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Abstract
Drug biodistribution analyses can be considered a key issue in pharmaceutical discovery and development. Here, mass spectro-
metric imaging can be employed as a powerful tool to investigate distributions of drug compounds in biologically and medically
relevant tissue sections. Both matrix-assisted laser desorption ionization–mass spectrometric imaging as molecular method and
laser ablation inductively coupled plasma–mass spectrometric imaging as elemental detection method were applied to determine
drug distributions in tissue thin sections. Several mouse organs including the heart, kidney, liver, and brain were analyzed with
regard to distribution of Gadovist™, a gadolinium-based contrast agent already approved for clinical investigation. This work
demonstrated the successful detection and localization of Gadovist™ in several organs. Furthermore, the results gave evidence
that gadolinium-based contrast agents in general can be well analyzed bymass spectrometric imagingmethods. In conclusion, the
combined application of molecular and elemental mass spectrometry could complement each other and thus confirm analytical
results or provide additional information.

Keywords Matrix-assisted laser desorption ionization–mass spectrometry imaging (MALDI-MSI) . Laser ablation inductively
coupled plasma–mass spectrometry imaging (LA-ICP-MSI) . Gadolinium-based contrast agents (GBCAs)

Introduction

Magnetic resonance imaging (MRI) is a powerful imaging
technique for the non-invasive examination of human anato-
my, physiology, and pathophysiology. Furthermore, with the

introduction of contrast agents (CAs), the applications of di-
agnostic MRI have increased further. Various types of CAs
have been designed and further developed; however,
gadolinium-based contrast agents (GBCAs) are currently the
most frequently used MRI CAs [1].

Gd3+ salts cannot be applied in the ionic form due to
their toxicity. As a consequence, ligands have been de-
signed that complex the toxic metal ion. Here, acyclic and
macrocycl ic polyaminocarboxylates , specif ical ly
diethylenetriaminepentaacetic acid (DTPA) or 1,4,7,10-
tetraazacyclododecane-N,N ′ ,N″,N‴-tetraacetic acid
(DOTA), as well as other derivatives are frequently applied
in a variety of available GBCAs [2]. The open-chain DTPA
and the macrocyclic DOTA are chelating agents that form
high stability complexes with a variety of metal ions,
resulting in complexes that meet the strict requirements
for intravenously administered drugs. Thermodynamic sta-
bility and kinetic inertness are among the most important
features, and GBCAswith a cyclic chelate are considered to
be especially safe and well tolerated [3]. Nowadays, about
30% of all clinical MRI scans utilize application of these
GBCAs [4]. Once administered, the extracellular agents
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distribute quickly through the intravascular and interstitial
(space between cells) fluid compartments. In general, the
terminal half-life for blood elimination is about 1.5 h in a
healthy human individual. These agents are cleared almost
exclusively renally by glomerular filtration [1, 3, 5].

The method of choice for precise determination of distribu-
tions of GBCAs in various tissue samples appears to be laser
ablation inductively coupled plasma–mass spectrometric im-
aging (LA-ICP-MSI). The reasons are obvious: LA-ICP-MSI
offers highly sensitive, very accurate, multi-elemental analyses
of trace and ultra-trace elements in a large linear and dynamic
range. Postmortem imaging of gadolinium distributions was
performed in a mouse tumor model after administration of
PEGylated gadolinium liposomal nanoparticles. Kamaly
et al. reported that Gd was prevalent in regions of higher vas-
cularity when correlated to histology. The presence of Gd in
kidneys was also confirmed, suggesting that the PEGylated
gadolinium liposomal nanoparticles were processed by the re-
nal excretion pathway [6]. LA-ICP-MSI of histological sec-
tions was correlated with in vivo MRI by Pugh and co-
workers, where LA-ICP-MSI had been used to map the spatial
distribution of GBCAs in rat and pig brains. Gadolinium up-
take by aquatic and terrestrial organisms and its distribution
was determined by Lingott et al. using LA-ICP-MSI [7].

