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Multimodal imaging of undecalciﬁed tissue
sections by MALDI MS and µXRF†
Anastasiya Svirkova, a Anna Turyanskaya, b Lukas Perneczky,
Christina Streli b and Martina Marchetti-Deschmann *a

b

Matrix-assisted laser desorption/ionisation mass spectrometric imaging (MALDI MSI) is a technique that
provides localized information on intact molecules in a sample. Micro X-ray ﬂuorescence (µXRF) imaging
allows the examination of the spatial distribution of elements in a sample without any morphological
changes. These methods have already been applied separately to diﬀerent tissues, organs, plants and bacterial ﬁlms, but, to the best of our knowledge, they have yet to be coupled in a multimodal analysis. In this
proof-of-principle study, we established and tested sample preparation strategies, allowing the multimodal analysis of lipids (sphingomyelin and phosphatidylcholines) and elements relevant to bone structures as calcium, phosphorous and sulphur in the very same sample section of a chicken phalanx without
tissue decalciﬁcation. The results of the investigation of such parameters as adhesive tapes supporting
tissue sections, and the sequence of the imaging experiments are presented. We show speciﬁc lipid distributions in skin, cartilage, muscle, nail, and the intact morphology of bone by calcium and phosphorus
imaging. A combination of molecular and elemental imaging was achieved, thus, providing now for the
ﬁrst time the possibility of gathering MALDI MSI and µXRF information from the very same sample without
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any washing steps omitting therefore the analytical artifacts that inevitably occur in approaches using
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consecutive tissue sections. The proposed combination can beneﬁt in research studies regarding bone
diseases, osteoporosis, osteoarthritis, cartilage failure, bone/tendon distinguishing, where elemental and
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lipid interaction play an essential role.

