N

N

Multimodal analysis and comparison of stoichiometric
and structural characteristics of parosteal and
conventional osteosarcoma with massive sclerosis in
human bone
Benjamin Zanghellini, Nicole Zechmann, Dieter Baurecht, Tilman A
Griunewald, Manfred Burghammer, Bernadette Liegl-Atzwanger, Andreas

Leithner, Anton Davydok, Helga Lichtenegger

» To cite this version:

Benjamin Zanghellini, Nicole Zechmann, Dieter Baurecht, Tilman A Griinewald, Manfred Burgham-
mer, et al.. Multimodal analysis and comparison of stoichiometric and structural characteristics of
parosteal and conventional osteosarcoma with massive sclerosis in human bone. Journal of Structural
Biology, 2024, 216 (3), pp.108106. 10.1016/j.jsb.2024.108106 . hal-04727800

HAL Id: hal-04727800
https://hal.science/hal-04727800v1
Submitted on 9 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04727800v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Journal of Structural Biology 216 (2024) 108106

ELSEVIER

Contents lists available at ScienceDirect Biology
Journal of Structural Biology

journal homepage: www.elsevier.com/locate/yjsbi

Jouralof
Structural =

Research Article

Check for

Multimodal analysis and comparison of stoichiometric and structural o
characteristics of parosteal and conventional osteosarcoma with massive

sclerosis in human bone

Benjamin Zanghellini *, Nicole Zechmann ", Dieter Baurecht ¢, Tilman A. Griinewald ¢,
Manfred Burghammer °, Bernadette Liegl-Atzwanger ', Andreas Leithner ”, Anton Davydok ¢,

Helga Lichtenegger

2 Institute of Physics and Material Science, BOKU University, Vienna, Austria

Y Department of Orthopedics and Trauma, Medical University of Graz, Austria
¢ Instiute of Physical Chemistry, University of Vienna, Austria

4 Aix Marseille Univ, CNRS, Centrale Med, Institut Fresnel, Marseille, France

€ The European Synchrotron, Grenoble, France

f Institute of Pathology, Medical University of Graz, Austria

8 Institute of Materials Physics, Helmholtz Zentrum Hereon, Hamburg, Germany

ARTICLE INFO ABSTRACT

Edited by Elia Beniash Osteosarcoma (OS) is the most common malignant primary bone tumor in humans and occurs in various sub-
types. Tumor formation happens through malignant osteoblasts producing immature bone. In the present paper
we studied two different subtypes of osteosarcoma, from one individual with conventional OS with massive
Bone sclerosis and one individual with parosteal OS, based on a multimodal approach including small angle x-ray
Osteosarcoma scattering (SAXS), wide angle x-ray diffraction (WAXS), backscattered electron imaging (BEI) and Raman
Crystal structure . . . . .
Carbonate substitution spectroscopy. It was found that both tumors showed reduced mineral particle sizes and degree of orientation of
Raman Spectroscopy the collagen-mineral comp.osue in the affectfed 'flrfeas, alongside with .a decreased crystal.hnlty.. Dls.tmct dlfferenc?s
X-ray diffraction between the tumor material from the two individuals were found in the degree of mineralization. Further dif-
ferences were observed in the carbonate to phosphate ratio, which is related to the degree of carbonate sub-
stitution in bone mineral and indicative of the turnover rate. The contraction of the c-axis of the bone mineral

Keywords:

crystals proved to be a further, very sensitive parameter, potentially indicative of malignancy.

1. Introduction

Osteosarcoma (OS) is a primary malignant bone tumor (Baumhoer,
2018; Tobias and Hochhauser, 2015). The exact origin of osteosarcoma
cells is still not completely understood. Osteoblastic cells of the
mesenchymal tumor produce defective osteoid, a soft and non-
mineralized basic substance of bone tissue, which further matures into
tumorous bone tissue (Kansara and Thomas, 2007; Lokau, 2020). Ac-
cording to the recent WHO Classification Soft Tissue and Bone Tumors
2020, OS can be divided in 4 major categories: (1) conventional high-
grade OS and its histologic subtypes, (2) surface OS, (3) high grade
secondary OS arising in diseased bone and (4) intramedullary well
differentiated OS.

* Corresponding author.
E-mail address: helga.lichtenegger@boku.ac.at (H. Lichtenegger).
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Healthy bone is a hierarchical structured material on different length
scales (Dorozhkin and Epple, 2002). These levels of organization can be
differentiated into macrostructure, micro- and sub-microstructure,
nano- and sub-nanostructure (Rho et al., 1998). At nanoscale level,
each individual collagen fiber consists of fibrils, which in turn is an as-
sembly of collagen molecules forming the framework into which the
mineral is deposited (Launey et al., 2010). The organic matrix is rep-
resented to 90-95 % by the type-I collagen (Mottaghitalab et al., 2015;
Posner, 1969). The mineral crystal, primarily consisting of hydroxyap-
atite (Ca;o(PO4)6(OH)3), is the main inorganic material which grows
into/onto the organic matrix (Lowenstam and Weiner, 1989; Watson
and Avery, 1954; Weiner and Wagner, 1998). With the advance of new
analytical methods, this picture has seen significant refinement in recent
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years. It is understood now that the bone mineral is organized in an
extensive inter- and extrafibrillar mineral network (Grandfield et al.,
2018; Reznikov et al., 2014; Reznikov et al., 2018; Schwarcz et al.,
2014). Further, x-ray tensor tomography experiments could show that a
localized orientation difference between the mineral fraction and the
associated nanostructure exists (Griinewald et al., 2020) and a more in-
depth analysis of bone mineral properties with x-ray diffraction to-
mography shows strong local variations, most likely stemming from
varying chemical conditions during growth (Wittig et al., 2019). This
notion of chemical complexity in the hydroxyapatite mineral structure is
also reflected by NMR studies which underlined the stabilizing role of
ions and small molecules during mineral formation (Wang et al., 2013)
and subsequent assembly of the crystallites (Davies et al., 2014). All
these new information led to a more refined understanding of the bone
formation. Bone mineralization has been suggested to be based on a
stenciling principle, that is the localized activation of mineralization by
enzymatic degradation of growth inhibitors in the extracellular matrix
(McKee et al., 2022; Reznikov et al., 2020). A comprehensive review of
the hierarchical structure of bone is for example given by Rodriguez-
Palomo (Rodriguez-Palomo et al., 2023).

