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A B S T R A C T

There is a need for effective medication against bone metastases because todays drugs are not able to penetrate
the bone and reach the affected areas. To analyze if current or future platinum-containing drugs are able to
achieve this, a quantitative imaging method is urgently needed.

In this study, the platinum distribution in thin sections of mice tibia was determined using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) in a spatially resolved manner. The hard bone tissue
visible in microscopic images and signals found for calcium and phosphorous recorded via LA-ICP-MS and micro
X-ray fluorescence spectroscopy (μXRF) correlate well. Furthermore, the platinum concentration was quantified
using polymer-based matrix-matched standards. A limit of detection of 6 μg/g and a linearity of almost three
decades could be achieved. Concentrations surpassing 300 μg/g could be found in the tibia samples. The method
presented herein is a powerful approach for the visualization and quantification of platinum. As such, this
method is a valuable tool to unravel the mechanism of delivery and optimize the therapeutic potency of pla-
tinum-containing drugs targeting bone diseases like bone metastases.

1. Introduction

Platinum-based drugs have played a major role in the treatment of
cancer ever since the serendipitous discovery of the antitumor activity
of cisplatin (cis-diamminedichloridoplatinum(II)) more than 50 years
ago [1]. To exert its cytostatic effects, cisplatin has to enter the cell
where the low chloride ion concentrations facilitate exchange of the
chloride ligands for water. The resulting cationic aquo-derivatives of
cisplatin can bind to the DNA, altering its structure which inhibits re-
plication and transcription and ultimately induces apoptosis [2]. Even
though cisplatin shows a great potency against cancer, there are major
drawbacks that complicate its clinical use. The high toxicity toward the
kidneys linked to the low selectivity of cisplatin to cancer cells has led
to a need for safer alternatives without compromising the desired
therapeutic effects [3–5]. Subsequent research has led to the discovery
of many cytotoxic compounds including the platinum-based anti-cancer
drugs carboplatin and oxaliplatin, which are now approved worldwide
for the use against certain types of cancer [6]. These drugs show much
lower toxicity compared to cisplatin due to the exchange of ligands for

leaving groups which are less likely to aquate [7–9]. However, along
with the toxicity, the potency is also decreased since the leaving groups
lead to lower amounts of active compounds inside the cells which can
interact with the DNA. As an example, in order to achieve similar po-
tencies to cisplatin, the dose of carboplatin administered to patients has
to be increased. Another method to increase the potency of cytostatic
drugs involves enhancement of the selectivity to tumor cells. For cis-
platin and other similar drugs, the increased activity and metabolic rate
of tumor cells result in a higher uptake of cisplatin compared to healthy
cells [10]. Since systemic damage is typically lower with higher se-
lectivity, these types of drugs could increase potency while simulta-
neously decreasing toxicity.

In order to advance the potency and safety of these types of drugs, a
sensitive detection is necessary. Spatially resolved concentrations can
be of high importance in this respect. Due to the very low natural
background concentration of platinum in biological tissue and the high
sensitivity of the ICP-MS for this element, a sensitive detection can be
achieved. Zoriy et al. developed the first method for the visualization of
platinum-containing drugs after administration in animal tissue in 2007

https://doi.org/10.1016/j.jtemb.2019.04.011
Received 27 August 2018; Received in revised form 21 March 2019; Accepted 18 April 2019

⁎ Corresponding author.
E-mail address: uk@uni-muenster.de (U. Karst).

1 These authors contributed equally.

Journal of Trace Elements in Medicine and Biology 54 (2019) 98–102

0946-672X/ © 2019 Elsevier GmbH. All rights reserved.

T



[11]. Further methods have been developed for hair samples or at
higher resolutions to examine the platinum distribution in more detail
e.g. in single tumor spheroids [12–14]. The investigation of platinum
concentrations in various samples and using different quantifications
strategies have been reported in previous studies as well [12–16].
However, to the best of our knowledge, there is no method to quantify
platinum in a spatially resolved matter in bone samples yet. This in-
formation could be of great interest for the evolution of some types of
cancer treatments.

Research in recent years has led to the development of effective
anti-cancer drugs [17,18]. Nevertheless, the prognosis for patients
strongly depends on the specific type of cancer. Especially if metastasis
to the bone is observed, the median survival after diagnosis is very
short, ranging between a few months and a few years, depending on the
tumor type [19]. Furthermore, bone metastases are a major cause for
morbidity, characterized by severe pain and bone fractures or spinal
cord compressions [20]. Medications like bisphosphonates can help in
slowing the tumor growth and aid in reducing the pain, but the cancer
can rarely be cured after metastasis [21]. Generally, current treatment
options against bone metastases are unsatisfactory and scarce. A plau-
sible explanation for this phenomenon relates to the fact that anti-
cancer drugs are not effectively delivered to the bone, where they have
to exert their cytostatic effects. To further understand and optimize the
distribution of cytostatic drugs in bone, a sensitive and spatially re-
solved analysis method is urgently required.

