
International Journal of Mass Spectrometry 294 (2010) 1–6

Contents lists available at ScienceDirect

International Journal of Mass Spectrometry

journa l homepage: www.e lsev ier .com/ locate / i jms

Scaling down the bioimaging of metals by laser microdissection inductively
coupled plasma mass spectrometry (LMD-ICP-MS)

J.S. Beckera,∗,1, S. Niehrenb, A. Matuschc, B. Wua,2, H.-F. Hsieha, U. Kumtabtima,
M. Hamesterd, A. Plaschke-Schlütterb, D. Salberc

a Central Division of Analytical Chemistry, Forschungszentrum Jülich, D-52425 Jülich, Germany
b MMI Molecular Machines & Industries AG, Flughofstrasse 37, CH - 8152 Zürich, Switzerland
c Institute of Neuroscience and Medicine (INM-2 and -4), Forschungszentrum Jülich, D-52425 Jülich, Germany
d Thermo Fisher Scientific, Hanna-Kunath-Str. 11, D-28199 Bremen, Germany

a r t i c l e i n f o

Article history:
Received 26 January 2010
Received in revised form 17 February 2010
Accepted 31 March 2010
Available online 23 April 2010

Keywords:
Bioimaging
Brain tissue
Laser microdissection
Laser ablation inductively coupled plasma
mass spectrometry
Metals
Nanometre scale

a b s t r a c t

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) has been established as a
powerful quantitative elemental imaging technique in routine mode for biological tissue with a spatial
resolution of 12–160 �m. Several applications necessitate an improved spatial resolution of LA-ICP-MS
at the low micrometre scale and below. To achieve the improvement of spatial resolution of LA-ICP-MS
we created a new experimental arrangement by coupling a laser microdissection system (LMD) used for
laser ablation of tissue with a sensitive quadrupole-based inductively coupled plasma mass spectrometer
for the subsequent analysis of ablated material. A flat laser ablation chamber made of glass was inserted
into the LMD, fitted to the microscope slide with the specimen. The biological tissue fixed on the glass
slide was ablated using the focused solid-state Nd:YAG laser of the LMD. The laser ablated material was
transported by argon as carrier gas into the inductively coupled plasma of the mass spectrometer and
analysed according to the mass-to-charge ratio. Using this novel LMD-ICP-MS arrangement, in initial
experiments ion signals of 63Cu+ and 65Cu+ were measured from a 30-�m-thick cryosection impregnated
with a droplet of a Cu solution. A spatial resolution of about 3 �m was obtained using the modified LMD
system coupled to the ICP-MS. Laser-induced mass spectrometric measurements of metal distributions
can be performed together with simultaneous inspection of the tissue section via the microscope of the

LMD and be combined with other modalities of the LMD system. In future, a more powerful laser in the
LMD apparatus will allow ablation down to the sub-micrometre scale to study the elemental distribution
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in small tissue sections.

. Introduction

Metal ions and metalloproteins play a key role in many bio-
ogical processes, in ageing and in the origin of neurodegenerative
iseases like Alzheimer’s, Parkinson’s diseases and Wilson’s syn-
rome. Abnormal metal-containing deposits such as beta amyloid
laques and Lewy bodies are the neuropathological hallmarks of
lzheimer’s and Parkinson’s diseases, respectively. Metal ions crit-
cally influence misfolding and toxicity of proteins such as beta
myloid fragments, tau and �-synuclein [1–6]. This exemplifies
hat in the biomedical sciences there is also a growing interest
n quantitatively assessing total metal concentrations within small

∗ Corresponding author. Tel.: +49 2461 612698; fax: +49 2461 612560.
E-mail address: s.becker@fz-juelich.de (J.S. Becker).

1 http://www.brainmet.com.
2 Alexander von Humboldt postdoctoral research fellow.

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.03.013
© 2010 Elsevier B.V. All rights reserved.

structures in native tissue in situ. Extra-neuronal objects of inter-
est are atherosclerotic deposits within blood vessels and the fate
of smoke and dust particles in the lung. In the pharmaceutical sci-
ences, the broad field of controlled delivery systems like diverse
microcrystalline suspensions or nanoparticles and target-specific
multimodal probes containing lanthanides or nanoparticles involve
a plethora of applications for microlocal element analysis at the
lower micrometre and nanometre scales.