Introduction
Analytical scientists seek to maximize the amount of information that may be obtained from a single sample. The
aggregate spatial visualization of information gathered
about the composition of a species by multiple analytical
methods would thus be very attractive to an analyst. A large
number of methods and instruments with diverse spatial
resolution, areas of application and physical principles have
been designed to produce an image. Nowadays, diﬀerent
imaging techniques including optical microscopy, radiography, immunostaining, and magnetic resonance exist in
order to obtain a deeper understanding of biological
samples.1
To gain insight into the large variety of processes occurring
in biological systems, it is often insuﬃcient to obtain compo-
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sitional information without further understanding the spatial
distribution of molecules and/or elements in the sample.
Molecular imaging techniques may provide this information.
Although commonly used methods are quantitative, wholebody autoradiography and micro-autoradiography, these techniques are limited by the necessity for radiolabelling.2
Another powerful analytical tool, mass spectrometry imaging
(MSI) has been developed to combine such important characteristics as high spatial resolution, down to the subcellular
level, and molecular specificity. In spite of the fact that mass
spectrometry imaging is well known for biological substrates,
the use of this method increased dramatically with the development and application of matrix-assisted laser desorption/
ionization mass spectrometry (MALDI) during the last 20
years.3–5 The principle of MALDI MSI could be briefly
described as follows: a laser is used to desorb and ionize the
analytes of the sample covered by a chemical compound, also
called a MALDI matrix, which absorbs energy at the laser
wavelength, aiding the process of evaporation and ionisation
of the analysed molecules. As the laser is rastered across the
specimen, mass spectra are acquired for each x, y position of
the sample holder and mass spectra may be combined to
produce an artificial image of analyte distributions. A
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detailed description of the MALDI mechanism is found in
the provided ref. 6–8.
Each imaging technique has its own advantages and limitations. MALDI MSI is a label-free method for the analysis of a
broad variety of biomolecules, like lipids, proteins, amino
acids or metabolites and drug compounds. It is a sensitive and
widely used approach to evaluate diﬀerent types of complex
surfaces. Analyte identification usually relies on the accurate
mass determination or MS/MS experiments. But MALDI MS is
limited by the ionisation potentials of the molecules under
study and is influenced by the sample preparation procedure.9
Thus, many aspects must be carefully considered when
imaging by the MALDI MS method, especially if multimodal
imaging is anticipated.
There are a variety of biological questions which can be
eﬀectively addressed using elemental imaging techniques
including, but not limited to, the characterization of the metallome (i.e. a set of metal ions in a cell or tissue) under normal
and pathological conditions, as well as non-metallic elements
within biological objects, pharmacokinetics and the uptake of
metallodrugs or nanoparticles and biocompatibility investigations. For the visualisation of elemental distribution, techniques such as laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS), particle-induced X-ray emission
(PIXE) or secondary ion mass spectrometry microscopy (SIMS)
have been successfully applied.10,11 Micro-beam X-ray fluorescence spectrometry (µXRF) is one of the most popular
elemental imaging methods for the analysis of biological
samples.12 The technique is based on the excitation of the
sample by X-rays, which results in the emission of characteristic radiation by each particular element, provided that the
excitation energy is above the absorption edge of the element
of interest. The fluorescence radiation emitted is then registered using an energy dispersive detector – thus, the information about multiple elements present in the sample may be
obtained simultaneously. The resultant characteristic spectrum can be deconvoluted by factoring in spectral overlaps
and artefacts, as well as the background to extract information
about a specific element. Similarly, to perform the abovedescribed procedure for MALDI, the sample can be rasterscanned, yielding elemental maps. The spatial resolution of
such a scan/map depends on the size of the X-ray beam. In the
case of µXRF, the beam is focussed to a few tens of micrometres in size, thus yielding a resolution in the range of
micrometers. The ultimate advantage of the µXRF compared
with other elemental imaging techniques is its non-destructive
nature.13
Biological samples represent complex molecular and
elemental arrangements. A correlation of data obtained by
diﬀerent modalities (often also called “sensors”) could
combine molecular spatial distribution with morphological
features or elemental mapping of the same object. This
combination has high potential to allow a deeper understanding of biologically relevant interactions. Questions
that might be solved are drug distribution in the bone and
associated soft tissues (e.g. cartilage/bone) after medical
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treatment, finding features correlating with the tissue and
bone for diﬀerentiation but also osteon elasticity where soft
tissue and calcium distributions in this tissue have to be
well characterized to ultimately better understand osteoporosis and osteoarthritis. Even cancer research may ultimately benefit from the new proposed combination because
the break-down of bone structures during tumour cell invasion can help to better understand tumour progression.
These examples are only a few potential fields of
application.
Previously published studies of the fusion of MSI with
other imaging techniques include combinations with magnetic resonance imaging (MRI),14 computer tomography
(CT),15 Raman spectroscopy,16 fluorescence labelling and
staining, and a combination of diﬀerent mass spectrometry
methods.17–20 Due to its non-destructive nature and analyte
specificity, µXRF is a favourable choice for coupling with
other imaging/non-imaging techniques. Routinely, µXRF
has been combined with X-ray absorption near edge structure (XANES) for chemical speciation analysis,21 CT,22,23
quantitative backscattered electron imaging (qBEI)24,25 and
other elemental imaging techniques, including LA-ICP-MS26
and SIMS.27 Although the combination of MALDI with µXRF
has been proposed,28,29 to the best of our knowledge, the
experimental coupling of the two methods remains
unknown.
To arrange an adequate combination of diﬀerent modalities, a lot of questions need to be answered prior to empirical
research. One critical concern is the selection of a proper
spatial resolution. Choosing modalities with the same step
size simplifies a composite imaging experiment. From this
point of view, merging MALDI MSI with µXRF imaging seems
a good possibility. Another important aspect is that the
sample preparation procedure should yield a specimen appropriate for all imaging methods concerned. Thus, a fitting
section supporting material, sample thickness, sequence of
the experiments and analytical conditions must all be carefully
considered. Special attention must also be paid if the analysed
sample contains tissues of diﬀerent physical nature (density,
rigidity, etc.), e.g., skin, muscle, bone.
In this work, two imaging techniques have been combined
to gain comprehensive information about molecular and
elemental distributions both in hard and soft tissues of the
same section. Micro-XRF imaging was utilized to examine the
spatial distribution of the elements without destroying the
sample, by mapping calcium (Ca), phosphorus (P) and, when
applicable, sulphur (S). Also “structural” information (absorbance mapping) from the samples was obtained by means of
region of interest (ROI) imaging or plotting silicon signals,
originating from the supporting material. MALDI MSI was
used to gather data on sphingomyelins and phosphatidylcholines throughout the specimen. Assessment of the sample
backing material and its influence on imaging analysis has
been carried out and will be further discussed together with
the explanation of the lateral resolution choice and certain
aspects of multimodal workflow.
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Materials
All chemicals were of analytical grade if not stated otherwise.
The sodium salt of carboxymethyl cellulose (NaCMC) low viscosity, gelatin (Ph. Eur.) and tragacanth, used for hydrogel
preparation, and MALDI MS matrices dithranol for imaging
experiments and α-cyano-4-hydroxycinnamic acid (CHCA) for
supporting material assessment, and a calibrant for mass
spectrometry, angiotensin II, and all organic solvents were purchased from Merck (Darmstadt, Germany). Ultra-high-quality
water (ddH2O) with a resistivity of <18.2 MΩ cm @ 25 °C was
obtained from a Simplicity system (Millipore, Billerica, MA,
USA). A peptide mixture for calibration was obtained from
LaserBio Laboratories (Sophia-Antipolis, Cedox, France). Glass
microscope slides were obtained from Medite GmbH
(Burgdorf, Germany) and Peel-A-Way disposable embedding
molds (R-40) were acquired from Thermo Scientific (USA).

