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Rationale: In osteoporosis research, strontium ions (Sr2+) have emerged as promising

therapeutic agent in modified bone cements for better fracture healing. Modeling of

Sr2+ dispersion in bone could be used as a predictive tool for the evaluation of

functionalized biomaterials in future. Therefore, determination of experimental

parameters for Sr2+ transport in bone is essential. In this study, we focus on the

determination of Sr2+ diffusion in viscous bovine bone marrow by time-of-flight

secondary ion mass spectrometry (ToF-SIMS).

Methods: For this comparatively fast diffusion (FD) experiment, a specific

experimental protocol of ToF-SIMS depth profiling under cryogenic conditions

was developed. The validity of our experimental approach is proven by a time-

dependent experimental series. Furthermore, 2D and 3D mass spectrometric imaging

analysis was used to study Sr2+ surface and bulk distribution within bovine bone

marrow.

Results: Detailed 2D and 3D mass spectrometric imaging analysis revealed

that Sr2+ diffusion is slower in bone marrow areas with high intensity of lipid

and fatty acid signals than in areas with less lipid content. The Sr2+ transport

within this passive model can be described by Fickian diffusion. Average diffusion

coefficients of Sr2+ in bovine bone marrow were obtained from diffusion

profiles in FD areas (Dbovine,FD = [2.09 ± 2.39]�10�9 cm2s�1), slow diffusion areas

(Dbovine,SD = [1.52 ± 1.80]�10�10 cm2s�1), and total area diffusion (Dbovine,TA = [1.94

± 2.40]�10�9 cm2s�1).

Conclusions: We were able to show that cryo-ToF-SIMS is a useful tool for

the characterization of rapid diffusion in water-containing highly viscous media. To

the best of our knowledge, this is the first reported experimental approach for the

investigation of the distribution of low concentrated therapeutic agents in bone

marrow. Overall, our results provide important insights about Sr2+ diffusion in bovine

bone marrow.
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1 | INTRODUCTION

Next-generation biomaterials for bone fractures will be

functionalized with drug release systems as well as antibiotic

agents.1 A promising approach is the functionalization of bone

implants with bone growth-stimulating agents, such as silicon or

strontium ions.2–11 This applies in particular in the case of

osteoporosis patients, who suffer from delayed fracture healing.12

Sr2+ has proven to be an effective therapeutic agent in the

treatment of osteoporosis, mainly because of the double positive

effect of Sr2+ ions on bone metabolism: They are able to inhibit

osteoclastic bone resorption and simultaneously promote new bone

formation by stimulating bone-building osteoblasts.2–7 Although

orally and thus systemically administered Sr2+ can have serious

disadvantages (e.g., undesirable side effects may occur, low

bioavailability of less than 20%),6,13,14 biomaterials in turn are able

to release Sr2+ locally on the fracture side after implantation. By

restricting drug release to the fractured area, a lower dose is

required than drug application by systemic, oral administration.

Thus, side effects can be minimized. Positive effects of strontium-

enriched biomaterials on bone cells9,15,16 and fracture healing

process of osteoporotic bone, for example, induction of local

activity of biomarkers relevant for bone remodeling, have been

shown both in vitro and in vivo.3,17–19

Development and validation of new bone implant and cement

materials still require the use of animal experiments. The ethical

approach to governing science that depends on animal research is the

so-called 3Rs principles: replacement, reduction, and refinement.20–23

In short, 3Rs principles means to use no or non-sentient animals

(replace), to use the absolute minimum number of animals (reduce),

and to apply less harmful procedures to ensure health and well-being

of research animals (refine).21,22 One way to replace research animals

and to reduce their number in future studies is mathematical

modeling of data sets rather than performing new studies.21

Therefore, a mathematical simulation of the release of active

substances, such as strontium or silicon ions, from newly developed

materials and the subsequent mobility of those substances in bone

would be of significant advantage for the replacement of and

reduction in animal experiments in future. To carry out such a

simulation, release kinetics, which is a basic property of drug-loaded

materials, must be determined beforehand.

However, online monitoring of drug release in in vivo

experiments is methodically challenging. In fact, only two papers by

Giers and McLaren et al. are published up to date.24,25 The authors

of these studies used magnetic resonance imaging (MRI) to monitor

the delivery and dispersion of a gadolinium diethylenetriamine

pentaacetic acid complex from bone cement, which was placed on

the outer shell of rabbit bone, into rabbit skin. The gadolinium is

essential as a contrast agent for MRI, and the structure of the used

ligand is similar to several antimicrobial substances like gentamicin

and vancomycin.24,25 This method has two main disadvantages:

first, the concentration of the chemical complex must be very high.

It was shown that in vivo determination of the distribution of

molecules released locally from bone cement can be performed

only shortly (a few hours) after implantation because the drug

concentration drops below the detection limit because of

dispersion in the environment.24,25 Second, a contrast agent is

needed, which can falsify the drug release and dispersion behavior.

