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Referat:

Die vorliegende Arbeit etabliert für Anwendungen in den Lebenswissenschaften den
Einsatz hochfokussierter MeV-Ionenstrahlen für nuklear-mikroskopische Methoden der
quantitativen Spurenelementanalyse, der 2D- und 3D-Dichtemikroskopie sowie für die
gezielte Bestrahlung einzelner lebender Zellen für radiobiologische Experimente. Zur
Anwendung kamen die Methoden ortsaufgelöste Protonen induzierte Röntgenfluores-
zenzanalyse (particle induced X-ray emission - PIXE), Spektrometrie rückgestreuter
Ionen (Rutherford backscattering spectrometry - RBS) und Rastertransmissionsio-
nenmikroskopie (scanning transmission ion microscopy - STIM). Durch eine gezielte
Weiterentwicklung des bestehenden Ionenstrahlmikroskops, der Hochenergie Ionen-
nanosonde LIPSION, konnte die Ortsauflösung für Spurenelementanalyse auf unter
300 nm verbessert werden, beziehungsweise die Sensitivität für Metallionen in bio-
logischen Proben auf unter 200 ng/g (3 µmol/l) bei einer Ortsauflösung von 1 µm
verbessert werden.

Die Habilitationsschrift umfasst eine kurze allgemeine Einleitung einschließlich der
Motivation für den Einsatz fokussierter MeV-Ionenstrahlen sowie einen Überblick über
die Anwendungsgebiete und aktuellen Forschungsschwerpunkte. Danach werden kurz
die Grundlagen der Technik und Methoden vorgestellt, gefolgt von einer Abschätzung
der Auflösungsgrenzen für Elementanalysen und Einzelionentechniken. Danach wer-
den ausgewählte Anwendungen aus verschiedenen Forschungsgebieten vorgestellt. Das
erstes Beispiel ist aus der Umweltforschung. Es wird dargestellt, wie mittels ort-
saufgelöster Elementspektroskopie eine Abschätzung der Feinstaubbelastung nach Bei-
trägen einzelner Verursacherquellen erfolgen kann. Dann folgt als Beispiel eine ort-
saufgelöste Analyse der Verteilung von Nanopartikeln aus Sonnencremes in Hautquer-
schnitten zur Risikoabschätzung der Anwendungen von Nanotechnologie in kosmeti-
schen Produkten. Desweiteren werden Studien der Spurenelementverteilung, speziell
der von gebundenen Metallionen, in Hirnschnitten auf zellulärer und subzellulärer
Ebene erläutert. Das anschließende Beispiel erläutert die Anwendung niedriger En-
ergiedosen in der Radiobiologie anhand des Beschusses einzelner lebender Zellen mit
abgezählten einzelnen Ionen. Als letztes Beispiel wird die Anwendung hochfokussierter
Ionenstrahlen für die Mikrotomographie gezeigt. Abschließend folgt eine zusammen-
fassende Bewertung der vorgestellten Anwendungen mit einem Ausblick auf weitere An-
wendungen und methodische Entwicklungen. Der Arbeit sind die jeweils ersten Seiten
der relevanten Veröffentlichungen mit Beteiligung des Autors als Anhang beigefügt.





Description

Reinert, Tilo:
Focussed MeV-Ion Micro- and Nano-Beams in the Life Sciences
Universität Leipzig, habilitation thesis, language: English
270 pages, 91 references, 26 figures
Summary:

This work presents the development of a sub-micron nuclear microprobe for applica-
tions in the life sciences. It includes quantitative trace element analysis with sub-micron
spatial resolution, 2D- and 3D-microscopy of density distributions and the targeted irra-
diation of living cells with counted single ions. The analytical methods base on particle
induced X-ray emission spectrometry (PIXE), Rutherford backscattering spectrome-
try (RBS), scanning transmission ion microscopy (STIM) and STIM-tomography. The
specific development of the existing nuclear microprobe LIPSION led to an improved
performance of the capabilities for trace element analysis. For sub-micron analysis the
spatial resolution could be improved to 300 nm at a sensitivity of about 1 µg/g for
metal ions in biological matrices; for a resolution of 1 µm the sensitivity was improved
to 200 ng/g (3 µmol/l).

This habilitation thesis comprises a short general introduction including the mo-
tivation to utilize focussed high energy ion beams, an overview on the applications
and actual research fields. The introduction is followed by the basic principles of the
equipments and analytical methods. An estimation of the limits of resolution for ele-
ment analytical and single ion techniques is given for the Leipzig system. Thereafter,
selected studies from different research areas are presented. The first presented appli-
cation is a study from environmental air pollution research. It is demonstrated that the
microscopic elemental analysis of single aerosol particles can be used to assess the con-
tributions from different sources. A further example is the analysis of the distribution
of nanoparticles in skin cross-sections for a risk assessment of the applications of nano-
sized physical UV-filters in cosmetic products. The risk assessment is followed by the
micro-analysis of trace elements, especially of bound metal ions, in brain sections on
the cellular and sub-cellular level. After this the application of focussed MeV ion beams
in low dose radiobiological research is presented. Finally, the analysis of 3D-density
distributions by proton micro-tomography is demonstrated. A summary concludes
on the applications and gives an outlook to further applications and methodological
developments. The appendix comprises the relevant publications of the author.
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Chapter 1

Introduction

The idea of focussing high energy ions has a long history. Dated back to the beginning
of accelerator based nuclear research, the application to materials analysis arose in the
early 70ies. A reason was the requirement for improved positional information from
analytical techniques using nuclear projectiles. The first development of a microprobe
with a focussed ion beam, a so called ”nuclear microprobe“ (according to electron
microprobes) was started at Harwell, UK, [Coo72]. Since then many nuclear micro-
probes have been build. Today we find more than fifty around the world and several
more will follow in the near future.

The main advantage of using nuclear projectiles instead of electrons – for analytical
techniques light projectiles i.e. H+- or He+-ions are most useful – derives from the fact
that ions are much heavier then electrons. Thus, they have a deeper information depth
due to lower large angle scattering; they have a lower bremsstrahlung background in X-
ray spectrometry and therefore lower detection limits; the backscattering spectrometry
is depth sensitive in the micron range; and nuclear reactions can also be utilized for
analysis. All these processes are well understood and substantial data bases secure the
analytical results.

The excellent quantitative accuracy and the versatility of a nuclear microprobe
establishes its applications in a broad range of scientific fields, e.g. high-tech materi-
als, semiconductor-technology, planetary science, geology, and environmental research
[Jam97, Tak97, Vis97, Rya04, Mal96], but also in the humanities: art and archae-
ology, history and forensics [Swa97], physiology, botany, medicine, and many others
[Mor97, Prz97].

A nuclear microprobe is not only a non-destructive analytical tool. It is also ca-
pable of changing physical properties of materials. The electronic structure, crystal
quality and optical properties can be modified to produce 3D-structures, optical wave
guides, multi-colour fluorescent materials and even ferromagnetic effects in carbon
[Kan03, Men07, Bet07, Teo07, Spe05]. These results are a bright prospect for
new technological applications – to benefit from unexpected properties of well estab-
lished materials.

Modifying solids is only one aspect. A focussed beam of MeV nuclear projectiles
can also be used as a precise applicator of ionising radiation to living cells. The
precision is not only in the position, e.g. targeting the nucleus or the cytoplasm of a
cell, but also in the degree of damage which depends on the ionisation processes, i.e.

11



12 1 Introduction

the linear energy transfer (LET). This is because the LET depends on the type and
energy of the projectile. Both can be selected by the accelerator settings. A further
measure is the number of particles applied to the cells, which can be determined by
detecting and counting each individual ion of the beam. The so called targeted single
ion bombardment is an extraordinary approach to study the principles of low dose
effects of ionising radiation to living organisms [Pri03, Zho04, Pri06, Fol07].

The great versatility of nuclear microprobes is demonstrated by the vast number of
studies that have been performed during the last 35 years. Hereby, the applications in
biological and biomedical fields were always a major part. The pie chart below gives
an overview of the distribution of the studies presented at the last nuclear microprobe
conference (10th ICNMTA), July 2006, published in [Osi07].

Environmental
and archaeological

4 %

Proton beam
writing

29 %

Materials and
microelectronics

15 %
Biological

and biomedical

29 %

Facilities and
beam optics

23 %

Fig. 1.1: Pie chart of the research
fields presented at the last in-
ternational conference on nuclear
microprobe technology and ap-
plications, July 2006.

All the microbeam techniques will be even more powerful and bring new insides
into many research fields when the spatial resolution will be improved. However, since
the beginning at about 1.5 µm more than 30 years ago there was no breakthrough in
spatial resolution. Only a few laboratories are able to focus the beam to below 0.3 µm.
However, for elemental analysis there was almost no progress in spatial resolution.
Studies are performed at resolutions of 1 µm or worse. The long intention to evolve
the existing systems or to develop revolutionary systems which improve the spatial
resolution by an order of magnitude is still an actual effort.

This habilitation thesis presents the progress and the applications of the Leipzig
High-Energy Ion Nanoprobe LIPSION in the field of life sciences. It is divided into a
short overview of the microprobe principles and the analytical techniques followed by
the improvements to proceed from micro- to nanoprobe, the chapters with the resumes
of the applications in environmental research, nanosafety research, brain research and
low dose radiobiology, and a chapter on proton-microtomography.



Chapter 2

The High Energy Ion Microprobe

2.1 General overview

The name “high energy ion microprobe” or “nuclear microprobe” refers firstly to the use
of focussed ions as probing particles, instead of electrons, and secondly to ion energies
above 1 MeV to draw a distinction to the FIB’s, the focussed (heavy) ion beams of
energies below 100 keV. Even though there are microprobe systems that focus heavier
ions (e.g. deuterium, carbon, nitrogen, oxygen,...) with energies well above 10 MeV
per nucleon [Fis85, Dol03, Mei95, Doy97] common high energy ion microprobes
usually utilize hydrogen and helium ions (H+ and He+) up to about 3 MeV.

Another aspect of nuclear microprobes is the beam current. The analytical meth-
ods with elemental sensitivity, e.g. PIXE, have cross sections involved in their basic
interaction processes that determine the yield of measurable signals. With a standard
experimental set-up, beam currents in the range of 50 pA to 1 nA or even more are
desired to reach trace element sensitivity. For that the microprobes have to be oper-
ated in the ”high current mode“, a working mode that requires relatively large beam
spot sizes (≥ 1 µm). In contrast, the ”low current mode“ (ca. 1 fA – corresponds to
6000 ions per second) has to be used when each individual ion can be measured (e.g.
energy loss in transmission – STIM or the creation of free charge carriers – IBICC). In
the low current mode the beam spot sizes can reach sub 100 nm dimensions.

The Leipzig system was developed for very high spatial resolution work even in the
high current mode. The components, laboratory building with a high stability room
temperature control system and deep-seated concrete baseplates, the ion-accelerator
SingletronTM with a high ion source brightness [Mou97], the probe forming lens sys-
tem of high demagnification configured in a split Russian quadruplet [Dym95] were
chosen according to the actual knowledge at that time [But96]. The first focussed
ion beam was tested in August 1998. In order to underline the extensive concept for a
substantial improvement in microprobe performance, the system’s new description was
“Nanoprobe” with the name “LIPSION”. Figure 2.1 shows a view into the LIPSION
laboratory from the 90◦-magnet.

13



14 2 The High Energy Ion Microprobe

Fig. 2.1: View into the LIPSION laboratory from behind the 90◦-magnet; from right: 3.5 MV
SingletronTM accelerator; to the left: probe forming system.

The Laboratory

The establishment of the Leipzig Ion Nanoprobe laboratory was part of the recon-
struction of a whole building. It gave the opportunity to design a new laboratory from
scratch. Therefore, the bedplates of accelerator and nanoprobe could be founded in
greater depths (approximately 10 m) separately from the surroundings to minimize
mechanical vibrations (see the black coloured floor plates in figure 2.1). In order to
avoid thermal drifts of the system the room temperature is controlled by a powerful air
conditioning system which operates with an accuracy of ±0.5 K. An active compen-
sation system compensates the varying stray magnetic fields from a nearby tram-line
which otherwise would derange the beam trajectory and consequently alter the beam
spot position in the micrometer range [Spe03].

The Accelerator

A high beam brightness1 and a high stability of the beam energy are important for
high resolution nanoprobe applications. The 3.5 MV SingletronTM accelerator pro-
vides H+- or He+- ion beams with a relatively high beam brightness of more than
20 pA

mrad2 µm2 MeV
. This seems not to be the limit of the radiofrequency ion source be-

cause an approximately four times higher brightness has been reported from the same
type of SingletronTM in Singapore [Wat03].

The Singletron is in principle a Cockcroft-Walton-generator that utilizes the
Greinacher cascade, a voltage multiplier circuit of diodes and capacitors. This prin-
ciple of high voltage generation achieves a very low voltage ripple, which is in our
accelerator ∼ 25 Vpp. In combination with a very stable 90◦ analysing magnet which
serves as momentum and charge state selector and ion beam monochromator the beam
enters the probe forming system with an energy stability of ∆E/E =∼ 10−5.

1high beam brightness = high beam current density into small divergence
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The probe forming system

The whole probe forming system is mounted on a single steel girder, similar to an optical
bench, to ensure as much rigidity as possible. The main part of the system is a split
Russian quadruplet of magnetic quadrupole lenses. In other words it consists of two
pairs of magnetic quadrupoles that are separated from each other. The arrangement
provides a large orthomorphic demagnification of about 100 in both directions, i.e. the
beam through a circular 100 µm object diaphragm is focussed to a spot of 1 µm.

5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

-2

-1

0

1

2 LIPSION split Russian Quadruplet
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Fig. 2.2: Ion optics raytraycing of
the LIPSION system. The initial
settings were 100 µm diameter for
the object and 300 µm diameter for
the aperture collimator.

The large demagnification is an advantage because larger object diaphragms pro-
duce less edge scattering effects and therefore less deterioration of the ion beam phase
space, the initial spatial and momentum distribution. A further advantage is that the
propagation of any vibrational or thermal instabilities of the object position affects the
final beam spot position by the factor of 1/100 only.

Everything would be perfect and simple if there would not be the other side of
the coin: Having a large demagnification is almost unavoidably connected with large
intrinsic spherical aberrations of the ion optical system. They introduce image dis-
tortions. Beam trajectories of increasing distances to the optical axis cause a growing
beam halo. The degrading influences of these third order contributions on the final
beam spot size can be kept reasonably low by limiting the beam divergence, practi-
cally spoken using smaller aperture diaphragms. The gain in beam intensity due to the
larger object diaphragms has to be paid by smaller aperture diaphragms than usually
used in systems with less spherical aberrations. Nevertheless, the performance of the
Leipzig split Russian quadruplet compares well with the best systems worldwide.

The probe forming lens system has a large object distance. Consequently, there is
also a large image distance, the working distance between the last quadrupole and the
focus point. This is a major aspect, because the beam scanner (two pairs of electro-
magnetic coils) has to be behind the last quadrupole. The reason is, once more, the
large spherical aberrations; they do not allow to scan the beam already before the
quadrupoles. The long working distance gives also more space for detectors that needs
to be installed in the backward direction, such as the detectors for X-rays, backscattered
particles and secondary electrons. Last but not least a front view microscope facilitates
the positioning of the sample into the beam axis. All these equipments fit between the
last quadrupole and the focus point where the sample awaits irradiation or analytical
investigations.
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Analytical Methods

The ion beam interacts with the sample material, its molecules, atoms and nuclei.
These manifold interaction processes yield information on a variety of the sample prop-
erties. The processes have been subject of nuclear and atomic physics research for many
years. Hence, they are today the basis for secured and precise methods of ion beam
analysis. The spatial resolution of the methods is achieved by scanning the ion beam
over the sample and recording the interaction signals with the positional information.
This information allows to create quantitative maps of particular characteristics of the
sample such as distributions of elemental concentrations or the mass distribution.

There are several textbooks with detailed descriptions of the analytical methods. A
widespread overview of general ion beam analytical methods can be found in the “Hand-
book of Modern Ion Beam Materials Analysis” [Tes95], whereas the books “Backscat-
tering Spectrometry” and “Particle-Induced X-Ray Emission Spectrometry (PIXE)”
concern in particular the two most important analytical methods [Chu78, Joh95].
“Materials Analysis using a Nuclear Microprobe” gives a comprehensive overview with
relation to nuclear microprobes [Bre96] and a particular emphasis on applications in
the life sciences can be found in “Nuclear microprobes in the life sciences” [Lla98].
Nevertheless, a pictorial representation (figure 2.3) and a few words on the analytical
methods shall be given here.

PIXE2, the spectrometry of particle induced X-ray emission is a quantitative el-
ement sensitive analytical method which is based on the capability of MeV-particles
to ionize the sample atoms mainly in the K- and L-shell. The subsequent emission of
characteristic X-rays yields information on the concentration of a particular element in
the sample via the intensity of its characteristic X-ray lines (peaks in the spectrum).
The analytical limits of the detection arise from the detection efficiency for the X-rays
which depend on the X-ray energy, on the solid angle subtended by the detector(s), and
on the peak to background ratio for the X-ray lines in the spectrum. Usually, elements
with X-ray lines above 1 keV (Z > 11) are detectable with minimum detection limits
in the µg/g range. For elements in the range Z = 21 . . . 30 the detection limits can
even be below 1 µg/g, e.g. for physiologically important metals like Fe, Cu, Zn in an
organic matrix.

RBS, the Rutherford backscattering spectrometry utilizes the elastic scattering of
the incident particles on the sample nuclei backwards through an angle close to 180◦.
The ratio of the energy of the projectile immediately after the scattering process to the
incident energy, the so called kinematic factor, yields the information on the mass of the
encountered nucleus. Thus, RBS is an element analytical method. The kinematics of
the scattering process defines the window for analytical applications. RBS with helium
ions achieves a better mass resolution than the proton scattering process. Furthermore,
in the case of proton back scattering on light nuclei3, the scattering cross sections
deviates from the classical Rutherford cross sections due to the additional involvement
of nuclear forces. For these cases the Ion Beam Nuclear Data Library provides a
comprehensive experimental data base for the non-Rutherford cross sections [Gur07].

2PIXE with spatial resolution is often specified as µPIXE
3Especially important when analyzing e.g. biological material with high contents of carbon, nitrogen

and oxygen.
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Besides the element analytical capability, RBS also probes the depth of the nucleus
on which the particle is scattered. The scattering event can occur already at the
surface of the sample or in any depth within the particle range. As a consequence,
with increasing depth the particle is slowing down, having less energy in the scattering
process followed by a further energy loss backwards on the way out of the sample. The
final energy of the particle then has a lower energy compared to the scattering process
on the same nucleus on the surface. This energy shift is a measure for the depth. RBS
is therefore also used to analyse depth distributions of elements, the thickness of a thin
layer or the structure of thin multilayers.

STIM stands for scanning transmission ion microscopy, a microscopic technique
that creates images of the density distribution. This is mostly used to image the mor-
phology of thin sections4 of dehydrated biological samples. Scanning over the sample,
the residual energy of each transmitted ion (about 10 ions per scanning position) is
measured; the median or average difference to the incident energy then gives the energy
loss and thus the electron density which is a measure for the mass distribution within
the sample.

The main principle for this technique is the electronic stopping power, which is
the successive energy loss of the incident particles due to scattering on the electrons
of the sample material. The dependency of the energy loss (per unit distance) upon
the electron density is approximated by the Bethe-Bloch-formula [Bet30, Blo33].
Although this approximation is adequate for most STIM measurements, usually the
stopping powers are taken from a software package, based on a vast experimental data
base, mainly because the software easily creates stopping power tables for any com-
pound and projectile combination over a selected energy range, also nuclear stopping
and bonding corrections for light compounds are included [Zie].

IBIL – ion beam induced luminescence is a phenomenon that is based on the
interaction processes of MeV particles which excite the sample atoms in the optical
system, i.e. the outer electron shells. Hence, ion beam induced luminescence yields
information on all properties of a material that are related to the outer electron shells,
e.g. the type of the luminescence centers, its chemical and structural neighbourhood,
phase transitions, specific impurities, or chemical speciation [Tow07].

However, the processes are complex and often interfere with other processes. Ac-
tivation and co-activation, quenching, thermal effects, or beam damage influence the
luminescence. Nevertheless, the method is widely used to study e.g. impurities, de-
fects, crystallinity, or radiation hardness of geological, doped and natural semicon-
ductor, and scintillating materials, or even art objects, especially painting pigments
[Bro02, Ros04, Qua07].

IBICC, the ion beam induced charge collection, utilizes the creation of electron-
hole pairs after ion impact in a semiconducting or semi-insulating material or device
to investigate the electronic properties. The measured signal is the induced charge in
the electrodes when the charge carriers in the material move due to an external or
intrinsic static electric field. The induced charge depends on the amount of trapping
and recombination at point and extended defects, the doping density, minority carrier
diffusion length, electric field strength, mobility and collection geometry. A time re-

4Sections of a few micrometer thickness
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solved measurement of the charge induction (TRIBICC) allows to study also the charge
carrier dynamics. A recent review on ion beam induced charge collection is given by
Breese et al. [Bre07].

SEI, the secondary electron imaging is very similar to the SEI at a scanning electron
microscope. A nuclear microprobe induces the emission of secondary electrons from
the sample surface, too. The difference is of cause in the primary particles, the ions.
The imaging procedure then is the same. The secondary electrons from the sample are
detected. The intensity depends on the surface structure and orientation with a higher
emission rate at edges and corners. Usually, the electron intensity is recorded without
any energy information, because the method is used as a simple qualitative imaging
technique for the sample topology.

NRA, nuclear reaction analysis is a method that uses secondary gamma5 or particle
radiation from nuclear reactions. The energy range of nuclear microprobes allows
only a restricted number of reactions with light nuclei (e.g. 7Li(p,α)α, 11B(p,α)2α,
19F(p,p’γ)19F). This however, is a complementary approach to analyse concentrations
of low Z elements on the µg/g-level which is conventionally not accessible with other
methods.

2.2 From Micro- to Nanoprobes

In the 1970s, the first nuclear microprobes did already focus proton beams to spot
dimensions of about 2 µm in diameter at a beam current of about 100 pA [Coo72,
Nob77]. In the early 1980s the Oxford microprobe halved the beam spot to 1 µm
[Wat81]. Again ten years later, in the 1990s, beam spots around 0.5 µm have been
reported. This development gave the idea to compare the beam spot sizes with Moore’s
law of the progress in integrated circuit technology (figure 2.4, adopted from [Jam01]).

According to this extrapolation a further significant increase in microprobe perfor-
mance, may be not yet breaking the 100 nm barrier but beam spot sizes below 200 nm
in the high current mode, would have been expected for the new millennium, because
beam optics and accelerator technology seemed to be sufficiently advanced. The trend,
however, turned out to be much slower than the economically driven technological
progress. The beam spot sizes of nuclear microprobes were stuck at around 0.5 µm
and these numbers are reports on best values measured, but not the performance at
routine work. The best beam spot sizes obviously could not be resumed in standard
microprobe analyses, i.e. PIXE or RBS studies. The literature only reveals nuclear
microprobe studies with spatial resolutions of 1 µm or more. There are several reasons
for that. The most important one is probably the stability of the system.

A beam spot measurement, mostly done on structures like copper or nickel grids,
requires in the high current mode only a few minutes of acquisition time. However,
studies on trace element distributions with sub-micron lateral resolution will need ac-
quisition times for a scan in the order of an hour. During this time the spatial resolution
is easily deteriorated by mechanical or thermal instabilities in the microprobe system,
by varying stray magnetic fields, or by instabilities in the lens currents. Furthermore,

5PIGE – particle induced γ-ray emission
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Fig. 2.4: The development of the beam spot sizes of nuclear microprobes (halves every eleven years)
in relation to the advancement of Intel process technology guided by Moore’s law (halves every four
years).

in the case of biological samples the beam can also cause sample shrinkage or distor-
tions which then limits the attainable spatial resolution. Other sources of resolution
deterioration show effects even on the short time scale. Mechanical distortions from
persons walking in the lab or vibrations from roughing and turbo pumps. Even the
beam scanning system can introduce positioning instabilities of the beam. The scan
signal which drives the currents through the scanning coils, could be interfered by dis-
turbing signals from power supplies or from computer parts (e.g. video card). Another
contribution to the positioning uncertainty may come from eddy currents in the beam
tube induced by the magnetic field of the scan coils. All these effects could be small,
not disturbing standard microprobe operation with micron resolution. However, they
can be the limiting factor at resolutions below 500 nm.