Element-specific imaging techniques like EFTEM (energy-
filtering transmission electron microscopy) [7], scanning electron
microscopy with energy-dispersive X-ray analysis (SEM-EDX) [8],
micro-XRF (X-ray fluorescence analysis) [9] or SIMS (secondary
ion mass spectrometry) [10–12], cannot be applied to a series of

open questions from the medicine, whereas synchrotron radia-
tion XRF (SXRF) [13,14] and proton-induced X-ray emission (PIXE)
[1] have extremely restricted availability. Several of these element
analytical techniques provide a low dynamical range and encounter
difficulties in quantifying analytical data. Furthermore, these imag-
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ng techniques (except SIMS) cannot analyse isotopes, which are
nteresting for studying the kinetics of metal metabolism in dis-
ases using isotope-enriched tracers or for the application of the
sotope dilution technique.

Among the existing analytical techniques for studying the metal
nd non-metal distribution in tissue, laser ablation inductively
oupled plasma mass spectrometry (LA-ICP-MS) has become estab-
ished as a very efficient and sensitive trace, ultratrace, and surface
nalytical technique in life science studies [5,15–18]. Quantita-
ive LA-ICP-MS imaging of native biological tissues (rodent and
uman brain to study the metalloarchitecture in brain sections
nd neurodegenerative diseases) has been established as a routine
echnique in the BrainMet laboratory at Forschungszentrum Jülich
http://www.brainmet.com) during the last five years [19–21].
or the quantification of elemental images homogenized matrix-
atched laboratory standards have been prepared and employed.

his technique enables the measurement of elemental distributions
rom the mg g−1 to ng g−1 range in 10–40 �m thick cryosections.
he spatial resolution of bioimaging LA-ICP-MS using commercially
vailable laser ablation systems with solid-state lasers (Nd-YAG
asers at 266 and 213 nm wavelength, e.g., from NewWave UP 266
nd UP 213 or from Cetac LSX 200 or 213) varied between 200 and
0 �m and has been restricted to approximately 5–10 �m due to

imitations in the laser optics of commercial laser ablation systems.
Two analytical strategies have been pursued in order to improve

he spatial resolution. One uses the near-field effect in laser ablation
t a nanometre-scaled tip of a silver needle – so-called near-field
aser ablation (NF-LA) – that is combined to a sensitive double
ocusing sector field ICP-MS (ICP-SFMS). The principles and applica-
ion of NF-LA-ICP-MS have been described and discussed elsewhere
22–26].

Another innovative technique at low micrometre and sub-
icrometre resolution would be the enhancement of a commercial

aser microdissection (LMD) apparatus with a powerful solid-state
aser to a sample introduction (laser ablation) system for a sensitive
CP-MS. The aim of this paper is a proof of concept of extending an
MD to form a laser ablation system coupled to an ICP-MS for thin
issue section analysis on a glass substrate with increased spatial
esolution compared to conventional LA-ICP-MS.

.1. A novel LMD-ICP-MS tool for the quantitative bioimaging of
etals in small biological specimens

Laser microdissection (LMD) is a microscope-based technique
sing a high-precision laser beam applied via the microscope objec-
ive to selectively isolate specific cell types, individual cells, or cell
rganelles from embedded, frozen or fresh tissue sections. LMD is
tilized in life science areas like drug discovery, pathology, foren-
ics, medical diagnostics, food and environmental analysis as well
s in medical research [27]. One of the aims in the conventional
icrodissection mode is maximum preservation of the selected

ample area [28]. High-precision instruments for laser microdis-
ection, applied for analysis in the fields of proteomics, genomics,
ioarrays and biochips, offer highly resolved observation optics

n combination with the option of cutting out previously identi-
ed and defined areas of a sample using a highly focused laser
eam guided precisely over the sample. Specimens are mounted
n a special PET membrane (e.g., 1.4 �m thickness) slide or directly
n a microscope (glass) slide and placed on the table of the LMD
pparatus.

