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human bone – probing organic
fraction removal by chemical and enzymatic
methods

A. P. Mamede, a A. R. Vassalo, abc E. Cunha, b D. Gonçalves, bcd

S. F. Parker, e L. A. E. Batista de Carvalho *a and M. P. M. Marques af

Two different deproteination and defatting processes of human bone were investigated, by combined

infrared and neutron techniques: a previously reported hydrazine extraction and a newly developed

multi-enzymatic treatment. Complementary Fourier transform infrared total attenuated reflectance and

inelastic neutron scattering spectroscopies were applied, allowing access to all vibrational modes of the

samples. The effectiveness of the different experimental protocols for removing the organic constituents

of bone (lipids and protein) was probed, as well as their effect on bone's structural and crystallinity

features. The results thus gathered are expected to have an impact on bioanthropological,

archaeological and medical sciences, namely regarding the development of novel biocompatible

materials for orthopaedic xenografts.
1 Introduction

Bone is a heterogeneous material containing inorganic and
organic constituents: of the total weight of bone, 60–65% is
ascribed to the inorganic matrix of hydroxyapatite (Ca10(PO4)6-
OHx, HAp) (partly substituted by carbonate at both phosphate
and hydroxyl sites), 25% to the organic components and ca.
10% to water. The organic phase comprises lipids and proteins
(mainly type I collagen), the remaining 2% corresponding to
various cellular constituents.1,2 Upon diagenesis (post-mortem
processes triggering physical and chemical alterations), bone
undergoes changes in molecular structure oen associated with
warping and dimensional variations.3

The examination of human remains is routinely carried out
by bioanthropologists and chemists to retrieve varied informa-
tion, such as radiocarbon dating or post-mortem changes.4–16

The skeleton oen constitutes the only preserved remains
found in archaeological and forensic settings and their impor-
tance for the study of past populations or for victim identica-
tion is unquestionable. However, retrieving information on the
physical and chemical properties of the bone matrix (e.g. by
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spectroscopic or diffraction methods) is frequently hampered
by the presence of organic components (lipids and proteins),
the most abundant of which is type I collagen. Hence, the ability
to successfully achieve defatting and deproteination of human
skeletal remains, yielding an organic-free mineral framework,
while preserving its native structural and physical properties,
will have an immediate impact in several areas, from bio-
archaeology (e.g. dating of ancient specimens), to forensics,
biochemistry (e.g. enzyme immobilisation substrates), phar-
macology (e.g. drug delivery matrices) and medicine. In partic-
ular, the development of biomaterials from animal bone for use
as orthopaedic xenogras (bone gras from a different animal
species), either as implants or as inducers of bone regeneration,
involves several processing stages including defatting and
deproteination, yielding highly biocompatible systems with
a suitable bioactivity and osteoconductivity.17,18 In the absence
of an adequate supply of autogenous bone, there is an esca-
lating demand for these types of biomaterials, in order to heal
fractures and bone defects arising from chronic disease or
trauma. Either synthetic materials or naturally sourced xeno-
gras are preferable to allogras (bone gras from the same
species), since the latter bear the risks of disease transmission,
rejection and infection. Moreover, xenogras from animal bone
(not human) have been shown to display a high biocompati-
bility towards human live bone tissue, allowing them to act as
reliable frames for new bone growth. This type of biocompatible
material propagates aer the native osteoblasts from the
margin of the graed defect, in two main stages: (i) co-
deposition of collagen on the new bone hydroxyapatite
network; (ii) inltration of new bone tissue into the implant.
This journal is © The Royal Society of Chemistry 2018
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Consequently, an accurate assessment of the effect of the
experimental defatting and deproteination processes on the
characteristics of bone's inorganic matrix is paramount in order
to attain suitable mechanical properties and features that are as
similar as possible to those of the native tissue in order to
decrease the likelihood of resorption or rejection.18–20 To date,
removal of organic material from mineralised tissues such as
bone has been achieved by several methods including ethyl-
enediamine extraction at high temperatures;21 long-term
hydrazine treatment (aer petroleum ether defatting) that
triggers peptide bond rupture at mild temperatures (at 40–60
�C);22 HCl (or HF) demineralisation followed by dissolution of
collagen in a weak acid solution;23,24 methyl acetate lipid
extraction followed by deproteination by bleaching;18 alkaline
hydrothermal hydrolysis;18,25 or the subcritical water process.25

Nevertheless, care must be taken regarding the effect of these
experimental processes on the properties of bone's inorganic
matrix, specically on its structural and crystallinity prole. The
use of ethylenediamine, for instance, has been shown to induce
substantial molecular alterations in the apatite's network,26

while the impact of hydrazine extraction is still controver-
sial.27–29 Moreover, neither of these reported methods leads to
a complete elimination of bone's organic material.

