity is constant along the
Debye—Scherrer rings as randomly oriented crystals contribute
equally in all directions (Figure 7B inset).

ID-XRD (Theta-2Theta) scans of powdered bone samples
also show notable differences between cortical and medullary
bone (Figures 7C, S9). Both types of bone show a well-defined
002 peak and a broad band (from overlapping 211, 112, and
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300 peaks), due to the nanocrystalline nature of the bone
apatite. Cortical bone produces more intense and better
defined peaks than medullary bone, due to the slightly greater
crystallinity of the first. In both tissues, there is a highly
anisotropic peak broadening due to the elongated shape of
apatite crystals along their c-axis, which produces sharper peaks
for the 002 reflection than for other directions (310 peak; a-
and b-axes) (Figure 7C). From the peak broadening of 002 and
310 reflections, the length (along the c-axis) and width (along
the a- and b-axes) of apatite crystals in bone were determined.
The calculated crystallite size of apatite in cortical bone (19
nm X 6 nm) is larger than that in medullary bone (8 nm X 2
nm). Comparing XRD results with TEM measurements, XRD
data reproduce quite well the dimensions of crystals, but show
that the crystallite size along the c-axis is smaller than the
length of the apatite nanoparticles observed by TEM. In any
case, XRD data are able to reveal differences in mineral
crystallinity between the two types of bones. Additionally, the
diffractogram of medullary bone has a broad band at around
20° 20 (Cu Ka) due to the presence of a large amount of
amorphous organic matter in this tissue.

In cortical bone, apatite crystals are preferentially oriented
with their c-axis parallel to the long axis of the bone, but there
is a small fraction of randomly oriented crystals as well. Each
differently oriented population of crystals contributes to
different parts of the 2D-XRD pattern (e.g, to arcs or the
whole Debye—Scherrer ring), makin§ it possible to determine
their crystallite size independently.”® In fact, preferentially
oriented apatite crystals are larger (19 nm X 10 nm) than
randomly oriented crystals (18 nm X 7 nm), with the most
notable differences in their width. The oriented fraction,
formed by larger crystals, could be intrafibrillar apatite crystals
that nucleate within collagen fibrils or at the surface and are
oriented parallel to the fibrils. Smaller randomly oriented
apatite nanocrystals could mineralize the interfibrillar region
and be more disorganized. Other studies have shown that the
size and orientation of apatite varies in intrafibrillar or
extrafibrillar regions, with the latter having a lesser degree of
crystal orientation,"*>°

The X-ray diffraction data from the tibiae cortical and
medullary bone treated (annealed) at different temperatures
show that there are notable changes in bone mineral
organization (crystal orientation) and crystallinity (crystal
size) with temperature. The 2D-XRD data show that, in
cortical bone, the angular spread in the orientation of crystals is
nearly constant up to 600 °C and decreases gradually at higher
annealing temperatures, from about 45° down to 33° (Figure
6D). Also, there is a slight, but gradual, increase in the oriented
fraction from 0.87 to 0.96. These data, all combined, indicate
that during recrystallization above 600 °C, the larger, oriented
apatite crystals grow at the expense of the smaller, randomly
oriented apatite crystals, that act as a template for epitaxial
nucleation during an Ostwald ripening process.*® This process
increases the preferred orientation of apatite in the bone
mineral.

On the other hand, the XRD data also show that the size of
the crystals is nearly constant up to a certain temperature
(recrystallization temperature), and above that, there is a rapid
increase in the size of crystals due to the recrystallization
process (Oswald ripening) (Figure 6E). In cortical bone, the
onset of recrystallization occurs at about 600 °C, whereas in
medullary bone, this process starts at much lower temperatures
(around 400 °C), increasing the crystal size first slowly (below

600 °C) and finally very rapidly (above 600 °C). These results
are in agreement with the TEM observations, though direct
observation with electron microscopy is able to detect these
changes earlier at lower temperatures.