However, LA-ICP-MSI cannot provide any information
about molecular structures of the analytes. Thus, matrix-
assisted laser desorption/ionization–mass spectrometry
(MALDI-MS) is a very promising tool not only to analyze
the distributions of GBCAs, but also to determine the chemi-
cal form of the Gd-based analyte. Nevertheless, only two stud-
ies have investigated the analysis of GBCAs in biological
tissue sections applying MALDI-MSI. Acquadro and co-
workers described the analysis of mouse livers after adminis-
tration of GBCAs, where the identity of the CAwas confirmed
by fragmentation experiments. Later, a second study per-
formed spatially resolved quantification of different GBCAs
in tissues by MALDI-MSI after in vivo MRI. In this case,
MALDI-MSI was able to corroborate the MRI signals and
enabled in situ quantification of the GBCAs with high spatial
resolution [8]. These publications reflect the potential advan-
tages of MSI techniques when studying GBCAs.

In the current work, MALDI-MSI and LA-ICP-MSI have
been performed to investigate the distribution of Gadovist™ (Gd
(BT-DO3A)), a DOTA-based GBCA (Fig. 1) in mouse organs.

Materials and methods

Drug administration

Gadovist™was administered into the heart in a quantity of two
times 0.2 mmol Gd kg−1 from a 1 mmol mL−1 solution. Both
injections were carried out quickly in a row. For heart, kidney,

and liver investigations, the mouse was sacrificed 3 min after
CA administration; the organs were removed and immediately
snap-frozen in liquid nitrogen. The brain was removed 4 days
post CA injection.

Cryo-sectioning

The organs were stored in a freezer at − 80 °C until cryo-
sectioning. The frozen tissues were placed onto the mounting
plate that was cooled to − 60 °C. Sections with a thickness of
10 μm were cryo-sectioned using a commercial cryostat
(Thermo Fisher Scientific, CryoStar NX50 or Leica
Biosystems, CM3050 S), and thin sections were transferred
onto Superfrost Plus slides (Thermo Fisher Scientific). Glass
slides were kept at − 80 °C until further sample preparation.

Thin section preparation for mass spectrometry
imaging

Prior to further preparations, samples were allowed to thaw in
an evacuated glass desiccator with silica gel to avoid water
condensation and preserve the spatial resolution of the CA.
The tissue samples were dried completely for about 30 min.
The thin sections were covered with the matrix using a double
action A470 airbrush (Aztek) with a high flow 0.50 mm di-
ameter nozzle and argon as nebulizer gas at 1.8 bar. Matrix
application was performed in 15 or 30 coating cycles with
500 μL matrix solution each. The matrix consisted of
20 mg mL−1 DHB in ACN/H2O 60:40 and 0.1% TFA. The

Fig. 1 Molecular structure of Gadovist™, sum formula and molecular
weight
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matrix was allowed to dry under the argon gas flow for 1 min
before the next coating cycle started.

MALDI-MS and MALDI-MSI analysis

The experiments were performed using a MALDI Orbitrap
XL™ mass spectrometer (Thermo Fisher Scientific)
equipped with a standard nitrogen UV laser (337 nm).
The laser spot size on tissue was about 75 μm in diameter,
and the laser raster step size was 120 μm in both directions
in all cases. All MALDI-MSI analyses were performed in
the Orbitrap™ part of the instrument in positive ion mode,
and the resolving power was set 60,000 in all cases. Mass
selection for fragmentation was performed in the linear ion
trap with a collision energy of 35.0% using an isolation
window of Δm/z = 2.

ICP-MS and LA-ICP-MSI analysis

A double-focusing sector field-based ICP mass spectrom-
eter (ELEMENT XR™, Thermo Fisher Scientific) was
used for the analyses. The ICP was tuned each day for
maximum signal intensity and stability using tune-up so-
lution ELEMENT including 1 μg L−1 of Ba, B, Co, Fe,
Ga, In, K, Li, Lu, Na, Rh, Sc, Tl, U, and Y in 5.0% HNO3

(Thermo Fisher Scientific). The instrument was operated
in low-resolution mode (R = 300). For LA-ICP-MSI, a
commercial laser ablation system (UP213, ESI) coupled
to the ICP-MS system was used. The combined LA-ICP
system was tuned on a daily basis for maximum signal
intensity and stability using the standard reference mate-
rial (SRM 612, NIST). The samples were printed with
Ho-spiked ink using a modified commercial ink-jet printer
(Canon iP4950) [9, 10].