In fact, only the distribution behavior of the marker can be

observed with MRI and not the distribution behavior of the drug

itself.25

Therefore, in the case of strontium-modified biomaterials, MRI

is not suitable as a method for determining Sr2+ dispersion in bone,

which is in the focus of this work. Thus, we have to resort on

ex vivo experiments. In previous studies, we successfully

determined diffusion coefficients for Sr2+ in healthy and

osteoporotic trabecular rat bone26 as well as Sr2+ diffusion in

healthy and osteoporotic cortical rat bone27 with time-of-flight

secondary ion mass spectrometry (ToF-SIMS). ToF-SIMS, a mass

spectrometric imaging technique, enables the detection of organic

and inorganic substances in trace concentrations with a lateral

resolution of up to 50 nm in a single analysis process.28 The high

sensitivity and high-resolution imaging capability of ToF-SIMS have

predestined this method for use in numerous studies, for example,

analysis of new bone formation in a bone defect model or implant–

tissue interactions.3,29–31

In this study, we focus on the determination of the diffusion

coefficient of Sr2+ in bone marrow in a passive transport model. This

means that, for the sake of simplicity, we conduct our studies on

biologically inactive bone marrow. First, a suitable ToF-SIMS

measurement protocol must be developed and evaluated. Generally,

rodents, rabbits, dogs, sheep, and monkeys are the main animals

models used in osteoporosis research.32–36 However, for the bone

marrow diffusion experiment presented here, this would have meant

having to perform further animal experiments to retrieve bone

marrow in sufficient quantity for the preliminary tests. As we also did

not initially know whether our experimental approach would work,

we decided to use easily and cheaply accessible bovine bone marrow

for the development and evaluation of the method to avoid additional

animal experiments, which is also in the sense of the 3Rs principle.

Bone marrow generally has a large amount of lipids, independent of

species.37 In this context, the lipid composition and the fatty acid

(FA) composition of the total lipids of the bone marrow vary

depending on the animal species, tissue location, diet, and age.38–44

Nevertheless, in both rat and bovine bone marrow, palmitic acid,

stearic acid, and oleic acid are predominant.37,40,42,45,46 Overall, bone

marrow fat is mainly composed of triacylglycerides in all species, and

phosphatidylcholine was shown to be the main phospholipid

recovered in bone marrow from different species, including rats,

cows, and humans.37,38,40,46–48 Because of these similarities in the

composition of rat, cow, and human bone marrow, we found bovine

bone marrow suitable to perform the first experiments of Sr2+

diffusion. The difficulty in our experimental approach lies in the rapid

diffusion of Sr2+ in the aqueous and highly viscous media bone

marrow.44,49–51 We developed a special experimental protocol for

this comparatively fast diffusion (FD) experiment in which ToF-SIMS
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depth profiling analyses were carried out under cryogenic conditions.

Furthermore, ToF-SIMS 2D and 3D imaging analyses of bovine bone

marrow were applied to study Sr2+ distribution on the bone marrow

surface as well as within the bulk. Within a time-dependent

experimental series, we determined diffusion coefficients for Sr2+ in

different areas of bovine bone marrow, and by that the validity of our

experimental approach for the investigation of diffusion in high

viscous aqueous media by cryo-ToF-SIMS is proven.

2 | EXPERIMENTAL

2.1 | Preparation of bovine bone marrow

Bone marrow was collected from bovine bone slices that were

purchased from a local butcher. Therefore, age, sex, and state of

health of the animals were unknown. Bone marrow was removed

from the bone slices using a spatula and pressed homogeneously into

a sample carrier. As sample carriers, aluminum disks with drilled,

blind holes (5 mm diameter, 1 mm depth, Figure 1) were used.

Bone marrow surface was then smoothed with a spatula, and the

sample carrier was stored in the refrigerator until measurement

on the next day. Before ToF-SIMS measurements, samples were

attached to the heating/cooling sample holder of a TOF.SIMS

5 (IONTOF GmbH, Münster, Germany) to enable sample cooling

during measurement. To ensure optimal cold transfer, the sample

carrier was attached to the sample holder via adhesive copper tape.

2.2 | Diffusion experiments with bone marrow

Diffusion experiments were conducted at room temperature. An

aqueous SrCl2 solution (c = 1 moL/L, room temperature) was dropped

onto bovine bone marrow surface (Figure 1A). Residence times of

SrCl2 solution on bovine bone marrow samples were 30 s, 60 s, and

120 s. Excess SrCl2 solution was removed afterwards from the sample

surface, and diffusion process was stopped by cooling samples down

below �120�C inside the load lock of the ToF-SIMS instrument with

liquid nitrogen. For the determination of Sr2+ diffusion, the diffusion

time t was chosen as the addition of the residence times of SrCl2

solution on bone marrow and the time until the sample reached a

temperature of 10�C in the prechamber after removal of the SrCl2

solution. Further details are explained in the supporting information.