Paper

using a standard test sample). For the measurements, the
sample was fixed onto an Al-frame, and positioned vertically in
the spectrometer chamber using a magnetic stage, so that the
standard geometry 45° between the incident radiation beam
and the sample, and 90° between the incident beam and the
detector – is maintained. For these measurements, the tube
voltage and current were set to 50 kV and 0.4 mA, respectively.
The measurement conditions were the same for all the scans:
steps of 150 µm, with a measurement time of 90 s were performed in a vacuum. Deconvolution of the spectra was performed using the QXAS-AXIL software package,35 ROI imaging
was done using the software LP-map.36 The elemental maps
were created with X-Ray Lab software,37 as text files, and
plotted with ImageJ38 (version 1.50b). Origin (version
OriginPro 2015, OriginLab Corporation, Northampton, MA,
USA) and PyMCA39 were used for plotting fluorescence sum
spectra.

Section preparation

MALDI MS and imaging

Section preparation was conducted according to a protocol
developed in our group. Chicken feet were purchased from a
local market and the digits were removed and embedded as
described below. As our samples contain tissues of diﬀerent
densities and rigidities, an appropriate embedding medium is
necessary to obtain a section without the loss of sample integrity. Thus, chicken digits were embedded separately in a hydrogel containing NaCMC 5% and gelatin 20% (w/v). Embedded
samples were slowly frozen on a cryobar (−57 °C) in the
chamber of a CryoStar NX50 (Thermo Scientific, Germany) and
mounted on a specimen chuck with 10% tragacanth (w/v).
Cryosectioning of the phalanx was performed with a non-disposable tungsten carbide knife at −16 °C. Adhesive tape for
the accurate handling of the tissue similarly to the Ullberg’s
method30 was used to transfer tissue sections to microscope
slides. Two types of tape, double-sided tape (3M, St Paul, USA)
and polyimide one-sided tape made with DuPont™ Kapton®
(3M, St Paul, USA), were tested for their suitability. Four consecutive tissue sections were obtained with the thickness of
12 µm and dried under gentle vacuum in a desiccator (Kartell,
Italy). Immediately after drying, microscopy images of the sections were taken using a Leica DM2500M (Leica, Germany)
optical microscope.

MALDI MS results were obtained using a Synapt G2 HDMS™
system (Waters, Manchester, UK), operated in positive ion
V-mode with a laser energy of 270.0 a.u. The laser operated
with a repetition rate of 1 kHz. Profiling MALDI experiments
were conducted for evaluating supporting materials. For this
purpose angiotensin II (2 pmol µl−1 in acetonitrile/0.1% trifluoroacetic acid [1:1]) was mixed with a CHCA matrix (3 mg
ml−1 in acetonitrile) and 2 µl of the mixture was deposited by
the dried-droplet method. The scan duration was set at 1 s, at
least 50 scans were gathered; the analysed mass range was
100–2000 Da.
Directly before MALDI MSI measurements were made, a
dithranol matrix used for all the described MALDI imaging
experiments was deposited by sublimation at 140 °C with a
home-built apparatus40 yielding ∼0.2 mg matrix per cm2 per
slide. The choice of the matrix was made in accordance with
the literature41 and a protocol developed in-house. The step
size (the parameter of the sample carrier movement) was set
either to 100 × 100 µm or 150 × 150 µm. The choice of the step
size is influenced by the size of the laser ablated area and is
explained in detail in the section “Interference from supporting materials studied by MALDI MS” of this manuscript. Data
were collected in a mass range of 300–1000 Da. The class of
observed lipids was determined by MS/MS analysis (characteristic MALDI MS spectrum of lipids and the corresponding MS/
MS spectra are presented in ESI Fig. 1 and 2†) and are in
accordance with the literature and previous analyses.42,43
Measuring in positive mode preferentially desorbs and ionizes
phosphatidylcholines (PC), while significantly more classes
could be distinguished when acquiring data in negative ion
mode. Lipids were chosen for visualisation according to the
intensity of the m/z values and counter correlated distribution.
All relative spectra were saved in *.txt format and processed
using the open source software mMass.44 Images were
handled and created with HD Imaging software version 1.0
(Waters, Milford, USA) and normalized by total ion current

