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Strontium (Sr?*) ions are an effective therapeutic agent for the healing of osteoporotic bone fractures and

are therefore used, for example, in form of strontium-modified bone cements. In order to reduce animal

testing in further implant materials development in the future, a simulation of the Sr** release and transport

in bone would be helpful. For such a simulation, knowledge of the experimental parameters for Sr>* mobi-

lity in different compartments of bone (mineralised bone, bone marrow) is essential. In a previous study, we

developed an experimental protocol for transport studies in bovine bone marrow by time-of-flight second-

ary ion mass spectrometry (ToF-SIMS). In the current proof-of-concept study, we investigated Sr2* diffusion

for the first time in bone marrow of rat bone sections. Additionally, orbitrap secondary ion mass spec-

trometry (OrbiSIMS) was applied for unambiguous signal identification of lipids and fatty acid species in rat
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1. Introduction

Osteoporosis is an age-related disease, characterised by a
decrease in bone density due to loss of bone mineral content,
and changes of bone microstructure.” These alterations of
the bone structure result in an instability of osteoporotic bone
that can lead to more frequent fractures and subsequently to
delayed or incomplete fracture healing." In order to meet the
special challenges of osteoporotic bone fracture healing, when
researching new implant materials, not only fracture stabilis-
ation plays an important role. Rather, next generation implants
must also take into account the specific needs, biomechanics,
and impaired remodeling capabilities of systemically altered
bone. Therefore, these implant materials should actively con-
tribute to accelerated and improved regeneration of the
damaged bone, e.g., through the release of therapeutic agents
or drugs.

Over the years, strontium in form of Sr** ions has emerged
as one of these effective substances for use in osteoporosis
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bone marrow. Detailed 2D and 3D mass spectrometric imaging analyses, depth profiling as well as OrbiSIMS
spectrometric analysis revealed faster Sr** diffusion in rat bone marrow areas with low intensity of lipid and
fatty acid signals than in areas with higher lipid/fatty acid content. These results could be confirmed by
histological staining and additional analysis of Sr** diffusion into pure fat sections.

treatment. Specifically, St** is capable of both stimulating new
bone formation and reducing bone resorption, thus having an
overall positive effect on bone healing®” which can contribute
to a rebalanced bone remodelling.*”™** For example, Sr**-con-
taining calcium phosphate cements displayed positive effects
on bone cells"®'*" and fracture healing process of osteoporo-
tic bone, both in vitro and in vivo.*®°'® Moreover, local release
of Sr** ions from strontium-functionalised titanium implant
surfaces improved both implant fixation and osseointegration
of the implant.*>""™*°

For further development, evaluation, and optimisation of
new functionalised biomaterials for systemically altered, osteo-
porotic bone, knowledge of the distribution of healing-promot-
ing agents such as Sr*" in bone is essential. Mathematical
modelling of the dispersion behaviour of St** could reduce the
need for animal testing in the development of new biomater-
ials in future. In order to be able to perform such a simulation,
it is necessary to determine the transport kinetics of Sr** in
different bone compartments. In previous studies, we success-
fully applied ToF-SIMS depth profiling to determine the
diffusion coefficients of Sr** in the mineralised parts of bone,
namely in trabecular rat bone*® as well as in cortical rat
bone.?’ ToF-SIMS, a mass spectrometric imaging technique,
enables the simultaneous detection of both organic and in-
organic substances within the same sample in one analysis
process in 2D and 3D. Due to the high sensitivity and high-
resolution imaging capability of ToF-SIMS with a lateral resolu-
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tion of up to 50 nm,** this method has successfully been used
in numerous studies regarding biomaterials in context of osteo-
porosis. For example, ToF-SIMS enabled monitoring the release
and incorporation of active substances into bone,*®*!?32* or
chemical characterisation of biomaterial/bone interfaces,> 2%
bone cells*® as well as bone mineral status.>**

In addition to strontium mobility in the mineralised parts of
bone, knowledge of strontium mobility in bone marrow is
essential. However, the study of strontium diffusion in bone
marrow is non-trivial due to its complex composition.**” Bone
marrow is a highly viscous, lipid-rich, and water-containing
tissue,>****° which makes the experimental determination of
the diffusion of Sr** challenging. Therefore, in a previous study,
we first developed and evaluated a suitable ToF-SIMS measure-
ment protocol for the determination of the diffusion coefficient
of Sr** in bovine bone marrow in a passive transport model.*!
For this initial approach, we chose easily and inexpensively
accessible bovine bone marrow and developed a special experi-
mental protocol in which ToF-SIMS depth profile analyses of
Sr** diffusion were performed under cryogenic conditions.** In
a time-dependent experimental series, we determined the
diffusion coefficients for Sr** in bovine bone marrow and thus,
demonstrated the validity of our experimental approach.
Furthermore, 2D and 3D ToF-SIMS imaging analyses of Sr**
diffusion in bovine bone marrow showed that it does not occur
homogeneously. We observed faster Sr** diffusion in bone
marrow areas correlated with lower intensity of lipid and fatty
acid signals. In the present proof-of-concept study, we focus on
the determination of Sr** diffusion in the bone marrow of osteo-
porotic rats, based on the previously developed protocol for a
passive transport model in bovine bone marrow.*! Bone marrow
is primarily composed of lipids, with the lipid as well as the
fatty acid composition of the total bone marrow lipid content
varying depending on animal species, age, diet, and tissue
location.*®**™*® Nevertheless, palmitic acid, stearic acid, and
oleic acid are predominate in both rat and bovine bone
marrow.***®*87% Furthermore, bone marrow fat consists mainly
of triacylglycerides, and phosphatidylcholine is the major phos-
pholipid of rat and bovine bone marrow.*>***®%°3> pDye to
these similarities in bone marrow composition, we state that
the experimental approach for determining strontium diffusion
in bovine bone marrow should also be suitable for determining
strontium diffusion in rat bone marrow.

High-resolution 2D imaging analysis using cryo-ToF-SIMS is
applied to study Sr** distribution on rat bone marrow surface.
ToF-SIMS imaging results are compared to histological staining
of bone sections with Sudan Black B. 3D imaging analysis as
well as depth profiling using cryo-ToF-SIMS are applied to study
Sr** diffusion within the bone marrow bulk of bone sections.
Thus, we determine Sr** transport properties for the first time
in bone sections in a biologically passive but spatially intact
environment. Furthermore, we perform cryo-OrbiSIMS analyses
of Sr** diffusion into rat bone marrow and pure rat fat sections
with the recently developed M6 Hybrid SIMS (IONTOF GmbH).
Here, OrbiSIMS combines high mass resolving power (<240 000
at m/z 200) with high mass accuracy and thus allows unambigu-
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ous peak identification and distinction of different ion species
in highly complex organic samples.>®

2. Experimental

2.1 Preparation of cryo-sectioned rat bone and rat fat
samples

Animal experiments were approved by and performed in full
compliance with the institutional and German protection laws
and the local animal welfare committee (Reference number: V
54-19 ¢ 20-15 (1) GI 20/28 No. 108/2011). 10 weeks old healthy
female Sprague-Dawley rats with an initial weight of
250-290 gram were purchased from Charles River (Sulzfeld,
Germany). Animals underwent an acclimatisation period of
four weeks in filter-topped plastic cages (2-4 rats per cage)
with free access to water and food. After four weeks, an osteo-
porotic bone status (OVX) was induced by bilateral ovariectomy
combined with a multi-deficient diet free of calcium, phos-
phorus, vitamin D3, soy, and phytoestrogen (Altromin-C1034,
Altromin Spezialfutter GmbH, Lage, Germany) (Table S17) as
previously described.* Animals were euthanised 18 weeks post-
ovariectomy under inhalation of CO, after general anesthesia.
Osteoporotic status was shown by p-CT measurements.® Right
femura of OVX rats were harvested for cryo-sectioning by
removing of all surrounding soft tissue. Afterwards, bones
were frozen at —80 °C until they were embedded.