The Leipzig system avoids mechanical distortions and vibrations with the separated
baseplates and by switching off mechanical pumps for high resolution work; ion getter
pumps then maintain the vacuum below 10−6 mbar. Air conditioning stabilises the
temperature to ±0.5 ◦C. The influence of stray magnetic fields is reduced by extensively
shielding large parts of the beam tube and additionally by the active compensation
system. In order to avoid the scanner induced eddy currents the aluminum beam tube
was replaced by a glass tube, internally covered with stripes of a conductive coating to
avoid upcharging.

In the year 2005 the Leipzig system was subject to simple but efficient revisions
concerning the probe forming lens system. An careful alignment of the aperture di-
aphragms onto the beam optical axis together with an improved focussing procedure
allowed the use of larger apertures. Although the Leipzig probe forming system has
very large spherical aberration coefficients (about a factor of two compared to other
high performance systems), there was only a slight increase of the beam spot size due
to the larger aperture diaphragms but a factor of five in beam current. With this
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enhanced performance the probe forming system was able to focus a 120 pA proton
beam of 2.25 MeV down to 0.5 µm. Accepting a very low beam current of 10 pA a
beam focus of less than 300 nm was achieved (figure 2.5, [Rei06]).
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Fig. 2.5: Resolution measurement for elemental analysis (PIXE) on the Chessy test-structure with a
10 pA 2.25 MeV proton beam. The gold map of the 1 µm2 squares revealed a resolution of 260 nm×
280 nm (averaged full width at half maximum of the lateral gold profile at four square edges). The
overlay on the PIXE gold-map shows a secondary electron micrograph of Chessy.

10 pA of beam current might seem to be not applicable for trace element analysis.
On the first glance this is true, because the acquisition time for a µPIXE scan linearly
increases with decreasing beam current when the total accumulated charge has to be
the same. For a spatially resolved PIXE analysis, however, the accumulated charge
per resolution is the dominant number. Hence, a simple calculation shows that a beam
of 10 pA can still be appropriate for trace element analysis. If we do not consider
the beam current but the accumulated charge per resolution (or map pixel) then we
can estimate the scan parameters for 10 pA deduced from a 100 pA beam: A scan of
50 µm× 50 µm with a 0.5 µm beam (100 pA) should have 250× 250 pixels (2.5 pixels
per 0.5 µm beam diameter). One hour acquisition time gives a total charge of 0.36 µC
or 5.8 pC per pixel which corresponds to minimum detection limits (for the whole map
area) of a few µg/g for transition metals in biological samples. Accumulating 5.8 pC
per pixel with a 10 pA beam over 1 h allows a mapping of nearly 80× 80 pixels, which
results in a scan area of 9.5 µm× 9.5 µm (2.5 pixels per 0.3 µm beam diameter). This
map would have the same sensitivity for mapping as the 50 µm× 50 µm map but with
higher spatial resolution.

Improving the detection efficiency by using multiple X-ray detectors would also
help to accept lower beam currents and thus enabling higher spatial resolution. Un-
fortunately the space around the sample is very limited. Several detectors, for X-rays,
backscattered particles, and for secondary electrons, and optical microscope objectives
have to be packed in the half space in front of the sample. The conventional and most
useful arrangement of X-ray detectors is at 135◦ with respect to the beam direction.

The Leipzig laboratory operates a retractable 100 mm2 high purity germanium
IGLET-X (EG&G Ortec) X-ray detector. In order to double the efficiency a second
IGLET-X detector has been purchased. Its position is also at 135◦ quasi at the mirrored
position of the other detector. Unfortunately, the new detector has a very bad perfor-
mance. The spectra show extraordinary tailing at the low energy side of the peaks, a
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remarkable non-linearity and an unusual behaviour of the FWHM values with decreas-
ing photon energy. Although the new detector fulfils the specification for FWHM at
Mn-Kα of 145 eV, it is not suitable for quantitative PIXE analysis. The manufacturer
is asked to revise the detector.

Besides the extension on the detector side, in 2007 the original target chamber and
the externally driven sample stage have been replaced by a newly developed target
chamber which now includes a new four axis sample stage with additional three axis
goniometer. These major modification activities prompted us to readjust the align-
ment of the two quadrupole duplets. First tests of the performance after the major
revisions have shown a further improvement. However, they also confirmed a pulsed
displacement of the beam in the order of 0.1% of the scanning amplitude correlated
in both directions. Careful examinations suggest that the disturbing signal originate
already from the I/O board (Texas Instrument Lab PC+ for ISA) of the scan control
computer or from the two channel scan amplifier. A new scan amplifier is already or-
dered. It consists of two independent one channel transconductance power amplifiers.
This replacement is favoured to eliminate the disruptive pulsed beam offsets.

All activities together, the realignment of the quadrupoles, exhausting the focussing
system by maximum setting of the aperture, new sample stage and beam scan amplifier,
and increasing the X-ray detection efficiency using two detectors the long pursued
aim to reach the 100 nm level for (trace) element analysis is realizable at the Leipzig
nanoprobe LIPSION with a beam current of about 10 pA. In the low current mode
beam spot sizes smaller than 20 nm are also foreseeable. The verification of these
prognoses is expected for the near future.



Chapter 3

Environmental Research

Ion beam analysis including PIXE as a tool for elemental analysis is widely used to
asses the pollution status of environmental samples, especially for toxic elements. The
analysis includes soil, air born particles, plants, and even organs of animals. The
information from the assessment supports the identification of the pollution sources
and the search for strategies to reduce and even prevent further pollution. A major
part of the studies is performed with a broad beam. However, analysing not only the
bulk material of the samples but also the substructure by using the µPIXE technique
may also give more detailed information. The two following examples of elemental
analysis with spatial resolution show the applications to single aerosol particle analysis
and to a bioaccumulation study.

3.1 Pollution monitoring by single aerosol particle

analysis

Figure 3.1 shows a view over Shanghai. The rapidly growing city suffers from air pol-
lution due to extensive construction and increasing traffic volume. The smog haze over
the city, demonstrating the pollution with airborne particles, is the sum of contribu-
tions from several sources. Airborne particles, in general defined as total suspended
particulate matter (TSP), have different size and shapes. According to their aerody-
namic diameters they are divided into different categories: PM10, PM2.5, and PM0.1.
PM stands for particulate matter and the subscript denotes the upper limit of the
aerodynamic diameter in micrometer.

The health risk of the particles depends on one hand on the diameter. The smaller
the diameter the deeper the particles can enter the respiratory system. Coarse particles
greater than 10 µm are filtered by the nasopharynx. PM10 enter already the main
bronchi and PM2.5 enter the terminal bronchioles and alveoli deep in the respiratory
system. The particles trapped in the alveoli are no more accessible for the clearance
mechanisms via ciliary transport. The remaining alternative to clear the alveoli is to
activate macrophages that engulf and, if possible, digest the trapped particles. Finally,
the particles themselves or their dissolved substances are incorporated. In this stage
the other side of the particle health risk becomes apparent. When the particles remain
in the alveoli without being digested, they can cause a chronic inflammatory reaction

23
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Fig. 3.1: View from the Orien-
tal Pearl Tower over the City
of Shanghai (September 2002).
The smog haze between and
above the buildings arises from
the urban and industrial sources
of air pollution.

in the lung. Or, when digested, toxic elements and substances enter the body in a
long-term scale and severe health effects cannot be excluded. The increasing interest
over the last years revealed not only an earlier trigger of allergies, there might be even
a link to cardiovascular diseases via the redox active components of the particles with a
putative origin in fossil fuel combustion [Del05]. The report emphasizes also the need
for a detailed epidemiologic research concerning the casual components and sources of
the particulate matter.

A standard method of analysing particulate matter is to collect the particles on
filters, followed by an analysis of the bulk material. The method is standardised and
able to perform large numbers of analyses which substantiate the statistical significance
of the results. However, bulk analysis has its limitations in the possibility to identify
or to separate the contributions according to their sources or particle sizes.

The group of Prof. Zhu Jieqing, Shanghai Institute of Applied Physics, has devel-
oped a new method for a direct assessment of air pollution on the basis of the analysis
of single aerosol particles by nuclear microprobe techniques. The main idea behind
the new method is that every airborne particle possesses a characteristic spectrum of
elemental composition which is in fact a kind of fingerprint of the particle origin. The
fingerprint, i.e. the elemental spectrum of a particle is easily obtained by PIXE mea-
surements using the nuclear microprobe. According to their PIXE spectra the particles
can be categorized and assigned to the pollution sources when the fingerprint, i.e. the
PIXE spectrum of the pollution source is known. In order to establish a set of source
categories, initial PIXE measurements on particles collected at different sources have
to be performed.

The huge number of collected airborne particles in combination with single particle
analysis might seem to be contradictory. However, the practicability results from the
fact that from a single PIXE map of several particles the spectrum of each particle
can separately be extracted and that the individual spectra do not even need the usual
process of peak and background fitting for a quantitative or semi-quantitative elemental
analysis. The spectra serve merely as input patterns for a pattern recognition algorithm
on the basis of an artificial neuronal network. The neuronal network in this case is
an adaptive non-linear data processing algorithm that is trained by reference patterns
in order to adapt the parameters for a correct classification of the particle spectra.
The characteristic of a spectrum arises from the appearance and the intensity ratios of
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particular X-ray lines that are representative for the emitting source.

Fig. 3.2: Four different single particles and their individual PIXE spectra extracted from the raw data
map (grey circles correspond to a diameter of 1 µm). The spectrum pattern can be considered as
each particle’s fingerprint. The strategy of the fingerprint recognition is used to classify each particle
according to its source.

Figure 3.2 shows an example of four individual particles of different sources from
a feasibility study in Shanghai. The study was initiated by the Chinese Academy of
Sciences. The fingerprint database for classification was established by analysing 74
particles of twelve pollution sources thought to be the main emitters of air pollution.
The environmental monitoring was done by a cascade impact sampler in the city center
of Shanghai. The collected particles, 70% were PM2.5, were prepared for the PIXE
microprobe analysis. The PIXE spectra of 309 PM2.5 measured in the Leipzig LIPSION
laboratory were successfully categorized according to their sources.
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Fig. 3.3: Graphical representa-
tion of the contribution of dif-
ferent pollution sources to PM2.5

particles in the city center of
Shanghai. The sources could be
identified by PIXE analysis of
single particles with the nuclear
microprobe.

Figure 3.3 shows the result of the study. The major contribution, one third, results
from the cement industry which is not very surprising due to the enormous consumption
of construction material in the rapidly growing city. The second largest contribution
comes from vehicle trails and coal combustion whereby the majority of the vehicles
obviously run leaded petrol. About 12% of the particles remained unidentified. In
these cases the particles might come from different sources than in the data base
considered. An extension of the data base would reduce this uncertainty.
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3.2 Bioaccumulation of heavy metals

The second example of nuclear microprobe application to environmental research is
a study on the intentionally modified bioaccumulation rate in a protist plant, a sim-
ple alga. The study was motivated by the possibility to develop new technologies for
the decontamination of polluted water or for the exploitation of water bound metals
[Ahl07]. It is known that many organisms have developed individual protection mech-
anisms against high concentrations of metals in their surroundings. Most intracellular
mechanisms work on the basis of metalloproteins that sequester the contaminants,
followed by the transport to the cell membrane where the contaminants are released.
Although the underlying molecular processes of these regulations are often not yet fully
understood, an inhibition is easily achieved by immobilisation. The algae then accu-
mulate the metals in high concentrations when their detoxification system is blocked.
Thus, immobilised biomass represents an effective resource for waste water treatment,
economic metal recovery or exploitation.

The gain in efficiency by immobilisation was studied on the algae euglena gracilis.
The algae were exposed to a high level of the rare earth element neodymium in their
cultivating medium. Two groups of algae were cultivated, one group was immobilised
with glutaraldehyde, the other group represented the control. Nuclear microprobe
analysis was chosen to analyse the bioaccumulation of neodymium. Algae from both
groups were prepared on thin nylon films. Simultaneously, RBS and PIXE analyses
were done in order to outline the algae shapes and to measure the neodymium content.
Figure 3.4 gives an short overview of the analysis and the result on the modified
bioaccumulation rate. The control group is shown on the left side. The RBS-map
shows the shapes of three algae cells and the Nd-map the corresponding neodymium
distribution. There are clear intracellular neodymium hot spots that demonstrate the
active detoxification mechanism. The right side shows the result for immobilised algae.
Neodymium is distributed over the whole cell. Neodymium is trapped in the algae.
The PIXE spectra below clearly show the increase in neodymium concentration.

PIXE

RBS Nd

PIXE

RBS Nd

ordinary euglena gracilis immobilised euglena gracilis

Fig. 3.4: Nuclear microprobe analysis of the bioaccumulation of neodymium by the algae euglena
gracilis (grey circles correspond to 1 µm diameter. The immobilisation increases the bioaccumulation
of metals by inhibiting the algae’s detoxification mechanism. This is of technological relevance for
waste water treatment.



Chapter 4

Safety of Physical UV Filter –
TiO2-Nanoparticles

Physical UV-filters, also called mineral filters, are widely used in sunscreens and daily
cosmetic products. A predominant physical UV-filter is nanoscaled titanium-dioxide,
TiO2. The material is an efficient absorber in the UV-region and chemically inert,
ideal properties to create sunscreens with high sun protection factors. Since the TiO2

can be produced in form of nanoparticles, smaller than 100 nm, they do not show the
whitening effect anymore and became very popular. However, with smaller sizes the
particles develop new properties that potentially represent new health risks. There
is on the one hand the photocatalytic activity, an effect that has to be avoided as
much as possible in cosmetic products. This can be done by coating the particles with
amorphous alumina or silica. On the other hand nanoparticles in sunscreens might
already be small enough to find ways through the skin. The scenario is plausible, the
use of sunscreen with nanoparticles as physical UV-filters brings the particles in direct
contact with the skin. This clearly represents a high exposure to nanoparticles with
the risk of percutaneous uptake.

The chemical and cosmetic industry knew about the possible health risk and ini-
tiated many internal studies on the percutaneous penetration. The methods applied
were mostly electron microscopy, tape stripping and penetration measurements with
Franz diffusion cells. These methods alone, however, can only yield limited informa-
tion on the penetration behaviour of nanoparticles. High resolution electron microscopy
images clearly show individual nanoparticles between the corneocyte layers, giving a
useful ultrastructural but no real quantitative view on the penetration (figure 4.1).

Tape stripping is not a very successful approach to quantify the depth distribution
of nanoparticles throughout the upper skin layers. Tape by tape in a successive ablation
the cell layers of the skin are transferred to the tapes and analysed for their nanoparticle
concentrations. The transfer rate and the contributions from accumulations in wrinkles
and follicles introduce unknown uncertainties in the analysis. Penetration studies with
the tape stripping method are furthermore limited. The probing depth corresponds to
the thickness of the stratum corneum, the horny layer. Penetration beyond the horny
layer into vital tissue is out of range for the tape stripping method.

Franz-cells were developed and used for penetration studies of drugs and nutrient
molecules. Although this method is standardised and measures the diffusion through-
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Fig. 4.1: High resolution electron microscopy images of ultrathin cross sections of human skin showing
the presence of TiO2 particles in the topmost corneocyte layers only. The particulate matter in the
stratum corneum compactum (right) was identified to be of organic origin. (courtesy of J.E. Surlève-
Bazeille)

out the total thickness of the skin the method is not appropriate to measure the tran-
scutaneous transport of nanoparticles because it is a static arrangement. Nanoparticles
do not diffuse as fast as molecules.

There was a strong need for further analytical methods that can assess the percu-
taneous penetration of nanoparticles. Quantitative results with low detection limits
and a spatial resolution in the order of 1 µm are required to create maps and depth
profiles of the distribution of nanoparticles. micro PIXE with a nuclear microprobe
fulfils these requirements. In a multinational project, supported by the European Com-
mission under the programme ”Quality of Life and Management of Living Resources“,
eight project partners, including six nuclear microprobe laboratories, two centers for
electron microscopy and several dermatological and pathological departments studied
the penetration of nanoparticles under various conditions on healthy pig and human
skin and on human skin with impaired barrier function. There was a strong focus on
the measurements of a vast number of skin samples by nuclear microscopic techniques
to assess the barrier function of skin against nanoparticles. However, a nuclear micro-
probe cannot analyse the penetration of nanoparticles into skin in-vivo. The exposed
skin has to be taken from laboratory animals or volunteers. The sampling is a small
punch biopsy from which freeze dried cross sections (15 µm to 30 µm thick) of the skin
are prepared for nuclear microprobe measurements.

The µPIXE analysis provides several useful information. There are the elemental
distributions of the physiological elements, e.g. phosphorous and sulphur, which delin-
eates the strata of the skin. The stratum corneum is recognisable by a low phosphorous
and a high sulphur concentration. Skin with an intact structure has a sharp transition
from vital tissue into the dead horny layer of the stratum corneum. The borderline is the
stratum granulosum which still consists of living cells. From the µPIXE maps elemental
profiles can be extracted to get quantitative penetration profiles of the nanoparticles,
e.g. from the outer skin surface, where the nanoparticles were spread, into the vital
tissue beyond the stratum granulosum. Furthermore, the average concentration of ti-
tanium(dioxide) can be extracted from regions of interest. The regions can be chosen,
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for example, comprising the vital tissue and excluding the stratum corneum. Thus, the
concentration of nanoparticles that have passed the barrier could be extracted.

Figure 4.2 shows an example from a µPIXE analysis of a psoriatic skin sample.
The characteristic of the psoriasis is the excessive skin production due to an acceler-
ated proliferation of keratinocytes. This leads to a disturbed structure of the skin, so
called psoriatic plaques, because keratinocytes turn into corneocytes already in deeper
skin layers. In the PIXE maps this is expressed by sulphur rich structures (the dead
corneocytes) intermingled in the phosphorous rich region (vital tissue). There is no
intact barrier in form of the stratum corneum. The analysis shows that there is a pen-
etration of nanoparticles up to a depth of 30 µm with only a little tail up to 40 µm.
The number of penetrated particles than drops under the detection limit which is in
average 0.2 µm−3. The signals at 53 µm and 63 µm are close at the detection limit
and might come from statistical fluctuations. At this low levels additional careful anal-
yses of these spots are needed to give clear answers concerning possible preparation
artefacts.
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Fig. 4.2: µPIXE analysis of the penetration of TiO2 nanoparticles into psoriatic skin. The elemental
maps (100 µm × 100 µm) of P, S, and Ti show the impaired stratum corneum. From the green
rectangular area a titanium profile was extracted to quantify the concentration of particles with
increasing depth.

Summarising all nuclear microprobe analyses and the electron microscopy investi-
gation we can conclude that healthy skin is an effective barrier for nanoparticles in
sunscreens. The nanoparticles are mechanically spread over the skin and rubbed in
the outermost layers of the stratum corneum disjunctum where they have no contact
to vital tissue. Nanoparticles do not diffuse fast enough. In the case of psoriatic skin,
the nanoparticles are rubbed into the fuzzy structure of the outer regions with contact
to vital cells. Again, the nanoparticles will not diffuse deeper. The fast proliferation
of the cells will transport the nanoparticles to the surface where a fast desquamation
occurs.





Chapter 5

Trace Metals in Brain

The relevance of trace elements in association with neurodegenerative diseases is of
growing interest since elevated concentrations of metal ions in these diseases could be
linked to pathological processes [Hol07]. There are more and more studies that link
redox-active metal ions – most notably aluminium, calcium, manganese, iron, copper,
and zinc – to the pathology of several neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, and prion diseases, Friedreich’s ataxy, amyotrophic lateral sclerosis, and
multiple sclerosis [Dor04, Ote04].

The mechanism for the pathologies may particularly be bases on the oxidative
potentials of the involved metals when their physiological balance is disturbed [Hen04].
It is likely that the altered homeostasis and redox activity will lead to severe cellular
damage and subsequent apoptosis or necrosis. The cellular damage is mostly caused by
an increased production of free radicals since metal ions, in particular iron and copper
ions, catalyse radical production via the Fenton reaction. This is supported by a recent
study that revealed a contribution of a metal induced oxidative stress component to
neurodegeneration [Mor04]. For instance, Parkinsons disease is characterized by a
selective vulnerability of the dopaminergic neurons in the substantia nigra, accompanied
by abnormally high concentrations of iron in the affected brain areas. Therefore, iron
(in its Fe2+ state) is believed to contribute to oxidative stress and therefore to neuronal
death in the substantia nigra.

Therefore, a major research interest is the analysis of metal ion concentrations
in particular brain regions or cell types affected by neurodegenerated disorders. A
basic approach is to understand the principles of iron metabolism by a comprehensive
study of which a quantitative elemental analysis on the cellular and sub-cellular level
contributes complementary information for a deeper understanding. The following
examples summarise the elemental analytical part of studies that were conducted in
the LIPSION laboratory in close collaboration with Dr. Markus Morawski and Anja
Fiedler (neuroanatomy group, Prof. Arendt, Paul-Flechsig-Institute for Brain Research
of the University of Leipzig).
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5.1 Neurons with a specialised extracellular ma-

trix: the perineuronal net

An approach to a better understanding of neuropathologies is the investigation of the se-
lective neuronal vulnerability. Focussing on the vulnerability in relation with anatomy
and the regional and cellular characteristics together with the disturbed metal home-
ostasis, especially the iron (mis-)management, a noticeable correlation appears with
the heterogeneous distribution pattern of a lattice-like neuronal coating of extracellular
matrix proteoglycans, a so called perineuronal net [Tho01, Bru99]. A characteristic
feature of this structure is that it ensheathes only a subpopulation of distinct types of
neurons (see figure 5.1).

Fig. 5.1: Laser scanning microscopy im-
age of neurons and perineuronal nets
(green: neurons immunohistochemi-
cally stained with NeuN; red: perineu-
ronal nets lectinhistochemically stained
with WFA). The neuron in the center
posses a distinct net, the neuron on the
left side a flimsy one only. (courtesy of
Anja Fiedler)

In regions with physiologically higher iron concentrations the iron is compartmen-
talised mainly in oligodendrocytes; it is essential for the support of axons and for the
production of myelin sheath. Free excess iron ions contribute to cellular damage by
catalysing oxidative stress. However, in the regions of pathologically higher iron con-
centrations, where a progressive loss of neurons takes place for instance in Parkinson’s
and Alzheimer’s diseases, a particular group of neurons is not or at least very lately
affected by degeneration. This group obviously posses a certain protection mechanism.
Numerous indications suggested that the polyanionic extracellular matrix proteogly-
cans are involved in the protection mechanisms. Interestingly, this specialised form of
neuronal extracellular matrix is able to bind large amounts of iron due to their nega-
tively charged chondroitin sulfate proteoglycans. The function and a possible role in
neuroprotection are subject to many-sided investigations.

According to the polyanionic character of the perineuronal nets, a possible neuro-
protective effect could be based on the ability to scavenge iron ions thereby reducing
the oxidative stress. The ability to scavenge cations has to be connected with a high
affinity to metal ions. In order to determine the affinity, transverse sections (6 µm
thick) of an adult Wistar rat were incubated with gradually increasing concentrations
of colloidal iron hydroxide. The concentrations of iron bound to the perineuronal nets
were analysed for the different Fe loadings in several brain regions. The result for the
cortex is shown in figure 5.2. The distinct affinity to iron ions is shown in the sharp
increase of the bound iron already at a low iron loading. The retention can be math-
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ematically expressed by the Michaelis-Menten-equation for enzyme kinetics whereby
the concentration of bound iron replaces the enzyme activity that is usually taken as
ordinate in the theory of enzyme kinetics.
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Fig. 5.2: Analysis of the affinity of perineuronal nets to iron. The dependency of the Fe-concentration
bound to the PN upon the applied Fe loading follows the Michaelis-Menten equation from which the
affinity can be extracted.

The study has shown that under increased ion loading the perineuronal nets at-
tract and accumulate iron ions [Rei03]. This affinity could be an auxiliary mechanism
of the perineuronal net ensheathed neurons that is part of a specialised cellular iron
metabolism to eliminate the excess iron. Therefore, in a follow-up study, the physi-
ological intraneuronal concentration of iron in the cytoplasm was investigated with a
special emphasis to the difference between neurons ensheathed by a perineuronal net
and neurons without a net. For the analysis Wistar rat brain sections including the re-
gions of the substantia nigra, nucleus ruber, subiculum, parietal cortex, brain stem and
cerebellum were prepared. The challenge was to analyse the subcellular distribution of
iron at physiological concentrations maintaining the high spatial resolution of 1 µm.

Normally the perineuronal nets are neither visible in optical microscopy nor in nu-
clear microscopy. Although, after very long acquisition times perineuronal nets seem to
slightly show up via an increased contrast in the sulphur map due to their main com-
ponents chondroitin sulphate proteoglycans, this is not suitable method for a fast and
reliable recognition of the perineuronal nets. Other appropriate recognition techniques
have to be established. The idea connects standard immunohistochemical methods
with a selective elemental contrast for nuclear microscopy [Mor05]. The method can
easily tag a variety of physiological structures by immune-labeling with primary anti-
bodies in combination with a secondary antibody intensified by an elemental additive
appropriate for ion beam analysis (e.g. Co, Ni, Cd, Ag, Au of highest purity). Tests
have shown that there is no significant change in elemental concentrations of cells due
to the immunolabeling with an elemental marker.