The new idea was now to use an LMD apparatus with a high

patial resolution as laser ablation system together with a sensi-
ive ICP-MS for elemental and isotope analysis on tissue. An LMD
ystem using inverted microscopes is well suited for insertion of
laser ablation chamber because of the open space on top of the
icroscope stage. Brain samples may be much larger than the field
ass Spectrometry 294 (2010) 1–6

of view of a microscope, therefore an LMD system with a fixed laser
beam (e.g., SmartCut Plus system from MMI Molecular Machines
and Industries, Zurich, Switzerland) where the sample is moved
with a motorized microscope stage is preferred to investigate large
areas of interest. A flat laser ablation chamber has to be constructed
and mounted directly onto the glass slide with the specimen and
connected to ICP-MS. The microscope stage control software can
easily be modified in such a manner that laser ablation can then be
performed directly online together with a quantitative and time-
correlated determination of the distribution of elements in sample
areas by LMD-ICP-MS. Images can be obtained than via a defined
laser ablation process of the analysed area (the “line scan modus”
– ablation line by line). For further studies on metallomics, prefer-
entially by LMD, a corresponding analogue area can be cut out and
analysed. After tryptic digestion of the cut-out tissue, for exam-
ple, biomolecular mass spectrometry is used to analyse the tissue
in terms of the structural determination of metal-binding proteins
and/or phosphoproteins.

Extending LMD to form a laser ablation system and coupling
it to a sensitive ICP mass spectrometer was proposed by Becker
and Salber [29]. The advantage of this experimental arrangement is
that a high-resolution microscope of LMD with significantly better
resolution and higher precision compared to those in commercial
laser ablation (LA) systems allows us to observe and select the
small specific brain structures which can be ablated by the focused
laser beam in general with a spatial resolution down to the low
micrometre scale and below.

2. Experimental

2.1. Insertion of a flat laser ablation chamber into the laser
microdissection apparatus (LMD) and coupling to ICP-MS

Because of the pivotal device of this study an appropriate laser
ablation chamber was constructed that fits the object holder on the
sample stage of the LMD microscope. The photograph of the laser
ablation chamber (schematic diagram, see on right side in Fig. 1)
before and after the insertion into the SmartCut Plus LMD (MMI
Molecular Machines and Industries, Zurich, Switzerland) is shown
in Fig. 1 a and b, respectively. The rectangular laser ablation cham-
ber was constructed of borosilicate glass (Duran®, Schott AG, Mainz,
Germany) with the inner dimensions 50 mm × 20 mm × 4 mm.
The individual 76 mm × 26 mm microscope glass slide (StarFrost,
Braunschweig, Germany) containing the sample section served as
bottom and was sealed using a silicon foil or vacuum grease.

The laser ablation chamber was coupled to a quadrupole-
based ICP-MS with hexapole collision cell (XSeries2, Thermo Fisher
Scientific, Bremen, Germany) using standard Tygon tubes. The
basic experimental setup is illustrated in the figure of Appendix
B.

In our experimental arrangement, a Nd:YAG solid-state laser of
LMD for laser ablation of biological tissue was employed at a wave-
length of 355 nm with a repetition rate of 5 kHz. This repetition rate
is significantly higher compared to commercial laser ablation sys-
tems of 20 Hz. The 500 ps laser pulses and precise optics produce
a beam spot size of 1 �m and below, providing exceptional cutting
and/or laser ablation accuracy. The LMD control software permits
microlocal analysis within predefined single points, straight lines,
free-hand traced lines and in a raster modus using a set of paral-
lels.
2.2. Measurement procedure of biological tissue

The sample selected for this preliminary experiment was
a 30 �m thick native cryosection of a block of mouse brain

http://www.brainmet.com/
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ig. 1. (a) The laser ablation chamber was mounted on the glass slide bearing the sa
MD apparatus (MMI SmartCut Plus, Molecular Machines and Industries, Zurich, Sw

omogenates containing segments with 0, 4, 8, 12, 16, 20 �g g−1

dded Cu, Zn and Fe [21]. By preliminary LMD-ICP-MS experi-
ents on the 20 �g g−1 brain segment no remarkable ion signals

or these 3 metals were observed. Therefore to increase microlocal
oncentration profiles, this section was impregnated by a droplet
f 1000 ppm Cu solution (Merck, Darmstadt, Germany) of 6 mm
iameter.