After reaching 0�C in the load lock of the SIMS machine, evacuation

to vacuum was started and once vacuum was reached, sample was

transferred to the analysis chamber of the ToF-SIMS instrument. In

the main chamber, the sample was further cooled with liquid nitrogen

to prevent Sr2+ diffusion.

F IGURE 1 Study design of Sr2+ diffusion experiments with time-of-flight secondary ion mass spectrometry (ToF-SIMS). (A) Aqueous SrCl2
solution is dropped onto bovine bone marrow surface. After specified residence times, excess strontium solution is removed, and sample is cooled

down (with liquid nitrogen) to stop further Sr2+ diffusion into bone marrow. (B) For depth profiling, ToF-SIMS operates in the dual beam, non-
interlaced mode. An analytical beam (primary ion gun) is used for analyzing a small, defined area. The secondary ions generated by the analysis
beam are extracted and accelerated into the ToF analyzer. Afterwards, a high current ion beam (sputter gun) is applied for sputtering a crater
which is two to three times larger than the analysis area. This measurement cycle is repeated until the diffusion profile has been completely
recorded. (C) By selecting the peak of strontium (Sr+) in the generated mass spectrum, the depth profile of Sr+ and its 3D distribution within bone
marrow are obtained. From this depth profile, diffusion coefficient D of strontium in bone marrow can be calculated [Color figure can be viewed
at wileyonlinelibrary.com]
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2.3 | ToF-SIMS analysis

For the determination of Sr2+ diffusion in bone marrow with

ToF-SIMS, an IONTOF heating/cooling sample holder with the ability

to reach and maintain temperatures down to �150�C was used.

For all reported measurements, the sample temperature in the

analysis chamber was kept below �120�C with liquid nitrogen. The

measurements were performed with a ToF.SIMS 5 instrument

(IONTOF GmbH, Münster, Germany) equipped with a bismuth cluster

primary ion source (25 keV) and 20 keV Arx sputter gun. All ToF-SIMS

measurements were carried out in the positive ion mode, and charge

compensation was always done with a low energy electron flood gun.

2.3.1 | Depth profiling

Depth profiling of bone marrow for determining Sr2+ diffusion

coefficients was performed in the non-interlaced mode (Figure 1B).

Bi3
+ ion clusters (25 keV) were used as primary ion species. The

primary ion gun was operated in the spectrometry (high-current

bunched) mode with primary ion currents between 0.2 and 0.4

pA. Scanning was performed by rastering the sample surface in a

sawtooth pattern with 100 μs cycle time, 128�128 pixels, 1 shot/

frame/pixel, and 1 frame/patch. The obtained mass resolution m/Δm

(FWHM) was for all measurements above 3000 at m/z C5H9
+. After

each analysis scan, sample surface was sputtered for 10 s with 10 keV

Ar1500
+ ions. Pause time for charge compensation with low energetic

electrons was 5 s. Sputter beam area was 350�350 μm2, with the

analysis area (100�100 μm2) centered in the sputter area to avoid

crater-wall-effects. The sputter current was between 8 and 13nA.

Internal mass calibration was performed using H+, H2
+, CH3

+,

CH4N
+, C2H5

+, C3H7
+, and C4H8N

+ mass signals in positive mode.

2.3.2 | Imaging analysis

High-lateral resolution 2D (Figures 5 and 6A) as well as 3D imaging

analysis (Figure 6B) were performed in the delayed extraction mode

with Bi3
+ clusters as primary ion species and delay times of 100 ns,

which was adjusted to an optimized mass signal intensity and mass

resolution. Surface analysis was performed by rastering the sample

surface in a sawtooth mode with the following parameters listed in

Table 1. High-lateral resolution 3D imaging analysis (Figure 6B) was

performed in a non-interlaced mode. Thus, after each analysis scan,

the sample surface was sputtered for 10 s with 10 keV Ar1500
+

cluster ions. Sputter pause was 5 s. Sputter beam area was

500�500 μm2, with the analysis area centered in the sputter area to

avoid crater-wall-effects. The sputter current was 9.4 nA. For mass

calibration, the following signals were used for 2D and 3D imaging

analyses: C2H5
+, C3H5

+, C3H7
+, C5H9

+, C5H12N
+, and C16H31O

+.

Obtained mass resolution m/Δm (FWHM) was for all measurements

better than 3000 for the C7H13
+ mass signal.