Additionally, XRD data also provide complementary
information regarding the structural changes of the bone
organic matrix that could not be detected by other analytical
techniques (i.e, TGA, FTIR). The organic matrix of untreated
cortical bone (25 °C) and cortical bone treated at 100 °C
(Figure 8A) shows a characteristic fiber diffraction pattern with
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Figure 8. X-ray diffraction analysis of demineralized cortical bone
treated at different temperatures. A) 2D-XRD patterns of deminer-
alized untreated bone (25 °C) and bone treated at 100 and 200 °C.
B) 1D-2Theta scans of demineralized bone samples treated at
different temperatures. Peaks in 2D- and 1D-XRD patterns from
collagen (1, 3, and S) and the mineral part (2 and 4) are indicated by
numbers.

two arcs (1 and 3) in the equatorial region, produced by well-
oriented collagen fibrils, and two faint arcs (2 and 4) in the
meridional region, from the remaining mineral part that has
not been completely dissolved. In the 1D-2Theta scans (Figure
8B), peak 1, shown at around 8° (d spacing = 1.20 nm),
corresponds to the lateral packing of collagen fibrils, and peak
3, shown at around 20° (d spacing = 0.4S nm), corresponds to
the diffuse scattering of amorphous/unordered regions in
collagen molecules.”"”” Peaks 2 and 4 correspond to apatite
reflections from the remaining mineral part that has not been
completely dissolved. These data for cortical bone treated at
200 °C (Figure 8B) show a very broad band at around 13°
(0.66 nm) due to diffuse scattering, indicating that collagen
now has an unordered structure and has been denatured. Still,
some features of peak 1 remain, indicating that part of the
original collagen structure or molecular arrangement (packing)
has been preserved. For cortical bone samples treated at higher
temperatures (300 °C and above), after bone demineralization,
the remaining organics have no structural integrity and could
not be recovered for XRD analyses. On the other hand, the
organic matrix of medullary bone (from untreated or treated
samples) only produces diffuse scattering, confirming that it
has an unordered structure. Thus, it is shown that collagen
structure is preserved up to 100 °C, denatures at 200 °C, and is
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completely degraded at 300 °C and above. The XRD results
are in agreement with FTIR analysis, though XRD is able to
detect structural changes of collagen at a lower temperature
than FTIR (200 °C vs 300 °C). In future studies, we will use
SAXS to see if we could detect more subtle structural changes
(i.e.,, collagen periodic banding) that could not be detected
here, as the beam stop in our XRD system cut the low angle
signal (<S°).

In conclusion, there are well-defined changes in bone
chemistry, structure, and crystallinity during thermal treatment.
Also, the behavior of different types of bone with heating is
very different, as the surface properties of these materials and
their reactivity are mainly dependent on bone mineral
characteristics such as crystallinity, porosity, organic matrix
composition, and its structural relationship with the mineral.
Thus, cortical bone mineral is integrated within the collagen
fibrils and has a large amount of noncollagenous acidic
proteins (i.e., osteocalcin, osteopontin) strongly bound to the
surface of apatite crystals.'® Collagen structure denaturation
and degradation occur in the low temperature range (up 300
°C). Up to 400 °C, there are notable changes in the mineral
part with a gradual conversion of amorphous phosphate into
crystalline domains. At higher temperatures (above 600 °C), a
significant coarsening of crystals occurs, probably due to an
Oswald ripening process. The recrystallization set in when all
organics that are intimately associated with the mineral are
lost. Medullary bone’s greater porosity, lower crystallinity and
structural organization, and association with the organic matrix
rich in proteoglycans could explain its higher reactivity in
response to heating. On the other hand, we show that a
strongly textured apatitic ceramic material can be produced
from cortical bone, or a highly porous apatitic ceramic material
from medullary bone. The latter could be similar to
commercial coralline hydroxylapatite used as bone graft
substitute made from sea corals (Porites sp.) that have also a
large porosity.”” Also, the latter could be used as filters or in
chromatography as apatite has a strong affinity to proteins.
Therefore, relevant microstructure characteristics (porosity,
crystal size, morphology, and surface properties) can be
modified in a controlled way by first selecting the type of bone
and then adjusting the treatment temperature. The properties
and performance of polycrystalline ceramic materials can be
enhanced by increasing the preferential orientation of crystals
by texturing that eliminates high-angle grain boundaries. These
materials can behave like single crystals (for a directional
property of interest like, e.g., ionic conduction) but at the same
time have the mechanical robustness of polycrystalline
ceramics.”® Even though in this study we used avian bone,
avian cortical bone has a very similar chemical composition
and structural organization to that of mammalian bone, so
these results could be applied also to understand mammalian
bone transformation during heating. Medullary bone, though
structurally and chemically very different, has the same mineral
composition and is an interesting model to understand the
influence of the organic matrix on mineral transformation.
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