The specimen was visually examined using the existing high-
esolution optics of the microscope in the LMD apparatus at a
agnification of 400–1000. An area was selected for ablation by the

ocused laser beam of the LMD and trace metal analysis using ICP
ass spectrometry. The solid-state Nd:YAG laser in the LMD appa-
atus was focused on the surface of the tissue section. Ablation was
arried out in the line scan modus of the LMD. An ablation of tissue
ith a spatial resolution up to 1.5 �m was possible. The experi-
ental parameters of laser ablation using LMD-ICP-MS compared

o conventional LA-ICP-MS are summarized in Table 1.

able 1
ptimized experimental parameters of LMD-ICP-MS compared to conventional LA-ICP-M

ICP mass spectrometer Thermo Fisher Scientific XSeries 2

RF power 1500 W
Carrier gas flow rate 1.2 L min−1

Mass resolution (m/�m) 300

Laser ablation system MMI SmartCut Plus with inserted

Laser Nd:YAG
Wavelength 355 nm
Ablation mode Line scanning and free-hand line
Laser pulse duration 0.5 ns
Repetition frequency 5 kHz
Laser pulse energy 1 �J
Laser beam diameter between 3 and 5 �m
Scan speed 40 �m s−1
and constituting the bottom (see schematic on the right side) will be inserted in the
and). (b) Photograph of laser ablation chamber the mounted on the table of LMD.

2.3. Verification of results

Microphotographs of the sample after ablation were obtained
using the digital monochrome camera integrated in the MMI Smart-
Cut Plus and a standard stereomicroscope with transmitted light
illumination. In order to estimate Cu concentrations throughout the
droplet area the sample was imaged using LA-ICP-MS as established
in author’s laboratory while coupling the commercial NewWave UP
266 ablation system to the Thermo XSeries2 ICP-QMS.

3. Results and discussion
To test the experimental LMD-ICP-MS arrangement, material
was ablated at different spatial resolutions (3–5 �m) from a 30-
�m-thick cryosection of brain homogenate containing a dried
copper droplet of 6 mm diameter (Fig. 2). In the centre of this
droplet two line scans of 3 �m width are shown, on the bottom a

S.

LA chamber NewWave UP 266

Nd:YAG
266 nm
Line scanning and imaging (line by line)
20 ns
20 Hz
120 mJ
160 �m
50 �m s−1
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Fig. 2. Photograph of the 30 �m cryosection of brain homogenate impregnated with
a Cu droplet (diameter – 6 mm) after LMD laser ablation. Two parallel lines of 3 �m
width were ablated in the middle of droplet, a 5 �m wide line at the bottom and a
3
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Fig. 3. Quantitative Cu image of the droplet (a) on a tissue section (thickness 30 �m)
.5 �m wide free-hand line on the right. In addition, these areas are shown at higher
agnification (c.f. scale bars).

horter line scan (5 �m width) and on the right a free-hand line of
.5 �m width. Line widths were verified by light microscopy under-

ining the feasibility of spatial resolutions in the range of 3–5 �m.
ue to the very low pulse energy of the LMD Nd:YAG laser of 1 �J
blation across the thickness of the section was incomplete. We
onclude that there is additional potential for increasing the ion
ntensities by replacement of a more powerful solid-state laser in
he LMD system.

However, we demonstrated for the first time the laser-induced
blation of biological tissue using the new LMD-ICP-MS configura-
ion with spatial resolution in the low micrometre range.