µXRF imaging
Micro-XRF imaging was performed using the µXRF setup at
the Atominstitut.31,32 The in-house-built µ-XRF spectrometer is
specifically designed for the detection of a wide range of
elements and its suitability for the analysis of biological
samples has been demonstrated.33,34 The instrument is
equipped with a Rh-anode low power X-ray tube, and a Si(Li)
detector (active area 30 mm2, LN2-cooled) with an ultrathin
polymer window to allow the measurement of the low energy
fluorescence radiation emitted by light elements. The primary
beam was focused by a polycapillary optic (full lens) into a
micro-beam with the size 50 × 50 µm2 at Cu-Kα (determined
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(TIC). Distribution correlation of lipids was done with BioMap
software version 3.8.0.4 (Novartis, Basel, Switzerland).
All methods and represented workflows were tested in at
least triplicates.
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Results and discussion
Interference from supporting materials studied by MALDI MS
The samples used for this study contain tissues of diﬀerent
densities. As the rigid part of the long bone of a phalanx is surrounded by soft muscle tissue with skin covering the whole
digit, the heterogeneity of the sample can cause diﬃculties
during sample preparation. Thus, in order to avoid shifting of
the fragments and to maintain integrity of the section, supporting tape is needed for cryocutting. This supporting tape
must be chemically inert and stable under the analytical conditions and must not interfere with either MALDI MS or µXRF
imaging. Many supporting materials have been used previously for whole body or plant samples, ranging from wet
paper to pressure-sensitive adhesive tape.45–47 To guarantee
analyte localization for molecules and elements, double-sided
tape and single sided Kapton® tape, commonly utilized for
XRF analyses, were applied in this study.
To assess the potential influences of the supporting tapes
on the MALDI measurements, mass spectra in diﬀerent modes
were obtained (ESI Fig. 3†). Angiotensin II was spotted
together with the CHCA MALDI matrix on a microscopic glass,
on the Kapton® tape and the double-sided tape, both attached
to the glass. Both tapes showed no mass spectrometric interferences, yet signal intensities decreased due to the insulating
character of the tape. Thus, both were considered applicable
for further imaging experiments.
Although lateral resolution lower than 100 µm can be
achieved by MALDI MSI, we primarily aimed to combine µXRF
and MALDI imaging methods, and therefore, it was considered
to choose for MALDI MSI experiments a step size similar to
the one used by µXRF imaging (150 × 150 µm), but with the
possibility of providing enough structural information. MALDI
MSI was performed at 100 × 100 µm and 150 × 150 µm, with
lateral resolutions being easily achieved on commercial MALDI
instruments with no need for technical improvements and
avoiding oversampling. Although the best lateral resolution
achieved on the same type of mass spectrometer was 10 µm
without oversampling,48 we also considered the critical time
factor. Experiments had to be carried out within a reasonable
time period for both MALDI MS and µXRF imaging.
Measurement times were on average 4 hours for MALDI
imaging and 5 days for µXRF imaging for 1 × 1 cm2 areas.
To evaluate the lateral resolution of the MALDI MSI experiments, the dithranol matrix was sublimed on the surface of
the supporting tapes and the four square areas (150 ×
150 mm2) were measured with a step size of 100 × 100 µm and
150 × 150 µm, starting each line on the left side. The results
are depicted in Fig. 1. On the Kapton® tape, we observed that
the intensity dramatically decreases after the first pixel of each
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Fig. 1 MALDI images of square areas (150 × 150 mm2) showing homogeneous desorption/ionization behaviour of dithranol over each area
with the exception of the sample on polyimide tape at a step size of 100
× 100 µm (C) showing reduced intensity after the ﬁrst line. Dithranol was
applied by sublimation on double-sided tape (A and B) and polyimide
tape (C and D). Step size 100 × 100 µm (A and C) and 150 × 150 µm (B
and D). Images are TIC normalized. Intensity scale bar shows relative
intensities.