With this method the perineuronal nets were immunohistochemically marked with
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Fig. 5.3: Left: Light microscopy image (100 µm × 100 µm) of two neurons showing the dark nickel
enhancement of the perineuronal net (PN). The upper neuron is enclosed by a PN, the lower one is not.
Right: Nuclear microscopic elemental map of the same area as in the left image. PNs appear in the
nickel distribution (Ni: blue). Cell cytoplasm can be recognized by intense phosphorus concentration
(P: red). Iron is shown in green (Fe: green). The yellow areas are a co-localisation of phosphorus and
iron. (courtesy of Anja Fiedler)

lectin WFA1 and intensified by DAB-Ni2 to facilitate the PN visualization by ion beam
microscopy. Figure 5.3 gives an example of a typical analysis, here of two neurons from
the nucleus ruber. First, in a large overview scan neurons were identified according to
their shapes in the phosphorus concentration (representing the cytoplasm). The nickel-
distribution revealed neurons ensheathed by a perineuronal net. The detailed analysis
with high spatial resolution and sensitivity was then performed on selected neurons.
Concentration values for the different cellular compartments were extracted such as for
the nucleolus, the nucleus (with/without nucleolar contributions), the cytoplasm, and
the total neuronal concentrations.

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0,90

F
e

c
o

n
c
e

n
tr

a
tio

n
[m

M
]

inter-
neurons

PN+

PN- PN-

PN-

PN-

PN-PN+
PN+

PN+

parietal cortex substantia nigra
subiculum

pyramid
cells

p
a

rs
 c

o
m

p
a

c
ta

p
a

rs
 r

e
ti

c
u

la
ta

Fig. 5.4: Statistical analysis of the cytoplasmic iron concentrations of neurons with (green) and with-
out (orange) perineuronal net for different brain regions. PN ensheathed neurons have a significantly
higher Fe concentration (Student’s t-test, p < 0.02). Error bars represent the standard errors. (cour-
tesy of Anja Fiedler)

1wisteria floribunda agglutinin
2DAB-Ni: diamino benzidine with nickel as marker
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The study on the intraneuronal iron content is based on the analyses of 106 per-
ineuronal net ensheathed neurons and 121 control neurons in the aforementioned brain
regions of two Wistar rats. The statistical analysis of the data revealed a slightly higher
intraneuronal iron concentration in neurons ensheathed by PNs than in neurons devoid
of PNs on the significance level of p < 0.05 (figure 5.4). It is assumed that the higher
iron concentration is closely related to the concentrations of iron transport and storage
proteins, especially that of the storage protein ferritin. This hypothesis is currently
under investigation by molecular biological and immunohistochemical methods.

The reduced vulnerability of particular neurons might be explained by the assump-
tion, that the PNs protect the neurons against degeneration by scavenging free iron
ions and the possible conversion to non-toxic iron (Fe3+), which can be stored inside
the cell. This could probably delay functional changes as well as metabolic imbalances
in the course of Parkinsons disease.

5.2 Metal ions in Parkinson’s disease – the role of

neuromelanin

Patients suffering from Parkinson’s disease have an up to three fold higher iron con-
centration in the brain region substantia nigra. The reason for this pathological ac-
cumulation, obviously an altered iron homeostasis, is unknown. Presumably, the iron
accumulating molecular structures, e.g. ferritin in glial cells and in particular the pig-
ment neuromelanin in neurons play a fundamental role in the aetiology of Parkinson’s
disease. Neuromelanin is a dark coloured intracellular pigment appearing in a spe-
cific population of neurons (dopaminergic and noradrenergic) in senescent mammals
predominantly in the substantia nigra pars compacta and in the locus coeruleus, being
formed by oxidation of catecholamines. In recent years, there is increasing interest in
the role of neuromelanin because of a hypothesised link between this pigment and the
cell death of neuromelanin-containing neurons in Parkinsons disease (PD), due to metal
ion binding of neuromelanin and a consequential generation of free radicals [Zec06].
The biology, i.e. the structure, synthesis, physiology and its role in the neuron is still
not entirely understood. It is likely that, similar to other types of melanins, neurome-
lanin acts as a protector against free radicals by inactivating or chelating free toxic
metal ions (e.g. iron, copper, calcium). However, in the case of redox-active metal ion
excess, and this is controversially discussed, neuromelanin could potentiate the free
radical production due to a reduced binding capacity. The role of neuromelanin in the
pathology of PD is therefore an actual focus in neuroscience [Fed05].

Although many studies have been published during the last years which focus on
neuromelanin and the link between iron accumulation and Parkinson’s disease (recently
reviewed in [Fas06]), a conclusive prove of the hypothesised link between excess iron
concentrations and the aetiology of Parkinson’s disease could not be given. Early
studies, an energy-dispersive X-ray analysis with an electron microscope and a LAMMA
study stated indeed the presence of iron in neuromelanin for the Parkinson’s case and
not for the control case [Jel92, Goo92]. However, all these studies lack a quantitative
analysis in-situ.
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Fig. 5.5: Optical images and quantitative element maps of two neuromelanin pigmented neurons from
a patient suffering from Parkinson’s disease.

To our best knowledge, there is no comparative study of Parkinson’s cases versus
control that performed spatially resolved quantitative elemental analysis of the con-
centration of metal ions bound to neuromelanin in-situ. Nuclear microprobe analysis
provides, in collaboration with the brain research institute, a unique opportunity to
investigate in detail intraneuronal metal concentrations with respect to Parkinson’s
disease. Therefore, we launched an initial study. The substantia nigra of three cases
with different severity of Parkinson’s disease and three control cases without any his-
tory of neuropsychiatric disorders or mental impairment were taken and prepared for
ion beam microanalysis. From each case about ten neuromelanin pigmented neurons,
which appeared morphologically regularly shaped, were analysed in order to extract
the concentration levels for metal ions. Extracellular neuromelanin resulting from de-
generated neurons was excluded from the analysis because extracellular neuromelanin
is continuously degraded by microglia.

For the interpretation of the results one has to take into account that the neuronal
melanin content varies from cell to cell and consequently also the total metal ion content
in the cell. For a specific investigation of the binding capacity of neuromelanin, it
is therefore advisable to take the ratio of the metal concentrations and the melanin
content, whereby the sulphur concentration was taken as a measure for the melanin
content, because melanin is rich in sulphur [Odh94]. The ratio metal ion to sulphur
concentration then gives the quantity that is compared between Parkinson’s and control
cases. Figure 5.6 shows the result for the iron content bound to neuromelanin.

The result on the iron content was most surprising. From the literature it was
suggested that intraneuronal neuromelanin would bind significantly more iron in the
case of Parkinson’s disease. The result, however, shows no significant difference. There
might be a slightly higher variability in the Parkinson’s group, but there is not enough
statistical power to draw conclusions on that issue. The only secured result is that
the concentration ratio of iron to sulphur is about 0.1 in both groups, Parkinson’s and
control cases. The reasons of the unaffected iron content may be based on the selection
of the pigmented neurons for analysis. We have chosen neurons for analysis which were
of regular shape. This could also mean that these neurons were not or not yet affected
by pathological changes and showed therefore a normal iron content. On the other
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Fig. 5.6: Analysis of the iron content
of intraneuronal neuromelanin of several
cells for three cases with Parkinson’s dis-
ease (red) and three control cases (green).
The iron content of was normalized to the
melanin content via the sulphur concentra-
tion. Surprisingly there is no significant
difference in the iron content between the
Parkinson’s and control cases. Error bars
indicate the standard errors. (courtesy of
Nirav Barapatre)

hand, looking at the other metal concentrations we found a significant difference in the
potassium and calcium content. The potassium content in intraneuronal neuromelanin
was found to be five fold higher in the Parkinson’s group, whereas the calcium content
was 40% lower than that for the control group. Any interpretation of the varying
potassium and calcium content would be speculative due to a lack on available data
from other studies. There is clearly a need for further quantitative studies which shall
be based on a broader random sample of Parkinson’s and control cases.

The elemental analysis of trace metals in neuromelanin was also performed with
very high spatial resolution of well below 0.5 µm. This resolution is adequate to study
the ultra-structural elemental distribution in neuromelanin. Due to the appearance of
neuromelanin as an agglomerate of microgranules with an intermingled neutral lipid
component the binding and accumulation of metal ions to neuromelanin is not homo-
geneous which lead to a substructure in their distributions.

Fe + + OverlayCa KFe Ca K2 µm

Fig. 5.7: High resolution Fe-, Ca-, K- el-
emental overlay map of an intraneuronal
neuromelanin pigment (10 µm × 10 µm).
The speckled distributions of potassium,
calcium and iron on the ultrastructural
level suggest different binding sites in neu-
romelanin for the depicted elements. The
white spot represents the spatial resolution
for this map which is 350 nm × 450 nm,
measured on a resolution standard prior
the analysis.

Figure 5.7 demonstrates this substructure for the distributions of iron, calcium, and
potassium. The figure is a three element map where the three depicted elements Fe,
Ca, and K are shown in red, green, and blue, respectively. Any co-localisation of two
or three elements will lead to an additive colour mixing in the map and subsequently to
colours such as magenta (blue+red), yellow (green+red), cyan (blue+green), or white
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(all three colours). Although, there are co-localisations, especially in the middle and
lower part of the map, many single colour granules show up in the left and upper part
of the map where the granules are more sparsely distributed and do not row up too
much. These single colour granules point to selective binding sites for metal ions within
the neuromelanin. Nevertheless, the analysis of the ultrastructural appearance is very
challenging for ion beam analysis and still on the edge of assured results.



Chapter 6

Low Dose Radiobiology with Single
Ions

The risk assessment for ionising radiation in the medium and high dose regions is based
mostly on the data derived from exposures due to accidents (Chernobyl, nuclear power
plants, military) or from a survey of the victims of the nuclear explosions in Hiroshima
and Nagasaki. A risk assessment for low dose exposures, as it can occur in occupational
exposures, however, has to be made from epidemiological studies or from an estimated
radiobiological effectiveness. The estimation results from a linear extrapolation of the
high dose region into the low dose region. This approach implies a linear no threshold
model of the radiobiological effectiveness [Pro93, Str04]. The linear dependency in
the low dose region, however, is challenged by a variety of recent studies. The non-
linear effects are attributed to several mechanisms of inter-cell communication that lead
to an amplification of radiation effects due to the identical response of cells, so called
Bystander cells, which were not directly affected by ionising radiation. Therefore, the
generic term for these kinds of effects is Bystander effect. A recent review of Bystander
effects can be found in [Mor07].

The non-linearity of the dose-effect curves measured for a variety of endpoints can be
in both directions towards higher radio-sensitivity and towards lower sensitivity. The
latter means less radiation response which can also be interpreted as adaptive response.
In both cases, bystanding cells receive certain kinds of signals from directly affected cells
informing them about harmful radiation conditions or immediately triggering cellular
responses. Although a vast number of cellular responses have been tested and several
mediating mechanism have been proposed, the signalling pathways are far from being
unveiled [Pri07, Ham07].

Besides low intensity X-rays or low fluence alpha-sources and broad ion beams the
use of micron-sized MeV ion beams for targeted irradiation of living cells in culture or
tissue is a promising approach to bring new insights in low dose radiobiology [Fol05].
The ability to precisely deliver a certain amount of energy to a single cell commences
at the energy that is transferred by a single ion. The positional accuracy even allows
to specifically target subcellular structures, e.g. the nucleus as target or definitely ex-
clude it from irradiation. Focussed and collimated, light and heavy ions, the options
are many-sided and widely deployed for a comprehensive approach in low dose ion
irradiation experiments. Around the world there are a few dedicated microbeam ir-
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radiation facilities which are already fully operational, other microbeam laboratories
have recently extended their facilities by special irradiation platforms and performed
first radiobiological experiments. This development is continued by other labs that are
developing or planning radiobiological experiments on their facilities.

The Leipzig LIPSION laboratory has a 3 MV ion accelerator with a radiofrequency
ion source for H+- and He+-ions. The available ranges of ion energy and the corre-
sponding LET1 for water is given in figure 6.1. Running helium, the ion source also
provides a certain albeit small proportion of He++-ions. Whether this rate is adequate
to provide enough beam current for the microprobe was not yet fully tested. It may
help that the required beam current for single ion applications is rather low. If the ion
source would provide a usable He++-ion rate the range of the helium-ion energy would
extend drastically and so did the usable LET range. The extended region is also shown
in figure 6.1.
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Fig. 6.1: Overview of the energies and corresponding ranges of LET and penetration depths of the
ions available at the Leipzig Nanoprobe. The ion species He++ is also shown here, although the He++

yield of the ion source is very low and might not be sufficient for applications. This still needs to be
tested.

We have started the first development work for an irradiation platform in 2001.
Initially, the platform was an inset into the existing target chamber of the microprobe
and very limited with respect to further developments, but appropriate to perform
preparatory experiments. The first issue is to guide the ion beam into air without too
much energy loss, and lateral straggling but maintaining the vacuum in the microprobe
system without compromise. These preconditions have to be fulfilled to achieve an
accuracy of the irradiation position below 1 µm. A thin window made from Si3N4

turned out to be a suitable exit beam window [Cal00]. We used a rectangular 100 nm
thin membrane with an area of 1 mm × 1 mm.

The Petri dishes in which the cells are cultivated do also need a thin window, this
is the irradiation window. It can be a thin polymer foil (polyethylene terephthalate,

1LET: linear energy transfer, the amount of energy transferred per unit distance to the irradiated
medium
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6 µm, 2 µm, or 0.9 µm) or again Si3N4 that has to be mounted leak-proof over the
hole in the Petri dish bottom. The polymer foil is good for large area windows in the
order of square centimeters but easily wrinkles which is a disadvantage for microscopy.
The Si3N4 window provides a flat membrane with the disadvantage of small areas in
the order of square millimeters only, but the lowest energy loss and lateral straggling
compared to the thicker polymer. For irradiation the Petri dish window has to be
positioned as close as possible to the beam exit window in order to reduce the air gap
and the drift length which otherwise would degrade unnecessarily the hit accuracy.
The distribution of ion impacts in air at the position of the Petri dish irradiation
window directly behind the exit window were tested using the nuclear track detector
material CR-39. The results show a hit accuracy significantly better than 0.5 µm which
corresponds to the value deduced from SRIM simulations [Rei04].

Due to a missing online-microscope the first test platform did not provide cell recog-
nition capabilities for targeted irradiation2. Therefore, homogeneous and patterned
irradiations only were used for the first irradiation experiments.

6.1 Irradiation induced double strand breaks and

heat shock protein expression

One of the first irradiation experiments was to visualise the hit position after patterned
irradiation with H+- and He+-ions directly in the cells. This can be done by visualising
direct effects of ionising radiation such as double strand breaks (DSB) of the DNA
in the nucleus [Jak03]. The visualisation utilises immunohistochemistry. On the
molecular level there are continuously working inspection proteins that test for DSB
and tag the positions of the DSB by phosphorylation of the adjacent histone H2AX.
The phosphorylated form of the histone, specified by γH2AX, is easily visualised by
fluorescence labelled specific antibodies which clearly appear as fluorescence foci in
confocal microscopy.

The irradiation of the cellular nuclei with 1.5 MeV He+-ions (2 MeV before exit
window) having a LET of 185 keV/ µm will create between 10 and 20 DSB per He+-
ion. This is about ten times more than the DSB induction rate of 2 MeV H+-ions
(2.25 MeV before exit window) with a LET of 16 keV/ µm [Hau04]. The irradiation
was done in a pattern build up of small crosses. Each cross consisted of 7×7 pixels with
a pitch of 1 µm and an intercross distance of 5 µm. The experiments then showed that
the densely ionising helium ions created enough DSB and pronounced foci co-localised
with the ion hit already by applying a single He+-ion per pixel (figure 6.2 left picture).
The cross in the nucleus was drawn by only 15 helium ions (two ions in the center
of the cross) without any cooling at room temperature. The cross is clearly shaped
according to the irradiation pattern.

Proton irradiation notably shows a different effect. Although irradiation at room
temperature did create double stand breaks, which can be visualised as fluorescence
foci, their positions appear relatively far from the ion hit position. The initially irradi-

2In 2007 we replaced the old target chamber by a specially designed multi-purpose target chamber
with online-microscope and a platform for targeted single cell irradiation.
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ated cross pattern was badly blurred. Cooling the cells close to 0 ◦C during irradiation
could diminish the blurring effects holding the foci localised to a certain degree even
though the crosses are not well preserved (figure 6.2 right picture). The sparsely ionising
H+-ions do not create dense tracks of DSBs as it is known from heavier ions including
helium ions. They rather create reactive oxygen species which then can induce DSBs.
The ability of reactive oxygen species to diffuse prior to the creation of DSB would
also explain the blurred pattern when irradiated at room temperature. Cooling the
cells during irradiation, therefore, could decrease the mean free path length of reactive
oxygen species which results to a less blurred formation of foci patterns.

1 -particle/pixel (He )�
+

21°C10 µm 10 µm

10 protons/pixel

Fig. 6.2: Induction of double strand breaks in nuclei of fibroblasts after patterned irradiation with
1.5 MeV He+- (left) and 2 MeV H+-ions. The He+- irradiation creates localised DSB at room
temperature whereas the DSB after H+ irradiation are much more fuzzy and actually delocalised
when not cooled during irradiation.

The visualisation of double strand breaks after irradiation gives information on
direct effects of ionising radiation to DNA damage, the reasons for genomic instability.
This is, however, only a small part of possible influences on the complex system of
cellular mechanisms. The influence on proteins and cellular organelles may even have
immediate effects on the cell cycle or on vital control sequences for the cellular survival
pathways. The heat shock protein HSP70 is an important cellular protein that is
involved in a widespread of auxiliary and repair mechanisms, mainly expressed due to
external stressors. Ionising radiation is also an external stressor. Thus, cellular HSP70
levels could also be increased after irradiation with single ions. Since triggered repair
mechanisms are a secondary reaction on stress factors, the expression of HSP70 is a
candidate for a sensitive measurement of bystander signals.

We therefore conducted irradiation experiments (untargeted patterned H+- and
He+-ions) on fibroblasts with the HSP70 expression as endpoint. This endpoint also
provides a simple positive control, the heat shock of the cells itself. The main conclu-
sion we could draw was that neither the pattern nor the irradiated field appeared in
the distribution of the response. The response was spread over the whole culture ex-
ceeding the irradiated area. These results confirmed the increased expression of HSP70
as indirect effect of ionising radiation for H+-ions as well as for He+. Furthermore, the
cellular expression pattern differed considerably from that of the heat shock control.
After heat shock the increasing HSP70 expression occurred mainly in the nucleus which
corresponds to previous reports [Wel84, Mic97]. Whereas the irradiation caused an
increased HSP70 expression not only in the nucleus but also remarkably in the cyto-
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plasm of the fibroblasts. For proton irradiation, this cytoplasmic expression appeared
in form of small HSP70 aggregates which seemed to intensify with increasing proton
dose. Figure 6.3 shows the a typical appearance of the endpoints.

control (incubator) sham irradiationheat shock 40 protons/(3×6µm²)pitch

Fig. 6.3: Expression of the heat shock protein HSP70 in fibroblasts under normal conditions (control),
after heat shock (30 min at 42◦C), after sham irradiation (full procedure without ion irradiation) and
after homogeneous irradiation with 2 MeV proton.

The expression of HSP70 was not only increased in the cells within the irradiated
area (300 µm×300 µm) but also in the bystanding cells all over the irradiation window
(2 mm × 2 mm). Obviously, there must have been a response mediating intercellular
signalling, either medium borne signal molecules or information exchange via gap junc-
tions when the cells are in direct contact; even both pathways could be responsible.
The response mediating factors, however, are not yet fully disclosed [Mar06, Lit06].
Thus, it would be very helpful to separate the two pathways, which is of course not
easy. A first approach are medium transfer experiments that investigate the effects of
culture medium mediated intercellular communication. The medium transfer exper-
iments require two cell populations, irradiated and non-irradiated ones, in separated
Petri dishes. Our approach is to realise spatially separated sub-populations of cells in
a single Petri dish, a specialised Petri dish permitting structured cell growth.

6.2 Specialised Petri dishes

Investigating the signalling pathways which mediate the bystander response is also
addressing the question whether the intercellular pathways for triggering the non tar-
geted effects are cut when membrane-bound cell to cell contact proteins are blocked
(e.g. connexins [Azz03]). Blocking in this sense is connected with specific agents added
to the cell culture.

Another way of blocking could also be mechanically by creating micro-walls which
prevent direct cell to cell contact in the Petri dish [Hoh08]. These micro-walls can
be build utilizing proton beam writing [Zha05, Men07]. The principle is based on
lithographic techniques where a film, sensitive to a certain kind of radiation, is partially
exposed in a predefined pattern. After chemical development the pattern appears as
remaining solid structure (negative stencil) or the development dissolves the pattern
into the remaining film (positive stencil). In the case of proton beam writing the
radiation is the scanned focussed proton beam. The film, spread over the substrate
(e.g the irradiation window) can then be made of any MeV-proton sensitive material.
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This is for the walls, which build up the cellular barriers, the negative photo resist
SU-8, basically an epoxy resin.

Scanning the proton beam over the resist allows to directly write any shape and
therefore, to create predefined compartments separated by epoxy resin walls (SU-8)
walls. Technically, the specialised Petri-dishes with cellular compartments were suc-
cessfully prepared. The walls were created with different heights, 10 µm, 20 µm, and
60 µm. Tests of the biocompatibility did not show any harmful effects to the cell cul-
tures. However, fibroblasts were able to overcome the barriers after a certain period
of time. Cellular barriers in form of microwalls turned out not to be suitable for the
separation of cells into sub-populations.

The second approach was to achieve a structured cell growth in a Petri dish by
generating cell repellent areas [Hoh08]. Therefore, the adhesion properties of the cell
attaching surface in a Petri dish has to be changed. This is achieved by coating the
surface with agar [Roh03]. Agar3 is normally a gel for growing microorganisms based
on a seaweed extract. The molecular structure of agar is a polysaccharide that is a
kind of positive resist sensitive to proton irradiation, therefore, ideally suited to be
patterned by proton beam writing. The proton irradiation cracks the polysaccharide
into oligo- or monosaccharides which are soluble in water. The development step after
the exposure of agar to MeV protons is therefore simply rinsing with water. The simple
process of proton beam writing in agar can produce patterns for structured cell growth.
Figure 6.4 shows an example of three stripes, 100 µm wide with a gap of also 100 µm,
where the agar has been dissolved. The cells grow well in these stripes confined by the
surrounding remaining agar.

200 µm

Fig. 6.4: Structured cell growth on
an agar coated mylar foil: The cells
grow on areas where the agar has been
removed prior seeding in a three-step
treatment: 1) coating the mylar foil
with a thin layer of agar, 2) writing
the areas by proton beam writing, 3)
removing the agar in the exposed areas
by rinsing with water.

The Petri dishes with structured cell growth provide sub-populations of cells in
a single dish for the investigation of the irradiation induced bystander effect. When
selected or all cells in one of these sub-populations are irradiated the endpoints show
up in the irradiated population. When the endpoints also appear in the unirradiated
sub-populations separated from the irradiated population, a signalling pathway via
gap-junctions can be excluded, factors released into the medium are then responsible
for triggering the bystander response. Another scenario could be the induction of
endpoints only in those unirradiated sub-populations which are in contact to irradiated
cells via connecting bridges. When there is no effect in isolated sub-populations, the
bystander signals are then mediated via gap-junctions. A study that addresses these
questions is in preparation. Some initial tests have already been done [Hoh08].

3from Malay agar-agar: jelly



Chapter 7

STIM-Tomography

High resolution STIM images can be taken from samples with thicknesses in the range
of micrometers, or even tens of micrometers in the case of lyophilised biological mate-
rials. These images achieve lateral resolutions below 100 nm. They represent, however,
merely a two dimensional projection of a three dimensional density distribution. This
is totally adequate in most cases, such as STIM on cross sections of joint cartilage to vi-
sualise the network of single collagen fibres [Rei01]. However, when the 2D-projection
is not conclusive enough or the depth information is of interest as well, then a three
dimensional analysis, a tomography, is required.