Compared to synthetic hydroxyapatite (HAp), the human bone
mineral differs in composition due to additional ions that are
substituted: mainly CO32 ions substituting in the hydroxyapatite lattice
either for the PO;> (B-type carbonated apatite) or the OH™ (A-type
carbonated apatite) ions (Madupalli et al., 2017; Posner, 1969). Thus,
changes in the a- and c-axes of the apatite lattice are manifested due to
the substitution site of the ions (LeGeros et al., 1969).

Small-angle x-ray scattering (SAXS) and wide-angle x-ray scattering
(WAXS) are powerful methods to study hierarchically structured bio-
logical materials including bone. The SAXS signal in bone mainly arises
from the electron density contrast on the nanometer scale between
collagen fibers and mineral. SAXS has been used for example to char-
acterize the size of mineral particles in bone, by evaluating the so-called
T parameter, which corresponds to a typical distance of different phases
(collagen and mineral) in the sample (Fratzl, 1994; Pabisch et al., 2013).
Furthermore, the SAXS signal can be used to study the preferred
orientation of the collagen and mineral composite, which is typically
along the long axis in the corticalis of long bones or along trabeculae in
spongy bone (Karunaratne et al., 2012; Rinnerthaler et al., 1999). These
structural parameters are indicative of bone quality and have been found
to change for example close to implants or in tumorous tissue (Griine-
wald et al., 2016a; Zanghellini et al., 2019). Crystallographic informa-
tion on the bone mineral HAp can be obtained from WAXS. Changes in
the lattice spacing or the crystallinity are readily identified and may
occur upon ion substitution (Cheng et al., 2019; Griinewald et al.,
2016b; Lala et al., 2016). Furthermore, alterations of the lattice spacing
of HAp can be caused by mechanical deformation, see e.g. (Almer and
Stock, 2005) on residual strain, or by the interaction of mineral with the
collagen phase (Gupta et al., 2006; Wang and Gupta, 2011).

Backscattered electron imaging (BEI) is a very useful technique to
map the mineral density in bone samples. It is carried out in a scanning
electron microscope (SEM) and relies on the dependence of the proba-
bility of electron backscattering events on the atomic number Z of ele-
ments in the sample volume probed by the electron beam. Roschger
et al. have pioneered the use of BEI on bone in a semi-quantitative way,
by using standard materials to determine the local Ca concentration
from the intensity contrast (Roschger et al., 1998). This approach has
also been used to study mineralization differences in healthy bone and
sclerosing osteosarcoma (Hofstaetter et al., 2013; Zanghellini et al.,
2019).

Raman spectroscopy is based on the interaction between light and
matter to provide details of the chemical composition and structure on a
molecular level in tissues. Compared to other methods its nondestructive
applicability to fresh hydrated tissue is advantageous (Morris and
Mandair, 2011). This technology was used in several studies to analyze
changes in bone due to diseases and can be a future tool for early
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diagnostics (McCreadie et al., 2006; Morris and Mandair, 2011). It was
for example used in experiments to investigate the mineralization in
osteoporosis (Kim et al., 2014), detect the effect of osteogenesis
imperfecta (Imbert et al., 2014) or osteomyelitis (Khalid et al., 2018) on
bone. Several studies used this method to measure changes in the
composition of bone and alterations of the mineral when affected by
prostate or breast metastases in humans (Bi et al., 2010) or mice (Bi
et al., 2013; Ding et al., 2014; He et al., 2017).

Nevertheless, it is not fully understood how different osteosarcoma
types affect the bone composition and whether structural bone changes
or stoichiometric mineral changes are tumor-type dependent or a gen-
eral phenomenon of any type of OS. Previous studies analyzed often only
bone metastases on different levels.

In this manuscript we present a multimodal approach to analyze
changes in bone due to a primary bone tumor and were for the first time
able to compare ultrastructure and mineralization of osteosarcoma
material of two different types from two individuals. For this purpose,
we combine Raman spectroscopy, electron microscopy and x-ray scat-
tering on a parosteal OS and relate the results to Raman data from a
sclerosing OS, together with previously obtained structural data on the
sclerosing OS sample (Zanghellini et al., 2019). We find an altered
mineral crystallinity, pronounced changes in the orientation and thick-
ness of mineral platelets, and tumor-related stoichiometric changes in
the bone mineral. These findings might be useful in future early
diagnostics.