To characterize the Cu distribution within the droplet, this area
as studied by the established bioimaging LA-ICP-MS technique in

he BrainMet lab [1,11] at a spatial resolution of 160 �m (other
xperimental parameters are summarized in Table 1). The cor-
esponding Cu image of a dried droplet of the tissue section is
llustrated in Fig. 3. The highest enrichment on the drops edge
see also Fig. 2) was observed. The Cu concentration profile was
stimated using the homogeneous brain lab standard segments
resent on the glass slide assessed by line-scan measurements. By
A-ICP-MS imaging of the droplet, an inhomogeneous distribution
f analyte was found with lowest concentration in the middle of
he droplet and the highest Cu concentration at the border. The
hadow to the right of the maximum concentration in the droplet
in Fig. 3) indicates an artefact during laser ablation (from left to
ight) owing to memory effects. The quantitation of the measured
ata was performed using homogeneous brain lab standards on
glass slide [18]. In the middle of the droplet, the concentration

aried between 500 and 600 �g g−1, whereas the maximum Cu con-
entration at the border of the droplet was about 2000 �g g−1. This
oncentration profile was further confirmed by measurement of
ve line scans on the border of the Cu droplet (marked in Fig. 3a
nd shown in Fig. 3b). By means of the line scan measurements, an
verage Cu concentration at the border of droplet was determined

−1
s about 2200 �g g . Since the surface of Cu droplet is not homoge-
eously distributed on the tissue (visible using the microscope, see
igs. 2 and 3), the relative standard deviation (RSD) of the averaged
oncentrations is very high (∼100%).
measured by conventional LA-ICP-MS with 160 �m spatial resolution. 63Cu+ and
65Cu+ ion intensities (b) for 5 line scans measured on the border of the Cu droplet
(marked in a).

Fig. 4(a and b) illustrates transient signals of 63Cu+ and 65Cu+,
measured using a quadrupole ICP mass spectrometer, while ablat-
ing tissue in the area of the Cu droplet via the focused laser beam
of the LMD in the line scan modus with spatial resolutions of 3 �m
(A), 5 �m (B) and 3.5 �m in the free-hand modus (C). Maximum
ion intensities of 104 cps for 63Cu+ were observed in each measure-
ment. The ion intensity varied strong due to the inhomogeneous
distribution of tissue and Cu. Low ion intensities in the line scan
measurement in Fig. 4 B can be explained by holes in the tissue
under the droplet (as visible in the microphotographs in Fig. 2). The
63Cu/65Cu isotope ratios measured by LMD-ICP-MS, see bottom (c)
of Fig. 4A–C, were found to be close to the IUPAC table value of 2.24.

The analytical LMD-ICP-MS technique developed here enables
for the first time laser ablation thin line scans of 3 �m and below
(line scans with 1.5 �m spatial resolution were observed) in tissue
sections and a simultaneous inspection of the sample via the high-
precision microscope of the LMD. Straight parallel lines and curved
lines were ablated on a structure of interest (Fig. 2). The distribution
of Cu along the line scans was confirmed by LA-ICP-MS imaging in
routine mode using the New Wave U266 ablation system. The limit
of detection (LOD) of LMD-ICP-MS for Cu (for 3 �m line scan) of the
actual setup was 190 �g g−1. In comparison the LOD of conventional
LA-ICP-MS on the Cu droplet was 4 �g g−1 at a spatial resolution of
160 �m.

One has to keep in mind that these LMD-ICP-MS results pre-
sented here were obtained using a special laser with low pulse
energy (1 �J) intended for the use in classical LMD experiments
that must avoid laser mediated collateral damage of biomolecules
such as RNA and DNA. Using a picosecond laser with a pulse energy
>100 mJ in the LMD system will enable a complete ablation of the
30-�m-thick tissue section with improvement of spatial resolution

and limit of detection for microanalytical investigations on bio-
logical samples. Applications include a continuous full-line raster
imaging mode using a spot size as a compromise between spa-
tial resolution and sensitivity and a discontinuous mode assessing
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ig. 4. Ion intensities of 63Cu+ and 65Cu+ and 63Cu/65Cu isotope ratio measured by
he free-hand modus with spatial resolution of (C) 3.5 �m.

bjects of interest with high element concentrations at high reso-
ution down to the ≈300 nm scale.