Therefore, the aim of the present study is to develop a meth-
odology that will enable a maximum deletion of bone's organic
components with a minimum impact on its structure and crys-
tallinity prole. A newly designed multi-enzymatic procedure is
reported and compared with the widely used hydrazine protocol,
through the application of high resolution vibrational spectros-
copy. Fourier transform infrared (FTIR) and inelastic neutron
scattering (INS) techniques have proven to be extremely valuable
tools for studying bone samples under different conditions – e.g.
intact, subject to burning events or to specic chemical handling,
or even archaeological artefacts.3,8,15,16,24,30–39

FTIR, mainly in attenuated total reectance (ATR) mode, is
a low-cost, non-destructive and rapid method for this type of
analysis, that requires very small amounts of sample and yields
very reliable data providing information on the chemical and
structural characteristics of the bone, namely its organic
components (protein and lipids), possible mineral contami-
nants (e.g. including uorapatite (francolite), chloroapatite,
cinnabar or gypsum) or pathology-induced changes.

INS, in turn, is an extremely powerful technique for probing
hydrogenous materials and has been shown to be particularly
useful for the analysis of bone, revealing even minor variations
in composition.8,33,35,37,38 The INS intensity of each vibrational
transition is normally expressed in terms of the so-called
dynamic structure factor S*i ðQ; nkÞ; which has the simplied
expression, for a given atom

S*
i ðQ; nkÞ ¼

�
Q2ui

2
�
s

3
exp

�
� Q2ai

2

3

�
(1)

where Q (Å�1) is the momentum transferred to the sample, nk is
the energy of a vibrational mode, ui (Å) is the displacement
vector of atom i in mode k, s is the neutron scattering cross
section of the atom, and ai (Å) is related to a mass-weighted sum
This journal is © The Royal Society of Chemistry 2018
of the displacements of the atom in all vibrational modes. In
contrast to the optical vibrational techniques, there are no
selection rules for INS which yields all the fundamental modes
and overtones of the analysed samples, as well as the combi-
nation bands.

The fact that any modication in the structure of bone is
reected in the corresponding vibrational pattern with high
sensitivity – both regarding its inorganic framework (hydroxy-
apatite) and its organic constituents (lipids and proteins) – fully
justies the current use of complementary optical and neutron-
based vibrational spectroscopies for appraising the effective-
ness of defatting/deproteination processes, as well as their
impact on bone's properties. Two different procedures were
tested in samples of human femur and humerus: (i) hydrazine
extraction, optimised from the formerly reported method;22 (ii)
an enzymatic treatment, through the combined use of lipase40

and collagenase. FTIR-ATR and INS were applied, allowing
access to all the vibrational modes of the samples, which was
shown to be an extremely accurate methodology for monitoring
the success of the different experimental procedures.

The results currently obtained are anticipated to be of rele-
vance for future applications in forensic and archaeological
contexts, as well as in the eld of human health – regarding the
development of novel biocompatible materials for drug delivery
and orthopaedic xenogras.
2 Experimental
2.1 Chemicals and materials

Collagenase from Clostridium histolyticum (clostridiopeptidase
type IA), hydrazine monohydrate (NH2NH2$H2O, 98%), lipase
from Aspergillus niger (lipase AP6), TES (2-[(2-hydroxy-1,1-
bis(hydroxymethyl)ethyl)amino]ethanesulfonic acid, >99%), as
well as solvents, inorganic salts and acids (of analytical grade)
were purchased from Sigma-Aldrich (S.A. Sintra, Portugal). SRM
2910b calcium hydroxyapatite [Ca2(PO4)6(OH)2)] was obtained
from NIST (Gaithersburg, MA, USA).41