In this study, an imaging technique employing laser ablation-in-
ductively coupled plasma-mass spectrometry (LA-ICP-MS) to analyze
the uptake of platinum-containing anti-cancer drugs into hard bone
tissue is presented. Platinum(II) dinitrate ethylenediamine (cis-[Pt
(NO3)2(en)], en= ethylenediamine) was used as a model compound for
platinum-based antitumor drugs since it is commonly used as a pre-
cursor in the synthesis of similar drugs such as the Pt-bisphosphonate
complexes [22]. Matrix-matched standards based on Technovit® were
used for platinum quantification by external calibration. Prior to spa-
tially resolved analysis via LA-ICP-MS, micro X-ray fluorescence spec-
troscopy (μXRF) was used to obtain a first impression of the elemental
distribution and to visualize characteristic elements in bone tissue such
as phosphorous and calcium.

2. Experimental

2.1. Animals and sample preparation

C57BL/6NCrl mice were treated with 1.25 μmol platinum, which
corresponds to 0.5mg of cis-[Pt(NO3)2(en)] by injecting a saline solu-
tion of the substance intravenously via the tail veins of the mice. After
removing the tibia samples, bones were incubated in neutral buffered
formaldehyde for 36 h. Tibias were dehydrated in ascending grades of
70%–100% ethanol and embedded in poly(methyl methacrylate)
(pMMA) resin, freshly prepared by mixing 600mL of methyl metha-
crylate monomer (Acros Organics BVBA, Geel, Belgium), 60ml dibutyl
phthalate (Merck KGaA, Darmstadt, Germany) and 1.25 g perkadox®16
(Aldrich, Zwijndrecht, Netherlands). The polymerization was followed
by cutting serial horizontal sections (perpendicular to the tibia sample)
of 5 μm thickness within the trabecular region of interest using an
RM2155 microtome with a TC 65 blade (Leica Microsystems GmbH,
Wetzlar, Germany).The workflow for sample preparation is presented
in(Fig. 1).

Microscopic images were obtained using an inverted fluorescence/
bright field microscope (BZ-9000, Keyence Deutschland GmbH, Neu-
Isenburg, Germany). For image recording and processing, the software
BZ-II Viewer and BZ-II Analyzer were used, respectively.

2.2. Quantification strategy

The quantification strategy is based on matrix-matched external

calibration and the quantitative ablation of thin sections of bone sam-
ples and standards. Since both are prepared by using the same em-
bedding medium and the density of the embedded tissue equals the
density of the embedding medium, this results in very similar ablation
behavior. For this reason, the matrix.matching can be performed by
using the embedding medium as a model for the embedded tissue [23].
For external calibration, eight matrix-matched standards based on
Technovit 7100® (a polymer based on 2-hydroxyethylmethacrylate
(HEMA)) were prepared, ranging from 0 to 1000 μg/g platinum. Pre-
paration and characterization of the standards were performed as de-
scribed by Reifschneider et al. [23] The infiltration solution was spiked
with platinum(II) acetylacetonate and diluted to obtain different pla-
tinum concentrations. After polymerization, sections of 5 μm thickness
were prepared using a rotary microtome (HM 355S, Thermo Scientific,
Waltham, MA) and mounted onto microscopic slides.

The limit of detection and limit of quantification were determined
by the 3σ and 10σ criteria to be 6 μg/g and 20 μg/g respectively. A
linear correlation could be observed up to a concentration of 1000 μg/g
with a correlation coefficient (R2) of 0.9997. The calibration was per-
formed on three separate days to validate the calibration data and ex-
amine the reproducibility of the method. The correlation coefficient
(R2) was always greater than 0.995 and the slope of the calibration
curve only showed a variation of 8% between measurements.

Fig. 1. Scheme for the preparation of mouse tibia samples prior to analysis.
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2.3. μXRF analysis

The bone samples were examined by non-destructive μXRF using a
TORNADO M4 X-ray spectrometer (Bruker Nano, Berlin, Germany).
The system was equipped with an X-ray tube using rhodium as anode
material and a polycapillary optics to focus the incident X-ray beam.
The X-ray tube was set to an anode voltage of 50 kV and anode current
of 600 μA. Analyses were performed under vacuum (20mbar) to avoid
interferences and signal overlaps with argon and other elements present
in ambient air. The samples were placed on the mobile stage and
mapped with a spot size of 25 μm and a spacing of 10 μm between each
spot. The acquisition time was set to 10ms per spot. The emitted X-ray
fluorescence of the Ca-Kα line (3.691 keV), Pt-Lα line (9.435 keV), P-Kα
line (2.010 keV) and S-Kα line (2.309 keV) were detected by a silicon
drift detector (SDD, XFlash® 5030, Bruker Nano GmbH). Signal in-
tensities per pixel from 20 cycles were averaged. Data evaluation and
image processing were carried out by the software ESPRIT HyperMap
(Bruker GmbH, Germany).