2. Materials & methods
2.1. Bone samples and sample preparation

Human bone samples were collected from a male and a female pa-
tient after surgical resections, suffering from a conventional OS with
massive scleroses and a parosteal osteosarcoma, respectively. The
specimens were divided in different parts, referring to their pathological
characteristics and are classified as sclerosing osteosarcoma normal
bone areas (N_s), sclerosing osteosarcoma tumorous bone areas (T_s),
parosteal osteosarcoma normal bone areas (N_p) and parosteal osteo-
sarcoma tumorous bone areas (T_p). Since the sclerosing OS grew inside
normal trabecular bone, tumorous and normal bone were located in the
same sample. By contrast, the parosteal OS arises from the outer layer of
the periosteum and grows at the bone surface. Therefore, the tumorous
tissue was separate from normal bone and both were analyzed as indi-
vidual pieces. All formalin-fixed samples were embedded in poly-
methylmethacrylate resin (Technovit® 9100), afterwards slices
(thickness 200-250 um) were produced on an Accutom-50 diamond saw
from Struers. These samples then were first used for small-angle and
wide-angle x-ray scattering measurements (SAXS/WAXS). Afterwards,
the thin slices were fixed on a sample holder by a two-component glue
and further ground and polished wet in several steps (grain sizes were
decreased from 500 to 4000 in 4 steps, the polishing process was based
on the usage of an alpha alumina suspension). After preparation, back-
scattered electron imaging (BEI) and Raman measurements were carried
out.

2.2. Small-angle and wide-angle x-ray scattering

SAXS/WAXS measurements were performed at the synchrotron ra-
diation facilities ESRF/ID13 (Avenue des Martyrs, 38000 Grenoble,
France) and at PETRAIII/PO3 (DESY, Notkestrasse, 22607 Hamburg,
Germany). A detailed description of the ESRF/ID 13 experimental setup,
where the sclerosing OS was already analyzed by SAXS/WAXS can be
found in (Zanghellini et al., 2019). The same setup at ESRF/ID13 was
used for SAXS on parosteal OS. In brief, a focused x-ray beam of 1.3 x
2.5 um (v x h) size at 13 keV photon energy was used. Free-standing, dry
bone slices containing either normal or tumorous bone were scanned
using a continuous scanning scheme with a horizontal step size of 10 um
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and a vertical step size of 10 um. Diffraction patterns were collected at 5
ms exposure time using an Eiger 4 M detector at a sample-detector
distance of 173 mm (calibrated by an Al,O3 standard (NIST SRM
674b)). The instrumental resolution of the ESRF experiment was esti-
mated as 1.95 mrad by evaluating the data from the Al,O3 standard
measurement via a Rietveld refinement. This translates into a d spacing
resolution of 0.0024 nm for the 002 reflection in HAp.

WAXS measurements of parosteal OS specimen were carried out at
PETRAIII/PO3. The same free-standing bone sections as used for SAXS at
ESRF/ID13 were mounted on a sample holder and placed in the beam
path. The beam diameter was 300 nm, the incident beam had an energy
of 13 keV and the sample distance was 255 mm (calibrated by the use of
LaBg (NIST SRM 660c)). Data were collected in 10 um steps and with an
exposure time of 2 s per data point. For both bone tissue types (tumorous
and normal bone) area sizes of 500 x 200 um were measured at two
different locations each.

Datasets were acquired with an Eiger 9 M detector. The instrumental
resolution was determined by evaluating data from the LaBg standard
with Rietveld refinement, which yielded a resolution of 2.07 mrad,
corresponding to a d spacing resolution of 0.0026 nm for the 002
reflection in HAp, very similar to the experiment at ESRF/ID13.

Data were integrated in pyFAI and evaluated with self-written Py-
thon routines. The first step of data treatment (radial and azimuthal
SAXS data integration) delivers curves displaying the intensity as func-
tion of azimuth y or the scattering vector q. Evaluation of these curves
gives insights in the bone characteristics concerning thickness and de-
gree of orientation of mineral particles through the so-called T-param-
eter and p-parameter, respectively (Fratzl et al., 1996; Fratzl et al., 1991;
Pabisch et al., 2013). Details about the SAXS data evaluation can be
found in (Zanghellini et al., 2019).

The azimuthal data integration of the intensity of the WAXS signal
allows to analyze the c-axis of the hydroxyapatite crystals (HAp) in bone
by calculating the d-spacing of the 002 reflection:

4<h2+hk+k2> 2
2l

3 a2 c?

2r
Ay = —and dwg =
q
where q is the scattering vector, h, k, and 1 are representing the Miller
indices and a and c are the crystals unit cell axes in a hexagonal crystal.

2.3. Backscattered electron imaging

Backscattered electron imaging (BEI) was performed on a scanning
electron microscope (Quanta 250 FEG, company FEI) at the University
of Natural Resources and Life Sciences, Austria. To enable a conductive
surface and avoid any charges on the sample, all specimens were sput-
tered with a thin gold layer. In all measurements, the beam energy was
kept at 20 kV and the working distance was set at 10 mm. This method
was applied to determine the wt% calcium contents of the different bone
types. The semi-quantitative evaluation procedure was derived from
Roschger et al. (Roschger et al., 1995) and Zizak et al. (Zizak et al.,
2003), where the calcium content was calculated based on the conver-
sion of grey values of the BEI images to mineral volume fraction values.
For that purpose, the use of reference materials with known atomic
numbers are essential. In this study graphite and magnesium fluoride
were chosen as successfully implemented before (Zanghellini et al.,
2019).