Fat of rats were harvested for -cryo-sectioning.
Approximately 24 hours prior the embedding procedure, rat
femur and fat samples were thawed and prefixed with 4% par-
aformaldehyde (Carl Roth, Karlsruhe, Germany). For embed-
ding procedure, acetone was added to dry ice in a cold tolerant
liquid nitrogen container. Hexane was poured into a cold toler-
ant beaker, which was then placed in the dry ice-acetone con-
tainer in a way that hexane in the inside and acetone in the
outside of the beaker had the same height. Prefixed bone and
fat samples were placed in a stainless-steel mold and SCEM-L1
embedding medium (SECTION-LAB Co., Hiroshima, Japan)
was added to the samples. The filled mold was placed into the
hexane containing beaker until the embedding medium was
completely solidified. Embedded bone and fat sample blocks
were carefully removed from the stainless-steel mold, wrapped
in aluminium foil, and stored at —80 °C until sectioning.

Cryo-sectioning of embedded rat bone and fat was per-
formed according to Schaepe et al.,>* with a cryostat CM 3050
S (Leica, Nussloch, Germany). Specimen temperature was
—30 °C and cryo-chamber temperature was —20 °C. Blade
holder, SL-30 tungsten carbide blades, and cryo-film tapes of
type 2C(9) were purchased from SECTION-LAB Co. (Hiroshima,
Japan). After cutting of at least 15 pm thick sections, bone sec-
tions as well as fat sections were mounted on aluminium
slides and stored at —80 °C until analysis.

2.2 Diffusion experiments

Diffusion experimental protocol was adapted from Kern
et al.*' Bone sections and rat fat sections were slowly thawed

This journal is © The Royal Society of Chemistry 2022
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in air to room temperature prior to diffusion experiments.
Samples were then adapted to a heating/cooling sample holder
from IONTOF GmbH (Muenster, Germany) to enable continu-
ous sample cooling during measurement. To ensure good cold
transfer, the aluminium sample carrier was attached to the
sample holder via adhesive copper tape. Aqueous SrCl, solution
(c =1 mol I™") was dropped onto rat bone and rat fat sections
(Fig. 1A). Residence times of SrCl, solution on samples was 10 s
to 25 s at room temperature. Afterwards, SrCl, was removed
from the sample surface and samples were immediately intro-
duced into the load lock of the TOF.SIMS 5 instrument
(IONTOF GmbH) where the diffusion process was stopped by
cooling samples down with liquid nitrogen. For determination
of Sr** diffusion, the diffusion time ¢ in eqn (3) was chosen as
the addition of the residence time of SrCl, solution on bone
marrow and the time point until the sample reached a tempera-
ture below 10 °C in the prechamber as previously described.**
Further details are explained in the ESL{ Evacuation to vacuum
was started after reaching 0 °C in the load lock and samples
were then transferred to the main chamber of the TOF.SIMS 5
instrument. There, samples were further cooled with liquid
nitrogen to prevent Sr>* diffusion and temperature was kept
below —120 °C during the entire analyses.

dropping of
Sr2*solution

residence
time of Sr2* Primary ion
solution on beam (Bi;*)

bone marrow

solution
removing &
sample cooling

Fig. 1 Schematic representation of Sr**

extraction
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2.3 Depth profiling with ToF.SIMS 5 (IONTOF GmbH,
Muenster, Germany)

Depth profiling analyses were performed with a ToF.SIMS 5
instrument (IONTOF GmbH, Muenster, Germany). The
measurements were carried out in the positive ion mode and
charge compensation was done with a low energy electron
flood gun. Depth profiling of rat bone marrow was performed
in the non-interlaced mode (Fig. 1B). The primary ion gun was
operated in the spectrometry (high-current bunched) mode. As
analysis species, 25 keV Bi;" ion clusters were used, with
primary ion currents between 0.2-0.4 pA. Scanning was per-
formed in sawtooth mode with 100 ps cycle time, 128 x 128
pixels, 1 shot/frame/pixel and 1 frames/patch. The obtained
mass resolution m/Am (FWHM) was for all measurements
above 3000 at peak m/z CsH,'. After each analysis scan, sample
surface was sputtered for 10 s with 10 keV Ar;50," ions with
sputter currents between 8 and 13 nA. Sputter pause was 5 s.
Sputter beam area was 350 x 350 um®. The subsequent analysis
area (100 x 100 pm?) was centred in the sputter area in order
to avoid crater-wall-effects. Internal mass calibration was per-
formed using H', H,", CH;", CH,N', C,H;", C;H,", and
C4HgN"' mass signals in positive ion mode.

A Diffusion experim Measurement cycle C Data evaluation

Mass spectrum
® & Ssecondary ions

>

‘@ Sr*

=

[

)

£
mass/charge

Depth profile of Sr*

of Sls
Sputter beam Srt

(Ar500%) ) >

depth
. 3D distribution of Sr*
‘ in bone marrow

intensity

sputtering

diffusion experiments with cryo-ToF-SIMS. (A) Aqueous SrCl, solution is dropped onto the surface of cryo-

bone sections from osteoporotic rats. After 10 s to 25 s of residence time on the sample surface, strontium solution is removed. Bone sections are
immediately cooled down using liquid nitrogen to prevent further Sr?* diffusion into the bone marrow. (B) Principle of depth profiling in dual-beam
ToF-SIMS mode. Measurement cycle starts with analysis of the bone section surface by an primary ion beam, generating secondary ions (Sls). Sls are
extracted into the analyser, leading to locally-resolved mass spectra. A sputter beam is applied in the third step to remove the sample surface layer,
thus creating a crater which is typically 2—-3 times larger than the analysis area. The measurement cycle is repeated until the desired depth of the
sample is reached. (C) By selecting a signal of interest (e.g., Sr*) in the mass spectrum, the depth profile of the selected signal and its 3D distribution
in the analysis volume are obtained. Experimental protocol is adapted from Kern et al*
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After depth profiling, each sputter crater depth was deter-
mined with a confocal microscope PLu neox 3D (Sensofar,
Terrassa, Spain). The obtained depth was used to calibrate the
sputter time axis and to determine the erosion rate. We
assumed a constant erosion rate for all measurements of rat
bone marrow for the calibration of the depth profiles. Data
analysis of the ToF-SIMS measurements was done with Surface
Lab Software version 7.2 (IONTOF GmbH, Muenster, Germany)
(Fig. 1C). For determination of Sr** diffusion in rat bone
marrow, diffusion experiments were performed on two rat
bone sections each from two different rats (on each section,
two depth profiles were measured; total number of diffusion
experiments was n = 8).

2.4 Imaging analysis with M6 hybrid SIMS (IONTOF GmbH,
Muenster, Germany)

High-resolution mass spectrometric imaging analyses of Sr**
diffusion into cryo bone sections of osteoporotic rat (Fig. 4C, 5
and Fig. S21) and rat fat sections (Fig. 8 and Fig. S3t) as well
as overview 2D image of whole rat bone section (Fig. 4B) were
performed with a M6 Hybrid SIMS instrument (IONTOF
GmbH, Muenster, Germany). The M6 Hybrid SIMS is equipped
with both a ToF analyser and an OrbiTrap™ analyser. For high
lateral resolution imaging analysis of bone sections, the ToF
analyser was used. All measurements were carried out in the
positive ion mode and as analysis species, 30 keV Bi;" ion clus-
ters were used as primary ion species. During the entire
measurements, argon gas flooding and low energy electron
flood gun were applied for charge compensation. For all
measurements, the IONTOF heating/cooling sample holder
was used and the sample temperature was kept below —120 °C
during measurements.