For imaging experiments, a defined sample area was
ablated line by line with a focused Nd:YAG laser beam.
The Nd:YAG laser was operated at 213 nm. The laser
energy and line scan overlapping were tuned for complete
ablation of the tissue sample. The ablated material was
transported by the carrier gas helium into the ICP torch.
The detailed operating conditions for LA-ICP-MS mea-
surements were as follows: RF power 900–1300 W, plas-
ma gas 15 L min−1, sample gas 1.3 L min−1, auxiliary gas
0.8 L min−1, number of passes 1. The LA system was
operated with the following parameters: transport gas
0.8 L min−1, laser fluence 3.92–4.15 L cm−2, laser repe-
tition rate 20 Hz, laser spot size 100 μm, scan speed
100 μm s−1. 158Gd was monitored as analyte, 165Ho was
used as internal standard, and 153Eu was assessed for the
general accumulation of lanthanides due to environmental
exposure. Additionally, 31P, 34S, 57Fe, 63Cu, and 66Zn
were also monitored.

Results and discussion

Several possibilities of sample preparation and instrumental
setups lead to successful results in MSI. However, each step
needs to be adapted precisely to the respective kind of sample
and characteristics of the analytes. In this work, the following
methodology was applied whereas each individual step was
optimized for a successful outcome of the experiment (Fig. 2).

MALDI-MS and MALDI-MSI

Different matrix substances were tested for MALDI analyses.
Initially, standard spotting experiments were performed, apply-
ing different matrices at different concentrations (50 nmol–
500 fmol per spot) of CA. Here, particular attention was given
to the signal intensity of Gadovist™ and to possible spectral
interferences of the analyte with matrix-derived signals. 2,5-
Dihydroxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic
acid (CHCA), sinapinic acid (SA), 2′,5′-dihydroxyacetophenone
(2,5-DHAP), niacin, and 3-hydroxypicolinic acid (3-HPA) were
investigated. It was established that DHB as well as CHCA
yielded best results concerning both points.

Subsequently, the solvent mixture for matrix application
was optimized on microscope slides. Several mixtures of
acetonitrile/water were tested for both DHB and CHCA, while
in conclusion, 20mgmL−1 DHB in acetonitrile/water 60:40 or
70:30 with 0.1% TFAwas most suited. Application of DHB in
these mixtures yielded small matrix crystals with a good ho-
mogeneous coverage, as verified by microscopic examination
of the samples after matrix deposition. Higher contents of
organic solvent resulted in larger crystals and were thus not
used for MALDI-MSI experiments. The use of methanol rath-
er than acetonitrile also yielded a largely unsuitable matrix
deposition. The same was observed for CHCA in general, as
here a rather thin and inhomogeneous deposition of matrix on
the surfaces was detected (see Electronic Supplementary
Material (ESM) Fig. S1).

Subsequently, Gadovist™ was spotted in various concen-
trations using DHB as matrix and analyzed to determine the
concentration working range. In all cases, the Gd complex
showed much lower intensities compared to the free chelate
not carrying Gd3+. This was in agreement with corresponding
HPLC-MS experiments, where we also detected a higher re-
sponse from the free chelates in comparison to the Gd-
carrying CA (data not shown). The Gd-carrying complexes
could be detected down to 1 pmol spot−1 with a linear re-
sponse up to at least 25 pmol spot−1.