2.4. Raman spectroscopy

Following SAXS and BEI analysis, Raman measurements were carried
out using a confocal Raman microscope (alpha3000 RA, WITec) equip-
ped with a CCD detector. For all experiments, a 633 nm laser with 20
mW power was chosen. Each measurement point that was acquired
consisted of 10 accumulations with an integration time of 2 s each.
Overview images were collected using a 10x objective with a numerical
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aperture of 0.25 and a working distance of 11 mm. Raman images were
then generated using a 100x objective with a numerical aperture of 0.9
and a working distance of 0.31 mm. The spot size (the collected volu-
mina) on the sample had a diameter of 250 nm and a depth of 800 nm.
The spectral resolution was 4.5 cm ™', Spectra were collected in different
areas, either healthy or tumorous bone, as shown in the supplementary
Figs. S2-54 (see supplement). 150 spectra were acquired each, in the
tumorous region and the normal region of the sclerosing OS samples,
and in the tumorous and normal sample of the parosteal OS, respec-
tively, making 600 spectra in total. Data correction and analysis were
accomplished with the spectral analysis program Spectragryph (F.
Menges “Spectragryph - optical spectroscopy software”, version
1.2.16.1, 2022, https://www.effemm2.de/spectragryph/). Background
fluorescence was eliminated by a baseline correction. All spectra were
peak normalized to the phosphate band at 958 cm ™! (Morris and Man-
dair, 2011). Fig. 1 shows Raman spectra of tumorous and healthy bone
and the bands of interest.

Bone-characteristic peaks were determined and relevant peak ratios
calculated, which can either be evaluated by using the peak areas or
peak intensities (Morris and Mandair, 2011). The most prominent peak
intensities in Raman spectra collected from bone originating from
mineral and collagen are the v, phosphate band (v; PO3~ ~ 958 cm™1),
the B-type carbonate band (v; CO3™ ~ 1070 c¢m ') and the amide 1 band
(~1665 ecm™1) (Bi et al., 2013). The amount of mineralization in bone,
stated as the mineral-to-matrix ratio, delivers insights in the bone
composition and can be calculated by the ratio of the v; phosphate band
to the amide 1 band (McCreadie et al., 2006). Bone remodeling, osteoid
production and turnover processes can be analyzed trough the
carbonate-to-amide 1 and the carbonate-to-phosphate ratio. Further-
more, both parameters, the mineral-to-matrix ratio, and the carbonate-
to-matrix ratio, allow to indicate the bone’s mechanical properties
(Ciubuc et al., 2018).

The inverse full-width-half-maximum (FWHM) of the v; phosphate
peak is used to get insights into the mineral crystallinity, in this context
meaning an increase in the crystal size and/or atomic ordering and was
used in bone before by others (Akkus et al., 2003; Kavukcuoglu et al.,
2007; Mandair and Morris, 2015). In bone mineral, the predominant
substitution is the B-type carbonate substitution, where Cco% s
replacing PO3~, compared to the A-type substitution where carbonate is
substituting OH™ ions. Therefore, the carbonate-to-phosphate ratio
typically reflects the carbonation present in the bone samples. Integra-
tion areas were chosen in accordance to Huang et al. (Huang et al.,
2013) from 930 cm ! to 980 em ™ for v; PO3 ", from 1050 cm ™! to 1100
em ™! for v; CO3 and 1620 cm™! to 1700 cm™! for amide 1.

2.5. Statistical analysis

Statistical analysis to detect differences between healthy bone,
tumorous bone tissue and osteosarcoma types was performed using one-
way analysis of variance (ANOVA) with post Holm-Bonferroni test to
compare all groups and a Kolmogorov-Smirnov test on the tumor and
healthy bone tissue sample of each patient. For all tested parameters the
ANOVA test showed significant differences. Thus, the asterisk in the
plots and tables represent only the results of the two-sample Kolmo-
gorov-Smirnov test within the specimen of the two patients. The sig-
nificance level was set at p < 0.05. Normality of the distribution was
tested by visual inspection of histograms of the data.

3. Results
3.1. Structural and composition changes in cancerous bone

Small-angle x-ray scattering (SAXS) data were used to determine the
thickness of the mineral particles through the T-parameter as described

in the literature (Fratzl et al., 1996; Fratzl et al., 1991; Pabisch et al.,
2013). Maps are shown in the supplementary Figs. S5-S8 and
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Fig. 1. Raman spectra of healthy and tumorous bone tissue, peaks used for data evaluation are indicated.

histograms in the supplementary Figs. S9-S12 (see supplemental). SAXS
data for the sclerosing OS are already published and were taken from
(Zanghellini et al., 2019). Arithmetic mean values were calculated in
order to average out local variations and to study differences between
healthy and tumorous tissue. Due to the large maps, the number of
points averaged was in the range of 2-3 millions. Mean T-parameter
values in cancerous bone were slightly reduced in the sclerosing and
parosteal OS, as compared to normal bone. It should be noted, however,
that the T-parameter also varied between the samples of the different
patients: T-parameter values for both, N_p and T _p, were almost twice as
high asin N_s and T_s, respectively. Such inter-individual differences can
never be excluded. Therefore, the comparison of normal and cancerous
tissue within one patient is important. Furthermore, the degree of
orientation of mineral particles, represented by the p-parameter, was
deduced from the scattering pattern, as described e.g. in (Rinnerthaler
etal., 1999). Assuming parallel arrangement of mineral platelets and the
collagen molecules in the collagen-mineral composite (Olszta et al.,
2007), this value provides also information on orientation of the

-~
mag @ spot WD det HV pressure 500 pm
100 x 3.0 12.2 mm BSED 20.00 kV 1.01e-3 Pa sOS t

collagen fibers. The normal bone tissue samples from both patients
showed comparable mean values of the p-parameter between each other
and with the literature (Li et al., 2010; Zizak et al., 2003), whilst both
tumorous bone tissue samples, T_s and T_p, showed clearly reduced
mean values of the p-parameter i.e., a reduced degree of orientation of
collagen-mineral composite in the bone.