2.3.3 | Data analysis

The depth of each sputter crater was measured with a confocal

microscope PLu neox 3D (Sensofar, Terrassa, Spain) (exemplarily

shown in Figure S1 [supporting information]). The obtained depth was

used to calibrate the sputter time axis and to determine the erosion

rate. We assumed a constant sputtering rate for all measurements of

bovine bone marrow and for the calibration of the depth profiles. For

the determination of Sr2+ diffusion in bovine bone marrow, four

measurements were performed on bone marrow from two to three

different bone pieces for each time point (n = 4 for 30 s, 60 s, and

120 s residence time, respectively; total number of diffusion

experiments was n = 12).

Data analysis of the ToF-SIMS measurements was performed

with Surface Lab Software version 7.2 (IONTOF GmbH, Münster,

Germany).

2.4 | Statistical analysis

Mean of diffusion coefficient values from repeated tests was analyzed

using Mann-Whitney U-test after ascertaining a non-normal

distribution with a Shapiro-Wilk test, or one-way ANOVA after

ascertaining a normal distribution. Diffusion coefficients in Table 3 are

TABLE 1 Parameters for detailed, high-resolution 2D and 3D ToF-SIMS images (Figures 5 and 6A) obtained in positive ion mode

Figure 5 (A-C) 5 (D-F) 5 (G-I) 6A 6B

Analysis options

Cycle time (μs) 100 100 100 100 100

Field of view (μm2) 400�400 100�100 100�100 100�100 50�50

Primary ion current (pA) 0.06 0.06 0.06 0.05 0.05

Pixels 1024 � 1024 512 � 512 512 � 512 512 � 512 256 � 256

Frame per patch 1 1 1 1 3

Primary ion shots/frame/pixel 1 5 2 2 10

Number of scans 100 55 180 100 50

Note. ToF-SIMS, time-of-flight secondary ion mass spectrometry.
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reported as means ± standard deviation (STD). Statistical analyses

were performed using Origin v9.3 (OriginLab Corporation,

Northampton, MA, USA).

3 | RESULTS

3.1 | Determination of Sr2+ diffusion coefficients
in bovine bone marrow

Diffusion properties of Sr2+ ions in bovine bone marrow were

analyzed using a specially developed cryo-ToF-SIMS depth profiling

protocol (Figure 1). Aqueous SrCl2 solution was dropped onto bovine

bone marrow surface, and Sr2+ ions were allowed to diffuse into bone

marrow for certain residence times (Figure 1A). Further Sr2+ diffusion

into bone marrow was stopped by removing the strontium solution

from the bone marrow surface and rapid sample cooling. Afterwards,

Sr2+ distribution in bone marrow was characterized by ToF-SIMS

depth profiling under cryogenic conditions (Figure 1B). In ToF-SIMS

depth profiling, a pulsed primary ion beam produces secondary ions,

which are then extracted and analyzed in a time-of-flight mass

analyzer. The third step in this measurement cycle is removal of the

sample surface layer by applying a sputter ion beam. The

measurement cycle with alternating analyzing and sputtering steps is

repeated until a complete depth profile is recorded, resulting in mass

spectra, 3D mass image maps, and diffusion profiles (Figure 1C). For

ensuring cryogenic conditions, the sample was maintained cool with

liquid nitrogen during the whole analysis.

In SIMS analyses, strontium forms predominately positive

secondary ions.52 Therefore, depth profiling was conducted in

positive ion mode. Furthermore, in SIMS, the obtained secondary ions

are primarily single charged, despite their original chemical nature. For

this work, it can be further assumed that all detected strontium ion

signals originate from Sr2+ ions (measured strontium signals are listed

in Table 2). For evaluation of diffusion coefficients for Sr2+ diffusion

in bovine bone marrow, diffusion profiles of the Sr+ signal were used.

To obtain a Sr2+ diffusion coefficient in bovine bone marrow

from ToF-SIMS depth profiles, a mathematical solution of Fick's

second law of diffusion (Equation [1]) was fitted to the obtained Sr+

signal intensities (Figure 2).

δc
δt

¼ δ

δx
D
δc
δx

� �
: ð1Þ

For Sr2+ diffusion 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 (Equation [2]), as

previously described.26,27,53,54 Following assumptions had to be

made55:

a. Because species concentration c is proportional to secondary ion

intensity I in SIMS, the fit can be carried out with the obtained Sr+

ion signal intensities.

b. The measured ion intensity I is considered as a linear function of

the real Sr2+ intensity (Ibg).

c. Strontium diffusion occurs from an infinite reservoir of Sr2+ with

an intensity I0 at the initial position x0.

d. There are no reactions of Sr2+ (diffusing species) with the bone

marrow matrix.