The bone samples were collected from unidentied human
skeletons housed at the Laboratory of Forensic Anthropology of
the University of Coimbra that have the same provenance of the
identied skeletons from the 21st century Collection of Identi-
ed Human Skeletons.42 These bones were already devoid of
both so tissue and marrow.
2.2 Sample preparation

Femoral and humeral diaphyses of two skeletons were analysed
(Fig. 1). Aer cutting each bone section (using a Dremel mini-
saw electric tool), the samples were prepared by simple
grinding of the intact bone followed by sieving (mesh size of 400
mm), aer mechanical removal of the outer layer through gentle
sanding to avoid contaminants (providing ca. 10 g of each
sample). According to previous infrared studies,32 no further
cleaning is needed. For each type of bone, two adjacent bone
slices were cut for analysis of either the intact sample or the
defatted/deproteinated one (by each of the methods under
study).
RSC Adv., 2018, 8, 27260–27267 | 27261
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Fig. 1 Human femur and humerus cut sections presently analysed:
intact, enzymatically and hydrazine treated (after grinding).
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A highly crystalline sample of calcium hydroxyapatite from
NIST (SRM 2910b, Ca/P ¼ 1.67) was used as a reference (crys-
tallinity index ¼ 7.91 as compared to poorly crystalline
commercial HAp, CI ¼ 3.79).
2.3 Removal of the organic components

Chemical defatting and deproteination of the human bone
samples was carried out by two different experimental proce-
dures: (i) hydrazine method, through an optimisation of the
previously reported protocol;22,37 (ii) enzymatic treatment,
following a procedure presently developed based on the
combined use of a lipase and a collagenase.

Hydrazine method. Following removal of the lipid constitu-
ents by reux with petroleum ether (80 : 20) for 10–12 h,
deproteination was performed by exposure to hydrazine (95%)22

(ca. 10 mL per g of bone), with constant stirring – 1 h at room
temperature and 24 h at 55 �C (renewing hydrazine at 15 h). The
samples were washed with ethanol (80%) (30 min), with abso-
lute ethanol (4 � 30 min) and with acetone (95%) (3 � 30 min).
Finally, they were dried in a rotary evaporator under vacuum (at
60 �C) and then under a dry air ux for ca. 3 h.

Enzymatic treatment. Lipids and proteins were enzymati-
cally removed from the human bone samples using a lipase
from Aspergillus niger,40 followed by treatment with a collage-
nase from Clostridium histolyticum through a newly developed
procedure, optimised for maximum organic component
removal. For the lipase digestion, the bone powder was soaked
in 200 mL Na2CO3/NaHCO3 buffer solution (pH ¼ 9) containing
5% lipase (wenz/wbone), for 5 h at 40 �C with constant stirring.
For the collagenase enzymatic reaction the powdered samples
were soaked in 200 mL TESCA buffer (50 mM TES, 0.36 mM
CaCl2, pH ¼ 7.4) containing 0.01% collagenase (wenz/wbone) and
4 g Ca2+ per mole of enzyme, for 5 h at 37 �C with constant
stirring. The lipase treatment was performed prior to the
collagenase hydrolysis in order to avoid interference from the
lipid components in proteolytic activity.43 Also, the control of
the medium pH was essential in order to avoid enzymatic
inactivation and ensure their maximum activity.

Aer the degradation reactions (of lipids and proteins), each
enzyme was heat inactivated (at 70 �C for 15 min) and the
samples were washed with the respective buffer solution
27262 | RSC Adv., 2018, 8, 27260–27267
(Na2CO3/NaHCO3 or TESCA, for the lipase-treated or the
collagenase-treated bone respectively). In order to remove non-
collagenous proteins, the bones were then treated with 100 mL
of sodium hypochlorite solution (3.25% (w/v)) for 10 min, at
room temperature, followed by washing with deionised water.
Finally, the samples were dried in an oven at 110 �C for 5 h, and
then under a dry air ux for ca. 24 h.