The principle of STIM-tomography is based on a series of parallel beam projec-
tions of two dimensions (STIM-maps) which are taken under different orientations, i.e.
by consecutively rotating the sample in small angular steps. The angular component
adds the third dimension. Rotational and lateral scanning together build up a data
set from which the three dimensional density distribution can be reconstructed. The
mathematical concept was developed by the mathematician J. Radon and is nowadays
known as Radon transformation [Rad17]. A comprehensive textbook on the Radon
transformation and some of its applications is given by S.R. Deans [Dea93]. A detailed
introduction with emphasis on STIM-tomography and its implementation in the LIP-
SION laboratory is given by M. Schwertner [Sch02]. The implementation is based on a
software package developed at the University of Melbourne by A. Sakellariou that pro-
vides a reconstruction algorithm for the qualitative reconstruction via backprojection
of filtered projections (Radon transformation) as well as the iterative DISRA algorithm
for a quantitative reconstruction [Sak02, Sak01].

The 3D tomographic analysis using STIM is also capable of maintaining a high
spatial resolution, not at the same value as a single 2D STIM map, but in principle not
far from that. Maintaining the high resolution is based on one of the major advantages
when utilizing a focussed proton beam for analysis, i.e. its relatively large rigidity or
large penetration depth without too much lateral straggling. Thus the lateral spatial
resolution moderately decreases with increasing depth along the beam track. Over a
long range the beam diameter will not widen remarkably, most of the lateral straggling
appears close to the end of range of the ions where the stopping power is maximal. For
STIM measurements usually the end of range is significantly larger than the thickness
of the sample. Therefore, the beam spread after transmission is still small.

After a first STIM-tomographic experiment in Leipzig and the reconstruction of the

45



46 7 STIM-Tomography

data in Melbourne the method was introduced in Leipzig. Initially a STIM tomographic
experiment on a grid standard was performed to obtain the spatial resolution achievable
with the tomography set-up in Leipzig [Sch06]. Furthermore, STIM-tomography was
performed on three types of biological samples, articular cartilage, a zygospore, and
recently on a mite.

7.1 Tests with a resolution standard

The resolution in STIM-tomography differs from that of a single 2D-projection. This
is due to the merging process of reconstruction from many projections (e.g. 360 as
shown in the examples below) which will accumulate any inaccuracy such as position-
ing inaccuracies from the stage, positional instability of the beam, misalignment of
the rotation plane to the slice orientation (one of the scan directions), and bad data
points resulting from missing or co-incident particle detection (sum-peak). A careful
preparation and alignment prior measurement and a sophisticated data preprocessing
is therefore essential for a successful reconstruction.
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Fig. 7.1: Measurement of the spatial resolution obtained with STIM-tomography. Left: Rendering of
a piece of a 2000 mesh copper grid (6,7 µm bar width). Middle: Reconstructed tomogram showing
the middle horizontal slice of the grid. Right: Edge profile of the density along the path indicated in
the middle picture fitted with a Gaussian function for the determination of the lateral resolution.

Figure 7.1 shows the result for a STIM-tomography on a piece of a 2000 mesh
copper grid. The bar width is about 6.7 µm. The grid is a suitable microstructure
with known dimensions and shape to investigate the effects of the individual steps of
the preprocessing and the quality of both reconstruction algorithms, the reconstruction
via backprojection of filtered projections and the DISRA algorithm.

The data set consists of 360 projections (angular step 0.5◦) with 250 by 250 pixels
each (24 µm×24 µm) taken over ten hours of data acquisition with a beam diameter of
about 100 nm (2 MeV H+). From this experiment the reconstructed three dimensional
density distribution of the grid was used to extract the resolution of the 3D image.
This was done by analysing an edge profile of a bar within a reconstructed slice which
yielded a resolution of (260 ± 21) nm.

The data acquisition for the STIM-tomography on the grid was done when the
active compensation of varying stray magnetic fields was not yet available. Thus,
beam fluctuations due the stray fields had a noticeable influence on the final resolution
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in the tomogram. In the ongoing tomography experiments we expect an improvement
of the resolution to values closer to 100 nm.

7.2 Application to biological samples

In Leipzig, STIM-tomography had already been applied to samples of articular cartilage
[Rei02] in order to reveal the arrangement of the collagenous network which can appear
as cross-linked fibres or bundles of tubules [Rei01]. In particular the tubular structure
is hardly identifiable by single STIM-maps. STIM-tomography provides the complete
and necessary three-dimensional information to reveal the structure of tubular bundles
provided that the resolution is less than 200 nm. These challenging demands on the
tomographic resolution arise from the sub-micron architecture of a single tubulus which
has a wall thickness of about 100 nm and a diameter of less than 300 nm. Figure 7.2
shows the reconstructed density distribution within the cartilage sample. There is
a heterogeneity in the extracellular matrix that is likely to be due to the collagen
network, but no single fibres or tubules are visible. The resolution for this tomography
is about half a micron. This is due to uncertainties in the raw data set, dominated by
positional inaccuracies (dominant rotational error and a vertical drift). Therefore, the
tomographic reconstruction of these tubules is subject to further STIM-tomography
experiments which benefit from the new stage and goniometer.

10 µm

Fig. 7.2: Left: Rendering of a sam-
ple of articular cartilage (30 µm ×
32 µm × 10 µm) showing a pair of
chondrocytes (white) in a collage-
nous matrix (green). The resolu-
tion of the 3D analysis is not high
enough to visualise individual colla-
gen fibres. Blue represents the most
dense part within the sample.

Another application of STIM-tomography to biological samples was the analysis
of the inner structure of a fungus, a zygospore. A zygospore is a reproductive part
of fungi (division: zygomyceta) that is formed during sexual reproduction when the
tubular hyphae of complementary mating type of two zygomyceta meet. In the case of
facultative biotrophic fusion parasites (order: mucorales) the mycoparasite sense for a
host fungus to form zygospores with a subsequent cytoplasmic fusion between host and
parasite [Wös04]. This is inevitably associated with the transfer of genetic information
from parasite to the host, the so called horizontal gene transfer. The horizontal gene
transfer is of interest for the understanding of evolutionary jumps and phylogenetic
intercrossings but it is also of great interest for biotechnological applications [Wös96].

The physiological study of the parasexual processes within a zygospore, however, is
often hampered by the highly sculptured thick wall of the mature zygospore which is
opaque for light and electron microscopy. The wall obscures the key process of genetic



48 7 STIM-Tomography

information transfer, the transfer of gamete which can be based on multi nuclei or single
nucleus transfer. The latter is of greater importance for technological applications with
a selective gene transfer.

The mycoparasite absidia parricida is a facultative biotrophic fusion parasite. Al-
though it is known to undergo horizontal gene transfer by forming zygospores, the
internal structure of the zygospore, multi or single nucleus fusion was not yet inves-
tigated. The zygospore of absidia parricida has dimensions small enough to perform
a scanning transmission ion microscopic experiment which allows insights into the zy-
gospore core (fig. 7.3).
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Fig. 7.3: Left: Rendering of a zygospore with internal nucleus. Right: Tomogram representing a slice
through the middle of the zygospore with the remaining hyphae on the left side of the nucleus.

The figure shows a rendering of the zygospore and a tomogram of the middle hori-
zontal slice through the nucleus. The main features are the highly sculptured surface of
the thick wall and the inner nucleus. In the false colour representation of the tomogram
the thick robust wall appears in blue, it has a higher density than the nucleus which
appears in orange and green. The STIM-tomography measurement thus clearly shows
that the zygospore has a single nucleus where the nuclei of both, parasite and host,
were fused. The structure prodruding from the left side of the nucleus is possibly the
remaining hyphae of the two mating fungi.



Chapter 8

Summary and Outlook

The Leipzig LIPSION laboratory, operational since August 1998, has been developed to
a high performance nuclear microprobe. It provides quantitative trace element analy-
sis with sub-micron spatial resolution, 2D- and 3D-microscopy of density distributions
and the targeted irradiation of living cells with counted single ions. The analytical
methods are based on particle induced X-ray emission spectrometry (PIXE), Ruther-
ford backscattering spectrometry (RBS), scanning transmission ion microscopy (STIM)
and STIM-tomography.

The specific development of the Leipzig nuclear microprobe led to an improved
performance of the capabilities for trace element analysis. For sub-micron analysis
the spatial resolution could be improved to 300 nm at a sensitivity of about 1 µg/g
for metal ions in biological matrices; for a resolution of 1 µm the sensitivity was im-
proved to 200 ng/g (3 µmol/l). The methods have been applied to various studies
in the life sciences: environmental pollution research (single aerosol particle analy-
sis), nanosafety research (risk through dermal uptake of nanoparticles), brain research
(neuronal iron distribution), low dose radiobiology (induction of DNA double strand
breaks and increased heat shock protein release after single ion bombardment), and a
three-dimensional analysis of the inner structure of a fungal zygospore. For these appli-
cations the nuclear microprobe provided the required capabilities, a high sensitivity in
elemental analysis, a spatial resolution in the micron or sub-micron region, and a pre-
cise delivery of energetic single ions. The broad spectrum of applications emphasises
the nuclear microprobe as a unique instrument for analysis and materials modifica-
tion. The LIPSION facility is certainly among the top ten nuclear micro/nanoprobe
worldwide.

What is left?

The answer is: A further continuous development of the analytical and modification ca-
pabilities, instrumentations and applications of the Leipzig high energy ion nanoprobe.
A few suggestions for these issues shall be shortly summarised in the following.

Microprobe performance: Although the Leipzig microprobe has reached an out-
standing performance its limits in lateral resolution might not yet be reached. The
main handicap is the still existing beam position inaccuracy preventing the improve-
ment in spatial resolution. Its elimination is an indispensable major task that has to
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be solved. The improvement could be as high as a factor of two in resolution.
High resolution quantitative elemental analysis is usually accompanied by low count

rate due to low beam currents. This is in particular true when analysing trace element
distributions with PIXE. For this case the best way to improve the performance is to
increase the detection efficiency. A first step was already taken by ordering a second
X-ray detector of the same model as the well established first detector. However, the
new detector has to be revised by the manufacturer due to dissatisfactory performance.
Finally, both detectors will mainly cover the space in front of the sample leaving only
very restricted geometric conditions for further in front detectors. In the case of thin
sections of biological materials, additional detector elements can be placed behind the
sample to increase the detection efficiency of the system. However, additional conven-
tional X-ray detectors with cryostats for liquid nitrogen cooling are less convenient at
a multi-purpose target chamber as it is installed at the Leipzig microprobe. Very com-
pact, low cost silicon drift detectors with an energy resolution below 150 eV @5.9 keV
are available (e.g. Amptek). This type of detector can be assembled according to cus-
tomer needs. Thus, an efficient additional detection system for PIXE analysis of thin
biological samples could be installed in the remaining space behind the sample.

Targeted irradiation of living cells requires the precise recognition of the targets, e.g.
cell nuclei or the cytoplasm of cells, and the accurate conversion into beam coordinates
for the irradiation with single ions. Very recently, first targeted irradiation experiments
on living cells have shown the feasibility of off-line cell recognition without any staining
and the conversion into beam coordinates utilising fiducial markers on the Petri dishes.
A few necessary minor improvements towards a higher degree of automation will follow
soon. The next step has now to focus on the Petri-dish holder which shall include an
enclosure for the cells providing an appropriate humidified atmosphere to prevent as
much as possible any additional stress factors for the cells.

Ion beam microtomography, in particular STIM-tomography, has been successfully
established in the Leipzig microprobe laboratory. The resolution required for the ana-
lysis of collagen networks is a remaining issue but will be available when the aforemen-
tioned deterioration factor has been eliminated. The last challenge in microtomography
is the 3D elemental analysis. PIXE tomography is for that the first approach, the im-
plementation, however, is by far more difficult than for STIM-tomography. The data
acquisition time for PIXE-tomography is at least one order of magnitude longer than
for STIM-tomography. Complicated ion beam sample interactions, i.e. matrix effects
such as energy dependent X-ray production cross sections and X-ray attenuation, do
not allow to apply standard back-projection algorithms for 3D reconstruction, instead
an iterative algorithm with an initial ”good guess” has to be applied. In the case of
negligible matrix effects, e.g. Fe-, Cu- and Zn- analysis in biological materials, ion beam
induced sample shrinkage constricts the beam dose for data acquisition and therefore
resolution and sensitivity. Even with high detection efficiency a full 3D analysis of
biological samples with 1 µm resolution is at the edge of feasibility but achievable for
microstructures of solid state materials.
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[A15] J. Lekki, Z. Stachura, W. Da̧broś, J. Stachura, F. Menzel, T. Reinert, T. Butz,
J. Pallon, E. Gontier, M.D. Ynsa, P. Moretto, Z. Kertesz, Z. Szikszai, and Á.Z.
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W. Da̧broś, Z. Stachura, J. Lekki, M. Lekka, J. Hunyadi, T. B́ıró, M. Sticherling,
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Mössbauer Study.
Hyperfine Interactions, 159(1):285–291, 2004. (T.R. contributed to measurements,
data analysis, interpretation, writing)



66 List of selected publications attached to the appendix

[A21] Ch. Meinecke, M. Morawski, T. Reinert, T. Arendt, and T. Butz.
Cellular distribution and localisation of iron in adult rat brain (substantia nigra).
Nuclear Instruments and Methods in Physics Research Section B: Beam Inter-
actions with Materials and Atoms, 249(1):688–691, 2006. (T.R. contributed to
measurements, data analysis, interpretation, writing)

[A22] A. Fiedler, T. Reinert, M. Morawski, G. Brückner, T. Arendt, and T. Butz.
Intracellular iron concentration of neurons with and without perineuronal nets.
Nuclear Instruments and Methods in Physics Research Section B: Beam Inter-
actions with Materials and Atoms, 260(1):153–158, 2007. (T.R. contributed to
measurements, data analysis, interpretation, writing)

[A23] T. Reinert, A. Fiedler, M. Morawski, and T. Arendt.
High resolution quantitative element mapping of neuromelanin-containing neu-
rons.
Nuclear Instruments and Methods in Physics Research Section B: Beam Inter-
actions with Materials and Atoms, 260(1):227–230, 2007. (T.R. wrote, sample
preparation, contributed to measurements, data analysis, interpretation)

[A24] M. Morawski, A. Fiedler, T. Reinert, G. Brückner, and T. Arendt.
Iron compartmentalisation in the rat brain: do perineuronal net-ensheathed neu-
rons play a special role?.
Journal of Neurochemistry, 101:35, 2007. (T.R. contributed to measurements, data
analysis, interpretation, writing)

[A25] J. Tanner, D. Spemann, T. Reinert, J. Vogt, and T. Butz.
The Leipzig High-Energy Ion-Nanoprobe LIPSION: Design of single-ion bombard-
ment of living cells.
Radiation Research, 158(3):372, 2002. (T.R. contributed to design, construction)

[A26] T. Reinert, A. Fiedler, J. Skopek, J. Tanner, J. Vogt, and T. Butz.
Single ion bombardment of living cells at LIPSION.
Nuclear Instruments and Methods in Physics Research Section B: Beam Inter-
actions with Materials and Atoms, 219:77–81, 2004. (T.R. wrote, contributed to
sample preparation, irradiation, data analysis, interpretation)

[A27] A. Fiedler, T. Reinert, J. Tanner, and T. Butz.
First Irradiation Experiments with Living Cells at LIPSION.
Radiation Research, 161(1):95–96, 2004. (T.R. contributed to sample preparation,
irradiation, data analysis, interpretation, writing)

[A28] C. Nilsson, S. Petriconi, T. Reinert, and T. Butz.
Status of the new single-ion hit facility for irradiation of living cells at LIPSION.
Radiation Research, 166(4):672–673, 2006. (T.R. contributed to design, construc-
tion)

[A29] A. Fiedler, T. Reinert, J. Tanner, and T. Butz.
DNA double strand breaks and Hsp70 expression in proton irradiated living cells.



List of selected publications attached to the appendix 67

Nuclear Instruments and Methods in Physics Research Section B: Beam Inter-
actions with Materials and Atoms, 260(1):169–173, 2007. (T.R. contributed to
sample preparation, irradiation, data analysis, interpretation, writing)

[A30] C. Nilsson, S. Petriconi, T. Reinert, and T. Butz.
The new target chamber at LIPSION: The new translation stage and goniometer
and the new irradiation platform for single cell experiments.
Nuclear Instruments and Methods in Physics Research Section B: Beam Interac-
tions with Materials and Atoms, 260(1):71–76, 2007. (T.R. contributed to mea-
surements, data analysis, interpretation)

[A31] T. Reinert, A. Sakellariou, M. Schwertner, J. Vogt, and T. Butz.
Scanning transmission ion microscopy tomography at the Leipzig nanoprobe LIP-
SION.
Nuclear Instruments and Methods in Physics Research Section B: Beam Interac-
tions with Materials and Atoms, 190:266–270, 2002. (T.R. wrote, contributed to
sample preparation, measurements, data analysis, interpretation)

[A32] M. Schwertner, A. Sakellariou, T. Reinert, and T. Butz.
Scanning transmission ion micro-tomography (STIM-T) of biological specimens.
Ultramicroscopy, 106(7):574–581, 2006. (T.R. contributed to sample preparation,
measurements, data analysis, interpretation, writing)





The Leipzig high-energy ion nanoprobe: A report on ®rst results

T. Butz a,*, R.-H. Flagmeyer a, J. Heitmann a, D.N. Jamieson b, G.J.F. Legge b,
D. Lehmann a, U. Reibetanz a, T. Reinert a, A. Saint b, D. Spemann a, R. Szymanski b,

W. Tr�oger a, J. Vogt a, J. Zhu a

a Fakult�at f�ur Physik und Geowissensch., Universit�at Leipzig, Abteilung NFP, Linn�estrasse 5, D-04103, Leipzig, Germany
b School of Physics, MARC, The University of Melbourne, Parkville, Vic. 3052, Australia

Abstract

The high-energy ion nanoprobe LIPSION at the University of Leipzig has been operational since October 1998. Its

magnetic quadrupole lens system, arranged as a separated Russian quadruplet, has been developed by the Microan-

alytical Research Centre (MARC), Melbourne. The ultrastable single-ended 3.5 MV SINGLETRONe accelerator

(High Voltage Engineering Europa) supplies H� and He� ion beams with a beam brightness in the range of 10±20

A radÿ2 mÿ2 eVÿ1 [D.J.W. Mous, R.G. Haitsma, T. Butz, R.-H. Flagmeyer, D. Lehmann, J. Vogt, Nucl. Instr. and

Meth. B 130 (1997) 31]. Due to this high brightness, the excellent optical properties of the focusing system of the

nanoprobe and the suppression of mechanical vibrations, lateral resolutions of 100 nm for the low current mode

(STIM) and 340 nm at a current of 10 pA (PIXE, RBS, SEI modes) were achieved. Further improvements are ex-

pected. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 41.75.A; 72.20.M; 29.30.K

Keywords: Nanoprobes; Resolution; Medicine; Solid state

1. Introduction

In the past, ion beam techniques have been
successfully applied for elemental analysis and to
the determination of the density information and
charge collection properties of various materials.
The high-energy ion microprobes bring to these a
lateral resolution down to the micrometer regime.

An increase in the spatial resolution toward the
submicron range would ful®ll the requirements of
a wide range of applications.

With the new Leipzig ion nanoprobe we shall
focus on medical problems with techniques like
single ion bombardment or two- and three-di-
mensional high resolution investigations on bio-
logical samples as well as on problems in solid
state physics. In the ®eld of materials science a
quantitative elemental as well as defect or struc-
tural analysis of complex materials would be
challenging.
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These analytical possibilities are due to the ul-
trastable single-ended 3.5 MV SINGLETRONe
(High Voltage Engineering Europa) [1], its high
brightness and the excellent properties of the fo-
cusing system of the nanoprobe produced at
MARC, Melbourne.

2. The Leipzig ion nanoprobe

2.1. Laboratory

The establishment of the Leipzig Ion Nanop-
robe laboratory was part of the reconstruction of a
whole building. It gave the opportunity to design a
new laboratory from scratch. Therefore the bed-
plates of accelerator and nanoprobe could be
founded in greater depths (approx. 10 m) sepa-
rately from the surroundings to minimize me-
chanical vibrations. In order to avoid thermal
drifts of the system the room temperature and
humidity are controlled by a powerful air condi-
tioning system with an accuracy of �2 K and
�1%, respectively.

2.2. Accelerator

A high beam brightness and a high stability of
the beam energy are important for high resolution
nanoprobe applications. The 3.5 MV SINGLE-
TRONe has a beam brightness of 10±20
A radÿ2 mÿ2 eVÿ1. The voltage ripple is approx.
25Vpp and the stability of the beam energy is about
�50 eV over 5 h measured with the 7Li(p,n)
threshold at 1.881 MeV [1].

The ion beam supplied by the accelerator can
be bent into ®ve di�erent beamlines by a switching

magnet. An additional 90° analyzing magnet is
used to direct the beam into the nanoprobe.

2.3. Brief description of the nanoprobe and its
signi®cant features

The nanoprobe, shown schematically in Fig. 1,
was designed for extremely high resolution work.
Extreme measures had to be adopted in providing
mechanical rigidity, minimizing any scattered
beam from collimators, slits or gas molecules, and
providing very accurate control of the specimen.

When referred to the convergence angle of a
microbeam at the specimen (the image plane),
aberration coe�cients for the various possible
probe forming lens con®gurations are comparable.
This means that if the brightness distribution from
the accelerator was uniform with displacement and
angle, each system would give similar perfor-
mance.

However, the separated Russian quadruplet
con®guration of magnetic quadrupole lenses
adopted for LIPSION has some signi®cant ad-
vantages in practice. The ®rst advantage is that the
two stage system provides a large and symmetric
demagni®cation factor so that the critical object
collimator can be relatively large and hence scat-
tering from its surfaces is more readily avoided.
The large demagni®cation also makes mechanical
instability at this point proportionately less im-
portant. In fact, all instabilities are less important
in the ®rst stage of the system than in the second
stage.

The second advantage is that the large demag-
ni®cation factor fully exploits the high brightness
provided by the HVEE SINGLETRON accelera-
tor. In particular, the peak of brightness in the

Fig. 1. Leipzig high-energy ion nanoprobe (scheme). Abbreviations: TP ± turbo molecular pump, IP ± ion getter pump.
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paraxial region (shown by measurements pub-
lished previously [2]) enables us to form ®nely fo-
cused probes without incurring signi®cant penalty
of aberrations.

The speci®cations of the LIPSION system ap-
pear in Table 1 and a ®rst order raytrace (from
program PRAM [3]) through the two stages of
demagni®cation is shown in Fig. 2. This raytrace
shows the internal crossovers in both the x±z and
y±z planes and the excellent close proximity of the
exit principal planes to the plane of the focused
probe.

The whole system is supported on a heavy steel
reinforced box girder laying on adjustable steel
pedestals. The beam line instrumentation is placed
in heavy multiport boxes mounted on the girder,
but computer-controlled object and aperture col-
limator stages are mounted directly on the girder
with movement through balanced bellows to iso-
late them from external forces. Separate microslits
are also mounted on the girder. Both lens doublets
are mounted on a very heavy steel baseplate which
is supported by the girder with its own shock-ab-
sorbing attachment. The ®rst doublet is adjustable,
in contrast to the more critical second doublet
which is more rigidly mounted on this baseplate.

Slit scattering can be minimized because the
internal crossovers are situated at di�erent dis-
tances after the ®rst doublet. Therefore, separate
slits are provided at each of the crossovers and
these are adjusted to intercept any scattered beam,
but not the primary beam. The beam tube is
magnetically shielded using l-metal, pumped at
four points and is directly supported above the

large diameter pumping lines connected to an ion
and a turbomolecular pump beneath the girder.
This arrangement provides high pumping speed
and a good vacuum of 10ÿ8 mbar which is neces-
sary for low gas scattering.

The specimen chamber is mounted on the
girder; but the specimen itself is mounted on the
baseplate with a very rigid steel gantry, which also
incorporates the mounting of the second doublet.
From this gantry, the specimen is located by
means of a high precision, computer-controlled
x±y micrometer-stage with DC motors and optical-
encoder feedback, providing smooth total move-
ment of 200 mm with an accuracy of 0.1 lm in the
horizontal �x� and vertical �y� directions.

The specimen chamber is equipped with front
and rear viewing microscopes, each with a choice
of two objective lenses, which can be removed
from the beam axis and accurately repositioned
against stops. A 45° viewing port is also available.
There is a Ge X-ray detector, a secondary electron
detector, an externally controlled set of four con-
centric rings to support and accurately position
particle detectors or other instrumentation, a
computer controlled goniometer, a STIM detector
and a triaxial Faraday cup, both removable from
the beam path, and many electrical feedthroughs.