Overview 2D image of a whole rat bone section (Fig. 4B) was
obtained by large area scan (6.5 x 12.5 mm?) in the spec-
trometry mode (high-current, bunched mode). Scanning was
performed in sawtooth mode with following parameters: 3
shots per pixel, 3 frames per patch of 400 x 400 um” and 350
pixels per mm pixel density, cycle time 100 ps, 3 scans,
primary ion current of 0.8 pA. Following signals were used for
internal mass calibration: C,Hs*, C;Hs", C;H,", CsHy",
CsH,;,N", and C;cH;;0". Obtained mass resolution m/Am
(FWHM) was for all measurements better than 5000 for the
C,H,;" mass signal.

View Article Online
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High-lateral resolution 2D images were obtained in the
delayed extraction mode (delay times 150 ns, respectively).
Measurements were performed in the sawtooth mode with
parameters for rat bone sections listed in Table 1 (Fig. 4C, 5
and Fig. S2t) and rat fat sections listed in Table S27 (Fig. 8 and
Fig. S37). Following signals were used for internal mass cali-
bration: C,Hs*, C;Hs", C3H,", CsHo", CsH;,N', and C;¢H3,0".
Obtained mass resolution m/Am (FWHM) was for all measure-
ments better than 5000 for the C,H,;" mass signal.

For Orbitrap imaging and spectral analysis (Fig. 6, 7 and 9),
the OrbiTrap™ analyser was used. Orbitrap mass calibration
was performed once a day at the beginning of a measurement
session on a silver plate, following the calibration protocol
described by Passarelli et al.>® For calibration, the LMIG (30
keV Bi;") was used with the 400 pm aperture and 20% long
pulses together with the ThermoFisher Tune software. As the
mass calibration remains stable for >25 h, no recalibration for
data analysis afterwards was necessary. For Orbitrap imaging
and spectral analyses, Arspo," cluster ions with 20 keV were
used as primary ions. Measurement parameters are listed in
Table 2.

Data analysis of M6 Hybrid SIMS measurements was done
with Surface Lab Software version 7.2 (IONTOF GmbH,
Muenster, Germany).

2.5 Histological staining of bone sections

Sudan Black B staining system (Sigma-Aldrich, St. Louis, MO)
was performed on frozen bone sections to identify various
lipids and fat droplets (Fig. 7), according to Davey et al.’> Rat
adipose tissue was used as positive control. Sections were first
immersion fixed with glutaraldeyde fixative solution for 1 min
at 2-8 °C with gentle agitation followed by staining in Sudan
Black B staining reagent for histology. Images were taken
using a Leica microscopy system (Leica DM5500 photomicro-
scope equipped with a DFC7000 camera and operated by LASX
software version 3.0, Leica Microsystem Ltd, Wetzlar,
Germany). Fiji Image]J (version 1.51r; NIH,) was used for histo-
morphometry measurements of Sudan Black B sections as pre-
viously described.>®

2.6 Statistical analysis

Mean of diffusion coefficient values from repeated tests were
analysed using Mann-Whitney U-test after ascertaining a non-

Table 1 Parameters for ToF-SIMS delayed extraction imaging of Sr?* diffusion into bone marrow of osteoporotic rat bone (Fig. 4, 5 and Fig. $27)
obtained in positive ion mode with M6 Hybrid SIMS (IONTOF GmbH, Muenster, Germany)

Fig. 4C S2(A-Dt) S2(E-HY) S2(I and Jt), 5
Analysis options

Cycle time 120 ps 120 ps 120 ps 120 ps

Field of view 150 x 150 pm?® 300 x 300 pm> 150 x 150 pm? 50 X 50 um?
Primary ion current 0.08 pA 0.06 pA 0.06 pA 0.06 pA
Pixels 1024 x 1024 2048 x 2048 1024 x 1024 512 x 512
Frame per patch 1 1 1 1

Primary ion shots/frame/pixel 2 1 1 1

Number of scans 100 8 51 180

4144 | Analyst, 2022,147, 4141-4157
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Table 2 Parameters for Orbitrap imaging of Sr%* diffusion into rat bone sections (Fig. 6 and 7) and rat fat sections (Fig. 9) obtained in positive ion

mode with M6 Hybrid SIMS (IONTOF GmbH, Muenster, Germany)

Fig. 6 7D 7E 9

Analysis options

Cycle time 160 ps 160 ps 160 ps 130 ps
Raster mode Random Random Random Random
Field of view 400 x 400 pm* 400 x 400 pm> 50 X 50 um? 400 x 400 pm?
Primary ion current 60 pA 58 pA 58 pA 61 pA

Pixel size 8 pm 8 pm 2 pm 5 pm

Spot size 5 pum 5 um 2 pm 5 pm
Border size 2 pm 2 pm 2 pm 2 pm

Mass resolution 240 000 240000 240 000 60 000

Mass range m/z 80-1,200 m/z 80-1,200 m/z 80-1,200 m/z 80-1,200
Injection time 500 ms 500 ms 500 ms 100 ms
Number of scans 2 2 2 2

normal distribution with a Shapiro-Wilk test or one-way
ANOVA after ascertaining a normal distribution. Diffusion
coefficients are reported as means + standard deviation STD.
Statistical analyses were performed wusing Origin v9.3
(OriginLab Corporation, Northampton, MA, USA). Multivariate
Statistical Analysis (MVSA) in form of Principal Component
Analysis (PCA) was performed using Surface Lab Software
version 7.2 (IONTOF GmbH, Muenster, Germany). For the
MVSA calculation, 2D-images were used as data type and PCA
as MVSA method. As source data options, corrected data and
lateral shift correction were chosen, without XY or Z pixel
binning. After mass calibration of the mass spectra, FA, lipid
as well as strontium fragment ion peaks were selected as
source intervals for PCA. Following calculation options for
PCA, recommended by the software as default, were applied:
none spatial scaling, empirical spectral scaling, and none
centering.

3. Results

3.1 Determination of Sr** diffusion coefficients in rat bone
marrow

Since determination of Sr** diffusion in bovine bone marrow
was successful in our previous study,’’ we adapted the devel-
oped experimental protocol for the determination of Sr**
diffusion in rat bone marrow of osteoporotic rats (Fig. 1). Rat
bone sections were prepared via cryo-sectioning of cryo-
embedded bone samples to preserve the lipid content of the
bone marrow. As rat bone sections were only 15-40 pm thick,
the experimental procedure was slightly modified by reducing
the residence time of the aqueous SrCl, solution on bone sec-
tions to 10-25 s (Fig. 1A).*" After this short deposition time,
strontium solution was removed and further diffusion was
stopped by freezing of the tissue. ToF-SIMS depth profiling
under cryogenic conditions (Fig. 1B) was then applied for
characterisation of Sr** distribution. Here, in the first step of a
repeating measurement cycle, secondary ions (SIs) are pro-
duced by a pulsed primary ion beam. The SIs are then
extracted and analysed in a time-of-flight mass analyser in the
second step. During the third step the sample surface layer is

This journal is © The Royal Society of Chemistry 2022

removed by applying a sputter ion beam. The measurement
cycle with alternating analysing and sputtering steps finally
results in mass spectra, diffusion profiles, and 3D mass image
maps (Fig. 1C). Depth profiling was conducted in positive ion
mode since strontium forms predominately positive secondary
ions in SIMS analyses.”” It also has to be noted that the
obtained secondary ions are primarily single charged, despite
of their +II oxidation state within the sample. Hence, diffusion
profiles of the Sr' signal were used for evaluation of
Sr**diffusion coefficients in rat bone marrow.