2.4. Imaging by LA-ICP-MS

Elemental analysis by LA-ICP-MS was performed with the com-
mercially available system LSX 213 G2+ (CETAC Technologies, Omaha,
USA) using a frequency quintupled Nd:YAG laser at a wavelength of
213 nm. The laser ablation system was coupled to a triple-quadrupole
based iCAP TQ ICP-MS (Thermo Fisher Scientific, Bremen, Germany).
The laser spot size was set to 10 μm with a scan speed of 20 μm/s and a
laser shot frequency of 20 Hz. The samples were completely ablated
using a line-by-line mode to facilitate quantification. The aerosol gen-
erated by the LA was transported to the ICP-MS system by a gas mixture
of 0.8 L/min helium and 1.0 L/min argon (tuned daily), which was
added after the ablation cell. The ICP-MS torch was equipped with a
quartz injector pipe with an inner diameter of 3.5mm and the interface
consisted of sampler and skimmer cones based on nickel. Platinum,
calcium and phosphorous were detected in mass shift mode using the
second quadrupole as reaction cell with oxygen as reaction gas (0.43 L/
min) and the first and third quadrupole as mass filters. Calcium and
phosphorous were measured as 40Ca16O+ and 31P16O+, platinum was
detected on mass as 195Pt+. The following ICP-MS parameters were
applied: rf power, 1550W; auxiliary gas flow, 0.80 L/min and cool gas
flow, 14 L/min. Ablation profiles were examined and evaluated using
in-house developed software.

3. Results and discussion

3.1. Bone analysis by means of μXRF

Non-destructive μXRF measurements were performed in order to
obtain a first overview of the bone samples. Fig. 2 shows the elemental
distribution of calcium, phosphorous and sulfur in a mouse tibia con-
taining cis-[Pt(NO3)2(en)] (Fig. 2b–d). The sampled bone tissue section
is a part of the metaphysis region of the proximal tibia, which is a
common site for bone metastasis [24,25].

Along with the light microscopic image of the tibia sample (Fig. 2a),
an overlay of the calcium distribution (Fig. 2e) is shown. Calcium
(Fig. 2b) can be used to visualize the hard bone structures, which are
shown through darker areas in the microscopic image. Here, the optical
image and the calcium distribution are in good accordance. A similar
distribution pattern was obtained for phosphorous (Fig. 2c), re-
presenting the harder bone structures as well. The distribution pattern
of sulfur (Fig. 2d) shows slight differences in comparison with the
distribution of calcium and phosphorous since sulfur is derived from
organic components in bone tissue. The spatial distribution of platinum
could not be obtained by μXRF since it was below the detection limit.

Using a bench-top μXRF, the major bone elements calcium and
phosphorous in the hard bone tissue as well as sulfur representing

organic components in bone could successfully be detected. Previous
studies have already focused on the analysis of bone by polycapillary-
focused scanning μ-XRF. Voglis et al. performed elemental mapping of
human femur with a laboratory-developed microbeam XRF [26]. In
addition to elements like aluminum, chlorine, chromium and po-
tassium, the spatial distribution of calcium, phosphorous and sulfur
were presented. Different major and minor trace elements in a metal
implant as well as hard bone and soft tissue were investigated by Blaske
et al. using μXRF and LA-ICP-MS [27]. Platinum was not discussed in
these studies but besides the detection of titanium and vanadium as
implant metals, μXRF was used to analyze calcium and phosphorous for
hard bone tissue and sulfur as marker for soft tissue.

Due to the non-destructive analysis mode of μXRF, further in-
vestigations of the same samples can be performed by other techniques.
LA-ICP-MS offers a higher sensitivity and spatial resolution as well as
the possibility for quantitative analyses. Thus, it is a powerful alter-
native to quantify platinum in soft and hard tissue samples.
Reifschneider et al. demonstrated this in cochlea and surrounding tissue
[23].