Table 1

Speci®cations of the Leipzig nanoprobe (Q1±Q4 denote the

quadrupole lenses of the split Russian quadruplet downstream)

Object to aperture (m) 4.90

Aperture to Q1 (m) 0.54

Q2 to Q3 (m) 2.49

Q4 to specimen (mm) 330

Pole length of each lens (mm) 57

Spacing Q1 to Q2 and Q3 to Q4 (mm) 40

Turns per pole in Q2 and Q3 108

Turns per pole in Q1 and Q4 125

Bore radius of all lenses (mm) 6.35

Demagni®cation Dx � Dy � 82.2

Maximum magnetic rigidity 12 amu MeV/q2

Fig. 2. Ion optics of the LIPSION system. The vertical lines on

the axis show the position of the entrance principal planes, the

Gaussian image plane, and the exit principal planes, respec-

tively. The ray which starts on the left from above the axis is in

the x±z plane, the other ray is in the y±z plane. The initial ray

vectors were 50 lm with a divergence of 0.05 mrad (corre-

sponding to a 50 lm diameter aperture collimator).
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The chamber is composed of two large sections,
each with a large windowed quick-access port. The
combination of turbomolecular and ion pumps
provides a rapid pumpdown.

The whole described vacuum equipment and the
positioning system of object and aperture dia-
phragms and target are fully automated. The lens
currents are computer controlled and stabilized.
During focusing, the program can adjust the av-
erage value and ratio of the two lens currents, thus
allowing the size and the shape of the beam spot to
be adjusted independently. In order to achieve the
highest resolution the beam is ®rst focused with the
help of the rear optical microscope with large cur-
rent at a wide object and aperture diaphragm, and
then the object and aperture are reduced in size.

3. Resolution measurements on an InGaP/

GaAs(0 0 1) semiconductor heterostructure

As a ®rst application an InGaP=GaAs�001�
semiconductor heterostructure has been investi-
gated by PIXE and STIM with 2.25 MeV H� ions.
The crystals were glued ``face-to-face'' and thinned
down to some lm in thickness. Fig. 3 shows a
scheme of the described sample. The sharpness of
the interface gives a measure of the lateral reso-
lution of the focused ion beam. Fig. 3 shows the
Ga, In and As count rate of a linescan over the
InGaP/GaAs interface. The FWHM of the deriv-
ative of the ®tted function at the Ga count rate
corresponds to a beam diameter of 340� 30 nm.
The current for this measurements was 10 pA and
the object and aperture diaphragms had a diame-
ter of 20 and 100 lm, respectively. The resolution
is a bit worse than expected, due to a small drift of
the beam position during the measurements. This
drift might be caused by small ¯uctuations of the
beam energy, a problem which is still under
investigation.

On the same sample, STIM measurements were
performed using the l-slits of the system and an
aperture diaphragm with 10 lm in diameter. Fig. 3
shows the count rate of the ions transmitted
through the InGaP layer of a linescan over the
InGaP/glue interface. The beam diameter (FWHM
of the derivative of the ®tted function) is 100� 10

nm. For longer measurements the resolution de-
teriorates due to the beam drift mentioned above.

4. Outlook

In the future, a faceted X-ray detector in order
to increase the e�ciency for l-PIXE, including
PIXE tomography, and new techniques like IBIC
and IL will be installed. Further investigations in
order to reduce beam drifts are under way.

Fig. 3. Scheme of the InGaP/GaAs sample and PIXE and

STIM count rates of linescans over the heterostructure with

extracted resolution ®gures.
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Solid State Analysis with the New Leipzig High-Energy Ion Nanoprobe
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Abstract. The high-energy ion nanoprobe LIPSION

at the University of Leipzig has been operational since

October 1998. The ultrastable single ended 3.5 MV

SINLETRONTM accelerator supplies the H� or He�

ion beam. A magnetic scanning system moves the

focused beam across the sample. At present, a resolu-

tion of 150 nm in the low current mode and 300 nm at

5 pA could be achieved.

The UHV grade experimental chamber is equipped

with electron-, energy dispersive X-ray-, and particle

detectors. They can be used simultaneously to analyse

the sample by means of PIXE (particle induced X-ray

emission), RBS (Rutherford backscattering) and in the

case of thin samples STIM (scanning transmission ion

microscopy).

A goniometer allows the application of channeling

measurements in single crystals in combination with

these methods.

The detection limits depend on the elements to be

analysed and range from (1000 � � � 1) mg/g relative and

(1 � � � 0.01) pg absolute. The analysis is nondestruc-

tive, but the sample has to be vacuum resistant.

Applications of the nanoprobe in the ®eld of semi-

conductor research, biomedicine, and archaeology

will be described.

Key words: Ion beam analysis; ion microprobe; solid state
analysis; microanalysis.

Abbreviations: AFM: Atomic force microscopy,

CCM: Channeling contrast microscopy, CSTIM:

Channeling scanning transmission ion microscopy,

ERD: Elastic recoil detection, IBIC: Ion beam

induced charge, IBIL: Ion beam induced lumines-

cence, PIXE: Particle induced X-ray emission, RBS:

Rutherford backscattering, SEI: Secondary electron

imaging, SEM: Secondary electron microscopy,

STIM: Scanning transmission ion microscopy, XPS:

X-ray photoelectron spectroscopy

High energy ion microprobes have made their way

into several disciplines like material science, geos-

ciences, environmental sciences, art and archaeology,

bio- and medical sciences, and several others already

some years ago [1]. The penetration and depth

sensitivity of ions, the element speci®city, the

quantitation, the imaging and tomographic capabil-

ities, and the versatility of ion microprobes are just a

few important advantages of this analytical tool. The

future progress depends, at least in several disciplines

like semiconductor technology or biomedical applica-

tions, on the achievement of ultra-high resolution

below the micrometer regime. Therefore, a new

dedicated high energy microprobe with true nano-

probe capabilities was designed and installed at the

University of Leipzig. This probe named `̀ LIPSION''

has been operational since October 1998. The two

main parts of LIPSION are a new designed 3.5 MV

ion accelerator (SINGLETRONTM, HVEE, High

Voltage Engineering Europa B.V.) with a full solid

state power supply, an optimized high frequency ion

source, and the nanoprobe. Due to the described

design the accelerator has a very high energy stability

(�E /E< 10ÿ5) and beam brightness. The probe itself

is equipped with a magnetic quadrupole lens system

and an all-purpose measuring chamber (MARC,

Microanalytical Research Centre Melbourne). Besides

Mikrochim. Acta 133, 105±111 (2000)
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the determination of the resolution ®gures the probe

was successfully applied to the analysis of solid state

material, cartilage samples, and archaeological bones.

The Nanoprobe

The nanoprobe laboratory (Fig. 1) was specially

designed for the achievement of high spatial resolu-

tion and long term stability of the probe operation.

One of the key issues for the submicrometer

resolution is the minimization of vibrations. The

foundations of the accelerator and the nanoprobe are

completely separated from each other. Both are build

on 5±7 m deep pillars in a vibration absorbing layer of

the soil with a heavy steel concrete table on top.

Measured vibration amplitudes peak to peak are

below 0.3mm. Another important parameter is the

long term stability of the air conditioning system. We

achieve �2 K over a week and a constant humidity of

55%, stable to better than 5%.

The SingletronTM (HVEE) high energy ion accel-

erator is designed for very stable operation at terminal

voltages from 0.8 MV up to 3.5 MV. The ion source

supplies H�- and He� beams with a brightness of

more than 10 A radÿ2 mÿ2 eVÿ1 and a current of app.

30mA. The long term stability of the ion energy as a

quantity of crucial importance for ultra high resolu-

tion work is as good as �20 eV over several hours.

The parts of the nanoprobe itself and the experi-

mental chamber are mounted on a heavy steel girder

(Fig. 2) with an additional vibration isolation between

the basement and the girder. The probe consists of an

object-diaphragm (300 mm to 5 mm diameter), an

aperture diaphragm with (300mm to 10mm) diameter,

a split Russian quadruplet magnetic lens system with

a demagni®cation factor of 100 with very low

aberrations, and a scanning coil system.

The vacuum inside the beamline and the measuring

chamber of app. 10ÿ8 mbar is provided by means of

carbon-free turbopumps and ion getter pumps. During

nanoprobe measurements the turbopumps have to be

switched off to avoid additional vibrations.

The sample is mounted on a 3-dimensional

computer controlled precision stage inside the UHV-

Fig. 1. Nanoprobe facility LIPSION at the
University of Leipzig

Fig. 2. Schematic of the nanoprobe
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chamber. Samples as big as (2� 2� 0.5) cm can be

analysed. The proper alignment of the sample in the

chamber with regard to the position of the ion beam

can be carried out using a built-in optical microscope.

The UHV experimental chamber is equipped with a

channeltron for the detection of ion induced second-

ary electrons (SEI), a high purity Ge-detector with an

active area of 95 mm2 and an energy resolution of

150 eV at 5.9 keV for PIXE, two charged particle

detectors in backward direction (RBS) and one in

transmission geometry for STIM.

The data collection system MPSYS (MARC

Melbourne) collects and stores complete energy

spectra produced by the detectors at each beam

position. Four detectors can be run simultaneously. In

addition, optional energy windows can be set in the

spectra for real-time elemental mapping.

Analytical Methods

There are two main advantages of the high energy ion

probe analysis techniques compared to competing

methods, like electron microprobe or X-ray micro-

analysis. First, the high energy ion beam is very stiff,

therefore the information volume is well de®ned

(Fig. 3). Second, various reaction channels can be

used simultaneously for the determination of compo-

sition and structure of the sample. Table 1 summarizes

the pertinent characteristics and properties of the

various methods.

Applications

Intercalation of Ag Into TiS2

Two dimensional layered transition metal dichalco-

genides like TiS2 or TaS2 are well known for their

ability to form intercalation compounds with a large

variety of atoms, or even organic molecules [2].

Fig. 3. Beam broadening inside the sample, SRIM96 simulation,
2.25 MeV H� into Si, beam diameter 100 nm

Table 1. Characteristics of the ion beam analytical methods available at LIPSION

Spatial

Method Material property
Information depth
(Eion� 2.5 MeV)

Detection
limit (mg/g)

resolution
(nm)

Accuracy
(%)

PIXE quantitative elemental < 15mm for H� 1000 � � � 0.3 > 300 5
distribution, Z> 11

IBIL distribution of species app. 5 mm, depending on 100 � � � 0.5 > 300 10
optical properties of the sample

RBS quantitative elemental 5mm for He�, 20 mm for H� 0.5 atomic > 500 3
distribution, Z> 2 layers

ERD distribution of light < 1mm 10000 � � � 10 > 500 3
elements, Z< 3

CCM distribution of crystal < 5mm > 300
quality

STIM density distribution only thin samples < 30mm > 100
for H�, < 10mm for
He�

CSTIM distribution of crystal only thin samples < 30mm > 100
quality, imaging of for H�, < 10mm for He�

single defects

IBIC charge collection < 50mm for H�, > 100
ef®ciency distribution < 15mm for He�
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Titanium disul®de single crystals consist of stacked

layers of TiS2 sandwiches. The titanium monolayer is

covalently bound to the two sulfur layers in the

sandwich, where the sandwiches are bound quite

weakly to each other via van der Waals forces. The

intercalate uses the van der Waals gap between the

sandwiches to penetrate into the crystal.

In order to study the intercalation of Ag into this

material AgxTiS2 samples were prepared by electro-

lytic intercalation of a short circuited cell consisting

of TiS2 and silver electrodes in an 0.15 M AgNO3

solution [3]. The intercalation time varied from

10 min to 2.5 h.

The resulting 3-dimensional distribution of Ag was

measured by means of RBS with the Leipzig nano-

probe while still at Melbourne for testing. The

samples were scanned continuously with an He�

beam with 4 mm diameter at an energy of 2 MeV. The

scan ®eld has a dimension of 500 pixels� 500 pixels

covering an area of 580mm� 580mm. For each pixel

a complete energy spectrum of the backscattered

particles was collected. The dose was kept as low as

possible to avoid beam damage (< 3�10ÿ3 nC/mm2).

In this way a set of depth distributions of Ag could be

obtained (Fig. 4) from which the 3-dimensional

distribution was evaluated. Additional information

was gathered using XPS, SEM, and AFM [4].

The RBS data exhibit a sharp intercalation front.

Ag was found to be present over the whole

investigated area of the crystal, but only to a depth

of 100 nm. In deeper layers the intercalation was

restricted to the border zone close to the crystal prism

edge. The width of this zone increases with the

intercalation time. After 10 min and 2.5 h, the

intercalation front has moved 70 mm and 160mm

respectively, laterally from the crystal edge. The

measured stoichiometry of the AgxTiS2 changes from

the range of x� (0.38±0.42) (®rst stage phase;

intercalation into every nth gallery is called `̀ nth

stage'') in the near surface region to the range of

x� (0.14±0.2) (second stage phase) in deeper layers.

Due to the combination of RBS measurements

with techniques like SEM and AFM it was possible

to obtain a three dimensional image of the Ag

distribution in AgxTiS2 in conjunction with a clear

picture of the plastic and partly irreversible deforma-

tions of the host material which accompany the

intercalation.

Fig. 4. 3D-distribution of Ag intercalated into TiS2
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Elemental Analysis of Ancient Human Bone

The relationship between biological development,

health status, and living conditions of our ancestors

is of high interest for the archaeological, anthro-

pological as well as for the medical sciences. The

determination of the trace element status and the

mineral density of buried bones is one of the key

issues for the development of a indicator for the health

status of the former population. In order to determine

the elemental composition of the bones and to

estimate the in¯uence of the burial environment on

the elemental content of the skeletons (diagenesis),

femoral cross sections of ancient human bones of the

Merowingian period (6±8th century AD) were

analysed by laterally resolved PIXE.

The mPIXE measurements were started at the

Rossendorf nuclear microprobe using a 3 MeV proton

beam of (3� 3)mm2 at 200 pA. The cross sections

(2 mm thickness) cut with a diamond saw, were

scanned radially from the outer edge (periost) in the

direction to the center of the bone (endost) over a

distance of 1.55 mm at maximum, with 128 points for

each line scan. The charge per step was 100 pC so that

a total charge of 12 nC was collected per point.

A different behaviour of the radial distributions of

the main and trace elements like P, Ca, Mn, and Zn

was observed due to several biochemical and

geochemical processes which act on bone during life

and after death, respectively (Fig. 5). In the case of Zn

a gradually decreasing concentration from periost to

endost with peaks superimposed were observed. A

possible explanation for these characteristic pro®les is

that Zn enrichment in the osteoblasts is superimposed

onto a diffusion pro®le of Zn from the environment

into the bone. Apparently, mineral exchange processes

play a important role. In addition, the change of the

ionoluminescence colour from orange to blue from

the surface to the inner part of the bone cross section

is a clear evidence for an ion exchange process

Ca2�!Mn2� in the near surface layer [5]. To

con®rm this interpretation PIXE maps were recorded

with a spatial resolution of 500 nm using the LIPSION

nanoprobe at an ion energy of 2.25 MeV. They show a

rather inhomogeneous distribution of manganese with

a strongly decreasing concentration from the periost

to the endost (Fig. 6 ) in agreement with the change of

the luminescence colour.

These results indicate post mortem mineral

exchange processes and possible further diagenetic

alterations during burial of bone tissue in soil.

However, these processes are limited only to the

region near the surface (up to a maximum of 2 mm).

Therefore, the determination of the content and the

Fig. 5. Elemental distributions of P, Ca, Mn, and Zn obtained by
scanning the cross section of the left femoral shaft of a male
Merowingian individual

Fig. 6. PIXE-image of the distribution of Mn in the periosteal
region of the cross section of the left femoral shaft of a male
Merowingian individual

Solid State Analysis with the New Leipzig High-Energy Ion Nanoprobe 109

A2 Solid State Analysis with the New Leipzig High-Energy Ion Nanoprobe. 79



distribution of main and trace elements of the bones in

regions free from diagenetic changes are under way.

Scanning Transmission Ion Microscopy

on Cartilage Samples

Worldwide, people suffer from a degenerative disease

of the joint cartilage, mainly in their hip or knee

joints, called arthrosis. The basic mechanism of the

initial process is still being discussed. Microscopic

NMR-tomography could visualise internal structures

and their early arthrotic changes in the cartilage

collagenous network [6]. From this a theory was

deduced that assumes a network transformation

leading to a loss in mechanical stiffness and later on

to the destruction of the cartilage itself. Biochemical

staining pointed to calcium as a possible initiator or

as an involved element. Preliminary experiments

revealed that the elemental distributions within the

cartilage, especially that of calcium, compared well

with NMR-microscopic pathological zones of early

arthrotic changes. This stimulated further measure-

ments and interesting interpretations of the interaction

between elemental distribution and the collagenous

network itself [7].

The distributions of the elements P, S, Cl, K and Ca

in a 30 mm thick cartilage bit-slices were measured

with mPIXE using LIPSION. From the same region

STIM images were taken which represent the mass

density distribution within the cartilage sample (Fig. 7).

Four layers differing in mass density are clearly

distinguishable, a contrast which does not exist in the

case of optical microscopy.

A possible explanation of this structure could be a

different ratio between collagen ®brils (forming the

network) and the intercollagenous gel-like matrix in

the different regions. The collagenous network

changes its structure near the articular surface, where

the ®brils are tangentially aligned and show a much

smaller spacing. In this region a remarkable increase

in the Ca and P concentration was found for samples

subjected to mechanical load [8]. It is assumed that

internal redistributions of Ca- and P-ions take place.

Obviously, the elemental distributions are related to

the density and structure of the collagenous network.

Scanning transmission ion microscopy is a suitable

method to visualise this network. Figure 8a shows

aligned cartilage cells as an indicator for an aligned

network which becomes visible at higher magni®ca-

tion (Fig. 8b).

In the future, a 3D-picture of the network will be

obtained by stepwise rotating the sample over 180�

and recording the two-dimensional map (2D projec-

tion) for each setting, in analogy to computer

tomography (CT).

Fig. 7. 650� 650 mm2 density image of a 30mm thick, freeze dried
cartilage section (pig femoral condyle), measured with STIM using
protons at an energy of 2250 keV

Fig. 8. (a) 110� 110 mm2 STIM image of the cartilage
region with aligned collagenous ®brils surrounding
cartilage cells (low density area in the near surface region
in Fig. 7). (b) STIM image with higher magni®cations;
collagenous ®brils around the two cells become visible
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Conclusion

After a few month of operation, the LIPSION

nanoprobe proved to be a very versatile and useful

microanalytical tool for various solid samples, e.g.

crystalline material as well as biological tissue, with

the potential to open up new applications in the ®eld

solid state nanoanalysis.

Outlook

Furthermore, we will work on the ®ne tuning of the

accelerator and the nanoprobe in order to reach

100 nm spatial resolution in the high current mode,

suitable for RBS and PIXE, and < 50 nm in the low

current transmission mode (STIM, CSTIM, STIMT).
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P ro ceed in gs of t h e XXX V I Z ako p ane Sch oo l o f Ph ysi cs, Zak opa n e 200 1

I on M i cro scopy and Tom ograp hy

T . B ut z, D. L ehma nn , T. R ein er t , D. Speman n and J. V ogt

Universit �at Leipzig, Fakul t�at f�ur Physik und Geowi ssenschaften

Li nnÇestr. 5 , 04103 Leipzi g, Germ any

Th e use of li ght ions for mi crosco py and tomography is illus trated by
a variety of recent applic atio ns in materials and lif e sciences at the Leip zig
high -energy ion- nanopro be L IPSI ON w ith a short comparison to other micro-
scopic techni ques. T he versatility of ion techniques is exempli Ùed by Ruther-

ford backscattering spectrometry maps of thin Ùlms of solar cell materials ,
particle induced X -ray emission maps of manganese in ancient human b ones,
particle induced X -ray emission on single aerosol particles w ith ñ m size, and

scanning transmissio n ion microscopy and tomography on pigs knee carti-
lage. Finall y , the design of a single ion single livin g cell bombardment facility
is sketched for studies of the cellular resp onse and micro dosimetry .

PACS numb ers: 41.75.A k, 72.20.My , 29.30.K v

1. I n t rod uct io n

The resoluti on of conventi onal opti cal microscopy is l imited by the photo n
wa vel ength around 1 ñ m. Photo ns do not penetra te into the sampl e unl ess i t hap-
pens to be tra nsparent. The contra st is pro vi ded by the wavel ength- dependence of
the absorbance/ reÛectivi ty . There is \ chemical bl indness" , i .e. the chemical con-
sti tuti on is not obta ined by opti cal microscopy. A natura l extensi on is the use of
X- rays, pref erabl y obta ined from synchro tro n sources wi th a tuna ble wa velength.
Such X- ray m icroscopes wi th resoluti ons in the order of 100 nm becam e feasible
thro ugh the recent pro gress in X- ray opti c devi ces. The penetra ti on of X-rays is
good, the general ly poor contra st due to absorpti on can be outwei ghted by trem en-
dous accuracy and, above al l, by com pari ng images below and above absorpti on
edges. In thi s way, the \ chemical bl indness" is overcom e at the expense of sequen-
ti al im aging at vari ous wa velength. In pri nci ple, a ful l near edge and extended
X- ray absorpti on Ùne structure (N EXAFS, EXAFS) spectrum coul d be recorded
at each pixel thus al lowi ng \ chemical speciati on" . Drawba cks thus far are the large
exp erimenta l ẽ o rt and the lack of tuna ble X-ray lenses.

(603)
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Using m assive charged parti cl es l ike electrons overcom es several of these di f-
Ùcul ti es. The opti cal elements in electron m icroscopes are very advanced and rel y
on electrom agneti c intera cti ons of charged parti cles in vacuum . At su£ cientl y high
energy the de Bro glie wa velength is short enough to allow for ato m ic resoluti on.
Hi gh energy electrons do penetra te into the sam ple, but thei r latera l stra ggl ing
is severe and ul tra thi n sam ples are requi red for ul tra hi gh resoluti on. Thus, to m o-
graphy is not rea lly feasibl e wi th electrons. The exci ta ti on of characteri sti c X- rays
pro vi des chemical sensiti vi ty | simulta neously for pra cti cal ly al l elements! A di s-
adv anta ge is the large Brem sstra hlungs background whi ch impai rs the detecti on
l im its. The use of even heavi er parti cles l ike proto ns pro vi des good penetrati on,
smal l latera l straggl ing com pared to electrons, and chemical sensiti vi ty wi th very
low detecti on l imits due to the low Brem sstrahl ungs background. These are the
m ain reasons to devel op ion microscopy and to m ography despite the f act tha t
the generati on of MeV proto n beam s is slightl y m ore expensive tha n the gener-
ati on of MeV electron beam s, true also for ion opti cal devi ces, and despite the
fact tha t beam di ameters below 1 ñ m are di £ cul t to achi eve. The wo rld record
for the smal lest 2 MeV proto n beam is at 40 nm diam eter held by the Leipzi g
hi gh-energy ion-nanoprobe LIPSI ON [1], sti l l far above ato m ic resoluti on. How-
ever, i t is the versati li ty of the ion beam techni ques whi ch renders ion microscopy
and to mography an invaluable to ol .

2 . Io n b eam t ec hni qu es, m icr osco p y, an d t om ograp hy

R ather tha n to give an intro ducti on to al l possible ion beam techni ques the
reader is referred to the fol lowing books: Mat er ials Analysis using a Nucl ear Mi cro-
probe by Breese et al . [2], A pplications of N uclear Mi croprob es in t he Li fe Sciences
by Ll abador and Mo retto [3], and Par ti cle In duced X-Ray Emi ssion Spect roscopy
(PIX E) by Johansson et al . [4]. For the present purp ose i t su£ cesto i l lustra te and
di scuss the m ost importa nt techni ques shown in Fi g. 1 wi th parti cul ar emphasis
on scanned ion beams in order to pro duce im ages as shown in Fi g. 2.

R B S : Rutherf ord backscatteri ng spectro metry rel ies on the elastic scatteri ng
of l ight ions like pro tons or alpha parti cles from ta rget ato m s.The ions lose energy
due to elasti c col l isions duri ng thei r tra ck into the sampl e and on the way out.
The energy loss is measured and depends on the m ass density of the ta rget and
on ki nemati cs. Depth sensiti vi ty is obta ined vi a the stoppi ng power of the ta rget
m ateri al . R BS maps are ideal ly suited for the inv estigati on of the com positi on and
hom ogeneity of the thi ckness of thi n Ùlm s.

E R D A : elastic recoi l detecti on analysis rel ies on the detecti on of matri x
ato m s recoi l ing after ion col l isions rather tha n detecti ng backscattered pro jecti les
l ike in RBS. Thus using dE =dx and E -detecto rs a simul ta neous m ul ti element anal -
ysis is possibl e. The special case of proto ns as pro jecti les and proto ns (hydro gen)
in the ta rget as ejecti les o˜ers the advanta ge of coinci dence detecti on of both
parti cl es under 90 degrees, i.e. wi th very low background.
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Fig. 1. Survey over common ion beam techniques show ing pro j ectile, target atom (nu-

cleus and electrons ), ejectiles, and radiation.

Fig. 2. Principl e of ion microscopy and tomography .