In Fig. 2, the morphology of the tumor samples is shown. The scle-
rosing OS grew inside normal trabecular bone and is distinguished from
normal bone by a fuzzy appearance (Fig. 2a, image adapted from
(Zanghellini et al., 2019)). By contrast, the parosteal OS tumor sample
(T_p) showed a somewhat distorted, but still more compact bone
morphology (Fig. 2b). For comparison, images from the normal
trabecular bone sample (N_p) from the parosteal OS patient are shown in
the supplemental Fig. S1 (supplement). The mineral content was
determined by backscattered electron imaging (BEI). The mean and
peak calcium content and the mineral volume fraction of bone was
calculated by evaluating and converting the grey values of the BEI im-
ages in Fig. 2.

ma I 500 m

s;m WD det HV
100 x 3.0 11.4 mm BSED 20.00 kV 7.35e-4 Pa pOS t

pressure

Fig. 2. Backscattered electron image of (a) sclerosing os (red arrow), together with normal bone trabeculae (green arrow), adapted from (Zanghellini et al., 2019)
and (b) parosteal OS (tumor tissue only). Due to the Z-contrast, brighter parts are indicating a higher amount of calcium, and thus a higher amount of bone mineral in
those areas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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In Fig. 3, bone mineral density distribution (BMDD) plots according
to (Roschger et al., 2008) are shown for sclerosing OS (a) and parosteal
OS (b), respectively.

The T_s sample showed higher values of calcium content, and thus a
higher mineral content, ®, compared to N_s, which was also found for
other sclerosing osteosarcoma in the literature (Hofstaetter et al., 2013).
By contrast, the T_p specimen showed decreased calcium and mineral
values compared to N_p (normal bone). All values are summarized in
Table 1.

The structure of the bone mineral hydroxyapatite (HAp) was evalu-
ated from the wide-angle x-ray scattering (WAXS) data. For the scle-
rosing osteosarcoma, this had already been done in a previous study
(Zanghellini et al., 2019). There we found a clear shift of the 002
reflection of HAp towards higher g-values for the tumorous bone tissue
compared to the healthy tissue parts in the sclerosing OS, corresponding
to a reduction of d-spacing of the 002 planes (d002) from 0.3454 nm to
0.3436 nm (Zanghellini et al., 2019). In the present study, we also
measured and evaluated d002 for the parosteal OS sample and found
that the values in tumorous tissue were significantly (p < 0.05) reduced
compared to healthy bone tissue (N_p: 0.3441 nm + 0.0019 nm, T _p:
0.3438 + 0.0004 nm, number of points averaged per sample: N = 2000),
although the differences in the c-axis contraction between healthy and
tumorous bone tissue were more pronounced in the sclerosing OS. This
means that the c-axis of the bone’s HAp crystals are affected by a
contraction of the lattice spacing in both tumor samples investigated,
but less so in parosteal OS.

3.2. Raman spectra reveal stoichiometric changes

The mineralization in bone was further analyzed by Raman spec-
troscopy. One parameter of interest was the mineral-to-matrix ratio
(MMR) determined from the ratio of the area of the phosphate band at
958 cm ! and the area of the amide 1 band at 1665 cm™?. Fig. 4a) and

frequency
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Fig. 3. BMDD plots of (a) sclerosing OS (adapted from (Zanghellini et al.,
2019)) and (b) parosteal OS.
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Table 1

List of SAXS results (p-parameter and T-parameter, upper panel of table) and BEI
results (calcium content and mineral volume fraction ®, lower panel of table) of
sclerosing and parosteal OS. Data for the sclerosing OS have already been
published and are taken from (Zanghellini et al., 2019). Mean values of the
measurement points are shown, alongside with the standard deviation (SD). N is
the number of points averaged.

Sample/SAXS N T-parameter SD p-parameter  SD
(nm) (nm)
N_p 2.5 x 4.497* 0.433 0.476* 0.18
10°
Tp 2.2 x 4.402* 0.186 0.343* 0.107
10°
N_s (Zanghellini 2.9 x 2.871* 0.115 0.516* 0.087
et al., 2019) 10°
T_s (Zanghellini 2.7 x 2.488* 0.28 0.352* 0.136
et al., 2019) 10°
Sample/BEI N Mean Ca content SD (wt D (%)
(Wt%) %)
Np 3.2 x 23.44 3.63 38.79
10°
Tp 3.2 x 21.76 4.52 34.81
10°
N_s (Zanghellini et al., 3.2 x 22.84 4.408 37.34
2019) 10°
T_s (Zanghellini et al., 3.2 x 24.63 6.175 41.79
2019) 10°

4b) shows the MMR for healthy and tumorous bone tissue for both OS
types. The MMR was reduced in T_p by 24.54 % (p < 0.05), while the T_s
increased by 65 % (p < 0.05) compared to N_s, suggesting a higher
mineralization in the sclerosing osteosarcoma compared to the healthy
bone, which is also in line with the higher calcium content in sclerosing
0sS.