I xð Þ¼ Ibgþ I0� 1�erf
x�x0
2

ffiffiffiffiffiffi
Dt

p
� �

: ð2Þ

Ibg = background intensity of Sr+ in bone marrow

I0 = initial intensity of the infinite source

x = position/depth

x0 = starting point of the diffusion profile (bone marrow surface)

D = diffusion coefficient

t = diffusion time

The mass spectrometric information of each analysis layer of

cryo-ToF-SIMS depth profiles was summed up as intensity versus

depth diffusion profiles and afterwards plotted with the chosen

mathematical fit (Equation [2] (Figure 2). For each diffusion profile,

the first data points were not considered for fitting Equation 2 to the

experimental data. This is due to the fact that the first data points of

ToF-SIMS depth profiles are commonly influenced by variable dopant

concentrations of primary ions as well as sputter ion species. These

effects result in an unsteady matrix with non-reliable secondary ion

TABLE 2 List of strontium signals identified in bovine bone marrow

Strontium signals

m/z Peak label m/z Peak label m/z Peak label

85.91 86Sr+ 103.90 SrO+ 156.87 87SrCl2
+

86.91 87Sr+ 104.91 SrOH+ 157.87 SrCl2
+

87.91 Sr+ 120.88 86SrCl+ 158.88 SrCl2H
+

88.91 SrH+ 122.87 SrCl+

102.91 87SrO+ 124.87 Sr37Cl+

Note. Analysis was performed in the positive ion mode with 25 keV Bi3
+ primary ion as analysis species.
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data. Moreover, contamination of sample surface cannot entirely be

avoided and must be considered.

Because this was the first approach of determining Sr2+ diffusion

in bone marrow, a newly developed, time-dependent experimental

series with three different residence times of Sr2+ solution on bovine

bone marrow (30 s, Figure 2A; 60 s, Figure 2B; and 120 s, Figure 2C)

was conducted to confirm a constant diffusion coefficient, which is a

prerequisite for a valid diffusion experiment.

For each time point, four diffusion profiles on different bovine

bone marrow samples were measured (Table 3; more detailed in

Table S1 [supporting information]). The average value of Sr2+

diffusion coefficient in bovine bone marrow over all residence time

points (n = 12) was Dbovine,TA = (1.94 ± 2.40) � 10�9 cm2/s for total

measurement area (TA). Obtained diffusion coefficients showed no

time dependency within the error span (Table S1, Figure S3

[supporting information]). Therefore, we state that our experimental

approach is appropriate for this study of rapid strontium diffusion in

water-containing, highly viscous bone marrow.

2D (Figure 3A) and 3D ion images (Figures 3B and 3C) revealed

that Sr2+ diffusion is not uniform throughout the total bone marrow

measurement area. For all three time points, strontium distribution

was mainly found in areas with less signal intensities of FA fragments,

and concentration gradients of areas of slow (low Sr+ intensity) and

fast (high Sr+ intensity) diffusion were observed (Figures 3B and 3C).

Lipid/FA mass signals used for Figure 3 are listed in Table S2

(supporting information).

In addition to total area diffusion, we separated those

different strontium diffusion areas by applying lateral Regions of

Interest (ROIs) to the ToF-SIMS imaging data. This enabled the

reconstruction of diffusion profiles from areas of slow and fast

strontium diffusion within bovine bone marrow (Figure 4A).

For fast diffusion (FD) areas, an average diffusion coefficient of

Dbovine,FD = (2.09 ± 2.39) � 10�9 cm2/s was obtained (average value

over all time points, n = 12, Figure 4B; more detailed in Figure S3

[supporting information]). For slow diffusion (SD) areas, an average

diffusion coefficient of Dbovine,SD = (1.52 ± 1.80) � 10�10 cm2/s was

obtained (average value over all time points, n = 12, Figure 4B; more

detailed in Figure S3 [supporting information]). The average diffusion

coefficient in areas of SD was lower than the diffusion coefficient

of FD areas by one order of magnitude. Statistical evaluation

F IGURE 2 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiles of Sr2+ diffusion in bovine bone marrow. Sr2+ diffusion
coefficients were determined by conducting a time-dependent experimental series with strontium solution residence times on bone marrow of
(A) 30 s, (B) 60 s, and (C) 120 s (exemplarily presented by one measurement for each of the time points of strontium residence). For evaluation of
diffusion coefficients for Sr2+ diffusion in bovine bone marrow, diffusion profiles of the Sr+ signal were used. To obtain diffusion coefficients
from total measurement area, Dbovine,TA, diffusion from an exhaustless source into semi-infinite space was assumed. The solid, red lines in (A), (B),
and (C) show the results of the performed mathematical fits according to equation (2). For all depth profiles, Bi3

+ primary ions (25 keV) were used
for analysis. Sputtering was done with a 10 keV Ar1500

+ cluster beam [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Time-dependent experimental series of Sr2+ diffusion into bovine bone marrow

Residence time Slow diffusion Dbovine,SD Fast diffusion Dbovine,FD Total area diffusion Dbovine,TA n

(s) (cm2/s) (cm2/s) (cm2/s)