Regarding the time of treatment, and the range of temper-
atures and pH values applied in the presently reported protocol,
these were optimised for maximum efficiency and maintenance
of the enzymes' activity upon probing different experimental
conditions and defatting/deproteination outcomes.
2.4 Fourier-transform infrared spectroscopy

The FTIR-ATR were acquired using a Bruker Optics Vertex 70
FTIR spectrometer purged by CO2-free dry air. The measure-
ments were taken for the bone powder samples on a Bruker
Platinum ATR single reection diamond accessory, using a Ge
on KBr substrate beamsplitter and a liquid nitrogen cooled wide
band mercury cadmium telluride (MCT) detector for the mid-IR
interval (400–4000 cm�1).

Each spectrum was the sum of 128 scans, at 2 cm�1 resolu-
tion, and the 3-term Blackman–Harris apodization function was
applied. Under these conditions, the wavenumber accuracy was
better than 1 cm�1. The spectra were corrected for the frequency
dependence of the penetration depth of the electric eld in ATR
(considering a mean reection index of 1.25) using the Opus 7.2
spectroscopy soware.
2.5 Inelastic neutron scattering spectroscopy

The INS experiments were performed at the ISIS Pulsed Neutron
and Muon Source of the Rutherford Appleton Laboratory
(United Kingdom), using the indirect geometry time-of-ight,
high resolution broad range spectrometers MAPS44,45 and
TOSCA.46,47 The two spectrometers are complementary and have
different strengths, these are explained more fully elsewhere.45

For the present work the key characteristics are that while both
spectrometers have very high sensitivity, TOSCA is optimal in
the low frequency region (<1500 cm�1) and MAPS for the high
wavenumber range (>2000 cm�1). MAPS has the added advan-
tage that it can access the entire spectrum in a single
measurement (albeit with modest resolution,45 using the
5240 cm�1 incident energy), this allows simultaneous observa-
tion of the OH libration, its overtones and the O–H stretch
modes of bioapatite. In order to accurately observe each one of
these signals, three incident energies were used, for the MAPS
measurements – 968, 2024 and 5240 cm�1, respectively.

The samples (5–8 g) were wrapped in aluminium foil and
xed onto 4 � 4 cm thin walled aluminium cans. To reduce the
impact of the Debye–Waller factor on the observed spectral
intensity, the samples were cooled to ca. 5 K. Data were recorded
in the energy range 0 to 6000 cm�1 (MAPS) and 0 to 4000 cm�1

(TOSCA), and converted to the conventional scattering law, S (Q,
n) vs. energy transfer (in cm�1) using the MANTID program
(version 3.4.0).48
This journal is © The Royal Society of Chemistry 2018
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3 Results and discussion

The aim of the current study was to achieve an efficient protocol
for the chemical defatting and deproteination of animal bone. A
new enzymatic method was developed, based on the sequential
treatment of human bone with a lipase and a collagenase,
which was compared with the widely used hydrazine extraction
process. Although lipase-defatting of porcine bone has already
been performed and showed to be more efficient than the
conventional Na2CO3/NaHCO3 processing,40 to the best of the
authors' knowledge collagenase has never been applied for
human bone deproteination, its use having been reported only
for human dentin collagen brils.49

Complementary FTIR and INS techniques were applied, with
a view to assess the effectiveness of each method and its
potential impact on the inorganic framework of the bone tissue
upon removal of its organic constituents (lipids and proteins).
Hence, the enzyme- and hydrazine-exposed samples were
compared with untreated bone (from the same bone type and
region) and with highly crystalline calcium hydroxyapatite
(taken as a reference for the inorganic framework).

Fig. 2 depicts the FTIR spectra of intact, hydrazine-extracted
and enzymatically-treated samples of human femur. The pres-
ence of carbonate (CO3

2�) and phosphate (PO4
3�) functional

groups within the bone's framework is evidenced by their
characteristic bands, as well as the removal of most organic
matter. Traces of protein were still detected for the enzyme-
treated bone (amide I signal at 1650 cm�1), while the feature
observed at ca. 1630 cm�1 for the samples exposed to petroleum
ether/hydrazine was assigned to H2O deformation modes (since
its intensity decreased signicantly upon sample drying).
However, the infrared data alone does not allow us to retrieve
denite conclusions regarding the exact extent of lipid or
protein elimination from these bone samples.
Fig. 2 FTIR-ATR spectra of human femur – intact, hydrazine- and
enzyme-treated. The spectrum of reference calcium hydroxyapatite
(HAp, SMR2910b) is also shown, for comparison.