line when rastering at 100 × 100 µm step size. Evaluation of
the sample surfaces after MALDI MSI measurements showed
that the area actually ablated by the laser was larger than the
step size (about 200 µm, Fig. 2), thus resulting in an oversampling eﬀect that decreases the intensity for every pixel but the
first of each line. We found that MSI at a lateral resolution of
≥150 µm is suitable for measurements on the Kapton® tape.
For the double-sided tape, this oversampling issue was not
observed and may occur only at spatial resolutions below
100 µm.
Interference from supporting materials studied by µXRF
The sample preparation and, especially, the choice of the supporting/embedding material can play a pivotal role in the
experiment. In principle, µXRF does not require any specific
sample treatment, but in the case of non-self-supporting thin
sections, the cuts should be flattened and mounted onto a
substrate. Ideally, the material should be as thin as possible,
as XRF suﬀers from scattering of the exciting radiation by the
sample as well as the sample carrier. Scattering is the main
reason for any spectral background.
The characteristic lines of the element of interest are superimposed on the background, and the detection limits are
strongly influenced by the spectral background, as well as the
intensity of the spectral lines. The chemical constituents of
the supporting material are also important, as these will be
excited along with the sample.
Polyimide Kapton® films (8 µm thick) are relatively “transparent” to X-rays and are quite commonly used.21 Kapton®
tape can be used as long as the constituents of the supporting

Fig. 2 Microscopic image of the laser ablated areas of the embedding
medium attached to the double-sided tape (A) and the polyimide tape
(B) after covering with dithranol as a matrix and rastering at 500 ×
500 µm step size.
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material do not interfere with the elements of interest.27,49 An
alternative for biological samples is the even thinner silicon
nitride membrane windows (with a thickness of some
100 nm), usually used for small objects (cells, microorganisms), and samples which can easily adhere to the surface (soft
tissues). Alternatively, the samples can be mounted directly on
a glass microscope slide.21
The measurements of backing materials were conducted
prior to the actual sample measurements; the respective fluorescence spectra are shown in Fig. 3. A larger spectral background is observed in the case of the double-sided tape and
glass (Fig. 3A). Here, the peaks of sulphur (S), calcium (Ca),
iron (Fe) and strontium (Sr) could be confirmed to be originating from the supporting materials. Sulphur, iron and strontium were further excluded from the analysis for this type of
backing material. As the content of calcium in the sample
tissues, namely, bone, by far exceeds its amount in the
backing material, it was subsequently used for mapping.
In contrast, 3M tape made with DuPont™ Kapton® is free
from impurities and the spectral background here is lower,
which can be seen in Fig. 3B. Of particular importance is the
knowledge about MALDI matrix interference with µXRF
measurements. As can be seen in Fig. 3, no diﬀerence is
observed for experiments with and without the MALDI matrix.
Therefore, we can conclude that the MALDI matrix does not
influence µXRF measurements.
Finally, the µXRF measurements of phalanx tissues
samples were performed, and Fig. 4 demonstrates the sum of
the fluorescence spectra over all measurement points, specifically for each type of backing material used. The spectra presented were obtained for the samples measured by µXRF first
(i.e. samples were not covered with the MALDI matrix) and do
not diﬀer considerably from those measured after MALDI-MSI
(for further details see next section). In the case of a tissue
sample mounted on the double-sided tape and glass (Fig. 4A),
several overlapping peaks are found between 1.5 and 3.2 keV
(Fig. 4B), which are caused by scattering from the glass-tape
support, as well as the sample-itself. This energy range was
used as the ROI for all µXRF imaging experiments (i.e. all
counts in the ROI were summed up without fitting), as the
deconvolution by AXIL was associated with a large error. This
uncertainty was caused principally by the overlap of the Rh-L
elastic scattering peak with other peaks in this energy region

Paper

Fig. 4 XRF sum spectra: sample prepared on the double-sided tape
and glass (A), with the marked energy region of interest (ROI); zoom into
the marked ROI showing details for biologically relevant elements (B);
sample prepared on 3M tape made with DuPont™ Kapton® (C).