The bone mineral crystallinity was analyzed by the inverse FWHM of
the phosphate band at 958 cm™!. A narrower band suggests a higher
degree of crystallinity of the bone mineral. Fig. 4c) and 4d) shows the
evaluated data for all samples. For both bone cancer types values
significantly dropped, the T_s by 1.55 % (p < 0.05) and the T_p by 1.95
% (p < 0.05) compared to the healthy reference samples.

The carbonate-to-phosphate ratio calculated by the integrated in-
tensity areas of the phosphate band at 958 cm™! and the carbonate band
at 1070 cm ! reflects the carbonate substitution process in bone. In the
T_s sample, the carbonate to phosphate ratio was reduced by 30.76 % (p
< 0.05) compared to N_s (Fig. 4f). The difference between the T_p and
N_p was marginal (Fig. 4e), the ratio decreased by 0.84 % in the
tumorous bone sample, which is statistically not significant (p = 0.552).

The carbonate-to-amide 1 ratio is related to both, the carbonate
substitution in mineral and the mineral to matrix ratio. The sclerosing
OS carbonate-to-amide 1 ratio (Fig. 4h) increased by 14.8 % (p < 0.05)
compared to the normal bone, while in parosteal OS the carbonate-to-
amide 1 ratio (Fig. 4g decreased by 18.2 % (p < 0.05). Values for all
evaluated Raman parameters can be found in Table 2.

4. Discussion

The multimodal approach in this study allowed us to analyze and
correlate the ultrastructural and composition differences but also com-
monalities of two different osteosarcomas collected from two different
individuals, and provides a structural assessment on various hierarchical
levels of the cancer formation. Table 3 shows an overview of all evalu-
ated parameters of the two different tumor samples in comparison.

SAXS measurements revealed quantitative differences in the degree
of orientation of the mineral platelets, and thus the collagen fibers in
both cancer-affected bone samples, whilst the normal bone tissue sam-
ples revealed values similar to what was found before by others (Fratzl,
1994; Liu et al., 2010). The thickness of the mineral particles (T-
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Fig. 4. Mineral-to-matrix ratio calculated from phosphate-to-amide 1 ratio (a) in parosteal OS and (b) sclerosing OS; Reciprocal full-width-half-maximum of the
phosphate peak values indicating degree crystallinity of (c) parosteal OS and (d) sclerosing OS; carbonate-to-phosphate ratios describing the carbonate substitution in
bone for (e) parosteal OS and (f) sclerosing OS; carbonate-to-amide 1 ratios for (g) parosteal and (h) sclerosing OS.

parameter), however, differed between the two OS types. Whilst the T_s
revealed a clear reduction of the mineral particle size compared to
healthy bone, the values for the T_p were only reduced by a margin
compared to N_p. The degree of orientation of the mineral particles was
reduced for both tumor samples in a similar way by 31.8 % and 27.9 %,
respectively. The normal bone regions showed values close to 0.5 and fit
well to those values (mean 0.5) that are found in literature (Li et al.,
2010; Zizak et al., 2003). In mice suffering from bone metastasis of
breast cancer, He et al. found reduced T- and p-parameter in the meta-
static regions compared to healthy parts (He et al., 2017). The reduced

mineral platelet thickness could be interpreted as the occurrence of
immature HAp crystals in the affected areas.

WAXS data from the sclerosing (Zanghellini et al., 2019) and paro-
steal OS revealed a contraction of the c-axis of HAp crystals in tumorous
regions. Although the differences were smaller in numbers than the in-
strument resolution determined by standard samples in both cases, it
should be noted that the instrument resolution is given as the peak
width, while shifts of the peak centroid can be detected with much
higher accuracy.

Compared to synthetic HAp, the mineral crystals in bone differ due to
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Table 2

Summary of Raman results in tumorous and normal bone. Averaged results from
150 spectra collected in each area (N_p, T_p, N_s and T._s, respectively) are
presented.

sample  PO3 /amide1, FWHM ! PO3", co% /PO;, CO% /amide 1,
mean (SD) mean (SD) mean (SD) mean (SD)
N.p 2.20 (0.25) 0.0472 (0.0015)  0.265 (0.023)  0.533 (0.067)
Tp 1.66 (0.14) 0.0463 (0.0016)  0.262 (0.022)  0.436 (0.052)
N 2.26 (0.46) 0.0472 (0.0015)  0.264 (0.029)  0.596 (0.129)
Ts 3.73 (0.69) 0.0465 (0.0017)  0.183(0.036)  0.684 (0.186)
Table 3

Overview of evaluated parameters. Arrows denote an increase (yellow arrow up)
or decrease (blue arrow down) of the specific parameter as compared to normal
bone (* significant difference). Values that were almost identical with healthy
bone are denoted by a white horizontal arrow.