For MSI, three mice were administered in vivo with
Gadovist™, which can be regarded as extracellular agent.
Gadovist™ could be successfully detected by MALDI-MSI
when applying the sample preparation methodology (Fig. 2;
see ESMFig. S2). However, a point which had to be considered
was the normalization of MALDI-MSI results. Normalization
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is a requirement for the comparison of signal intensities of
certain species within a tissue section. Instrumental fluctuations
within long-term measurements result in drifts of signal inten-
sities. This includes laser stability, matrix sublimation, extrac-
tion efficiency, ionization efficiency, ionization suppression,
detection efficiency, multiple charge states, and ion stability
[11]. We investigated two normalization approaches: firstly
the normalization to the total ion current (TIC) and secondly
the normalization to the DHB matrix signal m/z 273.039 ([2
DHB - 2 H2O+H]

+, [C14H9O6]
+). Comparing both normaliza-

tion methods, the analyte distributions were generally similar.
Normalization to the DHB matrix signal yielded higher signal
rations in comparison to normalization to the TIC (see ESM
Fig. S3). Thus, we decided to usem/z 273.039 as normalization
signal. In order to ensure that the observed signals were correct-
ly assigned to the analytes, the following was considered. The
identification of the contrast agent signals was verified by the
m/z signal itself using high-resolution MS data (R = 60,000).
Moreover, control tissue sections (non-dosed tissues) did not

exhibit signals related to the free ligand (BT-DO3A) at m/z
451.240 ([M+H]+) or the GBCA (Gd (BT-DO3A)) at m/z
606.141 ([M+H]+). Both also did not show any signals of po-
tential Na+ or K+ adducts in non-dosed tissues. Additional CID
fragmentation experiments were performed within dosed tissue
sections. TheseMALDI-MS/MS spectra were identical to those
of the pure compounds and confirmed that the observed m/z
signals belonged to Gadovist™ and the free ligand.
Furthermore, gadolinium possesses a unique isotopic pattern
that also assisted in assigning corresponding signals (see ESM
Fig. S4).

Gadovist™ could be detected and localized within dis-
tinct mouse tissue sections such as the heart, kidney, and
liver by MALDI-MSI (Fig. 3b). These tissue sections
belonged to sagittal sections from the center of the respec-
tive organ. Regarding heart tissue sections, the Gd com-
plex [Gd (BT-DO3A)+H]+ could be detected all over the
tissue sections with distinct signal intensity distributions.
Higher signal intensities could be observed within the

Fig. 2 Applied methodology in this work
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ventricles. As the heart is well supplied with blood, these
results were expected in case of an extracellular CA that
circles the blood system. Moreover, this GBCA was ad-
ministered directly into the heart. In respect to the kidney,
the analyte [Gd (BT-DO3A)+H]+ was mainly located in
the renal pelvis and within the cortex that is imposed by
interlobular and arcuate arteries and veins. The liver tissue
section also showed signals of [Gd (BT-DO3A)+H]+ in

specified areas of the tissue. As MALDI-MSI offers the
detection of non-Gd-containing molecules, we also inves-
tigated the distribution of the free chelate [(BT-DO3A)+
H]+ (Fig. 3c). Surprisingly, the detection of the free che-
late ([(BT-DO3A)+H]+) showed higher intensities in com-
parison to the Gd-containing [Gd (BT-DO3A)+H]+ (Fig.
3b). This is in agreement with our spot MALDI and
HPLC-MS analyses, where the non-Gd species also

a

b

c

d

Heart Kidney Liver

Fig. 3 Distribution of Gadovist™ [Gd (BT-DO3A)+H]+, the free chelate
[(BT-DO3A)+H]+, and the combination of both in distinct mouse tissue
sections by MALDI-MSI. a Optical pictures of mouse heart, kidney, and
liver tissue sections before MALDI matrix application. b MALDI-MSI

image ofm/z 606.141 ([Gd (BT-DO3A)+H]+) normalized to m/z 273.039
([2 DHB - 2 H2O+H]

+). c MALDI-MSI image of m/z 451.240 ([(BT-
DO3A)+H]+) normalized to m/z 273.039. d Combination of both
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showed a higher intensity from commercially available
GBCA formulations. Generally, the free chelate collocat-
ed well with Gadovist™ in all three mouse organs (Fig.
3d). No Gadovist™ or free chelate was detected in brain
thin sections by MALDI-MSI at any time point. Control
tissue sections (non-dosed tissues) did not exhibit any
signals of [Gd (BT-DO3A)+H]+ or [(BT-DO3A)+H]+ or
related species.