This journal is © The Royal Society of Chemistry 2018
Fig. 3 comprises the INS data measured for intact and pro-
cessed bone with either hydrazine or lipase/collagenase at both
TOSCA and MAPS. The use of both spectrometers enabled
access to the samples' vibrational modes in the whole spectral
window of interest, with high sensitivity and high resolution:
the lower energy range (up to 1800 cm�1) in TOSCA, and the
high frequency region (2000–4000 cm�1) in MAPS (Fig. 3).
Comparison of this complementary data revealed that hydra-
zine extraction is a very efficient method for lipid elimination,
but not as successful for protein extraction: the amide I and
amide A bands are still detected (respectively at 1650 and ca.
3300 cm�1 in the MAPS spectra, in accordance with previous
Fig. 3 INS spectra of human femur – intact, hydrazine- and enzyme-
treated –measured in two different spectrometers: (A) TOSCA and (B)
MAPS (with 2024 and 5240 cm�1 incident energies).

RSC Adv., 2018, 8, 27260–27267 | 27263
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INS results38), while the d(CH2) signal mainly due to the lipid
constituents (centered at 1400 cm�1) is almost absent (Fig. 3(A)
and (B)). Upon enzymatic treatment, in turn, virtually all protein
was removed but there were still lipid components present, as
shown by the strong band from CH2 deformations (observed in
both TOSCA and MAPS spectra). The spectra of reference
calcium hydroxyapatite (HAp, SMR2910b) is also shown, for
comparison.

These results are in contrast with previous studies on
hydrazine deproteination and lipase defatting of animal bone
that reported a very high success of both protein22 and lipid40

elimination. This disagreement with our results can be
explained by the fact that the previous work evaluated the
protein and lipid content in the processed bone through tech-
niques such as infrared spectroscopy or electron microscopy,
which, as clearly revealed by the current study, are insufficient
for accurately detecting the presence of remnant organic
components in bone. Fig. 4 clearly evidences the importance of
INS for this type of analysis: although the FTIR signature of
enzymatically treated human femur shows hardly any trace of
CH2 deformations (which are partially obscured by the
carbonate stretching bands), the high sensitivity of INS to H-
associated vibrational modes unveils noticeable d(CH2) and
n(CH2) signals reecting the presence of lipids. In turn, the
protein constituents are barely detected in this sample, the
infrared band at ca. 3300 cm�1 being ascribed predominantly to
the OH stretch from traces of contaminant ethanol (which is
reported to occur in this frequency range at low temperatures50)
and not to protein n(NH) modes (amide A), since the protein
content is very low as reected by the weak infrared amide I
signal.

The high efficiency of the enzymatic protocol regarding
protein removal and its relatively poor efficacy concerning lipid
elimination are a consequence of the high specicity of this type
of treatment. While the applied collagenase is able to degrade
the largely predominant protein component of bone (collagen
Fig. 4 FTIR-ATR and INS spectra of enzyme-treated human femur.
The INS data was measured in the MAPS spectrometer (with
a 5240 cm�1 incident energy).

27264 | RSC Adv., 2018, 8, 27260–27267
type I), the large variety of lipids present cannot be digested by
the sole Aspergillus niger lipase currently used, since it only
recognises mono-, di- and triacylglycerols as substrates. Hence,
a considerable amount of lipids were still le in the bone
samples aer enzymatic treatment, along with residual traces of
non-collagenous proteins (not completely removed by sodium
hypochlorite washing). This prompts the need for further
optimisation of the experimental protocol, by adding a mixture
of different types of lipases aimed at the hydrolysis of the
distinct lipids that are contained in the mineralized bone tissue
(apart from the marrow): from triglycerides, phospholipids,
cholesterol and prostaglandins to essential fatty acids directly
incorporated from the diet.

No signicant variations were found regarding the outcome
of either hydrazine-exposed or enzymatic-treated samples
according to the type of bone currently analysed, identical
results having been observed for both femur and humerus.