3.2. Quantitative imaging of mouse tibia by LA-ICP-MS

The spatial distribution of platinum in mouse tibia was investigated
by means of LA-ICP-MS after treatment with platinum dinitrate ethy-
lenediamine ([Pt(NO3)2(en)]). Quantitative platinum analysis was
performed using an external calibration based on matrix-matched
standards. The distributions of platinum, calcium and phosphorous are
depicted in Fig. 3. Calcium and phosphorous were measured in mass
shift mode of the TQ-MS as 40Ca16O+ and 31P16O+. Additionally, the
microscopic image (Fig. 3a) and an overlay of the calcium and platinum
distribution pattern (Fig. 3e) are shown.

The calcium distribution (Fig. 3b) clearly shows the trabecular bone
structure which correlates well with the dark-colored features in the
microscopic image (Fig. 3a). The spatial phosphorous distribution
(Fig. 3c) shows a similar pattern compared to calcium and can therefore
be used to visualize hard bone tissue as well. These results stand in good
accordance with those obtained by μXRF. The quantification of pla-
tinum (Fig. 3d) reveals local concentrations surpassing 300 μg/g.
Highest concentrations were found on the outside of the bone samples,
while only minor concentrations (30–100 μg/g Pt) were detected in the
center of the bone samples. The overlay of calcium and platinum clearly
shows that the high concentrations of platinum (shown in green) on the
outside of the bone sample are not co-localized with the hard bone
tissue, which is represented by calcium (shown in red). If both elements
are detected in the same area, it is represented in yellow as can be seen
in minor areas in the center of the image (Fig. 3e). This demonstrates
that cis-[Pt(NO3)2(en)] is not able to effectively penetrate into bone.
Since the acquisition time necessary for a sample of this size, with a
resolution of 10 μm, was about 10 h it was further investigated if a
lower resolution of 25 μm would be suitable to demonstrate the lack of
platinum penetration into hard bone tissue. Fig. 4 shows a comparison
of two bone samples recorded at a spot size of 10 μm (Fig. 4 top) and
25 μm (Fig. 4 bottom). While the lower resolution of the recoded image
is noticeable, it can still be seen that the platinum is mostly located in a
band around the hard bone tissue. Furthermore, just like in the higher
resolution sample, very little co-localization can be observed. Due to
the much lower acquisition time of only about 3 h this lower resolution
should be chosen for routine analysis. Nonetheless, both 25 μm and
10 μm can be selected based on the requirements of the sample.

To further examine the extent of calcium-platinum co-localization, a
numeric estimation of the ability of the drugs to penetrate the hard
bone tissue can be determined by calculating the percentage of pla-
tinum which is co-localized with calcium. To do so, first the background
of the image and therefore all pixels without hard bone tissue have to be
discarded from the calculations. In this case, a pixel is considered to be
background if its calcium intensity is of the lowest 15%. The platinum
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concentrations of the remaining pixels are then added up and divided
by the sum of the entire platinum image to yield the percentage of
platinum co-localized with calcium. Such an evaluation of the high-
resolution sample shows that only 54.4% of the platinum detected is co-
localized with calcium. Taking into account that the tibia thin section
consists almost exclusively of hard bone tissue, the amount of co-lo-
calized platinum is relatively low.

4. Conclusion

In this study, a quantitative method for mass spectrometric imaging

was developed to investigate the distribution of platinum in mouse tibia
after administration of cis-[Pt(NO3)2(en)] as model for platinum-based
antitumor drugs such as cisplatin. First, non-destructive μXRF was used
to investigate the calcium, phosphorous and sulfur distribution.
Subsequently, LA-ICP-MS analysis was performed to visualize the pla-
tinum distribution. Using an external calibration with standards based
on the polymer Technovit®, the platinum signal could be quantified and
concentrations up to 300 μg/g were found. This distribution could be
compared to those of calcium and phosphorous, which were used to
represent the inorganic component of bone tissue. Platinum did not
effectively penetrate the bone but was found at its highest

Fig. 2. Mouse tibia investigated by μXRF. The microscopic image of the sample exposed to [Pt(NO3)2(en)] (a) is shown along with the distribution patterns of calcium
(b), phosphorous (c) and sulfur (d). An overlay of the microscopic image with the calcium distribution (e) is also presented.

Fig. 3. Quantitative platinum distribution in
mouse tibia obtained by LA-ICP-MS. The mi-
croscopic image of the investigated sample (a);
calcium distribution (b); phosphorous dis-
tribution (c); platinum distribution (d) and an
overlay calcium (red) and platinum (green) (e)
is shown. Co-localization of platinum and cal-
cium is indicated in yellow (For interpretation
of the references to colour in this figure legend,
the reader is referred to the web version of this
article).
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concentrations outside the bone. In order to be effective against bone
metastasis, cytostatic drugs should be able to penetrate into bone. Using
this method, the bone-penetrating properties of new types of bone-
targeted platinum-containing cancer medication can be examined in
order to develop effective medication against bone metastases.
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