In order to determine diffusion coefficients of Sr**
diffusion in bone marrow of osteoporotic rats, a mathematical
solution of Fick’s second diffusion law (eqn (1)) has to be
fitted to the obtained Sr" depth profiles (Fig. 2).

5(,‘7 o DSC (1)
5 dx| ox

In our previous study, for Sr** transport in bovine bone
marrow, we assumed diffusion from an exhaustless source into
semi-infinite space as boundary conditions for solving Fick’s
second law of diffusion (eqn (2), fit model 1).*!

I(x) = Ing+ 1o - (1 - erfz;l;:) (2)

Iy = background intensity of Sr* in bone marrow; I, = initial
intensity of the infinite source; x = position/depth; x, = starting
point of the diffusion profile (bone marrow surface); D =
diffusion coefficient; ¢ = diffusion time

However, in the present study, due to the shorter residence
time of SrCl, on rat bone marrow, diffusion from an exhaust-
less source cannot longer be assumed but rather the diffusion
of a given amount of Sr** (I,) deposited on a certain area A of
bone marrow.’®”° For solving Fick’s second law of diffusion
(eqn (1)) for Sr** diffusion in rat bone marrow, different
boundary conditions for the spatial variables and an initial
condition for the time and therefore, a different diffusion
model had to be defined for this case of instantaneous plane
source diffusion.’®®°

Analyst, 2022,147, 4141-4157 | 4145
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Fig. 2 Comparison of (A) diffusion fit model 1 (eqn (2)) and (B) diffusion fit model 2 (eqn (3)) for Sr?* diffusion into rat bone marrow. Solid red lines
in (A) and (B) represent the results of the mathematical fitting performed according to (A) egn (2) and (B) eqn (3), respectively. For all depth profiles,
Biz* primary ions (25 keV) were used for analysis with the TOF.SIMS 5. Sputtering was done with a 10 keV Ary500* cluster beam.

(a) At ¢ = 0 and x, = 0, the total amount of diffusive species
(Sr** ions, I,) is deposited within an area 4 in the yz-plane of
the semi-infinite bone marrow.

(b) Concentration of the Sr** ions is the same over the
entire area A.

(c) Total amount of the diffusive species is always I, and
therefore equal to the amount of originally deposited Sr*" ions
in the yz-plane.

Solving eqn (1) with the defined boundary and initial con-
ditions, following expression (eqn (3), fit model 2) has been
yielded as a function of time ¢ and position x:

1 —(x=x9)*
I(x, t) = Iome (4'”0)

(3)

I, = initial intensity of the deposited amount of Sr** ions at ¢ =
0 and x, = 0; A = area of deposited amount of Sr** ions; x =
position/depth; x, = starting point of the diffusion profile; D =
diffusion coefficient; ¢ = diffusion time

Furthermore, following assumptions were made:

(a) Diffusion coefficient of Sr** is constant (evaluated by the
time-dependent experimental series of strontium diffusion in
bovine bone marrow*").

(b) Mathematical fits can be carried out with the obtained
Sr' ion signal intensities since concentration ¢ is proportional
to secondary ion intensity I.

(c) There are no reactions of Sr** (diffusing species) with
the rat bone marrow matrix and thus no sinks. No other
sources of diffusing species are present throughout the
observed diffusion process.

4146 | Analyst, 2022,147, 4141-4157

For determination of Sr** diffusion coefficients, mass spec-
trometric information of each analysis layer of cryo-ToF-SIMS
depth profiles was summed up as intensity versus depth
diffusion profiles (Fig. 2). Afterwards, the mathematical fit
model 2 (eqn (3), Fig. 2B) was fitted to the measured ToF-SIMS
diffusion profiles. The first data points were not considered for
fitting the chosen solution of Fick’s second law of diffusion to
the experimental data since they may be influenced by sputter
ion species as well as variable dopant concentrations of
primary ions. To compare the two diffusion models, we also
applied the diffusion fit model 1 (eqn (2), Fig. 2A), which was
used for determination of the Sr** diffusion coefficient in
bovine bone marrow,*! to Sr** diffusion in rat bone marrow.

Both diffusion models provide diffusion coefficients within
the same order of magnitude. Nevertheless, the experimentally
obtained diffusion profile of strontium in rat bone marrow can
be better described by the second fit model and the corres-
ponding eqn (3) (Fig. 2B). For this reason, the diffusion pro-
files of Sr** in rat bone marrow were evaluated using the
second fit model. An average diffusion coefficient of Dy, ra=
(8.89 + 5.37) x 107" em” s was obtained for Sr*" diffusion in
total measurement areas of rat bone marrow (n = 8, Fig. 3B).

Similar to the diffusion of Sr** in bovine bone marrow,*!
different diffusion areas in rat bone marrow could be deter-
mined by applying lateral Regions of Interest (ROIs) to 3D
ToF-SIMS imaging data. Evaluation of the diffusion profiles
from different regions of rat bone marrow revealed that the
diffusion behaviour of Sr*" in fast and slow regions differed
only slightly (Fig. 3A). For fast diffusion (FD) areas, an average
diffusion coefficient of Dy pp=(9.05 * 5.64) x 107" cm® s~

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (A) Diffusion profiles from areas of slow and fast diffusion show the in-depth distribution of Sr?* in rat bone marrow (exemplarily presented by
one measurement) in slow and fast diffusion areas. For comparison, strontium ion intensity was normalised to the maximum of each diffusion profile.
(B) Experimentally obtained average diffusion coefficients of Sr2* diffusion in rat bone marrow in slow diffusion areas (Drat,sp), fast diffusion areas
(Dyat.rp), and total diffusion areas (D¢ 7a) (n = 8, respectively; detailed values are listed in Table S4+). The mean diffusion coefficient of fast Sr** diffusion
areas is non-significantly higher than the mean diffusion coefficient for areas of slow Sr>* diffusion (one-way ANOVA test). Sr2* diffusion in total
measurement areas is mainly influenced by the fast diffusion and thus, also non-significantly faster than Sr2* diffusion in slow diffusion areas (one-way
ANOVA test). Values are presented as boxplots with mean value and interquartile range (25" to 75" percentile). Whiskers indicate maximum and
minimum diffusion coefficient values. (C) Reconstructed 3D mass images of the corresponding diffusion profiles in (A) show strontium (blue) diffusion
into rat bone marrow (yellow) at the surface, in the bulk at 25% z-cropping, at 50% z-cropping, and at 75% z-cropping. For 3D imaging analysis and

diffusion profiles, 25 keV Biz* cluster primary ions were applied in spectrometry mode (positive ion mode, obtained with TOF.SIMS 5).

was obtained (n = 8, Fig. 3B). For slow diffusion (SD) areas, an
average diffusion coefficient of Dy, sp=(6.48 + 3.88) x 107'° cm?
s~' was obtained (n = 8, Fig. 3B). Statistical evaluation (one-way
ANOVA test, *p < 0.05) revealed a non-significant difference
within the same order of magnitude between areas of fast and
slow diffusion of Sr** into osteoporotic rat bone marrow
(Fig. 3B). All diffusion coefficients for Sr*>* diffusion into rat
bone marrow are listed in Table S4.F

The reconstructed 3D tomography (Fig. 3C) of the diffusion
profile in Fig. 3A shows Sr** diffusion (blue) in rat bone marrow
(displayed as fatty acid signals in yellow) at the surface as well as
in depth at 25% z-cropping, at 50% z-cropping, and at 75%
z-cropping (also shown in more detail in Fig. S2). Strontium
signals are mainly detected in areas of low fatty acid signal inten-
sities, implicating slower Sr** diffusion in fatty acid and lipid
rich areas. Fatty acid and lipid peaks are listed in Table S3.f

This journal is © The Royal Society of Chemistry 2022

3.2 ToF-SIMS imaging of Sr** distribution in rat bone
marrow

ToF-SIMS analyses showed Sr** diffusion mainly into areas of
osteoporotic rat bone marrow with less intensity of secondary
ions which derived from fatty acid and lipid species. High-
resolution 2D image analysis on Sr*" diffusion into rat bone
sections using a Hybrid SIMS instrument allowed a detailed
characterisation of the lateral Sr** distribution in rat bone
marrow.