The low frequency region of the INS spectra, acquired with
TOSCA for intact and treated bones, as well as for reference HAp
(Fig. 5), allow us to assess the potential effect of the defatting and
deproteination procedures on bone's inorganic matrix. The
features in the 190 to 310 cm�1 interval, mainly ascribed to the
(Ca–PO4) network, appear to be more affected by hydrazine
extraction than by the enzymatic treatment. These results
contradict the previously reportedmaintenance of the overall Ca/P
ratio in hydrazine-processed bone, despite the small decrease in
phosphate and carbonate content measured for these samples.22

Moreover, previous TEM (Transmission Electron Microscopy)
observation of these samples evidenced nomorphology changes.22
Fig. 5 Low energy INS spectra of human femur, measured with the
TOSCA spectrometer: intact (I), hydrazine-treated (II) and enzyme-
treated (III). The spectrum of reference calcium hydroxyapatite (HAp,
SMR2910b) is also shown, for comparison.

This journal is © The Royal Society of Chemistry 2018
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The hydroxyapatite's OHlib characteristic peak, clearly
detected in both the TOSCA and MAPS INS proles (Fig. 3), is
a good spectral probe of crystallinity of the bone's inorganic
matrix. Despite its expected broadening with decreasing sample
crystallinity (i.e. from HAp to defatted/deproteinated and intact
bone), no signicant shis were observed in the transition
energy from that of the reference HAp (630 cm�1) to bone
samples subject to either hydrazine or enzymatic treatment (637
and 636 cm�1, respectively). The splitting of the n4(PO4) infrared
signals (at 565 and 603 cm�1) is also a reliable measure of the
crystal microstructure of hydroxyapatite,4,8,16,51,52 and is
commonly quantied by the crystallinity index (CI) calculated
as the sum of the heights of the two n4(PO4) absorption bands
divided by the height of the minimum between them.8 The CI
values presently obtained for HAp, intact bone, hydrazine- and
enzyme-exposed samples, respectively 7.56, 2.89, 3.49 and 3.04
clearly reect a decrease of the degree of crystallinity from the
reference hydroxyapatite to the processed bone samples, the
intact bone being the most amorphous material, as anticipated.
When comparing the CI indexes for the hydrazine- and enzy-
matically treated samples the former reveals a slightly higher
crystallinity, which is in agreement with the results formerly
reported by Karampas and collaborators.28 Hence, the hydra-
zine method has a higher impact on bone's crystallinity as
compared to the enzymatic process.

Contrary to Termine and coworkers' results for a single
hydrazine treatment cycle,22 Karampas found that hydrazine
deproteination (upon several protocol cycles) induced a signi-
cant increase of HAp crystal size and crystallinity, that could not
be attributed to the elimination of collagen. These crystallinity
changes were suggested to be triggered by a hydrazine-induced
partial removal of CO3

2� and HPO4
2� ions from bone's inor-

ganic network, which are then substituted by OH� and PO4
3�,

giving rise to a new bioapatite framework with a strong
resemblance to stoichiometric hydroxyapatite.

4 Conclusions

In the last decades, several techniques have been proposed to
separate bone's organic materials from its inorganic (hydroxy-
apatite) matrix. However, preservation of the original charac-
teristics of bone (both mechanical and chemical) has
constituted a major challenge: all reported methods up to this
date having been found to elicit some variations in the bone's
structure and crystallinity features.

Coupled FTIR and INS techniques were presently applied to
evaluate the success of two experimental protocols for human
bone defatting and deproteination – hydrazine extraction and
sequential enzymatic treatment with a lipase and a collagenase.
INS was shown to be of paramount importance for this type of
analysis, in view of its particular sensitivity to vibrational modes
involving hydrogen, which is very abundant in bone's inorganic
and organic constituents.

Overall, the newly proposed enzymatic process to bone tissue
defatting and deproteination was found to be quite promising,
leading to a very efficient protein elimination and a partial
separation of the lipids, while obtaining a bone mineral with
This journal is © The Royal Society of Chemistry 2018
properties as close as possible to the native state. Further
optimisation is still needed in order to achieve a more extensive
removal of the lipidic fraction, by using a mixture of lipases
(instead of just one) which is required due to the high diversity
of lipids present in bone.