Parosteal OS

‘ 2.2 %*
I 279 %+

Parameter Sclerosing OS

P -134%
P -31.8%*

T-parameter

p-parameter

d-spacing ‘ 0.5 %* ‘ —0.1 %*
MMR 4} +65 % P -245%
Crystallinity ‘ _1.55 %* ‘ —1.95 9%*
Carbonate/phosphate ‘ —30.8%* I:> —0.8%
Carbonate/amide

A} +14.8 % J -182%

ion substitution. The most abundant ion is carbonate, either substituting
OH™ (classified A-type) or POy 3 (classified B-type). Due to the different
ionic radii, an A-type substitution leads to a shrinkage of the c-axis of
HAp, whilst a B-type substitution results in an expansion of the c-axis
(Kovaleva et al., 2008). It is well documented in literature that the
predominant substitution site in bone is the B-type carbonation (Morris
et al., 2002; Rey et al., 1989). Evaluation of the carbonate-to-phosphate
ratio of the integrated Raman peaks allows to analyze the carbonate
substitution type in the different bone areas. The tumorous parts T_s of
the sclerosing OS showed a significantly lower (p < 0.05) mean value of
the carbonate-to-phosphate ratio (COEZ/POZ?’ = 0.183 + 0.036),
compared to N_s (COEZ/POZ 3 = 0.264 + 0.029). Thus, in cancerous
parts a reduced level of carbonate is present. Given the decrease in the
carbonate-to-phosphate ratio in the tumor and the observed prevalence
of B-type carbonation in normal bone, the c-axis shrinkage in cancerous
parts is compatible with a reduced B-type substitution in the sclerosing
OS, rather than an increased A-type substitution. Nevertheless, also
other ion substitutions are possible, since a variety of trace elements are
present in bone. For example, Mg an Sr are known for their ability to
substitute Ca in HAp, which was found to result in a lattice contraction
in case of Mg due to the smaller ionic radius (Laurencin et al., 2011) and
a lattice expansion for Sr (Bigi et al., 2007). In sclerosing osteosarcoma,
elevated levels of Zn have been reported (Rauwolf et al., 2017). It has
been shown that Zn may partially substitute Ca ions in HAp, resulting in
a decrease of the lattice parameters at low concentrations and a slight
increase at higher concentrations (Ren et al., 2009). Since trace elements
were not investigated in the present study, further experiments are
needed to clarify further potential effects of trace elements on the crystal
structure in addition to carbonation. Concerning the parosteal OS,
carbonate-to-phosphate ratios for both, N_p and T p, did not differ
significantly and were almost identical with 0.264 (+0.023) and 0.262
(£0.022), respectively. The d-spacing values in c-direction calculated
from XRD measurements differed only by a margin, nevertheless dif-
ferences were significant, indicating that the XRD measurements are
more sensitive to small changes or may reflect other ion substitutions in
addition to carbonation. Since carbonation in bone is a process that
takes time, decreased carbonate levels (as observed via the decreased
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C032/P0O3 2 ratio) have been associated with a higher bone turnover rate
in the literature (Isaksson et al., 2010; Turunen et al., 2013).

The inverse of the FWHM of the v; phosphate peak describes the
mineral crystallinity. It correlates with the stoichiometric perfection and
the size of the HAp crystal but also reflects its maturity (Bi et al., 2013;
Yerramshetty and Akkus, 2008). In this study a significant decrease (p <
0.05) in the 1/FWHM value in both, T_p and T s, was found compared to
the corresponding healthy bone samples. The reduction of crystallinity
in the sclerosing OS can be explained by the increased B-type sub-
stitutions (Bi et al., 2013) compared to healthy bone, while the observed
changes of crystallinity in the parosteal OS could not be explained by the
mostly unchanged CO32/P0O;> ratio. Nevertheless, it was stated in the
literature that the mineral crystallinity can remain unchanged
throughout such stoichiometric changes (Morris and Mandair, 2011). To
analyze the bone mineral properties further, additional parameters were
evaluated: the mineral-to-matrix ratio (phosphate-to-amide 1 ratio) and
the carbonate-to-amide 1 ratio were both increased in sclerosing OS.
Semi-quantitative backscattered electron imaging revealed an increased
calcium level (+7.84 %) in the tumorous tissue of the sclerosing OS
compared to the N_s sample, while in the parosteal OS a slight reduction
(—=7.17 %) of calcium content was found compared to the N_p sample.
These findings indicate different features of the two different osteosar-
comas studied here that are compatible with general properties of the
involved OS types: higher mineralization i.e., higher calcium content,
are typical for sclerosing OS (Hofstaetter et al., 2013; Klein and Siegal,
2006) and further, osteoblastic OS types (like the sclerosing OS) are
characterized as high-grade tumors with high growing rates i.e., high
turnover rates. By contrast, parosteal OS is characterized as a low-grade
tumor with slow growing rates (Hang and Chen, 2014), which is in line
with lower turnover rates.

We are aware that our study also faces some limitations, because of
the fact that only one sample of each OS type could be studied. This is
due to the relatively rare occurrence of OS in general, which generates
limits for the availability of samples. Nevertheless, we tried to obtain
valid results within those limits by measuring a large number of data
points, thus averaging out local variations.

Even though the trends we observe in the two studied OS samples
reflect the expression of the disease in two individuals only, we specu-
late that some of them may be specific to the tumor type. It is, therefore,
of interest to consider how the investigated parameters are expressed in
other tumor types studied in the literature. In Table 4, a summary of our
results is presented together with a comparison of observed tumor
affected parameters with those found in the literature for different
tumor types.