30 2:45�2:77ð Þ�10�10 3:72�2:83ð Þ�10�9 2:96�2:85ð Þ�10�9 4

60 1:23�0:54ð Þ�10�10 9:02�6:45ð Þ�10�10 9:39�6:80ð Þ�10�10 4

120 8:88�6:84ð Þ�10�11 1:64�2:10ð Þ�10�9 1:90�2:58ð Þ�10�9 4

Average value 1:52�1:80ð Þ�10�10 2:09�2:39ð Þ�10�9 1:94�2:40ð Þ�10�9 12

Note. For each residence time point, four diffusion profiles were measured with cryo-ToF-SIMS depth profiling. Diffusion coefficients (±STD) for different

bone marrow areas (SD, slow diffusion; FD, fast diffusion; TA, total area diffusion) were determined.
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(Mann-Whitney U-test, *P < 0.05) revealed a significant difference

between areas of FD and SD of Sr2+ into bovine bone marrow

(Figure 4B, P = 0.008). The diffusion of Sr2+ in total diffusion areas is

mainly influenced by the FD and thus also differed significantly from

SD areas (Figure 4B, P < 0.003; more detailed in Figure S3

[supporting information]). All diffusion coefficients are listed in

Table 3 (more detailed in Table S1 [supporting information]).

3.2 | ToF-SIMS imaging of Sr2+ distribution in
bovine bone marrow

ToF-SIMS depth profiling showed that Sr2+ diffuses faster into

certain areas of bovine bone marrow than into others (Figure 3). By

applying high-resolution ToF-SIMS imaging analysis using the delayed

extraction mode, we were able to study Sr2+ distribution in bovine

bone marrow in more detail. Because strontium forms predominately

positive secondary ions,52 the following ToF-SIMS analyses were

conducted in positive ion mode.

In bovine bone marrow, the distribution of combined strontium

mass signals (Figure 5B; more detailed in F, J) is complementary to the

lateral distribution of combined signals of FA fragments (Figure 5C;

more detailed G, K) and fragments originating from mono- and

diacylglycerols (MAGs, DAGs) (Figure 5D; more detailed H, L).

Because the intensity of MAG and DAG fragments was lower than

that of FA fragments, the mass image of the sum of FA fragments was

used for the overlay image (Figure 5A; more detailed E, I). Here,

strontium signals are shown in blue and FA signals in yellow. In areas

of high intensity of strontium secondary ions, less signal intensity of

FA and lipid fragments is detected and vice versa. In comparison,

combined mass signals of Na+ and K+ as well as cholesterol signals

are in some areas co-localized with distribution of strontium signals

and also not found in areas with high intensity of FA signals

(Figures S4 and S6 [supporting information]). All used strontium mass

signals are listed in Table 2. FA and lipid peaks used for Figure 5 are

listed in Table S2 (supporting information).

High-resolution 2D secondary ion images and subsequent 3D

tomography of the same ROI enable the visualization of Sr2+ diffusion

in bovine bone marrow not only at the surface but also in depth

(Figure 6). Same as in Figure 5, 2D mass images show the lateral

distribution of secondary ions of the sum of strontium ion species as

well as the lateral distribution of FA signals (Figure 6A). The overlay

F IGURE 3 2D and 3D time-
of-flight secondary ion mass
spectrometry (ToF-SIMS) imaging
data of strontium diffusion in
bovine bone marrow. (A) 2D ion
images show similar diffusion
behavior of Sr2+ for all three
different time points of residence
time. Sr+ signal is mainly found in

certain areas of bovine bone
marrow. (B) 3D mass
spectrometry data show Sr+

intensity gradient in these areas
of fast strontium diffusion. (C) 3D
overlay mass images reveal that
Sr+ signal (blue) is mainly found in
areas with less signal intensity of
secondary ions originating from
fatty acids (yellow-orange; used
mass signals are found in
Table S2 [supporting
information]). Sputtering was
done with a 10 keV Ar1500

+

cluster beam; for analysis, 25 keV
Bi3

+ primary ions were used
[Color figure can be viewed at
wileyonlinelibrary.com]
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image shows strontium signals in blue and FA signals in yellow. Again,

secondary ion signals from strontium species display a surface

distribution that is complementary to the distribution of FA and lipid

fragments. 3D tomography of the same measurement area shows

Sr2+ diffusion (blue) in bovine bone marrow at the surface as well as

in depth. Strontium is mainly seen in areas of low FA signal intensities,

implicating slower Sr2+ diffusion in FA and lipid rich areas. All used

strontium mass signals are listed in Table 2. FA peaks are listed in

Table S2 (supporting information).

4 | DISCUSSION

To the best of the authors’ knowledge, there are currently no

methods reported in the literature for studying ion diffusion and

spatial distribution in such a highly viscous and complex medium as

bone marrow. Therefore, this is the first time that the diffusion of

Sr2+ into bone marrow has been characterized by secondary ion mass

spectrometry.