The results delivered by this study are anticipated to have an
impact on several areas, from forensic, bioanthropological and
archaeological sciences to medicine. The development of
biocompatible and low cost matrices for use as osteoconductive
scaffolds for bone repair or replacement is a particularly
signicant application of animal bone (devoid of organic
components), and meets a growing need for this type of
biomaterials.
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34 G. Piga, M. D. Baró, I. G. Escobal, D. Gonçalves, C. Makhoul,
A. Amarante, A. Malgosa, S. Enzo and S. Garroni, A structural
approach in the study of bones: fossil and burnt bones at
nanosize scale, Appl. Phys. A, 2016, 122, 1031, DOI:
10.1007/s00339-016-0562-1.

35 C.-K. Loong, C. Rey, L. T. Kuhn, C. Combes, Y. Wu,
S.-H. Chen and M. J. Glimcher, Evidence of hydroxyl-ion
deciency in bone apatites: an inelastic neutron-scattering
study, Bone, 2000, 26, 599–602, DOI: 10.1016/S8756-
3282(00)00273-8.

36 A. Carden and M. D. Morris, Application of vibrational
spectroscopy to the study of mineralized tissues (review),
J. Biomed. Opt., 2000, 5, 259, DOI: 10.1117/1.429994.

37 M. G. Taylor, S. F. Parker, K. Simkiss and P. C. H. Mitchell,
Bone mineral: evidence for hydroxy groups by inelastic
neutron scattering, Phys. Chem. Chem. Phys., 2001, 3, 1514–
1517, DOI: 10.1039/b005666i.

38 M. G. Taylor, S. F. Parker and P. C. H. Mitchell, A study by
high energy transfer inelastic neutron scattering
spectroscopy of the mineral fraction of ox femur bone,
J. Mol. Struct., 2003, 651–653, 123–126, DOI: 10.1016/S0022-
2860(03)00102-9.

39 H. G. M. Edwards, F. Sadooni, P. Vitek and J. Jehlicka,
Raman spectroscopy of the Dukhan sabkha: identication
of geological and biogeological molecules in an extreme
environment, Philos. Trans. R. Soc., A, 2010, 368, 3099–
3107, DOI: 10.1098/rsta.2010.0101.

40 N. Zhang, M. Zhou, Y. Zhang, X. Wang, S. Ma, L. Dong,
T. Yang, L. Ma and B. Li, Porcine bone gras defatted by
lipase: efficacy of defatting and assessment of
cytocompatibility, Cell Tissue Banking, 2014, 15, 357–367,
DOI: 10.1007/s10561-013-9391-z.

41 National Institute of Standards and Technology (NIST),
(n.d.), http://1.usa.gov/1WcMIO2, (accessedMarch 14, 2018).

42 M. T. Ferreira, R. Vicente, D. Navega, D. Gonçalves, F. Curate
and E. Cunha, A new forensic collection housed at the
University of Coimbra, Portugal, the 21st century identied
This journal is © The Royal Society of Chemistry 2018
skeletal collection, Forensic Sci. Int., 2014, 245, 202.e1–
202.e5, DOI: 10.1016/j.forsciint.2014.09.021.

43 L. Kalvodova, N. Kahya, P. Schwille, R. Ehehalt, P. Verkade,
D. Drechsel and K. Simons, Lipids as Modulators of
Proteolytic Activity of BACE, J. Biol. Chem., 2005, 280,
36815–36823, DOI: 10.1074/jbc.M504484200.

44 ISIS Facility, INS - MAPS, (n.d.), https://www.isis.stfc.ac.uk/
Pages/maps.aspx, (accessed March 23, 2018).

45 S. F. Parker, D. Lennon and P. W. Albers, Vibrational
spectroscopy with neutrons: A review of new directions,
Appl. Spectrosc., 2011, 65, 1325–1341, DOI: 10.1366/11-06456.

46 ISIS Facility, INS - TOSCA, (n.d.), https://www.isis.stfc.ac.uk/
Pages/tosca.aspx, (accessed March 23, 2018).

47 S. F. Parker, F. Fernandez-Alonso, A. J. Ramirez-Cuesta,
J. Tomkinson, S. Rudic, R. S. Pinna, G. Gorini and
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