Bi et al. found for prostate cancer bone metastases of different pa-
tients, which were either osteolytic or osteoblastic, distinct differences
between the two types: a decreased carbonate-to-phosphate ratio in the
osteoblastic and an increased value in the osteolytic samples compared
to normal bone. In both, the inverse FWHM of the phosphate peak was
smaller compared to normal bone, the mineral-to-matrix ratio was
reduced in the osteolytic and higher in the osteoblastic sample compared
to the control sample (Bi et al., 2010). In mixed osteoblastic/osteolytic
prostate cancer metastases in mice, an increased COEZ/POZ 8 ratio, a
reduced mineral-to-matrix ratio and a decreased value of crystallinity in
the tumor-bearing bones was found compared to the control group (Bi
et al., 2013). An increase of carbonate substitution, the mineral-to-
matrix ratio and the mineral crystallinity was also found in osteolytic
breast cancer metastases in bone. This contrasts with the typical
behavior of such lesions. Ding et al. explained this with a possible tissue
compensatory response to the bone loss caused by the cancer (Ding
et al., 2014). He et al. found increased mineral-to-matrix ratios, as well
as areduction in the mineral crystallinity in combination with a reduced
T- and p-parameter in osteolytic breast cancer metastases in mice (He
et al.,, 2017). Khalid et al. investigated in-vitro the mineral quality in
Staphylococcus aureus — which causes osteomyelitis — in infected human
bone samples. They found a great increase in the carbonate-to-
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Table 4
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Summary of our results and comparison of observed tumor affected parameters with those found in the literature for different tumor types. Arrows denote an increase
(yellow arrow up) or decrease (blue arrow down) or almost identical values (horizontal white arrow) of the specific parameter as compared to normal bone.

Samples in this study T-param. p-param.

carb./phos. carb./amid. MMR Crystallinity

Sclerosing osteosarcoma

$
$

$
$

Parosteal osteosarcoma

2
=

@
$

ly
$

$
$

Disease type, from literature T-param. p-param. carb./phos. carb./amid. MMR Crystallinity Ref.

Osteolytic metastases, breast cancer ‘ ‘ / / ﬁ ‘ (He et al., 2017)
Osteoblastic metastases, prostate cancer / / ‘ / ﬁ ‘ (Bi et al., 2010)
Osteolytic metastases, prostate cancer / / ﬁ / ‘ ‘ (Bi et al., 2010)
Osteolytic metastases, breast cancer / / ﬁ / ﬁ ﬁ (Ding et al., 2014)
Staphylococcus aureus / / ﬁ ‘ ‘ ‘ (Khalid et al., 2018)

phosphate ratio in the affected samples and related this to an enhanced
B-type substitution due to the bacterial infection. Furthermore, a
reduction in crystallinity in the infected bone samples was detected
(Khalid et al., 2018). All these studies including our findings (except
Ding et al. due to possible tissue compensatory response (Ding et al.,
2014)) found a reduction in the mineral crystallinity when affected from
disease.

In the present study, we found similar structural changes in both OS
samples: reduced mineral particle thickness and a reduced degree of
orientation of collagen-mineral composite in the affected areas, but also
a mineral lattice contraction compatible with a reduced B-type
carbonation in the sclerosing OS sample, which could be explained by
the substantially increased bone mineral formation processes.

Furthermore, the sclerosing OS sample studied here showed clear
characteristics of osteoblastic dominant lesions: lower carbonate-to-
phosphate ratio, increased turnover rates and an enhanced mineral-to-
matrix ratio. However, the parosteal OS sample revealed characteris-
tics of osteolytic dominant lesions: a decrease in mineral-to-matrix ratio,
but no significant difference in the carbonate-to-phosphate ratio
compared to healthy bone, suggesting a similar turnover rate.

Concerning early diagnostic measurements, studies have found that
the carbonate level in bone could be a good indicator for malignancy in
breast cancer: it was found that benign lesions had higher carbonate
levels than malignant ones (Haka et al., 2002; Kerssens et al., 2010).
Here we found a reduced carbonate level only for the sclerosing OS
sample, whilst a contraction of the c-axis in the tumorous areas
compared to healthy bone could be proven for both OS samples. Due to
the fact, that the crystallinity and the c-axis was reduced in both,
parosteal and sclerosing samples, we speculate that the crystal lattice
contraction (even though much less pronounced in parosteal OS) and the
reduced mineral crystallinity could be typical features for osteosar-
comas, potentially independent of the subtype. It is interesting to study
if they can also serve as general indicators of malignant calcified lesions.

5. Conclusion

In this study we investigated stoichiometric and ultrastructural
changes in two osteosarcoma samples of different subtypes, a sclerosing
and a parosteal OS by a multimodal approach. SAXS measurements on
the parosteal OS showed a clear reduction of the mineral particle
thickness and the degree of orientation of the collagen-mineral com-
posite, while WAXS measurements demonstrated a contraction of the c-
axis in the tumorous areas. These changes were in line with those pre-
viously found in a sclerosing OS (Zanghellini et al., 2019). By contrast,

BEI results showed a marked decrease of calcium content in the paro-
steal OS, which is in contrast to the increased calcium level in the
sclerosing OS (Zanghellini et al., 2019). Raman spectroscopy measure-
ments on both tumor samples revealed marked differences in the car-
bonate substitution, indicative of a different turnover rate. These
findings can help to understand the ultrastructure and properties of
ostesarcomas. Furthermore, if cancer specific mineral crystal changes
can be identified, they may be used in the future for highly sensitive ex-
vivo analysis or the development of new in-vivo screening methods
based on e.g., spatially offset Raman spectroscopy to study cancer-
associated changes in bone.
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