Investigation of strontium diffusion in bone marrow is non-trivial,

because of its quite complex cellular composition. Bone marrow

generally exists in two different states.49–51,56 In the predominately

hematopoietic osteogenic state, also called red bone marrow,

it mostly contains hematopoietic cells (red/white blood cells,

platelets)44,49,50 as well as the highly organized stroma. This stroma

comprises tissue that is not directly involved in hematopoiesis, but

rather supports the proliferation of hematopoietic cells.44 Cell types

that form the bone marrow stroma include mesenchymal stem cells,

fibroblasts, adipocytes, osteoblasts, osteoclasts, macrophages, or

endothelial cells.44 During bone maturation, the number of bone

marrow adipocytes (BMA) increases up to approximately 70%-80%

and red bone marrow converts to the second state, the so-called

yellow bone marrow.49–51 In summary, bone marrow is a complex,

lipid-rich, and water-containing tissue with high viscosity, which

makes the experimental determination of the diffusion of Sr2+ in the

bone marrow challenging. Because of the inhomogeneous

composition of bone marrow, it is plausible that Sr2+ shows different

diffusion behavior for different areas, because the different chemical

composition would lead to a different interaction with the

transported Sr2+ ions. Moreover, cell membranes could block passive

Sr2+ transport, because those lipid bilayers are typically impermeable

to larger polar molecules or ions.57 Indeed, ToF-SIMS analyses

showed different Sr2+ diffusion behavior for different areas of bone

marrow by imaging the spatial distribution of strontium mass signals

in 2D and 3D (Figures 3, 5, and 6). Lower signal intensity of strontium

signals was detected in areas with high intensity of FA/lipid

signals. This supports the hypothesis that cell membranes, whose

bilayers are mainly composed of FAs and lipids, prevent the passive

diffusion of Sr2+.

For the determination of Sr2+ diffusion coefficients in slow, fast,

and total bone marrow areas, our ToF-SIMS depth profiling

protocol under cryogenic conditions, developed specifically for this

F IGURE 4 (A) Diffusion profiles from areas of slow (SD) and fast diffusion (FD) show the in-depth distribution of strontium in bovine bone
marrow (exemplarily presented by one measurement for each of the time points of Sr2+ residence on bone marrow: 30 s, 60 s, 120 s). For
comparison, strontium ion intensity was normalized to the maximum of each diffusion profile and plotted versus depth. Here, diffusion profiles of
the Sr+ signal were used. In areas of FD, strontium ions diffused about 15 μm into bovine bone marrow. In areas of SD, strontium ions diffused
between 2 and 10 μm into bovine bone marrow. (B) Comparison of the experimentally obtained diffusion coefficients of strontium diffusion in
bovine bone marrow in SD areas (Dbovine,SD), FD areas (Dbovine,FD), and total diffusion areas (Dbovine,TA) (n = 12, respectively; detailed values are
listed in Table 3 and Table S1 [supporting information]). The mean diffusion coefficient for areas of fast strontium diffusion is significantly
different by one order of magnitude from the mean diffusion coefficient for areas of SD (P < 0.008). The diffusion in total measurement areas,
mainly influenced by FD, also differs significantly from the SD (P < 0.003) (Mann-Whitney U-test, *P < 0.05) [Color figure can be viewed at
wileyonlinelibrary.com]
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comparatively fast diffusion experiment, was successfully

performed on bovine bone marrow. The fact that the obtained

diffusion coefficients did not vary with the residence time proves the

validity of our presented method. However, the method is already

close to its limit concerning the determination of diffusion coefficients

in such soft media. Actually, we carried out depth profiles with depths

of up to 120 μm, which needed about one working day of

measurement time each. Depth profiling of bone marrow is therefore

possible only within a reasonable period of time, because bone

marrow is quite soft and shows a high erosion rate during sputtering.

Both residence time and the cooling process are already optimized for

the existing setup. If we consider these boundary conditions, we can

calculate an upper diffusion coefficient via the mean squared

displacement equation.

ffiffiffiffiffi
x2

p
¼2Dt ð3Þ

ffiffiffiffiffi
x2

p
= mean squared displacement

D = diffusion coefficient

t = diffusion time

If the diffusion coefficient would be higher than 10–8 cm2/s, we

cannot further apply our developed experimental protocol. Then

either the time of the diffusion experiment (i.e., residence time of Sr2+

solution on bone marrow) would have to be shortened or a longer

diffusion length would have to be measured. Longer diffusion lengths

could, for example, be realized by the preparation of macroscopic

cross sections in combination with ToF-SIMS linescans. However, this

requires a complete cryo workflow without condensation of humidity,

which is not trivial.