ToF-SIMS overview mass images of a femoral head
(Fig. 4B) show mineralised bone in form of hydroxyapatite
signals (HAP; mass signals used are listed in Table S5%).
Bone marrow can be visualised with secondary ions derived
from fatty acids (FA) and lipids (used mass signals are listed
in Table S31). Comparison of the mass images of HAP and

Analyst, 2022, 147, 1141-4157 | 4147
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Fig. 4 2D ToF-SIMS image analysis of Sr2* diffusion into a cryo-embedded rat bone section. (A) Schematic drawing of a femoral head showing
mineralised bone as outer shell (cortical bone) and spongy, trabecular bone at the end of the femoral head. Bone marrow is located within the
medullary cavity. (B) ToF-SIMS secondary ion images show mineralised bone in form of hydroxyapatite (HAP) signals, and bone marrow as secondary
ions originating from fatty acid (FA) fragments. Comparison of the secondary ion images with the schematic of the femoral head from (A) indicates
that HAP signals and FA signals are sufficient to represent mineralised bone and bone marrow, respectively. Lateral distribution of strontium signals
shows that Sr?* diffused into both mineralised bone region and bone marrow. Overlay image shows mineralised bone in red, bone marrow in yellow,
and sum of strontium signals in blue. Areas with an overlap of strontium and HAP signals are shown in purple. (C) Detailed high-resolution image of
an interface region of cortical bone and bone marrow shows strontium (blue) distribution mainly in areas of mineralised bone (red), and less in areas
of high signal intensity of secondary ions which originated from FA fragments in bone marrow. High-resolution image was obtained with delayed
extraction mode. 30 keV Bis* cluster primary ions were applied for (B) and (C) (positive ion mode, obtained with M6 Hybrid SIMS).

FA signals with a schematic drawing of a femoral head
(Fig. 4A) show that HAP signals are sufficient for describing
the mineralised bone and FA signals are sufficient for
describing the bone marrow. Strontium signals (listed in
Table S61) are detectable both in the mineralised bone
region as well as in the bone marrow. In the overlay image,
purple areas indicate an overlap of strontium signals (blue)
and mineralised bone (red). This can also be seen in the
smaller and more detailed high-resolution image (Fig. 4C) of
the interface of mineralised, cortical bone and bone marrow
as well as high-resolution images of the bone marrow area
(Fig. S37). In areas of high signal intensity of fatty acid sec-
ondary ions (yellow), less intensity of strontium ion signals
is detected.

For a statistical distinction of areas with high intensity of
strontium signals and areas with high intensity of FA
signals, a Principal Component Analysis (PCA) of the ion
images of rat bone marrow from Fig. S31 was carried out.
The results of the PCA analysis were compared to manually

4148 | Analyst, 2022,147, 4141-4157

assigned areas for strontium and FA signals (Fig. 5). In PCA,
each Principal Component (PC) describes a variance which is
presented by loadings plot and image scores. Loadings illus-
trate which peaks contribute most to the variance described
in each PC image. Positive loadings correspond to positive
scoring pixels and negative loadings refer to mass fragments
that are anti-correlated to the image score. The image scores
in turn illustrate where the largest chemical variance was
found, here by colouring positively scoring pixels in orange/
red and negatively scoring pixels in blue. Therefore, loadings
plots and image scores reveal peaks which are statistically
responsible for the discrimination of different areas of the
measured surface. PCA scores image of PC1 (Fig. 5D) shows
positive loading fragments mainly found for fatty acid
signals such as C,Hs" (m/z 29.04), C;H;s" (m/z 41.04), C;H,"
(m/z 43.05), C,H," (m/z 55.05), C,Ho' (m/z 57.07), CsHo'" (m/z
69.07), and C,;H,,' (m/z 95.09). Image scores for PC1 show
the same pattern as the ion image of manually combined FA
signals (Fig. 5A).

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 PCA analysis of Sr*>* diffusion into rat bone marrow. Comparison of ToF-SIMS mass images of secondary ions originating from (A) fatty acid/
lipid species, (B) strontium species, and (C) overlay of strontium signals (blue) and FA signals (yellow) with PCA scores images (D—F) and loadings
plots (G and H). (D) PCA scores image of PC1 with (G) corresponding loadings plot. (E) PCA scores image of PC2 with (H) corresponding loadings
plot. (F) Overlay image of PC1 (yellow) and positive loadings of PC2 in blue. 30 keV Biz* cluster primary ions were applied (positive ion mode,
delayed extraction, obtained with M6 Hybrid SIMS).

and SrCl" (m/z 122.86). The pattern of positive loadings of PC2
(Fig. 5E, in orange/red) shows the same pattern as the ion
image for manually combined strontium signals (Fig. 5B).

In comparison, Fig. 5E shows the PCA scores image of PC2
with positive loading fragments (Fig. 5H) found for ion species
such as Sr* (m/z 87.91), StH' (m/z 88.91), StOH" (m/z 104.91),

This journal is © The Royal Society of Chemistry 2022 Analyst, 2022,147, 4141-4157 | 4149
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Negative loadings for PC2, shown in blue in the corresponding
scores image (Fig. 5E), include mainly masses of fatty acid
fragments. Therefore, FA mass fragments are anti-correlated to
the PC2 scores image. Overlay of PC1 (yellow) and PC2 (blue)
scores images (Fig. 5F) captures the variation between areas of
fast strontium diffusion and high FA intensity and is compar-
able with the overlay of strontium (blue) and FA (yellow)
signals (Fig. 5C).

In ToF-SIMS spectra, different ion flight times can occur
due to topography effects, causing the ToF-SIMS peaks to
broaden. Furthermore, deviations of the assigned mass from
the theoretical mass of the fragments may occur due to the
subsequent calibration of the mass spectra. Subsequent cali-
bration is particularly challenging when one wishes to study
both inorganic (strontium species in this case) and organic
ion species. Thus, to obtain a mass spectrum with a higher
mass resolution as well as better mass accuracy, the Hybrid
SIMS instrument was operated with the OrbiTrap™ analyser.
For analysis with the OrbiTrap™ analyser, GCIB was used (20
keV Arzgq0" clusters) as primary ion gun instead of LMIG.