P I X E : parti cle induced X- ray emission rel ies on the m easurem ent of char-
acteri stic X- rays exci ted by parti cl e bombardm ent of ato m s. A sim ul ta neous m ul-
ti element analysis is possibl e whi ch is essential ly standard- free. D etecti on l imi ts in
the 0 : 5 ñ g/ g range are possible. PIXE- m aps are an indi spensible to ol for the in-
vesti gati on of latera l inhom ogeneiti es of sto ichiom etri es. Unf ortuna tel y, the depth
resoluti on is poor and | even worse | the inf orm atio n depth is energy dependent
due to the absorpti on of soft X- rays in the ta rget. Theref ore, a com binatio n of RBS,
scanning tra nsmission ion m icro scopy (STIM) and PIXE is often the stra teg y of
choice.

P I G E a n d N R A : parti cle induced gam ma emission and nucl ear reacti on
analysis rely on the observati on of characteri sti c Û- rays and parti cles, respectively,
emi tted f rom unstabl e nucl ei or ejecti les pro duced in nucl ear reacti ons. These
techni ques are parti cul arly useful f or thresho ld or narro w resonance reacti ons ad-
dressing a speciÙc reacti on at a ti m e. Isoto pe speciÙc im ages are obta ined.

S T I M : scanni ng tra nsmission ion m icroscopy rel ies on the m easurement of
the energy of ions tra nsmi tted thro ugh the sam ple. Co ntra ry to al l other techni ques
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di scussed here there are no reacti on cross-secti ons inv olv ed in thi s techni ques and
every sing leparti clecan be detected wi th nearl y 100% e£ ci ency. Thus 5{ 7 parti cles
per pi xel are usual ly su£ cient to obta in good quali t y images. Ma ss-density pro-
jecti ons are generated in thi s way. If the sam ple is rota ted in front of the scanned
beam , a series of pro jecti ons is obta ined from whi ch the 3-di mensional image can
be reconstructe d. A standard algori thm is the Ùltered Radon-backprojecti on.

I L : ionolum inescenceis related to the wel l -known catho dolum inescence.W i th
m odern ul tra sensiti ve wa vel ength- sensiti ve detecti on devi ces l ight emi tted under
ion bom bardm ent can be used to detect tra ce elements in speciÙc chemical com -
pounds. However, quanti tativ e analysis is di£ cul t because there are m any | of-
ten unkno wn | mechanisms whi ch acti vate or quench l ight emission and spectra l
bands are often wi de and overl appi ng.

S E I : secondary electron imaging rel ies on the detecti on of secondary elec-
tro ns ejected under ion bom bardm ent. The yi eld depends on the m ateri al and
on the surface properti es. Mo rpho logical im ages are obta ined easily but are not
always easy to interpret.

Sum ming up, there are two categori esof ion beam techni ques: \ hi gh-current"
techni ques l ike R BS, PIXE, PIG E, IL, SEI wi th typi cal currents in the range of
10{ 100 pA where radi ati on dam age, parti cul arl y f or bi ological sam ples, is an issue
to be consi dered; \ low- current" techni ques l ike STIM or tom ography wi th typi cal
currents of the order of a few fA (or a countra te in the detecto r of several kHz for
sing ly charged ions).

An importa nt fact to m entio n is tha t the size of the beam spot in the l im it
of a small conv ergence angle is pro porti onal to the square root of the spread in the
beam energy and the chrom ati c aberrati on coe£ ci ent of the lens system and to the
fourth root of the emitta nce [5]. W hereas the Ùrst two quanti ti escan be opti m ized
in the accelerato r and lens designs, there is less freedom in opti mizi ng the latter.
The emi tta nce is pro porti onal to the beam current divi ded by the bri ghtness. Since
the reduced bri ghtness, i .e. the bri ghtness divi ded by the ion energy, is l im i ted by
the ion source, the only wa y to achieve ul tra -high resoluti on is by reduci ng the
beam current drasti cal ly.

The Leipzi g hi gh-energy ion-nanoprobe LIPSION (\ l ipsia" is the lati n |
and i ta lian | word for l inden tree where the nam e Leipzi g came from , and \ ion"
is self-expl anato ry) was designed to achieve ul tra -hi gh resoluti on far below tha t of
conventio nal opti cal microscopes, an indi spensibl e requi site f or keeping pace wi th
the rapi dly developi ng X- ray m icroscopes. A 3.5 MV ul tra -stable SING LETR ON
by hi gh vol ta ge electri cal engineering (HVEE) wi th an R F ion source for proto ns
and alphas is coupled to a Mel bourne nucl ear micro probe wi th a spl i t Russian
quadrupl et wi th a demagni Ùcati on in x and y of 130. The ri ppl e is below 30 Vpp

at 2.25 MV, the vo lta ge and analysing m agnet stabi l i ty are better tha n 1 0 À 5 and
great care wa s ta ken to reduce mechanica l vi brati ons as m uch as possibl e. Up to
now we have achieved about 300 nm latera l resoluti on for PIXE and about 80 nm
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Fig. 3. Scan of ion beam over atomicall y sharp In GaP /GaA s semiconductor edge in

ST IM- mode show ing beam diameter of 40 nm.

for STIM. In fact, the beam diam eter is 40 nm only, as m easured by a l ine scan over
an ato m ical ly sharp semiconducto r edge (see Fi g. 3). At present, quasi-stati onary
m agneti c stray Ùelds deteri orate the resoluti on. W e hope to achi eve STIM im ages
wi th a resoluti on better tha n 40 nm usi ng an acti ve com pensati on of the stra y
Ùelds in the near future.

3. Exam p les

In the fol lowing section a few typi cal exam ples of recent acti vi ti es at
LIPSION are given to i l lustra te the power of ion m icroscopy and to mography.
Thi s is a rather narro w vi ew and the reader is referred to the revi ew books [2{ 4]
for a broad overvi ew.

3.1. T hin Ùlms of Zn 2 À 2 x Cux In x S2

Thi n Ùlm s of Zn2 À 2 x Cux In x S2 , a prom ising solar cell materi al , were pro duced
on vari ous substra tes by pul sed laser depositi on (PLD ). The f ol lowi ng f undam en-
ta l questions arise: (i ) does the ta rget sto ichi ometry tra nslate to the thi n Ùlm
and, i f so, how is the hom ogeneity ? (i i ) is the Ùlm thi ckness homogeneous? (i i i )
wha t is the morphology (gra in size, texture etc.)? (iv) wha t are the latera l ly re-
solved electri cal pro perti es? The last question can be answered e£ cientl y by ion
beam induced charge collecti on (IBIC) on conta cted Ùlm s, pref erabl y also in a
ti m e-resolved m ode [6]. An IBIC- faci li ty is presentl y under constructi on at LIP-
SION. The m orpho logy is usual ly studi ed by X- ray di ˜ra cti on and hi gh resoluti on
electron m icroscopy (HR EM). T o answer the Ùrst tw o questi ons RBS and PIXE are
the m ethods of choice. In Fi g. 4 (to p left) a 41 ñ m È 41 ñ m 2 MeV alpha-RBS-m ap
is shown for a thi n Ùlm wi th a nominal thi ckness of about 200 nm . Ob vi ousl y, the
m ap looks rather inho mogeneous. Thi s could be either due to inhomogeneiti es in
the stoichi ometry or due to a vari able Ùlm thi ckness. On the right, the \ broad
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Fig. 4. A lpha- RBS- map (lef t top) of a thin Ùlm of Zn 2 À 2 x Cux Inx S2 show ing a rather in-

homogeneous pattern ; right: RBS spectrum of this area, called \sum spectrum " (dashed)

and the area selected as show n in the lef t b ottom map (solid).

Ùeld" R BS-spectrum is shown whi ch is calcul ated from the map as the \ sum spec-
trum " . Thi s alone would be rather di £ cul t to interpret: the indi vi dual layers of
In and Cu/ Zn (whi ch canno t be separated) are clearl y vi sible (accordi ng to Z

from ri ght to left) but there is substa nti al intensi ty in between the In- region and
the Cu/ Zn- region where there shoul d be none. The same holds true for the gap
between the Cu/ Zn- reg ion and the S-onset. It is now possible | l ike in a j igsaw
puzzl e | to cut out regions whi ch look relati vely homogeneous (see Fi g. 4 left
botto m) and display the RBS-spectrum of thi s area alone. Thi s results in a much
im pro ved spectrum from whi ch the thi ckness of thi s area can be deri ved accuratel y
to be 230 nm . From PIXE- maps, not shown here, we concl uded tha t the sto ichiom-
etry of thi s area and tha t of the left- over \ islands" is about the same. Thus the
\ islands" are indeed \ rocks" of ñ m dim ensions whi ch very l ikely were sputtered
as a who le by the pulsed laser depositi on (PLD ) process. Thi s clearly points to an
inadequate ta rget preparati on pro cess.Needl essto say tha t thi s exam ple does not
represent the present state of the art of produci ng PLD -Ùlm s but was chosen for
i l lustra ti ve purp oses only.

3.2. T race elements in anci ent human bone

The determ inati on of main and tra ce elements in anci ent hum an bone serves
as a sort of di ary for anthro pologists from whi ch inform ati on on eati ng habi ts
and di seasescan be derived. However, postm ortem diageneti c al tera ti ons m ay cor-
rupt thi s \ diary" and i t is of utm ost importa nce to learn to wha t extent ions
have been leached out of the bone or incorporated into the bone by m ineral ex-
change pro cessesor m icrobial inÛuences in the buri al ground. Spati al ly resolved
IL- data on sam ples from a Mero wi ngian popul ati on near Frankf urt/ Ma in, Ger-
m any, showed tha t there is an intense orange lum inescencein the periosta l regions
of the anci ent bone whi ch fades out after a few m m and turns over into a blue
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lum inescence, l ike tha t observed for recent bones thro ughout the sam ple [7]. The
suspicion wa s tha t Mn- ions are incorp orated into hydroxyl apati te and we theref ore
to ok 8 4 ñ m È 84 ñ m m aps of a region cl ose to a pore in the bone sampl e. Fi gure 5

Fig. 5. F rom left to right: SE- map, C a-map, Mn- map of a sample of ancient human

b one.

(l eft) shows an SE-map whi ch closely resembles the Ca-map (m iddle) and gives
an idea of the m orpho logy. The Mn- m ap (ri ght) shows two pronounced spots sur-
rounded by clouds wi th unusua l ly hi gh Mn- concentra ti on. Ho wever, i f integrated
over large areas the slight increase in the average Mn- concentra ti on m ight have
been overl ooked wi th lesssensiti ve metho ds tha n IL. At present we cannot decide
whether Mn was incorp orated vi a m ineral exchange thro ugh pores or whether i t is
a resul t of the rem nants of m icrobe coloni es. In any case, the Mn- rich zone should
not be considered a \ vi rg in diary" . Correl ati ons between several tra ce elements
indi cate tha t in fact thi s outerm ost zone is certa inl y conta minated by vari ous
elements and should not be considered useful for further interpreta ti ons.

3.3. Single aerosol par t icles

The analysis of the com positi on of aerosol parti cles is usual ly carri ed out
col lecti ng a large am ount of parti cl es in a compactor and determ ining the average
compositi on. Thi s is rather unsati sfactory i f the sources of pol luti on are rather
di verse. In order to tra ce back the source of pol luti on the identi Ùcati on of indi vi dual
aerosol parti cles | often as smal l as 1 ñ m and below | is necessary. Thi s can
be achi eved by ñ -PIXE. In Fi g. 6 a PIXE- m ap ( 8 ñ m È 8 ñ m ) of two aerosol
parti cl es from Shanghai is shown to gether wi th thei r spectra from whi ch | using
a Ùngerpri nt \ l ibrary" establ ished by a neura l network | the typ e of source can
be identi Ùed unam biguously: the left parti cle comes from a blast furna ce, the ri ght
one from a cement factory [8].
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Fig. 6. PI X E- map of tw o aerosol particles of di ˜erent pro venance in the Shanghai area.

T he insets show characteristic PI X E- spectra used as Ùngerprints for identiÙcation.

3.4. Car t i lage

The degradati on of carti lage in joints lead to a very com mon and painf ul
di sease: arthro sis. At present we have no good means for an earl y diagnosis nor
is there a good thera py . The m etabol ism in carti lage proceeds vi a knea ding (l ike
a sponge) since there are no vessels. Hence, the kno wl edge of the interna l ar-
chi tecture of carti lage is of crucial im porta nce to understa nd i ts functi oni ng and
m al functi oning . Carti lage is by no m eans a hom ogeneous substa nce. Under an
opti cal m icro scope carti lage cells, cal led chondro cytes, wi th typi cal dim ensions of
10 ñ m are easily vi sibl e. In som e areas they appear as isogoni c pai rs wi th a char-
acteri stic ori enta ti on. Thi s im m ediatel y cal ls for the hyp othesi s tha t the col lagen
Ùbres are aligned in the sam eway. Thi s is in fact borne out by electron microscopy

Fig. 7. ST IM- image ( 40 ñ m È 40 ñ m) of a thin slice of cartilage from a pigs knee

show ing a chondro cyte and the w ell aligned collagen Ùbres (w hite).
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on f reeze fractured sam ples and was deduced as wel l from angle resolved nucl ear
m agneti c resonance m icroscopy [9]. These col lagen Ùbres are to o smal l to be ob-
servabl e by opti cal microscopy, but are easily seen in ion-m icro scopy. Fi gure 7
shows a 40 ñ m È 40 ñ m STIM im age of a sampl e from a pi gs knee carti lage wi th
a latera l resoluti on of 80 nm . The sam ple was freeze dri ed. The chondro cyte and
intra cellular structure s | di£ cul t to interpret due to the freeze dryi ng | are
cl earl y vi sible, as are the highl y ori ented col lagen Ùbres [10]. It turns out tha t the
typ e and degree of ori enta ti on as wel l as the micro-archi tecture of the col lagen
Ùbres vari es dra stically over vari ous regions of the ti bi al and femora l carti lage.
PIXE- m aps, not shown here, exhi bi t ñ m-spots of hi gh Ca-concentra ti on whi ch are
not para l leled by P-spots. Thei r origin is not yet clear but these m ight be nucl ei for
sol id parti cle form ati on whi ch mechani cal ly deteri orate the carti lage upon knead-
ing. Further studi es on carti lage wi th and wi tho ut m echanical load wi l l eluci date
the tra nsport of nutri ents and m etabol ic pro ducts.

Fi nal ly, Ùrst ion to mographi c im ages were obta ined on a carti lage sam ple of
di mensions 1 0 ñ m È 28 ñ m È 30 ñ m . Pro jections were col lected every 0.5 degree for
180 degrees. Since the sam ple had no resemblance to a cyl inder (l ike tha t shown in
Fi g. 2) the sinogram s had to be correcte d substa nti al ly using the relati vel y sharp
conto urs of the chondro cyte as a sort of \ Ùducial marker" . Fi gure 8 shows the
reconstruc ted im age whi ch | unf ortuna tel y | cannot rota te on a pri nted paper.
The big advantage of ion to mography compared to electro n microscopy is tha t
im ages of \ thi ck" sam ples (say 3 0 ñ m ti ssue) can be obta ined in a non-destructi ve
m anner. W ehopeto impro vethe resoluti on in our to mography such tha t indi vi dual

Fig. 8. Perspective view of a cartilage slice (2 8 ñ m È 10 ñ m È 30 ñ m) obtained by

ion tomography . Grey represents high density material (large energy loss), light grey

represents medium density material. T he low density material w as omitted for the sake

of clarity .
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col lagen Ùbres or eventual ly col lagen tub es are di rectl y vi sible. T omography wi th
an externa l beam would be hi ghly desirabl e because the freeze dryi ng procedure
could be avoided and experim ents in whi ch the pressure on carti lage sampl es can
be cycl ed woul d become feasible.

4 . Ou t l ook : sin gle i on b om bard m ent of sin gle l ivi n g cel l s

W hen counti ng indi vi dual parti cles l ike in STIM, when talki ng about ex-
terna l beam s, and when deal ing wi th bi ological materi al the questi on of ta rgeted
bom bardment of a sing le l ivi ng cell by an exactl y counted numb er of parti cles
comes up natura l ly. A single alpha parti cl e wi th a few MeV tra versing a cell
nucl eus can produce a m easurabl e damage. A hot to pic is the so-cal led bysta nder
e˜ect: a cell is hi t and som e of the bysta ndi ng cells respond as i f they were hi t, to o.
Questi ons of m icro dosim etry can be addressed wi th com pletely new di mensions.
Co nsequences for radi othera py are f oreseeabl e. Up to now, col l imated externa l
ion beam s are in use wi th roughl y 1 ñ m latera l accuracy. Focused externa l ion
beam s wi th m uch better resoluti on and sing le l ivi ng cell bom bardm ent facil i ti es
are presentl y under constructi on at vari ous places in the wo rld [11]. A sketch of
the facil i t y at LIPSION is shown in Fi g. 9. Cel ls are culti vated on a m ini-Petri dish
and the coordi nates of the nucl ei are recorded in a cell -observer. These dishes are
then brought to the i rra diati on platf orm and mounted upri ght. Cells whi ch adhere
su£ cientl y to the myl ar botto m of the dish reta in thei r positi ons for a coupl e of
m inutes, as has been tested earl ier. A Ùducial m arker on the m ini -Petri di sh | not

Fig. 9. Sketch of the single ion single living particle b ombardment facility at LI PSI ON

(under construction).
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in conta ct wi th the media | helps to preci sely positi on the di sh vi a STIM. The
coordi nates of the cell nucl ei are tra nsferred to the scanner and a single (or m ore)
selected cell nucl eus (or cyto plasm) is bom barded wi th a preselected numb er of
parti cl es. A parti cle detecto r behind the cells tri ggers the beamgate upstrea m and
registers the energy lost in the exit wi ndow, the myla r botto m of the mini- Petri
di sh, the cell , and the media. Af ter bom bardm ent we analyze the cell culture for
m icronucl eus form atio n and apopto sis o˜- l ine.
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Suitable test structures for submicron ion beam analysis
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Abstract

For the precise determination of the sizes of submicron beam spots test structures with an excellent edge definition

are required. For this purpose a semiconductor heterostructure consisting of an 1.62 lm GaInP epi-layer grown on

(0 0 1) GaAs has been made, which provides atomically sharp edges for beam spot size measurements. Since the sample

has been thinned down by standard transmission electron microscope (TEM) preparation techniques, it can be used for

both PIXE and STIM. The sample has been investigated with a TEM and the ion nanoprobe LIPSION. A one-

dimensional beam profile in the low current mode was determined by a STIM measurement using 2 MeV protons and

yielded a FWHM of (41� 4) nm, which is the smallest value reported so far for high energy nuclear micro- and

nanoprobes. Furthermore we present nickel nanowhiskers produced at the GSI Darmstadt by electrochemical prep-

aration of etched ion track membranes that have been used to obtain two-dimensional images of the shapes of sub-

micron beam spots. For these measurements a scan over a single nickel nanowhisker having a diameter of 220 nm and

a height of about 6 lm was performed. � 2002 Elsevier Science B.V. All rights reserved.

PACS: 06.30.Bp; 07.78.þs; 41.85.Ew
Keywords: Test sample; Semiconductor heterostructure; Nanowhisker; Submicron beam spot sizes; Submicron beam spot shape

1. Introduction

So far, the beam spot sizes and scanning prop-
erties of nuclear microprobes have been deter-
mined using standard samples (e.g. EBEAM test
sample, Chessy test sample and transmission
electron microscope (TEM) Cu-grids) which are
not suitable for this purpose for different reasons

(material combination, design of the structures,
accuracy of the edge profiles).

In 1999, a test sample dedicated for ion beam
analysis was presented which proved to be useful
for beam spot sizes down to a few micrometers [1],
but not for submicrometer beams. However, in
recent years a lot of effort has been made to op-
timize the design and performance of the probe
forming systems of nuclear microprobes, making
ion beam analysis with submicron lateral resolu-
tion applicable [2,3]. Yet, due to the lack of suit-
able test samples, the precise determination of
submicron beam spot sizes was hardly possible.
The first test sample especially designed for the use
in submicron ion beam analysis was presented at
the 7th ICNMTA September 2000 in Bordeaux [4].
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However, it cannot be used in transmission mode
and does not allow to obtain two-dimensional
images of the shape of a beam spot directly.

In this paper two advanced test structures are
presented, which are especially suited for the de-
termination of submicron beam spot sizes in high
(PIXE) and low current mode (STIM) and for a
two-dimensional imaging of the shape of a beam
spot, respectively.

2. Beam spot size measurements on a GaInP/
GaAs(001) semiconductor heterostructure

2.1. The design of the test sample

A suitable test structure for beam spot size
measurements especially in the low current mode
has to meet the following requirements: (i) it has to
be transparent for an ion beam, (ii) the edges of the
structure have to be exactly defined with an edge
slope <5 nm which is 10% of the expected beam
spot size in transmission mode, (iii) it should pro-
vide a structure which allows the precise determi-
nation of the scan size used for the beam spot size
measurements to ensure that the beam spot sizes
obtained are correct. Up to now there was no test
sample available which meets the requirement re-
garding edge definition that can be used with high
energy ions. Hence, it was impossible to accurately
determine the beam spot size in the low current
mode leading to the unsatisfactory situation that
the actual beam spot size had to be estimated
by many microprobe groups so far. Therefore a
GaInP/GaAs(0 0 1) semiconductor heterostructure
as shown schematically in Fig. 1 is presented, which

fulfills all the requirements stated above. It can be
thinned to make it transparent for an ion beam,
provides atomically sharp edges and allows the scan
size calibration on the GaInP layer using PIXE.

2.2. Sample preparation

The GaInP epi-layer was grown on (001)GaAs
by low pressure metal-organic vapour-phase epit-
axy [5]. This layer-by-layer growth process ensures
atomically sharp edges. The samples have been
glued together ‘‘face to face’’, a cross section has
been cut, which was then thinned down by me-
chanical grinding, polishing and Arþ ion milling.
Due to the thinning procedures the sample has a
wedge-like shape with thicknesses ranging from
10 nm to 50 lm depending on the sample position
along the GaInP epi-layer. After the thinning pro-
cedure the sample was studied with a TEM. Due to
its spatial resolution down to the atomic level the
excellent quality of the edges could be confirmed.
Furthermore using a TEM the width of the GaInP
epi-layer has been determined to be 1.62 lm (see
Fig. 2).

2.3. Beam spot size measurements

The beam spot size can be determined by per-
forming several successive line scans alternating in

Fig. 1. Schematic of a cross-section of a GaInP/GaAs(0 0 1)

semiconductor heterostructure. The structure provides two

edges that can be used for beam spot size measurements.

Fig. 2. TEM image of the GaInP/GaAs(0 0 1) heterostructure

showing the width of the GaInP epi-layer. The upper part de-

fines the left edge (glue-GaInP-interface). The lower part is

brightness enhanced and defines the right edge (GaInP-GaAs-

interface).
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x- and y-direction ðx; y; x; y; . . .Þ across the 1.62
lm-GaInP epi-layer. This allows to check the re-
liability of the extracted data. For this purpose the
test sample has to be rotated by 90� between the
measurements to ensure that the edges are per-
pendicular to the scan direction. As can be seen in
Fig. 2 the test sample also provides an edge per-
pendicular to the GaInP epi-layer. This is a result
of the thinning procedure where the semiconduc-
tor heterostructure happened to break along the
corresponding crystal plane leaving this edge.
Therefore it is also possible to perform a two-
dimensional scan over both edges, however, the
accurate determination of the beam spot size from
this measurement is more difficult compared to
line scans.

As reported earlier the LIPSION nanoprobe
still suffers from beam spot fluctuations caused by
slowly varying magnetic stray fields [4], which are
predominant in one direction. Therefore only one-
dimensional beam profiles have been measured at
the ion nanoprobe LIPSION with the beam
scanned perpendicular to the direction of the beam
spot fluctuations. The edge of the semiconductor
heterostructure was positioned accordingly. The
measurements were performed with 2.0 MeV pro-
tons using PIXE- and STIM-line scans. The scan
size was determined by a PIXE-line scan across the
1.62 lm-GaInP epi-layer. The lateral positions of
the As- and In-edge as indicated in Fig. 3 were
derived from fits of the experimental data and
the difference of the lateral positions was set to
1.62 lm.

The beam profiles were determined by scanning
across the 1.62 lm-GaInP epi-layer and fitting
the collected data with an error function using
NUFIT7.0 (see Fig. 4). The edge used for the
PIXE- and STIM-measurements was the one at
the GaInP/glue-interface. Due to the excellent
definition of the edge the beam profile can be di-
rectly derived from the fitted data without decon-
volution.