In a previous study, we estimated the value of Sr2+ diffusion

coefficient in bone marrow, based on experimental values for water

mobility in bone marrow and the diffusion coefficient of Sr2+ in pure

F IGURE 5 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) images of strontium distribution in bovine bone marrow analyzed in
the high-resolution delayed extraction mode (positive ion mode). (A) Overlay images (more detailed E, I) show distribution of strontium signals in
blue and secondary ion signals from fatty acid (FA) fragments in yellow. (B) Secondary ion image shows lateral distribution of strontium mass
fragments (more detailed F, J) with high intensity only in certain areas of bovine bone marrow. (C) Summed mass signals which originated from FA
fragments (more detailed G, K) and (D) fragments originating from mono- and diacylglycerols (MAGs, DAGs) (more detailed H, L) show
complementary distribution to strontium signals. Strontium mass signals are listed in Table 2. FA, MAG, and DAG mass signals are listed in
Table S2 [supporting information]. Analyses were performed with Bi3

+ clusters as primary ion species and a beam energy of 25 keV [Color figure
can be viewed at wileyonlinelibrary.com]
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water (7.91 � 10�6 cm2/s).26 When estimating the diffusion

coefficient for Sr2+ in bone marrow in our previous study, we made

the assumption that Sr2+ mobility in bone marrow should be lower

than the mobility of the diffusion of Sr2+ in water as well as of water

in bone marrow.26 The latter was measured by diffusion-weighted

MRI.49,58–62 The reason for this assumption is the double positive

charge of the strontium ions, which should have an attractive effect

on other charged ions in the bone marrow, resulting in a significantly

lower, hindered mobility. Therefore, we had used a value of 1 �
10�8 cm2/s for our calculations.26 This value, estimated by us at that

time, is only about one order of magnitude larger than the value of

(1.94 ± 2.40) � 10�9 cm2/s for Sr2+ diffusion in bovine bone marrow

which we determined experimentally in the current ex vivo study

(total area diffusion; experimentally determined diffusion coefficients

are listed in Table S3 [supporting information] together with the ADC

values from the literature). It should also be noted that the obtained

diffusion coefficients of Sr2+ diffusion at room temperature are

subject to error because of the experimental setup. This is due to the

fact that Sr2+ ions continue to diffuse in the load lock of the ToF-

SIMS instrument during the cooling period. The cooling phase from

21�C to 0�C lasted 50 s and the duration of cooling from 21�C to

10�C lasted 30 s. To minimize the error in the calculation of the

diffusion coefficients, the time to reach a temperature of 10�C in the

load lock was used to calculate the diffusion coefficients. Diffusion of

Sr2+ decreases from 21�C to 10�C; therefore, the value of diffusion

coefficients obtained is lower than the actual value of Sr2+ diffusion

at room temperature. To minimize this discrepancy, the diffusion time

from 10�C to 0�C was not included in the calculation, although Sr2+

ions continue to diffuse during this period.

Overall, it has to be noted that the analytical determination of

active Sr2+ transport via the vascular system in bone marrow in vivo

is difficult to implement methodically. One way to determine the

spatial distribution of a drug in vivo is by MRI. This was shown, for

example, in the study by Giers et al, who observed the distribution of

a marker, which was comparable in size and solubility to known

antimicrobials, after its release from an implanted bone cement.25

Nonetheless, a high drug concentration was a prerequisite for this,

which is why the MRI studies can only be carried out a few hours

after implantation, as the drug concentration drops rapidly under the

detection limit due to dispersion into the environment.25 Another

disadvantage of this method is that only the distribution behavior of

the marker could be observed and not the distribution behavior of the

drug itself.25 Therefore, and because in vivo drug concentration is

usually very low for MRI imaging, the only way to estimate and image

drug distribution with analytical methods is in post-mortem studies, as

we have done here.

5 | CONCLUSION

In conclusion, within our study we could successfully establish cryo-

ToF-SIMS depth profiling and high-resolution ToF-SIMS imaging

analysis for the characterization of Sr2+ mobility in bovine bone

marrow in a first approach. Despite the limitations of our study, we

F IGURE 6 High-lateral resolution 2D imaging and 3D tomography of Sr2+ diffusion into bovine bone marrow. (A) 2D high-resolution
secondary ion images of the sum of strontium signals and fatty acid (FA) signals. Mass overlay image shows strontium signals in blue and FA
signals in yellow. Strontium signals show a surface distribution that is complementary to the distribution of secondary ions originating from FA
and lipid fragments (scale bars = 100 μm). (B) 3D tomography of a smaller part of the same measurement area as in (A) shows strontium (blue)
diffusion into bovine bone marrow at the surface, in the bulk at 40% z-cropping, and at 89% z-cropping. For high-resolution 2D and 3D imaging
analysis, 25 keV Bi3

+ cluster primary ions were applied in delayed extraction mode (positive ion mode) [Color figure can be viewed at
wileyonlinelibrary.com]
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were able to successfully determine the migration rate of Sr2+ in

different areas of bovine bone marrow by passive transport in this

first model of Sr2+ diffusion.
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