(Si-Kα, P-Kα, S-Kα, and Cl-Kα and the elastic scatter peak of the
exciting Rh-L radiation). Calcium (Ca) and phosphorus (P) in
the bone tissue could be measured. As for the sample on
Kapton® polyimide tape (Fig. 4C), a distinct sulphur (S) signal
from soft tissues could be obtained in addition to those from
Ca and P. We could also use the silicon peak, which originates
from the glue on the Kapton® tape, to gain structural (absorption) information about the sample.
Consecutive sections measured by both MALDI and µXRF on
the same samples

Fig. 3 XRF single spectra: double-sided tape and glass without (black)
and with a MALDI matrix (green) (A), 3M tape made with DuPont™
Kapton® without (black) and with the MALDI matrix (red) (B). Acquisition
time was 90 s, in a vacuum.

This journal is © The Royal Society of Chemistry 2018

While carrying out research with biological material, some
issues need to be solved. One of them is the restricted amount
of sample material, sometimes just one tissue section is avail-
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able for analysis, but multiple investigations are needed (e.g.
small biopsies). Additionally, it has to be considered that the
analyses of the consecutive tissue sections are definitely prone
to interpretation errors as two consecutive sections cannot be
considered as identical. Considering this, measurements from
the very same sample are highly demanded allowing much
easier data merging by correct image correlation. In the presented study, this means the co-localization of molecular and
elemental distributions. Yet, sample preparation has been predicted to be a major challenge in the development of multimodal imaging methods.29 To provide an in-depth comparison

Analyst

of the experimental conditions for multimodal imaging, four
consecutive sample sections were investigated by MALDI MSI
and µXRF imaging and special emphasis was laid on the
appropriate supporting materials, and the sequence of the
imaging experiments. Each section was measured by both
techniques, either first by µXRF and subsequently by MALDI
MSI (in this case, the MALDI matrix was applied after the
µXRF analysis, so µXRF was performed on “intact” samples) or
by MALDI MSI first followed by µXRF (in this case, the MALDI
matrix was applied from the very beginning but the MALDI
process partially ablates material). The sections of the

Fig. 5 Each array starts with a microscopic image of the tissue sections mounted with diﬀerent supporting tape, which were measured by MALDI
MSI and µXRF, before covering the tissue with dithranol as the MALDI matrix, if µXRF measurements were performed ﬁrst, or with a dithranol layer, if
MALDI MSI were performed ﬁrst: double-sided tape, measured ﬁrst by µXRF, then by MALDI (A); Kapton® tape, measured ﬁrst by µXRF, then by
MALDI (B); double-sided tape, measured ﬁrst by MALDI, then by µXRF (C); Kapton® tape, measured ﬁrst by MALDI, then by µXRF (D). Lipid distributions detected by MALDI MSI are exempliﬁed by the distribution of m/z 782, elemental distributions measured by µXRF from the same sample
preparation are exempliﬁed by calcium (Ca), phosphorus (P) and sulphur (S) distributions, extracted from energy ROI as shown in Fig. 3B, and silicon
(Si). All MALDI images were normalized to total ion current (TIC) for each ion across the section and an intensity scale bar is placed under the
images. Units for XRF elemental maps are counts. (a: skin, b: muscle, c: nail, d: cartilage, e: undecalciﬁed bone).
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Kapton® tape were fixed either on a microscope slide with
Shimadzu conductive tape for MALDI MSI or in the window of
the aluminium sample carrier for µXRF imaging. Phalanx sections obtained on the double-sided tape were fixed to a microscope slide by the tape for both types of measurements.
Fig. 5 shows that based on the XRF spectral information,
images showing the distribution of Ca, P, and ROI data
(according to Fig. 4) could be obtained for samples fixed to a
glass slide with the double-sided tape. For samples mounted
on the Kapton® tape, images showing the distribution of Ca,
P, S and Si (latter showing clearly the outline of the sample)
could be acquired. Please note that the diﬀerences in sulphur
maps in Fig. 5(B and D) are due to the extremely high intensity
hotspot on 4D, otherwise the sulphur distribution and intensities are comparable (for a rescaled map with the hotspot
removed, please refer to ESI Fig. 4†).
The image quality, intensities measured or the number of
analytes measurable by MALDI MSI were unaﬀected by prior
µXRF measurements. Conversely, the images obtained by
µXRF following MALDI MSI measurements are also unaﬀected
by the application of other analytical techniques. Therefore,
we can conclude that the MALDI matrix and the desorption/
ionization process do not aﬀect µXRF measurements if the
matrix is applied by sublimation, and neither MALDI nor
µXRF can cause significant mechanical damage to the sample.
Imaging experiments can be carried out in any convenient
order without additional handling steps. The only limitation
that should be considered is the measuring time. K. Sköld
et al.50 demonstrated that proteins and neuropeptides undergo
post-mortem degradation. As µXRF imaging is very time-consuming in comparison with MALDI, and one run can take 7
days (or even longer), it is recommended to make this
measurement after the MALDI MS imaging to avoid the degradation of the biological substances. Synchrotron radiationinduced µXRF (SR-µXRF) can shorten the µXRF measurement
time dramatically, as well as improve the limits of detection
for trace elements.
Samples prepared on glass (microscope slide) supported
with double-sided tape yielded good results in the MALDI MSI
imaging. Contrarily for µXRF, this thick SiO2 glass support
caused significant scattering resulting in an elevated background, as well as the contribution of trace elements in
support of the resultant spectrum. However, we could demonstrate, that in certain cases, i.e. in the imaging of bone tissue,
the µXRF measurements made directly on the glass carrier
give satisfactory results. Prospectively, a confocal µXRF setup
could be used for the measurement allowing restriction of the
element information to a well-defined voxel. Unwanted contributions from the support are thus avoided, as well as the
obstruction of the elements of interest due to scattering by
backing materials.
The Kapton® polyimide film is a tape commonly used for
µXRF measurements due to its high elemental purity, but has
not, to date, been used for MALDI-MSI. This tape allows for
the imaging of soft tissue (sulphur) by µXRF in addition to
bone (calcium and phosphorus). On the other hand, we