A further improvement of the spatial resolution by one order of
agnitude up to the 30 nm scale will be possible by inserting a thin

eedle close to the sample surface in the laser ablation chamber
nd the application of the near-field effect in laser ablation of LMD
pparatus as proposed in the German Patent application by Becker
30].

. Conclusion

A novel analytical tool was designed for the bioimaging of metals
n thin tissue sections at a spatial resolution at the low microme-
re scale by a combination of a laser microdissection system with
n inserted laser ablation chamber coupled to an ICP mass spec-
rometer. Biological tissue was ablated using the focused solid-state
aser of the LMD. The LMD-ICP-MS technique with a more pow-
rful laser will offer practicable quantification strategies for the
etermination of the chemical composition of the analysed sam-
le with regard to metal (and non-metal) contents as developed
or established LA-ICP-MS imaging in routine mode. The LMD-ICP-

S arrangement will open up new fields of bioimaging metals and
on-metals in small tissular and cellular substructures with high
patial resolution.

cknowledgements

The authors would like to thank A. Zimmermann
Forschungszentrum Jülich) for technical assistance during
he LMD-ICP-MS measurements. Bei Wu thanks the Alexander von
umboldt foundation for financially supporting her postdoctoral

tudies on nano-LA-ICP-MS.
ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.ijms.2010.03.013.

[
[

[
[

CP-MS in the line-scan modus with spatial resolution of (A) 5 �m, (B) 3 �m and in

References

[1] R. Rajendran, R. Minqin, M.D. YNsa, G. Casadesus, M.A. Smith, G. Perry, B. Hal-
liwell, F. Watt, Biochem. Biophys. Res. Commun. 382 (2009) 91–95.

[2] J.S. Becker, M. Zoriy, A. Matusch, B. Wu, D. Salber, C. Palm, J.S. Becker, Mass
Spectrom. Rev. 29 (2010) 156–175.

[3] A. Sigel, H. Sigel, R.K.O. Sigel, Neurodegenerative Diseases and Metal Ions, John
Wiley & Sons, Ltd., Chichester, 2006.

[4] R.A. Cherny, C.S. Atwood, M.E. Xilinas, D.N. Gray, W.D. Jones, C.A. McLean, K.J.
Barnham, I. Volitakis, F.W. Fraser, Y. Kim, X. Huang, L.E. Goldstein, R.D. Moir,
J.T. Lim, K. Beyreuther, H. Zheng, R.E. Tanzi, C.L. Masters, A. Bush, Neuron 30
(2001) 641–642.

[5] R.W. Hutchinson, A.G. Cox, C.W. McLeod, P.S. Marshall, A. Harper, E.L. Dawson,
D.R. Howlett, Anal. Biochem. 346 (2005) 225–233.

[6] G. Faa, M. Lisci, M.P. Caria, R. Ambu, R.N. Sciot, R.S.A. Diaz, G. Crisponi, J. Trace
Elem. Med. Biol. 15 (2001) 155–160.

[7] L. Reimer, H. Kohl, Transmission Electron Spectroscopy: Physics of Image For-
mation, Springer, New York, 2008.

[8] A.V. Zvyagin, X. Zhao, A. Gierden, W. Sanchez, J.A. Ross, M.S. Roberts, J. Biomed.
Opt. 13 (2008) 064031.

[9] W. Ribi, T.J. Senden, A. Sakellariou, A. Limayec, S. Zhang, J. Neurosci. Met. 171
(2008) 93–97.

10] L.A. McDonnell, R.M.A. Heeren, Mass Spectrom. Rev. 26 (2007) 606–643.
11] A. Broersen, R. van Liere, A.F.M. Altelaar, R.M.A. Heeren, L.A. McDonnell, J. Amer.

Soc. Mass Spectrom. 19 (2008) 823–832.
12] P. Sjövall, J. Lausmaa, B. Johansson, Anal. Chem. 76 (2004) 4271–4278.
13] A. Carmona, P. Cloetens, G. Devès, S. Bohic, R. Ortega, J. Anal. At. Spectrom. 23

(2008) 1083–1088.
14] B. De Samber, R. Evens, K. De Schamphelaere, G. Silversmit, B. Masschaele, T.