View Article Online
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First, an Orbitrap image was taken of a rat bone marrow
area into which Sr** had diffused. After assigning strontium
and FA/lipid signals, two different ROIs were selected. ROI 1
was in an area with high mass signal intensities of lipids and
ROI 2 in an area with high intensities of strontium signals
(Fig. 6A). The analysis of the obtained mass spectra showed a
clear difference between ROI 1 and ROI 2 regarding the inten-
sities of their mass signals (Fig. 6B). In ROI 1, mainly frag-
ments of MAGs (e.g., C1oH3505" (m/z 311.2576), C1oH3,0;" (m/z
313.2736), C,1H300;" (m/z  339.2893), C,H,05" (m/z
341.3050); Fig. 6D) and DAGs (e.g., C33Hg304" (m/z 523.4718),
CssHe;04"  (m/z  551.5032), Cj3,He,04" (m/z  575.5033),
C3,Heo04" (m/z 577.5188), C3,H7,0," (m/z 579.5344); Fig. 6E)
were detectable with higher signal intensities than in the mass
spectrum of ROI 2. In contrast, strontium signals show higher
signal intensity in ROI 2 than in ROI 1 (Fig. 6C).

In order to verify our interpretation of the ToF- and
OrbiSIMS analyses, the same rat bone sections were afterwards
stained with Sudan Black B for a comparable histological ana-
lysis. Sudan Black B is a fat-soluble dye with a very high affinity
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Fig. 6 Analysis of Sr?* diffusion into rat bone marrow of osteoporotic rat using the OrbiTrap™ analyser. (A) Overlay of ion image of FA/lipid signals
(yellow) and strontium signals (blue). Dotted boxes show the chosen areas of ROI 1 and ROI 2. ROI 1 is in an area with high intensity of fatty acid and
lipid mass signals. ROI 2 is in an area with high intensity of strontium signals. (B) Positive mass spectra of ROl 1 and ROI 2 in a mass range of m/z
80-650. Mass ranges with signals from lipids (MAGs, DAGs) are marked in yellow. Mass range with strontium signals is marked in blue. (C) Detailed
mass range of m/z 80-130 shows higher intensities of strontium signals in ROI 2 than in ROI 1. (D) Detailed mass range of m/z 300-350 shows
higher intensities of mass fragments derived from MAGs in ROI 1 than in ROI 2. (E) Detailed mass range of m/z 520-600 shows higher intensities of
mass fragments derived from DAGs in ROI 1 than in ROI 2. For comparison of the peak intensities, the spectra were normalised to the total counts
(scale spectra by total counts). Identified peaks are listed in Table S3. For Orbitrap imaging and spectral analysis, 20 keV Arsgoo* cluster primary ions
were applied (positive ion mode, obtained with M6 Hybrid SIMS).
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Fig. 7 Comparison of histological staining and OrbiSIMS imaging analysis of rat bone marrow. (A) Overview image of rat bone femur stained with
Sudan Black B. (B) Higher magnification of Sudan Black B stain in the bone marrow, showing stain affinity to lipids and fat droplets (dark purple to black
color). Empty areas (light purple to white color) indicate no binding of Sudan Black B. (C) A digital zoom shows that lipids at cell walls stained with
higher affinity (black) than fat droplets (purple). (D and E) Overlay of corresponding ion mass images show FA/lipid signals in purple and strontium
signals in grey. For Orbitrap imaging analysis, 20 keV Arzgpo™ cluster primary ions were applied (positive ion mode, obtained with M6 Hybrid SIMS).

for neutral fats and lipids, thus staining unspecifically several
lipids, phospholipids, neutral fats, and sterols intensely. Fats
and lipids throughout the stained bone section are shown in a
dark purplish-blue to black in areas of both bone marrow and
mineralised bone (Fig. 7A). Sudan Black B binds with higher
affinity to the phospholipids in cell membranes and to gran-
ules in monocytes. These lipids are exposed, which is why the
staining takes on a black color after differentiation. Lipid dro-
plets such as triglycerides respond differently to staining and
are dark purple. Detailed analysis areas of bone marrow show
good agreement between lipids stained with Sudan Black B in
the histology image (Fig. 7B and D) and the results of
OrbiSIMS imaging analysis (Fig. 7C and E). Here, ion frag-
ments originating from lipids and FAs are shown in purple for
better comparison with the histological staining. Spatial distri-
bution of the lipid/FA signals in the OrbiSIMS mass image is
comparable to their distribution shown in the histological
staining. Strontium signals, on the other hand, are in areas
that were not stained using Sudan Black B.

3.3 Sr** diffusion in rat fat sections

In both bovine bone marrow’' and osteoporotic rat bone
marrow, we observed that strontium ion species have lower
signal intensities in areas with high signal intensities of fatty

This journal is © The Royal Society of Chemistry 2022

acids and lipids, and vice versa. For further investigation of
Sr** diffusion into fat-rich areas, diffusion of Sr*" into fat sec-
tions of rats was characterised. Since these fat sections are
mainly composed of adipocytes, they are suitable for the inves-
tigation of Sr>* diffusion into fat cells.

High-resolution mass images (Fig. 8) of areas of rat fat sec-
tions were obtained with the Hybrid SIMS using the delayed
extraction ToF-SIMS mode. Secondary ions which derived from
fatty acids (Fig. 8C and G; yellow in the overlay images Fig. 8A
and E) as well as from MAGs/DAGs (Fig. 8D and H) show
shapes of adipocytes and a complementary lateral distribution
to strontium signals (Fig. 8B and F; blue in the overlay images
Fig. 8A and E). Same as in bone marrow, strontium signals in
rat fat sections are detectable with higher intensity in areas
where the intensity of FA signals is low and vice versa. Used
mass signals for FAs, MAGs, and DAGs are listed in Table S3,7}
strontium mass signals are listed in Table S6.}

With PCA analysis, we were again able to statistically differ-
entiate between areas with high intensity of strontium signals
and areas with high intensity of FA and lipid signals within
the analysed area of rat fat sections (Fig. S4t).

To obtain a mass spectrum with a higher mass resolution
as well as better mass accuracy, we used the OrbiTrap™ analy-
ser (Fig. 9) of the Hybrid SIMS instrument. For imaging and

Analyst, 2022, 147, 4141-4157 | 4151
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Fig. 8 2D image analysis of Sr**

diffusion into a rat fat section using a Hybrid SIMS instrument in a ToF-SIMS delayed extraction mode. (A and E) In

detailed, high-resolution overlay images, secondary ions originating from fatty acids (yellow) show a complementary lateral distribution as the stron-
tium signals (blue). (B) Lateral distribution of sum of strontium mass fragments shows high intensity only in certain areas of bovine bone marrow
(more detailed in F). (C) Summed signals from secondary ions originating from FA fragments (more detailed in G) and (D) from MAGs and DAGs
(more detailed in H) show complementary distribution to strontium mass signals. Used mass signals for FAs, MAGs, and DAGs are listed in Table S3,1
strontium mass signals are listed in Table S6.1 For high-resolution imaging analysis, 30 keV Biz™ cluster primary ions were applied (positive ion mode,

obtained with M6 Hybrid SIMS).

spectral analysis, GCIB was used (20 keV Arzqo," clusters) as
primary ion gun instead of Biz" clusters. Two ROIs were
selected of an Orbitrap image of a rat fat section, after assign-
ing strontium and fatty acid/lipid signals (Fig. 9A). ROI 1 was
in an area with high mass signal intensities of lipids/fatty
acids ion species. ROI 2 was in an area with high intensities of
strontium signals. The analysis of the obtained mass spectra
showed a clear difference between ROI 1 and ROI 2 regarding
the intensities of their mass signals (Fig. 9B). In ROI 1, mainly
MAGs and DAGs (Fig. 9D and E; signals listed in Table S77)
were detectable with higher signal intensities than in the mass
spectrum of ROI 2. In contrast, strontium signals could be
detected with higher signal intensities in ROI 2 than in ROI 1
(Fig. 9C).