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Optical microscopy of sample sections (left) and the superimposition of the µXRF and MALDI MS imaging experiments (right) conducted
on double-sided tape (A) and Kapton® polyimide tape (B). Calcium is
shown in blue and lipids in green (m/z 725) and red (m/z 760).

observed diﬀerent laser beam behaviour after ablating a specimen covered with a matrix and attached to the Kapton® tape
during MALDI MS analyses. This eﬀect leads to a limitation of
the spatial resolution for experiments under given conditions
of not better than 150 µm step size, which could be critical for
small area investigations.
The choice of tape to be used should be taken after considering the purpose of the investigation. If a researcher is interested in combining knowledge about widely distributed Ca
and P with a lipid pattern and lateral resolution is of great
importance, it is recommended to utilize double-sided tape. If
special precision of biological molecules plays a minor role,
but it is important to obtain such information as S distribution, together with organic imaging over a large sample, the
Kapton® tape must be the sample backing material of choice.
Combination of the imaging information
Images obtained by diﬀerent modalities on the same section
were combined into a single illustration (Fig. 6) for doublesided and Kapton® tape backing materials.
The structure of the sample resolved by MALDI MSI experiments could be recognised in µXRF images giving the possibility of visual association. Thus, we are able to merge the data
of elemental distribution in predominantly undecalcified
tissues with the lipid content of the soft tissues for the very
same section. During this study, we performed visual fusion
without any automated image registration, but software supporting the combination of µXRF and MALDI imaging modalities is of great importance for us and remains a point of interest for future investigation.

Conclusions
To the best of our knowledge, this is the first time when
MALDI-MSI and µXRF imaging techniques have been com-
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bined giving lipid and elemental information from one tissue
section to gain comprehensive structural information in both
undecalcified bone and the surrounding soft tissues.
Conversely to most previous multimodal (multisensor) investigations, our imaging experiments are carried out on the very
same samples without any additional steps, thus, avoiding
analytical artefacts. We showed that we are able to cut diﬃcult
samples properly and visualize lipid distributions together
with biologically relevant elements like Ca, P or S. We performed imaging experiments with similar lateral resolution
facilitating the correlation of the images and gaining morphological information that was not possible from either analytical
methods independently. We are now ready to apply this
method to research questions like tendon wear-oﬀ, osteoarthritis, osteoporosis, osteosarcoma or cartilage failure.
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