LA-ICP-MS imaging

As gadolinium as metal is easily accessible via ICP-MS, we
performed LA-ICP-MSI analyses of Gadovist™ in the thin
sections of mouse organs. MALDI-MSI does not consume
the samples and the MALDI process does not interfere with
LA-ICP-MSI; thus, samples obtained after MALDI-MSI were
directly assessed with LA-ICP-MSI. The DHB matrix applied

Heart Kidney Liver
a

b

c

Fig. 4 Gadovist™ imaging in mouse tissue sections. a Optical image of a
mouse heart, kidney, and liver tissue sections. b Corresponding MALDI-
MSI analyses ofm/z 606.141 ([Gd (BT-DO3A)+H]+) normalized to DHB

(m/z 273.039). c Corresponding LA-ICP-MSI analyses showing the dis-
tribution of 158Gd+ normalized to 165Ho+ of the printed Ho ink
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in the MALDI-MSI process also did not interfere with the ICP
measurements, as no significant signals stemming from rare
earth elements were detected from control samples. Initially,
we performed LA-ICP-MSI analyses without the application
of an internal standard (IS) and detected a drift in signal inten-
sities from the beginning to the end of the experiment (see
ESM Fig. S5). Although this is not very pronounced in this
case, we have experienced much larger drifts previously. As
already known, the ablation process is influenced by the sam-
ple matrix and instrumental drifts resulting in an overall loss of
sensitivity over time in an analysis [12, 13]. In consequence,
the analyses have to be normalized. Initially, elements that
should be homogeneously distributed in the tissue sections
were selected as ISs. This should account for sodium (23Na)
and sulfur (34S). Sodium was ubiquitously represented, and
the signal intensity distribution of 23Na was homogeneous
over the whole analyzed area. The sulfur isotope 34S repre-
sented a homogeneous distribution within the tissue section
and less signal intensity in the surrounding area (see ESM Fig.
S6). Nevertheless, using these elements has drawbacks. These
elements might be less sensitive to instrumental fluctuations in
comparison to the analyte ions. Moreover, they have a signif-
icant different mass and/or ionization potential. In addition,
these elements are not always homogeneously distributed
due to differences in tissue water content [14].

Alternatively, we sputtered gold on top of the thin sections
after MALDI-MSI to supply a homogeneous gold layer that
could act as an IS [15]. Unfortunately, the gold did not show
a homogeneous distribution, but resembled the tissue structure
and was therefore not suited for normalization (see ESM Fig.
S7). Therefore, we decided to print a metal-spiked ink as
matrix-adapted standard onto the tissue section after MALDI-
MSI [9, 16–18]. Although the Ho distribution were not perfect-
ly homogeneous over the printed area and kidney and liver
tissue sections showed lower 165Ho signal intensities in the
surroundings of the tissue sections, on the tissue, a rather ho-
mogeneous layer of 165Ho was found (see ESM Fig. S8). The
inhomogeneities of the printed Ho ink on the tissue appear to be

caused by an inhomogeneous height of the thin sections or the
different abilities of different tissue areas to adsorb the ink,
which affects the deposition of the ink on the surface. Thus,
the use of IS printing appears to be not ideal, but currently, it is
the most suited approach to normalize LA-ICP-MSI analyses.

Using LA-ICP-MSI, we were able to obtain distributions of
the 158Gd+ signals in all mouse organs. Figure 4c shows the
distribution of Gadovist™ in mouse heart, kidney, and liver as
assessed by LA-ICP-MSI. The results of the Gadovist™ dis-
tributions obtained by MALDI-MSI (Fig. 4b) were so con-
firmed by LA-ICP-MSI.