First the beam was focused to an almost cir-
cular spot as has been confirmed by scanning over
a Ni-nanowhisker (see Fig. 7(a), details are given
below). Then for the following measurements the
object and aperture have been replaced by suc-
cessively smaller diaphragms leading to a reduc-

tion of the beam spot size. The FWHM of the
beam profiles obtained in the high current mode
range from (483� 8) nm at a beam current of 36
pA (object diaphragm: 50 lm in diameter, aper-
ture diaphragm: 100 lm in diameter) to (267� 16)
nm at a beam current of 1.4 pA (object diaphragm:
20 lm in diameter, aperture diaphragm: 50 lm in
diameter).

In the low current mode a one-dimensional
beam profile with an FWHM of (41� 4) nm at
a beam current of 1000 ions/s was obtained as
shown in Fig. 4(b) using microslits in addition to a
10 lm diaphragm as object and an aperture dia-
phragm of 10 lm diameter. This is the smallest
one-dimensional beam profile obtained so far
with a high energy nuclear micro- or nanoprobe
which proves both the very good performance of
LIPSION and the suitability of the semiconductor
heterostructure for determining beam spot sizes far
below 1 lm.

At present the spatial resolution in transmission
mode is limited to �80 nm due to beam spot
fluctuations. Therefore, in order to make full use
of the small beam spot it is planned to install a
system for an active compensation of the men-
tioned magnetic stray fields, because the shielding
with mumetal turned out to be not sufficient.
With this system installed the lateral resolution
in transmission mode will be comparable to the
beam spot size making the LIPSION nanoprobe

Fig. 3. X-ray yield profiles of As, Ga, In, and P obtained from

a PIXE-line scan across the GaInP epi-layer (left: GaAs, right:

glue). The positions of the As- and In-edge used for scan size

calibration are indicated.
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especially very promising for high resolution IBIC
and STIM.

3. Two-dimensional imaging of the beam spot shape

using a Ni-nanowhisker

3.1. The design of the test sample

As has been already proposed [4], suitable test
structures for imaging the beam spot shape are
free-standing columns with small diameters (�100
nm) and well defined geometry that provide both
elemental and topographical contrast. The col-
umns on the test sample should be well separated
but easy to locate. These requirements can be
fulfilled by free-standing Ni-nanowhiskers depos-
ited on a Cu foil as substrate.

3.2. Sample preparation

The Ni-nanowhiskers have been produced by
electrofilling of etched ion tracks in organic foils at
the GSI Darmstadt. A Cu foil deposited on one
side of the matrix foil acts as a support for the
nanowhiskers. After electrofilling, the organic ma-
trix has been dissolved leading to free-standing Ni-
nanowhiskers. With this technique whiskers with
diameters <100 nm and areal densities up to 108

cm�2 can be obtained [6].
For the measurements presented here a sample

was used with a rather low areal density of 107

cm�2 which made the location of a well separated
single nanowhisker much easier than in the case of
higher areal densities. As a suitable compromise

between nanowhisker diameter and stability we
chose a sample with �220 nm whiskers. The size
and shape of the nanowhiskers is shown in Fig. 5.

3.3. Beam spot shape measurements

The measurements have been performed with
2.0 MeV protons at the ion nanoprobe LIPSION.
Since the Ni-X-ray yield from the whiskers was too
low to obtain maps with good counting statistics,
the secondary electrons caused by the ion bom-
bardment were detected in the measurements
described below. The high aspect ratio of the nano-
whiskers ensures a good contrast with respect to
the Cu-substrate for topological reasons.

In order to find a whisker which is well separated
and oriented parallel to the ion beam a large scan is
made first as shown in Fig. 6. As can be seen in the

Fig. 4. Beam profiles in high and low current mode derived from line scans over the semiconductor heterostructure: (a) P-X-ray yield,

(b) number of transmitted ions with low energy loss.

Fig. 5. SEM image of the Ni-nanowhiskers used for the

imaging of the beam spot shape. The whiskers have diameters

ranging from 200 to 240 nm and a length of 6 lm.

D. Spemann et al. / Nucl. Instr. and Meth. in Phys. Res. B 190 (2002) 312–317 315
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SE-map, some of the whiskers are tilted, most of
the whiskers are well aligned but not well separated
(white spots) and some are laying on the substrate.
From this map the scan region and the nanowhis-
ker used in the beam spot shape measurements

were selected as indicated by the white square in
Fig. 6. Then the ion beam was scanned over this
single nanowhisker using a scan size of 2:7� 2:9
lm2. The observed two-dimensional SE intensity
distribution gives a measure of the convolution of
the beam spot and the nanowhisker dimensions.
Fig. 7(a) shows a contour plot of the SE yield for a
beam spot with an current of 36 pA obtained using
an object and aperture diaphragm with a diameter
of 50 and 100 lm, respectively. The dashed line
indicates the half of the maximum SE yield and
therefore roughly represents the beam spot size. As
can be seen, the beam spot is slightly more extended
in the x-direction (800 nm) than in the y-direction
(710 nm). Expectedly, the beam spot sizes obtained
are larger then the ones measured on the semi-
conductor heterostructure since no deconvolution
of the beam spot and the nanowhisker dimensions
has been made. Fig. 7(b) shows the same SE-map
as a three-dimensional wire frame. Apart from the
peak in the SE yield caused by the nanowhisker the
SE yield from the Cu substrate is also not uniform.
It shows minima along the scan positions with
x ¼ 0 and y ¼ 0 which cannot be due to a shad-
owing of the SE detector caused by the nano-
whisker alone. Since this behaviour is even more
pronounced when using larger beam spots for the
scanning, further studies will address the question
whether the anti-scattering slits between the split
Russian quadruplet lenses are responsible for this
behaviour or not.

Fig. 6. SE-map showing several nanowhiskers (scan size:

21:5� 23 lm2). As can be seen, some of the whiskers are tilted,

most of the whiskers are straight but not well separated and

some are laying on the substrate. The scan region and the

nanowhisker used in the beam spot shape measurements are

indicated by the white square.

Fig. 7. SE yield distribution obtained using an object and aperture diaphragm with a diameter of 50 and 100 lm, respectively. (a):
Contour plot showing the shape of the beam spot. The dashed line represents the beam spot size. (b): three-dimensional wire frame of

the SE yield. Apart from the peak in the SE yield caused by the nanowhisker, the SE yield from the Cu substrate shows minima along

the scan positions with x ¼ 0 and y ¼ 0.
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4. Conclusions

The GaInP/GaAs(0 0 1) semiconductor hetero-
structure presented here proved very useful for the
accurate determination of beam spot sizes in the
high and low current mode due to its excellent
edge definition. A one-dimensional beam profile
obtained in the low current mode by a STIM mea-
surement using 2 MeV protons yielded a FWHM
of (41� 4) nm.

Furthermore, two-dimensional images of the
shapes of submicron beam spots have been ob-
tained by scanning over a single nickel nanowhis-
ker which acted as a small probe for the beam
current density within the beam spot.
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Abstract

As reported previously, slowly varying stray magnetic fields and, recently, additional 50 Hz fields deteriorate the

lateral resolution in the low current mode of the high-energy ion nanoprobe LIPSION. Therefore, the active stray

magnetic field compensation system AMK_5 has been installed in the LIPSION laboratory. This system utilizes six

coils in a Helmholtz-arrangement and advanced technology for magnetic field sensing and signal processing for its

operation and allows to reduce the stray field fluctuations to excellent �10 nT in all three directions for frequencies

from true DC up to the kHz range. A compensation factor >100 was obtained for the vertical direction. The com-

pensation system was also used to determine the sensitivity of LIPSION to stray magnetic fields. It was found that the

sensitivity is largest for stray fields along the beam direction leading to a beam spot movement of 1.1 m/T in both

horizontal and vertical direction. Thus, the residual stray field fluctuations of �10 nT result in beam spot movements of

�13 nm assuming a homogeneous stray field and no contribution from stray fields outside the shielded volume. It is

demonstrated that the lateral resolution of LIPSION is significantly improved by the active compensation system.

However, there are still beam spot fluctuations in both vertical and horizontal direction dominated by 50 Hz com-

ponents which limit the resolution in the low current mode to approximately 130 nm. The source of these fluctuations is

still unclear.

� 2003 Elsevier B.V. All rights reserved.

PACS: 07.55.Nk; 07.78.+s

Keywords: Active compensation; Stray magnetic fields; Lateral resolution; Ion nanoprobe

1. Introduction

Non-static stray magnetic fields caused, e.g. by

trams, power supplies, and transformer stations

can lead to a significant deterioration of the lateral

resolution of ion micro- and nanoprobes even at
low magnitudes of �1 lT [1]. As has been shown

previously, the lateral resolution in the low current

mode of the high-energy ion nanoprobe LIPSION

is primarily limited by beam spot fluctuations

caused by slowly varying stray magnetic fields [2,3]

and, recently, by additional 50 Hz fields. Up to

now, the beam tube of the nanoprobe has been

passively shielded with Mumetal yielding a reso-
lution of �80 nm at best in the low current mode

with beam spot sizes of �40 nm [3] (it should be

noted that those resolutions were obtained in the
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past when no 50 Hz contributions were present).

However, it turned out to be very difficult to shield

the separated Russian quadrupole lens system ef-

fectively due to its complex geometry. Since the
area around the lens system is most sensitive to

stray magnetic fields an effective shielding is highly

desirable in order to achieve lateral resolutions

comparable to the beam spot size. Therefore, a

system for an active compensation of stray mag-

netic fields has been installed at LIPSION.

We report on the operating principle and per-

formance of the active compensation system, its
impact on the performance of LIPSION and on

the residual beam spot fluctuations. All measure-

ments have been performed using 2 MeV protons.

2. The active compensation system AMK_5

2.1. Principle of operation

The principle of operation of an active com-

pensation system for stray magnetic fields is to

measure the stray magnetic field in the x-, y- and z-
direction separately and to compensate it by a

magnetic field of the same magnitude but opposite

direction produced using coils in a so called

‘‘Helmholtz-arrangement’’. In the case of a ho-
mogeneous stray magnetic field the superposition

with the generated magnetic field leads to a com-

plete compensation in theory. In practice, how-

ever, there are several handicaps for a complete

compensation including the non-ideal size or po-

sition of the Helmholtz coils due to insufficient

available space, distortion of the magnetic flux

produced for compensation due to the ferromag-
netic response within or near the coil arrangement

and dephasing between stray field and generated

field due to time delays in the measuring and

control device. It should be noted that inhomo-

geneous stray magnetic fields can never be com-

pensated completely.

The room conditions of the LIPSION labora-

tory allowed to install the Helmholtz-coils in an
optimal size and position (see Fig. 1). The most

sensitive part of the nanoprobe is near the quad-

rupole lenses in front of the target chamber as has

been determined experimentally. Therefore, these

lenses are positioned in the center of the coils. In

order to obtain a large homogeneous area along

the beam axis, a distance of 9.0 m was chosen

between the two x-coils (36 turns each). A much
smaller homogeneous area is needed for the y- and
z-direction. The corresponding coils have a dis-

tance of 2.8 m in the y- and 2.4 m in the z-direction
(18 turns each).

The stray magnetic field is measured in the x-, y-
and z-direction with three specially developed

probes mounted near the center of the Helmholtz-

arrangement which have a very high sensitivity of
2 mV/nT, a signal to noise ratio >104 dB and a

bandwidth in the 100 kHz range. The signals are

filtered and then digitized by fast 16-bit ADC�s
(conversion time <3 ls). The main controller work

is done by a powerful digital signal processor

(DSP, TI, TMS320C40/50, 100 Mflops).

The multi-processor system of the AMK_5

provides a transient time of 8 ls for full signal
throughput which effectively minimizes the deph-

asing mentioned above in spite of complicated and

calculation intensive codes. The control signals

from the DSP are amplified by three independent

power amplifiers developed for high output current

on inductive loads and very low phase shifts over

the full operating range. A remote control allows to

activate or deactivate the compensation system.
The whole system is designed to work from true

DC up to the kHz-range with a compensation

factor up to 100 and above, depending on the local

situation. In recent years it has been installed and

successively used at scanning and transmission

electron microscopes. To our knowledge, the sys-

tem described is the first one that has been in-

stalled at a high energy ion micro- or nanoprobe.

2.2. Performance of the AMK_5 system

Fig. 2 shows the stray magnetic field near the

quadrupole lenses in front of the target chamber

measured with a separate calibrated 3D-flux gate

probe (time: 20 s/div, magnetic field: 100 nT/div).

First, the compensation was turned off (on the
right hand side of the marker). As can be seen,

there is a remarkable magnetic interference in the

LIPSION-lab predominantly in the z-direction
with a very slow variation of the larger magni-

80 D. Spemann et al. / Nucl. Instr. and Meth. in Phys. Res. B 210 (2003) 79–84
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tudes. Therefore, a successful compensation can

only be achieved with a compensation system

working even at true DC. At the marker position

the compensation is turned on. With a smooth
transition the system gets activated and suppresses

any further variation of the magnetic field (left

hand side of the marker). It should be noted, that

the measurement was done synchronously for all

three channels. The different time positions in the

graphs are due to different zoom positions of the

time series during readout of the oscilloscope only.

The remaining fluctuations of the magnetic field
are approximately �10 nT. Since the strongest

stray field variations in the z-direction have mag-

nitudes of more than �1.5 lT, compensation fac-

tors of more than 100 have been obtained.

3. Impact on lateral resolutions at LIPSION

3.1. Sensitivity of LIPSION to stray magnetic fields

The sensitivity of LIPSION to beam spot fluc-

tuations caused by varying external magnetic fields

has been tested by applying a magnetic field. For

this purpose a 0.24 Hz triangular shaped AC was

sourced separately into each of the Helmholtz coil

pairs creating an extended magnetic field along the

direction given by the corresponding coil pair (see

Fig. 3(a)). The field strength was measured in the
center of the shielded volume with calibrated

magnetometers. The beam spot fluctuations

caused in the horizontal (y) and the vertical (z)
direction have been determined by PIXE scans

Fig. 1. Top: view of the LIPSION laboratory. Six rectangular coils (three coil pairs) for the x-, y- and z-direction form the Helmholtz-

arrangement. The coil dimensions are: x� y � z ¼ 9:0 m� 2.9 m� 2.4 m. Bottom: schematic of the Helmholtz-arrangement showing

the size and position of the coil pair for the y-direction. Note that the beam direction is along the x-axis.
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with 27 lm� 27 lm scan size on a 2000 mesh Cu

grid using raster scanning in the y- and z-direction,
respectively. Fig. 3(b) and (c) shows the maps for

an applied magnetic field with an amplitude of
B0;z ¼ 2:32 lT in the vertical direction. The beam

spot fluctuations of �1.1 lm in both scanning di-

rections produce triangular shaped patterns in the

maps. One might expect beam spot movements in

the direction perpendicular to the magnetic field
only. However, all magnetic fields produced in the

x-, y- and z-direction resulted in a beam spot

movement in both y- and z-direction, i.e. not

perpendicular to the direction of the external

magnetic field. Table 1 shows the beam spot

movements in metres/Tesla for 2 MeV protons for

all directions. The LIPSION system is most sen-

sitive to stray fields directed along the beam di-
rection. Furthermore, the sensitivities in the y- and
z-direction differ significantly from each other.

From these data it can be concluded that the re-

sidual stray magnetic field fluctuations of �10 nT

obtained with the active compensation system in

operation result in beam spot fluctuations of ap-

prox. �13 nm in the case of 2 MeV protons as-

suming spatially homogeneous fluctuating stray
fields and no further contribution to beam spot

fluctuations from stray fields outside the shielded

volume.

3.2. Lateral resolution improvements by active

compensation of stray magnetic fields

Since the expected improvement of the lateral

resolution is largest in the low current mode,

STIM measurements were performed on the

semiconductor heterostructure described in [3]

with and without active compensation. Fig. 4
shows a STIM scan over a GaAs edge (scan size:

2.4 lm� 2.4 lm) with the beam scanned in hori-

zontal direction. First the compensation was acti-

vated (upper part of the STIM map) which results

in a distortion-free image of the edge. Then the

compensation was switched off (lower part of the

map) leading to strong distortions in the image. In

order to compare the lateral resolutions, beam
profiles in the horizontal direction were extracted

from the upper and lower part of the map as

shown right in Fig. 4 (beam profiles in the vertical

direction are similar). The lateral resolution in the

low current mode using the active compensation

system was determined to be (132� 2) nm which is

not as good as expected due to residual beam spot

fluctuations of approximately �50 nm that can be

Fig. 2. Stray magnetic field in the x-, y- and z-direction in the

LIPSION laboratory measured with a calibrated 3D-flux gate

probe (time: 20 s/div, magnetic field: 100 nT/div). Right from

marker: compensation system switched off. Left from marker:

compensation system activated. The remaining fluctuation of

the magnetic field is approximately �10 nT.
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seen in the enlarged part of the STIM map.
However, the beam profile from the lower part of

the map appears distorted and much broader than

that from the upper part which demonstrates a

remarkable loss in lateral resolution when no ac-

tive compensation is used. Thus, the active com-

pensation of stray magnetic fields leads to a

significant improvement of the lateral resolution in

the low current mode, where beam spot fluctua-

tions still limit the lateral resolution. On the con-

trary, with active compensation the lateral

resolution in the high current mode is only limited

by the beam spot size.

4. Residual beam spot fluctuations

The residual beam spot fluctuations in the y-
and z-direction have been determined by STIM

scans over the corner of the semiconductor het-

erostructure (scan size: 3.0 lm� 3.0 lm). A scan

speed of 350 pixels per second has been used in the
z- and y-direction, respectively, in order to get in-

formation about the frequency of the fluctuations.

Scanning the beam in the vertical direction over a

vertical edge allows the determination of the beam

Fig. 3. Beam spot movement due to an applied triangular-shaped AC magnetic field measured by PIXE scans on a 2000 mesh Cu grid

(scan size: 27 lm� 27 lm). (a) Schematic diagram of the magnetic field, (b) beam spot movement in horizontal direction, (c) beam spot

movement in vertical direction.

Table 1

Beam spot movement in horizontal (Dy) and vertical (Dz) di-
rection due to external magnetic fields in different directions for

2 MeV protons

Magnetic field direction

Along beam (x) Horizontal (y) Vertical (z)

Dy �1.1 m/T �0.20 m/T �0.47 m/T

Dz �1.1 m/T �0.13 m/T �0.47 m/T

Fig. 4. STIM scan over a GaAs edge (scan size: 2.4 lm� 2.4 lm) with the beam scanned in horizontal direction. Left: STIM map

taken with (upper part) and without (lower part) active compensation. The enlarged part shows residual beam spot fluctuations of

approximately �50 nm. Right: horizontal beam profiles extracted from the upper and lower part of the map.
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spot fluctuations in the horizontal direction and

vice versa. From the regular patterns observed in

the corresponding map it could be concluded that

the residual beam spot fluctuations are dominated
by 50 Hz components in both horizontal and

vertical direction. The source of these fluctuations

is still unclear. One might think of the following

sources.

4.1. Ripple on quadrupole lens current

The ripple of the Kepco MBT 36-10 MGR
power supply is 0.36 mV and consists mainly of

100 Hz components. This results in a relative

current fluctuation of 0.0036% for a 2 MeV proton

focus. The corresponding beam spot fluctuations

for the diaphragm-to-lens alignment used in the

measurements shown above are 7 nm in the hori-

zontal direction and 60 nm in the vertical direc-

tion, respectively. The latter value can be reduced
by properly adjusting the height of the aperture

diaphragm. Therefore, a ripple on the quadrupole

lens current cannot be responsible for our beam

spot fluctuations. However, the ripple will become

critical if the diaphragm-to-lens misalignment is

sufficiently large.

4.2. Scan system

A contribution from the scan system can be

excluded, because the fluctuations are still present

when a ‘‘virtual scan’’ is performed. For this pur-

pose the beam is positioned on the edge of the

heterostructure and a ‘‘scan’’ is made with the scan

amplifier being switched off. Then the character-

istic patterns observed in the map are only due to
beam spot fluctuations.

4.3. External 50 Hz stray fields

Within the volume shielded by the active com-

pensation system, 50 Hz stray fields are effectively

reduced as can be monitored by magnetic probes.

However, the magnitude of the 50 Hz beam spot

fluctuations remains unchanged. Therefore, a

contribution from external stray fields seems to be

unlikely. On the other hand, the 50 Hz fluctuations
were not present until the end of 2001. Since no

major changes whatsoever were made within the

laboratory since that time, the source of the fluc-

tuations should be external.

5. Conclusions

As could be demonstrated, the active compen-

sation of stray magnetic fields results in a signifi-

cant improvement of the lateral resolution of the

LIPSION system. However, there are still beam

spot fluctuations in both vertical and horizontal

direction dominated by 50 Hz components which

limit the resolution in the low current mode to

approximately 130 nm. The source of these fluc-
tuations is still unknown und further investiga-

tions are under way in order to further improve the

lateral resolution.
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Abstract

This contribution deals with the morphological and elemental characterisation with high-energy (MeV) focused ion beams

(in particular protons) with special emphasis on high spatial resolution in the sub-micrometer regime and very low minimum

detection limits (sub-ppm) in trace element analysis. The most important methods like particle induced X-ray emission (PIXE),

Rutherford backscattering spectrometry (RBS), as well as scanning transmission ion microscopy (STIM) and STIM-tomography

will be illustrated by examples from material and life sciences.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction and short description of methods

In the last few years nuclear microprobes, i.e.

accelerators with focused ion beams, were developed

with the special focus on spatially resolved analytics. In

this contribution, we present the high-energy ion-

nanoprobe LIPSION in Leipzig, a ‘‘single-ended’’

electrostatic accelerator with 3 MV and ion optics,

which yields a minimal beam diameter of 40 nm. With

this system, element-specific images with a lateral

resolution of 350 nm can be obtained using particle-

induced X-ray emission (m-PIXE), a high-current

technique (100 pA–10 nA) [1]. Depending on the

element, minimum detection limits of 0.1–10 ppm

can be reached. Compared to electron-microprobes, the

strongly reduced bremsstrahlung-background is advan-

tageous, especially when dealing with heavy elements.

Another high-current technique is Rutherford back-

scattering spectrometry (m-RBS) [2], which is parti-

cularly well suited for thin film analysis. Here, the
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Applied Surface Science 252 (2005) 43–48

* Corresponding author. Tel.: +49 341 9732701;

fax: +49 341 9732748.

E-mail address: butz@physik.uni-leipzig.de (T. Butz).

0169-4332/$ – see front matter # 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.apsusc.2005.01.101



energy loss of the backscattered ion along the incoming

and outgoing trajectories is measured. With comparable

lateral resolution depth resolutions of 10 nm and lower

using glancing incidence can be achieved. For

sufficiently thin samples (e.g., 30 mm tissue) protons

of 2.25 MeV can traverse the sample, and in this way

scanning-transmission ion microscopy (STIM) and

micro-tomography (STIM-T) are possible. Since every

single proton is detected and the contrast is given by the

energy loss, very low currents in the 0.1 fA range are

sufficient and, hence, there are no problems with

radiation damage—contrary to PIXE and RBS, even for

biological samples. This is a result of the much higher

penetration of protons compared to electrons. Lateral

resolutions of 100 nm are possible with STIM.

All high-energy ion methods have in common that

within the energy range used the stopping power is

dominated by electronic stopping and approximately

energy-independent (i.e., above the range of validity

of the Bethe–Bloch equation), contrary to low-energy

methods like SIMS, where nuclear stopping leads to

sputtering. Thus, these methods are termed ‘‘non-

destructive’’.

As an example in material science, we present the

analysis of a thin film solar cell with m-PIXE and m-

RBS. Examples in the field of bio-nano analytics come

from neurosciences. The power of tomography—in

print, unfortunately, only in two dimensions-is

illustrated by results on cygospores.

2. An example from materials sciences: thin films

In connection with the production of thin film solar

cells, we attempted to produce laterally homogeneous

stoichiometric films with uniform thickness made of

Zn2�2xCuxInxS2 on a glass substrate (SiO2) by pulsed

laser deposition (PLD). In this process, the material

transfer from the target to the substrate is crucial; in

addition, it must be avoided to sputter entire particles

from the target onto the substrate. The analysis was

carried out by the ion beam techniques PIXE and RBS

[3]. The present example is intended to illustrate the

power of the ion beam techniques and does not

correspond to the ‘‘state-of-the-art’’ PLD-film pre-

paration.