4. Discussion

Research, development, and subsequent validation of new
cement materials for optimal healing of osteoporotic fractures
still requires animal testing. Mathematical simulations of the
release and distribution of fracture healing substances from
such biomaterials into different compartments of bone could
enable optimization of material development in advance of

4152 | Analyst, 2022, 147, 4141-4157

animal testing. With this approach animal testing can be
reduced in future, thus following the ethical guiding principles
for research and testing involving animals.®’™® Here, our
focus lies in the analysis of Sr** as active, fracture healing pro-
moting agent, e.g., as shown in the study of Thormann et al.*
The osteoporotic rat as animal model has been used in a large
number of studies which have investigated the positive influ-
ence of strontium on osteoporotic fracture healing in
rats.®1%047%¢ The diffusion of Sr** ions in cortical rat bone**
as well as trabecular rat bone”® were already determined in pre-
vious studies by our group. Therefore, the focus of the present
study is the determination of the diffusion behavior of Sr** in
rat bone marrow to subsequently perform simulations using
all determined diffusion coefficients of the different bone
parameters.

Due to its complex composition and non-homogenous
structure, investigation of passive Sr** diffusion in bone
marrow is non-trivial. In general, bone marrow exists in two
different states:***>®” the osteogenic state, also called red
bone marrow, and the yellow bone marrow, which develops
during bone maturation. While red bone marrow mostly con-
tains haematopoietic cells (red/white blood cells,
platelets)***®*° as well as highly organised stroma with
different cell types (e.g., mesenchymal stem cells, fibroblasts,

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 3D OrbiSIMS analysis of Sr** diffusion into rat fat section using the OrbiTrap™ analyser. (A) Overlay of ion images of FA/lipid signals (yellow)
and strontium signals (blue). Dotted circles show the chosen areas of ROl 1 and ROI 2, respectively. ROI 1 is in an area with high intensity of fatty
acid/lipid mass signals. ROI 2 is in an area with signal high intensity of strontium species. (B) Positive mass spectra of ROI 1 and ROI 2 in a mass range
of m/z 50-650. Mass signals from MAGs and DAGs are marked in yellow. Mass range with strontium signals is marked in blue. (C) Detailed mass
range of m/z 80-130 shows higher intensities of strontium signals in ROl 2 than in ROI 1. (D) Detailed mass range of m/z 300-360 shows higher
intensities of mass fragments derived from MAGs in ROI 1 than in ROI 2. (E) Detailed mass range of m/z 520-620 shows higher intensities of mass
fragments derived from DAGs in ROI 1 than in ROI 2. For comparison of the peak intensities, the spectra were normalised to the total counts (scale
spectra by total counts). Identified peaks are listed in Table S7.1 For Orbitrap imaging and spectral analysis, 20 keV Arzgoo™ cluster primary ions were

applied (positive ion mode, obtained with M6 Hybrid SIMS).

adipocytes, osteoblasts, osteoclasts, macrophages or endo-
thelial cells),>***>° yellow bone marrow is mainly composed of
bone marrow adipocytes, with their number increases up to
70-80% during bone maturation.*®*° Thus, bone marrow is a
highly viscous, lipid-rich, and water-containing tissue, which
makes the experimental determination of the diffusion of Sr**
in bone marrow challenging. To our best knowledge, there are
currently no methods reported in the literature for studying
ion diffusion in bone marrow, except our previous study on
bovine bone marrow.*'

Nevertheless, a number of medical studies have determined
the apparent diffusion coefficient (ADC) of water in bone
marrow non-invasively by diffusion-weighted magnetic reso-
nance imaging (DW-MRI).>*®*7> It has to be noted that,
although the ADC is usually given in square millimeters per
second,” we have converted the values to square centimeters
per second for better comparison (see Table S8t). Water move-
ment in biological tissue is mainly influenced by microscopic
cellular tissue structures (e.g., intra- and extracellular macro-

This journal is © The Royal Society of Chemistry 2022

molecules, cell membranes, cell organelles, fibres).°®”® This
restriction of the free self-diffusion of water molecules leads to
ADC values between (2-6) x 107® cm® s™*
vertebral bone marrow.®® In another study, Liu et al deter-
mined an ADC value of about 4 x 10~® cm® s~ in bone marrow
of aged osteoporotic rats, which is within the same range.®’
For determination of Sr** diffusion in bone marrow, in a
previous study of our group,”® we made the assumption that
Sr** mobility in bone marrow should be lower than both the
mobility of water in bone marrow and the diffusion of Sr** in
water (7.91 x 107° em® s7). This is due to the double positive
charge of strontium ions, which is supposed to have an attrac-
tive effect on other charged ions in the bone marrow. Overall,
considering these effects of hindered mobility, a value of 1 x
1078 cm? s was estimated.?® Based on this estimated value,
we developed a specific cryo-ToF-SIMS depth profiling protocol
for determining the relatively fast diffusion of Sr** ions into
bovine bone marrow.*' Here, experimental parameters, e.g.,
cooling process to stop further Sr>* diffusion or residence time

in normal human
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of Sr** solution on bone marrow, were optimised to meet the
assumption that the diffusion coefficient should not be higher
than 10™% cm? s™'. Indeed, we were able to determine a
diffusion coefficient of (1.93 + 2.40) x 10~° cm® s~* for passive
Sr** transport in bovine bone marrow (total measurement
area, listed in Table S87).*' Despite some limitations of this
study,”* we could show that our passive transport model of
Sr** diffusion was sufficient to successfully determine the
migration rate of Sr** in different areas of bovine bone
marrow. Based on these results, we have therefore applied and
modified the developed cryo-ToF-SIMS protocol to the determi-
nation of the diffusion of Sr*" ions in osteoporotic rat bone
sections in this current study.

In the study of the passive Sr*>" transport in bovine bone
marrow, diffusion from an exhaustless source into semi-infinite
space was assumed as boundary conditions for the solution of
Fick’s second law of diffusion (eqn (2)).*' Nevertheless, in the
present proof-of-concept study, those boundary conditions
cannot longer be assumed since residence time of SrCl, on the
surface of rat bone sections had to be shortened in comparison
to the experiments with bovine bone marrow. This is due to the
experimentally limited thickness of rat bone sections. Thus,
diffusion no longer starts from an exhaustless source, but
rather with a given amount of Sr** (I,) deposited on a certain
area A of the bone marrow.’®® Therefore, boundary conditions
for the spatial variables as well as an initial condition for time
had to be redefined for this case of instantaneous plane source
diffusion for determining Sr** diffusion in osteoporotic rat
bone marrow.>**° For comparison, we plotted both diffusion fit
models to the experimental obtained Sr** diffusion profiles,
resulting in the better description of the diffusion process of
Sr** ions in rat bone marrow by the second fit model (eqn (3),
Fig. 2). For Sr** diffusion in osteoporotic rat bone marrow, an
average diffusion coefficient of Dy, 14=(8.89 + 5.37) x 107*° cm?
s~' was obtained (total measurement area, Fig. 3; listed in
Tables S4 and S87). This value determined in the current study
is only about one order of magnitude lower than the value esti-
mated by our group®® before. One possible reason for this dis-
crepancy is discussed in detail in the following.