Schoonjans, B. Vekemans, C. Janssen, L. Van Hoorebeke, I. Szaloki, L. Balcaen, F.
Vanhaecke, G. Falkenberg, L. Vincze, J. Anal. At. Spectrom. 23 (2008) 829–839.

15] J.S. Becker, Inorganic Mass Spectrometry: Principles and Applications, John
Wiley and Sons, Chichester, 2007.

16] B.D. Corbin, E.H. Seeley, A. Raab, J. Feldmann, M.R. Miller, V.J. Torres, K.L. Ander-
son, B.M. Dattilo, P.M. Dunman, R. Gerads, R.M. Caprioli, W. Nacken, W.J. Chazin,
E.P. Skaar, Science 319 (2008) 962–965.

17] B. Wu, M. Zoriy, Y. Chen, J.S. Becker, Talanta 78 (2009) 132–137.
18] J.S. Becker, A. Matusch, C. Depboylu, J. Dobrowolska, M. Zoriy, Anal. Chem. 79

(2007) 6074–6080.
19] J. Dobrowolska, M. Dehnhardt, A. Matusch, M. Zoriy, P. Koscielniak, K. Zilles, J.S.

Becker, Talanta 74 (2008) 717–723.
20] J.S. Becker, M. Zoriy, B. Wu, A. Matusch, B.J. Su, J. Anal. At. Spectrom. 23 (2008)

1275–1280.
21] A. Matusch, C. Depboylu, C. Palm, B. Wu, G.U. Höglinger, M.K.-H. Schäfer, J.S.
Becker, J. Amer. Soc. Mass Spectrom. 21 (2010) 161–171.
22] J.S. Becker, Int. J. Mass Spectrom. 289 (2010) 65–75.
23] J.S. Becker, A. Gorbunoff, M. Zoriy, A. Izmer, M. Kayser, J. Anal. At. Spectrom. 21

(2006) 19–25.
24] M. Zoriy, D. Mayer, J.S. Becker, J. Am. Soc. Mass Spectrom. 20 (2009) 883–890.
25] M. Zoriy, J.S. Becker, Rapid Commun. Mass Spectrom. 23 (2009) 23–30.

http://dx.doi.org/10.1016/j.ijms.2010.03.013


6 al of M

[

[

[

J.S. Becker et al. / International Journ
26] M. Zoriy, M. Kayser, J.S. Becker, Int. J. Mass Spectrom. 273 (2008)
151–155.

27] L.M. Gjerdrum, S. Hamilton-Dutoit, Methods Mol. Biol. 293 (2005)
139–149.

28] D.M. Kube, C.D. Savci-Heijink, A.F. Lamblin, F. Kosari, G. Vasmatzis, J.C. Cheville,
D.P. Connelly, G.G. Klee, BMC Mol. Biol. 8 (2007) 25.

[

[

ass Spectrometry 294 (2010) 1–6
29] J.S. Becker, D. Salber, Nanolocal analysis and imaging of metals in small bio-
logical specimens by insertion of LA-ICPMS in laser microdissection (LMD)
apparatus. German Patent, in press.

30] J.S. Becker, Verfahren und Vorrichtung zur Durchführung einer ortsaufgelösten
Lokal- und Verteilungsanalyse und zur quantitativen Bestimmung von Elemen-
tkonzentrationen., German Patent, pending, 2009.


	Scaling down the bioimaging of metals by laser microdissection inductively coupled plasma mass spectrometry (LMD-ICP-MS)
	Introduction
	A novel LMD-ICP-MS tool for the quantitative bioimaging of metals in small biological specimens

	Experimental
	Insertion of a flat laser ablation chamber into the laser microdissection apparatus (LMD) and coupling to ICP-MS
	Measurement procedure of biological tissue
	Verification of results

	Results and discussion
	Conclusion
	Acknowledgements
	Supplementary data
	Supplementary data