Synergies of MALDI-MSI and LA-ICP-MSI

The synergy of elemental MS, such as (LA-)ICP-MS and (bio)
molecular mass spectrometry (e.g. MALDI-MS), has already
been discussed in general previously [19]. The objective of
this study was to investigate the synergy of MALDI- and LA-
ICP-MSI for the analysis of GBCAs using Gadovist™. A com-
parison of Gadovist™ distributions obtained by MALDI-MSI
and LA-ICP-MSI is shown in Fig. 4. The results of both,
molecular and elemental MSI, were in good agreement. Less
intense signals of the compounds could be detected within the
tissue sections byMALDI-MSI. It should be noted that during
MALDI matrix application, the solvent serves to extract a
portion of the analytes from the tissue, while in LA-ICP-
MSI, the whole sample material is ablated, which then yields
signals from the whole thin section. Furthermore, MALDI-
MSI suffers from differences in ionization efficiency due to
variations in biological environment and molecular structure,
which makes the selection and application of ISs very chal-
lenging [11]. In contrary, LA-ICP-MS offers highly sensitive
imaging of gadolinium quasi-independently of the original
species and sample matrix. Thus, it can yield pivotal informa-
tion where the limits of detection of MALDI-MSI are not met
to detect the analytes. With MALDI-MSI, we were not able to
detect the Gadovist™ in the thin section ofmouse brains, while
in LA-ICP-MS clearly Gd signals were obtained (Fig. 5).

Fig. 5 Gd imaging in a mouse brain tissue section after administration of Gadovist™ by LA-ICP-MSI. a Optical image. b Distribution of 158Gd+

normalized to 165Ho+ from the printed Ho standard. c Distribution of 153Eu+ normalized to 165Ho+ from the printed Ho standard
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Europium was not detected in this case, strongly suggesting
that the detected Gd must stem from the administered
Gadovist™.

On the other hand, MALDI-MSI as molecular MS method
is in advance over LA-ICP-MSI in respect to information
regarding the molecular form or structure of the analyte. It
also offers the ability to detect non-metal-containing species,
like the free chelate (BT-DO3A). This even showed higher
signal intensities compared to the Gd-containing species in
MALDI-MSI. While in the current work, no degradation
products of Gadovist™ or transmetalation products could be
detected, this aspect might be of more importance in the future
to monitor biotransformation products of other CAs that are
not mainly cleared by filtration.

Summary

Mass spectrometry imaging techniques, e.g., MALDI- and
LA-ICP-MSI, turned out to be a powerful tool in the analysis
of biodistribution of different pharmaceuticals in a variety of
tissues. This work provided an important contribution in par-
allel application of MALDI- and LA-ICP-MSI to metal-
containing GBCAs. As more and more secondary effects re-
lated to these agents appeared in recent years, further investi-
gations to study the distribution and accumulation of Gd spe-
cies in the organism could yield important insights into the
fates and distributions of these species. Furthermore, quanti-
fication strategies related to MRI CAs should be taken for-
ward regarding both techniques, MALDI- as well as LA-ICP-
MSI. LA-ICP-MSI is more straightforward in this context.
However, further more extensive steps are necessary and need
to be validated (e.g. use of matrix-matched standards or iso-
topic dilution) before quantification of GBCAs by LA-ICP-
MSI can be performed. In terms of MALDI-MSI, it appears
much more challenging to provide consistent quantitative data
for these GBCAs. Nevertheless, the application of quantitative
MALDI has been demonstrated in a number of studies [8, 11,
20–27]. To perform quantitative MSI, an appropriate IS
should at first be found for these GBCAs, which is then ho-
mogeneously applied to the tissue surface.

In conclusion, each technique namely MALDI- and LA-
ICP-MSI as well as MRI has its individual benefits. Only the
combination of these methods can solve analytical problems
of GBCA investigations. In future, the collective application
of these techniques could provide new insights, in particular
for the development of more specific CAs.
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