Same as in bovine bone marrow,"’ 2D and 3D ToF-SIMS
image analysis (Fig. 3-5 and Fig. S27) revealed that in osteoporo-
tic rat bone marrow, there are areas of slower and areas of faster
Sr**diffusion. Areas with slower Sr** diffusion could be assigned
to bone marrow areas with high intensity of ion species originat-
ing from fatty acids and lipids. In contrast, areas with faster Sr**
diffusion showed lower intensities of secondary ions originating
from FAs/lipids. Histological staining of bone sections previously
characterised with OrbiSIMS and ToF-SIMS showed good agree-
ment between lipid species stained with Sudan Black B and the
results of SIMS imaging analysis (Fig. 7). Sudan Black B binds
with high affinity to lipids in the cell membrane and also to the
granules in monocytes, which gives the stain a black color differ-
entiation, while lipid droplets are stained dark purple. The
spatial distribution of the detected ion fragments of lipids/FAs
are in agreement with the histological staining of lipid-rich bone
marrow areas. It should be noted, however, that by means of
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ToF-SIMS the distinction between FA/lipid fragments originating
from cell membranes and FA/lipid fragments originating from
lipid droplets is hardly possible. Nevertheless, signal intensities
of strontium ion species were indeed lower in areas that were
stained intensively with Sudan Black B and higher in areas,
which were not stained with Sudan Black B. This means that cell
structures within bone marrow (e.g, cell membranes, adipo-
cytes) with high amount of FAs and lipids prevent diffusion of
Sr** ions. With additional ToF-SIMS imaging analyses of Sr**
diffusion into pure fat sections from rats (Fig. 8 and Fig. S37) as
well as OrbiSIMS spectral analyses (Fig. 6 and 9), we could
confirm these observations, which are also in line with our
results from studying Sr** diffusion in bovine bone marrow.*'
Yeung et al. showed that a decrease in ADC values is correlated
with an increasing amount of fat cells in bone marrow.”* The
diffusion of water thus becomes less with an increasing pro-
portion of fat cells in the bone marrow. These results were also
found by Nonomura et al.”® Hence, these studies show that the
accumulation of fat cells in bone marrow may reduce extracellu-
lar diffusion. The results of our study also show slower Sr**
diffusion in areas with high signal intensity at fatty acid/lipid
ion fragments. Thus, our findings are in line with literature,
suggesting that not only the diffusion of water in bone marrow
may be reduced because of accumulation of fat cells, but also
the diffusion of Sr** ions. This possible lipid induced reduction
of Sr** diffusion in bone marrow was not considered in the
theoretical estimation of the Sr*" diffusion coefficient.>* Because
knowledge of this phenomenon was not yet available at the time
of this early study, as a result, the diffusion coefficient was prob-
ably estimated to be higher than it actually is. This demonstrates
the important significance of the current study in which we
demonstrated inhibition of strontium diffusion in rat bone
marrow by lipid and fatty acid species.

Nevertheless, an important limitation when comparing our
experimentally determined values for Sr** diffusion in rat bone
marrow with the estimated value® as well as values found in
the literature for water diffusion in bone marrow (Table S8t)
are the respective diffusion models. While ADC values are
based on the assumption of self-diffusion of water, which is
restricted by the microscopic cellular tissue structure,®® in this
study, we applied a biologically passive diffusion model of
chemical diffusion based on a concentration gradient. In
addition, we determined Sr** diffusion on biologically inactive
ex vivo samples, disregarding the involvement of active cells
and mass transport via the vascular system of the bone
marrow. However, an analytical in vivo determination of the
active Sr>* mobility in bone marrow via its vascular system is
methodologically difficult to implement.** MRI is one of the
few possibilities to determine the spatial drug distribution
in vivo, as shown e.g. by Giers et al.”” In their study, the distri-
bution of a marker could be observed after its release from an
implanted bone cement. Nonetheless, it was not possible to
observe the active substance itself, but only the marker.”®
Furthermore, a high drug concentration was necessary for the
MRI studies, and they had to be carried out within a few hours
after implantation, as the drug concentration drops rapidly

This journal is © The Royal Society of Chemistry 2022
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due to dispersion into the environment.”> Therefore, post-
mortem studies using analytical methods for imaging and esti-
mating drug distribution in the bone marrow, as we have done
here with cryo-ToF-SIMS and cryo-OrbiSIMS, are an experi-
mentally feasible alternative.

In addition, it has to be noted that a limitation of our
diffusion model is the simplified determination of the
diffusion coefficient. Although our study suggests that FAs and
lipids prevent Sr** ion diffusion, we calculated an overall
diffusion coefficient for this first model approach, including
all different bone marrow cell types and structures. For future
studies, a more advanced model must be refined for more
precise diffusion coefficients considering different cell com-
ponents of the bone marrow. However, aim of this paper was
to present a first approach to experimentally investigate stron-
tium diffusion in spatially intact rat bone marrow sections. For
this purpose, the diffusion coefficient of strontium diffusion
throughout the total bone marrow area is best suited.

For OrbiSIMS analysis, GCIB was used as primary ion gun
instead of LMIG. Although Bi;" clusters as primary ions
provide mass images with higher lateral resolution with ToF
mass analysers, the disadvantage of Bis" clusters is the high
fragmentation of biomolecules (e.g., lipid and fatty acid
species). Since we were interested in mass spectra richer in
intact lipids, we applied GCIB as primary ion beam with
Arzp00" as primary ion species. Arsgo,’ clusters create mass
spectra with significantly less fragmentation compared with
LMIG primary ion beam. In addition, the primary ion current
with Bi;" clusters is not sufficient to produce high contrast
images with OrbiTrap™ analyser. For comparison of mass
accuracy between the OrbiTrap™ and the ToF analyser
(ToF-SIMS measurement from Fig. 8), deviations of the
assigned masses from the theoretical masses are listed in
Table S7.7 Especially for the inorganic strontium peaks, a
better mass accuracy could be achieved with the Orbitrap ana-
lyser. Deviations obtained with the Orbitrap analyser were for
most selected peaks <2 ppm, which demonstrates its unam-
biguous peak identification ability. In comparison, deviation
obtained with the ToF analyser was >45 ppm for inorganic
strontium species and >20 ppm for lipid peaks on average.
Mass resolution of signals obtained with OrbiTrap™ analyser
was also higher than mass resolution obtained with the ToF
analyser. For inorganic strontium species, mass resolutions
>100 000 could be obtained with OrbiTrap™ analyser (>2000
up to >4000 with ToF analyser). For MAGs and DAGs, mass res-
olutions from >40 000 up to >50 000 were achieved (ToF-analy-
ser: >5000). Overall, this study demonstrates that OrbiSIMS
analysis is beneficial for investigation of ion mobility in bio-
logical material if one is interested in mass spectra with high
mass accuracy as well as mass resolution.

5. Conclusion

In conclusion, within our study we could successfully establish
2D and 3D cryo-ToF-SIMS and cryo-OrbiSIMS imaging and

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

spectral analysis for the characterisation of Sr** mobility in the
bone marrow of osteoporotic rats as well as in rat fat sections.
With the diffusion coefficients of Sr** previously determined
in the mineralised areas of femoral rat bone, a mathematical
3D model could now be developed and calculated in order to
simulate the transport and release of Sr** from implant bioma-
terials into bone. Such a mathematical 3D model could help to
reduce animal testing in the future since typically, after suc-
cessful in vitro experiments, biomaterials with different Sr**
fractions are tested in different animal groups to identify the
optimal dose of Sr** for osteoporotic bone healing.® In con-
trast, a mathematical simulation of Sr** diffusion in bone
based on the determined diffusion coefficients can help to
identify the most promising biomaterial in advance to in vivo
experiments. In this way, it is possible to define the optimal
Sr** concentration in the implant material in advance, avoid-
ing multiple animal testing groups.
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