Fig. 1 shows the PIXE-maps of silicon (a) and

sulphur (b), measured with 2 MeV He+ ions. The

dimensions are 335 mm � 335 mm. The grey scale

corresponds to X-ray intensities. Dark means low

intensity. Clear inhomogeneities are visible in both

maps. Apparently the substrate is ‘‘invisible’’ at some

positions. Since the sulphur intensity is high at these

very same positions, one suspects that the substrate is

‘‘shaded’’ by the material above it. Fig. 1(c) displays

PIXE-spectra of the entire film and of the ‘‘thick’’

particles like those displayed in Fig. 1(b) bottom

(marked with a white square). The characteristic X-ray

lines of Si, S, In (L), Cu and Zn are clearly visible. In

addition, it is obvious from the relative intensities of the

T. Butz et al. / Applied Surface Science 252 (2005) 43–4844

Fig. 1. (a) Silicon-map, (b) sulphur-map of a thin film of Zn2�2xCuxInxS2 on a glass substrate; the film is inhomogeneous and (c) PIXE-spectra of

the film and the particles on the film, as shown e.g. in the white square in the sulphur map.
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X-ray lines that the stoichiometries for the entire film

and the particles are about the same. A detailed analysis

of the elemental concentration requires the knowledge

of the film thickness, particularly that of the particles.

Simultaneously with the PIXE-spectra we recorded

RBS-spectra. Fig. 2(a) shows again the sulphur PIXE-

map zoomed into the small detail of Fig. 1(b). Its

dimensions are 41 mm � 41 mm. Below that in

Fig. 2(b) we show the corresponding RBS-map.

Bright corresponds to a large energy loss. Fig. 2(c)

shows the RBS-spectra for the entire film, for the

homogeneous portion of the film obtained by soft-

ware-cut like fretwork, and for one or more selected

particles, respectively. It is immediately possible to

determine the film thickness from the energy loss

provided the composition is known. It is 220 nm. One

sees ‘‘from right to left’’, i.e. with decreasing alpha

energy, first the In-peak (heaviest element), then the

Cu- and Zn-peaks (unresolved in RBS), then the S-

peak and, finally, the Si- and O-peaks of the substrate.

For a homogeneous film thickness, the yield bet-

ween elemental peaks should vanish ideally provided

the film is sufficiently thin. This is approximately the

case for the ‘‘fretwork’’ region. On the contrary, the

spectrum for the entire film exhibits a substantial yield

of alphas with energies in the ‘‘forbidden’’ region; this

unambiguously results from the ‘‘thick’’ particles, as

demonstrated by the RBS-spectrum of the particles

alone. The particles are larger than 1.5 mm.

A detailed analysis of the composition of this

inhomogeneous sample is not trivial. Table 1 lists

the compositions of the film, the particles and the

PLD-target. The design composition was chosen as

Zn0.225(Cu/In)0.275S0.5. Within the uncertainty of the

measurement, the sulphur concentrations agree very

well and correspond to the design aim. For the Zn

concentration the agreement with the design aim is

less favourable, which, however, is a consequence of

the target composition and not related to the Zn-

transfer. The variations of the Cu-concentration are

too large, even when considering uncertainties of the

measurement and suggest problems with Cu-transfer.

In particular, the particles are rich in Cu, compared to

the target.

In conclusion, m-PIXE combined with m-RBS

allow a detailed characterisation of thin films, which is

indispensable for the further optimisation of the

preparation conditions.

T. Butz et al. / Applied Surface Science 252 (2005) 43–48 45

Fig. 2. (a) PIXE-map of sulphur from the small white square in Fig. 1(b), (b) RBS-map of the same region and (c) RBS-spectra of the

homogeneous film (grey fretsaw region), of the particles (white fretsaw region), and the sum of both regions.

Table 1

Elemental concentrations of Zn, Cu, In and S of a ZCIS-film, the

particles on the film and of the PLD-target

Elemental concentrations (at.%)

Zn Cu In S

Film 18.0 � 1.0 19.1 � 1.0 15.5 � 0.5 47.5 � 1.5

Particles 14.8 � 1.5 20.2 � 1.5 17.5 � 1.0 47.5 � 2.5

PLD-target 17.5 � 1.0 13.7 � 1.0 16.4 � 0.8 52.5 � 1.5
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3. An example from life sciences: perineuronal

nets and neuromelanin

3.1. Perineuronal nets

Neurodegenerative deseases, e.g. Alzheimer’s

deseases play an increasingly important role, however,

there is as yet no therapy despite massive efforts. In this

context, it is important to investigate what protection

mechanisms the organism has developed itself against-

among others—oxidative stress due to metal ions. It is

remarkable that in the visual and motor cortices neurons

are very frequently surrounded by so-called perineur-

onal nets, which are good candidates for local ion

homoeostasis because they are composed of large

aggregated chondroitin-sulphate proteoglycans with

the principal components hyaluronan and aggrecan.

This prompted our investigation of the affinity of the

perineuronal nets to colloidal iron bym-PIXE. Fig. 3(a)

shows the distribution of phosphorus in the substantia

nigra pars compacta, which visualizes the contours of

the neurons. Fig. 3(b) shows the iron distribution. The

contour of the perineuronal net of a neuron slightly

above the map centre with three branches is clearly

visible with a further neuron above barely visible. On

the contrary, the neuron below the central neuron does

not exhibit a perineuronal net. A detailed investigation

with various iron loads revealed that perineuronal nets

can bind about a factor of 4.6 more iron than any

extracellular matrix structure. This required the ‘‘soft-

ware’’-cutting of the contours of the perineuronal nets

in the PIXE-maps, in order to deduce the iron content

and to compare it with the extracellular matrix. An

analysis based on the Michaelis–Menten equation

yielded an affinity constant between 2.2 and 6.3 mmol/

l, depending on the brain area [4]. Here, it should be

stressed thatm-PIXE yields quantitative information on

the elemental concentrations, contrary to staining

techniques, which renders affinity studies possible.

In conclusion, our results show that perineuronal

nets do have a protective action against ion-induced

oxidative stress. However, it is still not clear where the

elevated iron levels come from. They could be

responsible for the death of neurons. Of course, the

dead neurons could also be the sources and the reason

for the death of neurons is still open.

3.2. Neuromelanin

In the substantia nigra pars compacta elevated iron

concentrations are observed compared to pars reticu-

lata. It was not clear whether the enrichment of iron is

intra or extracellular or homogeneous [5]. There is

sulphur-rich neuromelanin in the pars compacta.

Hence, one would assume that it is the intracellular

neuromelanin, which is primarily responsible for Fe-

binding. In order to test this hypothesis element-specific

images with subcellular resolution are required.

Fig. 4(a–c) shows m-PIXE maps of phosphorus, iron

and sulphur. The minimum detection limits were in the

T. Butz et al. / Applied Surface Science 252 (2005) 43–4846

Fig. 3. PIXE-map of phosphorus (a) and of iron (b) of neurons in a brain cross-section.
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range of 50 mmol/l or 3.7 mg/g. The phosphorus image

exhibits the contours of two neurons (the small dots are

glia cells). The correspondence between the iron and

sulphur images demonstrates that neuromelanin binds

iron preferentially indeed, and hence, is neuroprotective

as well. A comparative study of healthy brain tissue and

tissue from Parkinsonian patients revealed clear

differences in the iron concentration.

This example illustrates how multi-elemental maps

allow us to draw conclusions concerning the mechan-

isms of ion homoeostasis. It seems that oxidative stress,

which can be produced by e.g. Fe, Al, Au or Zn plays an

important role in neurodegenerative diseases because

the organism has developed efficient protection mech-

anisms against it.

4. An example of m-tomography with protons

The methods available for the three-dimensio-

nal investigation of samples with dimensions of

10–50 mm which allow the visualization of structural

details with sub-micrometer resolution are rather

scarce. For optically ‘‘transparent’’ samples, confocal

laser microscopy has made astonishing progress in the

last few years. For non-transparent samples, one can

use either focused X-ray beams or focused proton

beams. Electron-tomography is possible in principle;

however, the lateral straggling of the light electrons

requires sample dimensions of 100 nm or below. X-

ray micro-tomography requires synchrotron sources.

For biological samples wavelengths between 2.2 and

T. Butz et al. / Applied Surface Science 252 (2005) 43–48 47

Fig. 4. PIXE map of phosphorus (a), iron, (b) and sulphur (c) of a brain section taken from the substantia nigra pars compacta. Within the neurons

the iron map is correlated to the sulphur map. The small bright spots in (a) are glia cells.

Fig. 5. (a) One of 360 projections through a cygospore capsule, (b) a cross-section through the capsule which reveals the connection of the core

with the ‘‘exterior world’’ in the lower left corner and (c) perspective view of the capsule (in the upper left corner one can recognize the needle tip

on which the capsule was mounted).
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4.4 nm, the ‘‘water-window’’ are used. It allows

spatial resolutions down to 50 nm. Because the

contrast with this technique is based on absorption

of X-ray quanta, relatively high fluences are required.

The soft X-rays and the high fluences lead to the

application of typically 108 Gray for tomography,

which requires cryofixation of the samples. An

advantage of X-ray m-tomography is, of course, that

no vacuum is required. On the contrary, proton m-

tomography requires vacuum-proof samples (it is

possible to extract the proton beam through a window

into air, however the slowing down of the protons in air

and the lateral straggling cannot be tolerated for

tomographic applications). Since the contrast in this

method is based on the energy loss of the protons in

transmission, very low fluences are required only.

Normally, five protons per pixel are registered to

calculate the median before the beam is scanned to the

next pixel.

Fig. 5(a) shows one of 360 projections (the sample

was rotated around 1808 in steps of 0.58) of a cygospore

capsule with a diameter of about 50 mm. These

cygospores are of great biotechnological interest

because they can reproduce themselves sexually,

among others. In this way, it is possible to manipulate

the cygospores genetically. The capsules were non-

transparent, the microbiologists suspected several cell

nuclei in an otherwise empty capsule. The energy loss

data for protons immediately revealed a completely

different view: the capsule was by no means empty,

rather it consisted of a core similar to egg yolk with a

slightly lower density than the wall. This is shown by

the cross-section of Fig. 5(b). One can see that the core

does not reveal internal structures within the experi-

mental accuracy. Furthermore, the selected cross-

section shows that there is but a single connection to

the ‘‘exterior world’’. On the exterior of the capsule

there are tentacles (removed for the present investiga-

tion), which mediate the sexual reproduction. Fig. 5(c)

shows the three-dimensional view, whereby strong

density contrasts were rendered such that the outer

surface as well as the inner core are both visible. With

suitable programs the capsule can be rotated around any

axis, which allows us to look at all internal details.

This tomographic study required about 8 h, about

half of which was mere data collection. The data

analysis was based on the method of back-projection

of filtered projections. Here, the stopping power was

assumed to be energy-independent, an assumption

which is only valid cum grano salis. Moreover, the

lateral straggling should be negligible. Iterative

reconstruction algorithms would be helpful; however,

they were not yet required considering the achieved

spatial resolution. The best value for the spatial

resolution thus far was 270 nm, the limiting factor

being the insufficient mechanical stability of the

goniometer: it is impossible to reconstruct a ‘‘sharp’’

3D-image out of 360 ‘‘shaky’’ projections.

5. Conclusion

The ion beam analytical methods with ions in the

MeV-range normally do not belong to surface

techniques (however, it is possible under certain

circumstances to achieve atomic depth resolution).

They are, however, indispensable for the morpholo-

gical and elemental characterisation of thin films or

near-surface regions, of structures in the micro- and

submicro-meter regime as well as in bio-nanoanaly-

tics. They are of course-with some reservations—non-

destructive because there is practically no sputtering

with MeV-ions. The reservations relate to unavoidable

radiation damage, an issue, which is particularly

relevant in high-current techniques.
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Abstract

In recent years many nuclear microprobes have developed to sophisticated tools for elemental analysis with high resolutions down to
about 1 lm. The application to trace element analysis is mainly in the field of biological and medical research. Numerous successful stud-
ies on microscopic scale structures, e.g. cells, lead to the demand for higher spatial resolution or lower detection limits. Therefore, several
labs started new efforts for sub-micron resolutions, sometimes intending 100 nm.

The Leipzig microprobe laboratory LIPSION has recently improved its analytical capabilities. We are now able to perform quanti-
tative trace element analysis with sub-micron spatial resolution (beam diameter 0.5 lm at 120 pA). As an example we give the trace ele-
ment distribution in neuromelanin (intracellular pigment of neurons). Furthermore, when the scan size is reduced from cellular level, i.e.
about 50 lm, to sub-cellular level of about 10 lm, the beam diameter can further be reduced by choosing smaller object diaphragms. The
unavoidable reduction in beam current will not affect the mapping sensitivity unless the accumulated charge per spatial resolution is not
decreased. The smallest beam diameter with analytical capabilities for elemental analysis we achieved thus far was about 300 nm in diam-
eter. It enables an outstanding microPIXE resolution. However, some difficulties appeared in high-resolution work, which limited the
acquisition time to less than 30 min.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Quantitative trace element analysis with sub-micron
spatial resolution is still a developing field with manifold
challenges. Studies of elemental distributions with nanome-
ter resolution and low detections limits are already known
from synchrotron X-ray fluorescent microprobes (lSXRF)
[1] and from secondary ion mass spectrometry (SIMS),
especially NanoSIMS [2]. The beam spots that are avail-
able for these two techniques are well below 100 nm due
to nanotechnological developments in this field over the
last two decades. In the beginning nineties, the high-energy
ion microprobe community started thinking about pushing

down the lateral resolution of focussed MeV-ion beams
(mainly protons or Helium ions) from a few micron into
the sub-micron or even nanometre regime [3–5]. The deve-
lopments in accelerator technology [6] and microprobe lens
systems [7] made this new efforts worth thinking about.

Today, several high-energy ion microprobe laboratories
have reached the sub-micron scale with low beam currents
(<1 pA) for analytical techniques like scanning transmis-
sion ion microscopy (STIM) or for proton beam writing
(PBW). The Singapore and Leipzig groups have achieved
beam spots below 50 nm [8,9]. Many other groups are cur-
rently also taking efforts to break the sub-500 nm frontiers.

Although, several groups have reported beam profile
measurements with beam spots below 500 nm for high cur-
rents (>50 pA) [3,10,8] the lateral resolution is commonly
not far below 1 lm in studies when particle induced
X-ray emission (PIXE) and Rutherford backscattering
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doi:10.1016/j.nimb.2006.03.129

* Corresponding author. Tel.: +49 341 97 32706; fax: +49 341 97 32708.
E-mail address: reinert@physik.uni-leipzig.de (T. Reinert).
URL: http://www.uni-leipzig.de/~nfp (T. Reinert).

www.elsevier.com/locate/nimb

Nuclear Instruments and Methods in Physics Research B 249 (2006) 734–737

NIMB
Beam Interactions

with Materials & Atoms



spectrometry (RBS) are used to analyse elemental distribu-
tions. What are the reasons?

Here, we report about our efforts and experiences in
achieving sub-micron lateral resolution (<500 nm) in trace
element analysis.

2. The Leipzig high-energy ion nanoprobe

In a previous publication the system has been described in
more detail [11]. Therefore, we shortly summarize the main
features only. The laboratory, opened in 1998, was specifi-
cally designed for high-resolution work. The accelerator
and the nanoprobe are each based on deep foundations to
minimize mechanical vibrations from the surrounding.
The air conditioning keeps the room temperature stable with
an accuracy of ±0.5 K. The accelerator is the first 3.5 MV
SingletronTM (in-line) from the Dutch HVEE company with
a relative beam energy stability in the range of 10�5 and a
reduced beam brightness of about 20 A (rad2 m2 eV)�1 [6].
The nanoprobe and every of its systems including the target
chamber are mounted on a girder. The probe forming lens
system is a separated Russian quadruplet [7] with high
demagnifications of about 100, measured in both directions,
which gives a nearly orthomorphic image of the circular
object diaphragms (diameters of 5 lm, 10 lm, 20 lm,
50 lm, 100 lm, 150 lm, 200 lm and 300 lm and additional
microslits are available). The aperture is also a circular dia-
phragm (5 lm, 10 lm, 20 lm, 30 lm, 50 lm, 100 lm,
200 lm and 300 lm in diameter). Additional, two pairs of
anti-scattering slits can be used to intercept the scattered
ions at the crossover positions between the two quadru-
pole-doublets. A small but very important tool had been
added during the commissioning phase: a so called anti-skew
lens. This is a magnetic quadrupole located directly before
the last doublet, which corrects a rotational misalignment
of the two doublets. The sample positioning system is an
off-chamber computer controlled ‘‘Physik Instrumente’’
x-y-micrometer stage with an accuracy of 100 nm (DC-
motors, optical encoder).

The two detectors for X-ray and backscattering
spectrometry are a high-purity Germanium (IGLET-X,
EG&G Ortec) with a solid angle of 212 msr and for RBS,
an annular PIPS particle detector (AD-300-11-300-RM,
Canberra) with a solid angle of 75 msr. Mechanical vibra-

tions are reduced by the specific foundations and by using
ion getter pumps. Influences of external magnetic stray

fields are reduced using a mu-metal shielding of the beam
tube and an active compensation system optimised for
the last quadruplet, as this is the most sensitive part [12].

The latest improvements of the nanoprobe result from
readjusting the aperture diaphragms and an improved
focussing procedure.

3. Resolution tests

The resolution tests were performed on the Chessy test
structure (Plano GmbH, Germany). It consists of a silicon
substrate with 1.6 million squares (1 lm2 each) of a thin
gold layer building up chess-like fields of 10 lm · 10 lm,
which build up fields of 100 lm · 100 lm and so on, result-
ing in a 5 mm · 5 mm chess-board like structure. Although
there are other test structures with better edge definitions
for sub-micron beam profile measurements, we have cho-
sen Chessy due to its regularly one micron-sized structures
with elemental contrast. The electron micrograph (see SEM
image in Fig. 1) shows a very good edge definition, which is
sufficient for PIXE resolution tests by mapping the charac-
teristic gold distribution. We did not use single line scans in
x- and y-direction but the horizontal and vertical lateral
gold profiles over two squares extracted directly from the
gold map (see Figs. 1 and 2). Line scans could possibly
yield better resolutions but are less representative. The res-
olution values for each direction are averaged FWHM of
four individual error function fits to the four edges of the
two squares.

For a 500 pA, 2.25 MeV proton beam the resolution is
slightly less than 1 lm2 (0.9 lm diameter beam spot
measured on a 2000 mesh Cu-rid). This is achieved with
100 lm object and 200 lm aperture diaphragms. By

Fig. 1. Resolution measurement for elemental analysis (PIXE) on the Chessy test-structure with a 100 pA 2.25 MeV proton beam. The gold map of the
1 · 1 lm2 squares revealed a resolution of 460 · 495 nm2 (averaged full width at half maximum of the lateral gold profile at four square edges). The overlay
on the PIXE gold-map shows the secondary electron micrograph of Chessy.
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reducing the object to 50 lm the beam spot reduces to
slightly less than 0.5 lm (460 nm · 495 nm, see Fig. 1) at
120 pA. With the 20 lm object the beam current is further
reduced to 20 pA. The resulting beam spot of less than
300 nm (260 nm · 280 nm, see Fig. 2), however, could only
be achieved using the second pair of anti-scattering slits,
which left a beam current of 10 pA. The acquisition time
for the 100 pA beam was five minutes and for the 10 pA
beam was about 15 min.

Is a beam of 10 pA still applicable for trace element
analysis? If we do not consider the beam current but the
accumulated charge per resolution (or map pixel) then we
can estimate the scan parameters for 10 pA deduced from
a 100 pA beam: A scan of 50 · 50 lm2 with a 0.5 lm beam
(100 pA) should have 250 · 250 pixels (2.5 pixels per
0.5 lm beam diameter). One hour acquisition time gives a
total charge of 0.36 lC or 5.8 pC per pixel which corre-
sponds to minimum detection limits (for the whole map
area) of a few lg/g for transition metals in biological sam-
ples. Accumulating 5.8 pC per pixel with a 10 pA beam
over 1 h allows a mapping of nearly 80 · 80 pixels, which
results in a scan area of 9.5 · 9.5 lm2 (2.5 pixels per
0.3 lm beam diameter). This map would have the same
sensitivity for mapping as the 50 · 50 lm2 map but with
higher spatial resolution. Improving the detection efficiency
by using large solid angle X-ray detectors would also help
to accept lower beam currents and thus enabling higher
spatial resolution. However, with higher spatial resolution
some new factors of resolution deterioration may challenge
the experimenter to reach the 100 nm aim for trace element
analysis with focussed proton beams.

4. Deterioration of the resolution

The resolution is not given by the beam spot dimensions
alone but includes also the uncertainty of the beam position
on the sample. When the beam spot is highly focussed this
uncertainty can substantially deteriorate the resolution. In
most cases a parasitic relative movement of the beam with
respect to the sample causes this uncertainty. The reasons
can be mechanical sources (vibrations in the lens system
and vibrations of the sample holder, e.g. from turbo and

forepumps). Also possible are influences from varying
magnetic stray fields (from AC-currents or changes in
DC-currents). A detailed discussion of the deteriorations
in the Leipzig system was previously published [12].
Another contribution to the deterioration may come from
thermal drifts of microprobe components (beam heating
effects on the slits) or from the whole system itself due to
changes in the room temperature. The influences of the
beam on the sample can also cause a drift (e.g. spot wise
heating, charging up, sample shrinkage). These influences
were mostly negligible with our 1 lm beam spot but became
apparent with beam spots less than 500 nm. Occasionally,
we have observed longterm drifts (hours) with an amplitude
of almost 1 lm. The 15 min resolution of 300 nm deterio-
rated to 500 nm after 45 min acquisition time. The reason
of this occasional longterm drift is presently unknown,
but may be caused by the sample holder stage that is located
outside the chamber with a bellow-coupled feed-through
and is therefore susceptible even for air convection. A
new in-vacuum stage is currently being tested and intended
for the newly designed analysis chamber.

5. Application to biological samples

In the last years we have undertaken several quantitative
studies on elemental distributions on biological material,
especially on rat and human brain [13,14]. These studies
led to new demands from the neuroscience department
regarding higher lateral resolution and lower detection
limits.

Here, we give as an example the trace element analysis
with sub-micron lateral resolution on Neuromelanin. Neu-
romelanin is a dark coloured intracellular pigment that
appears in a specific population of neurons (dopaminergic
and noradrenergic) predominantly in the substantia nigra

and in the locus coeruleus. In recent years, there is increas-
ing interest in the role of neuromelanin because of a
hypothesised link between this pigment and the cell death
of neuromelanin-containing neurons in Parkinson’s disease
(PD). The biology, i.e. the structure, synthesis, physiology
and its role in the neuron is mainly unknown. It is likely
that, similar to other types of melanins, neuromelanin acts

Fig. 2. Same procedures as shown in Fig. 1 carried out with a 10 pA 2.25 MeV proton beam. The resolution is 260 · 280 nm2.
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as a protector against free radicals by inactivating or
chelating free toxic metal ions (e.g. iron, copper, zinc).
However, in the case of redox-active metal ion excess –
and this is controversially discussed – neuromelanin could
potentiate the free radical production due to a reduced
binding capacity. The role of neuromelanin in the pathol-
ogy of PD is therefore an actual focus in neuroscience [15].

Our aim is to study the content and distribution of trace
elements in neuromelanin in situ of Parkinsonian and
healthy brain tissue in order to reveal any possible differ-
ences. Since the ultrastructure of neuromelanin shows dif-
ferent binding capacities a sub-micron elemental analysis
is needed. Fig. 3 shows in the upper row the distribution
of the elements P, S, K, Ca, Fe, Cu, Zn in a human neuron
(non PD). The phosphorous map mainly represents the
cytosolic phosphorous, thus giving an image of the cell
body. Within the cell body the melanin appears due to its
high sulphur content in the S-map. The ultrastructural
granular shape with pigment associated lipids (cavities in
the S-map) is well resolved. The elements K, Ca, Fe, (Cu)
and Zn are clearly co-localized with the neuromelanin.
The minimum detection limit of these elements was about
50 lmol/l (2 l g/g) in the total scan area. The lower row
of Fig. 3 reveals in higher magnification the distributions
of these elements in the pigment itself. The concentra-
tions of K, Ca, Fe, Cu and Zn are higher in the sulphur
containing granules of the pigment. Currently we are
launching a study to investigate the change in trace element
contents of neuromelanin in Parkinsonian disease.

6. Conclusion

The Leipzig high-energy ion nanoprobe is able to analyse
trace elemental distributions with detection limits in the

range of lg/g and with a spatial resolution of about
500 nm. By a further reduction of the resolution limiting
factors, especially the longterm drifts, we expect resolutions
below 300 nm in the near future. This is achievable only
with sophisticated precautions against mechanical vibra-
tions, stray magnetic fields and thermal drifts. These deteri-
oration factors should be analysed prior to the installation
of new nanoprobes to assess the necessary precautions.
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A new method combining the pattern recognition (PR)
technique with micro-PIXE spectrum was used for direct
assessment of lead pollution in the atmosphere of Shanghai
City. Single aerosol particles (SAP) of PM10 (<10 µm)
were analyzed using the nuclear microprobe. Every particle
is characterized with its micro-PIXE spectrum, which
can be considered its fingerprint. The PR technique was
applied to trace a lead contaminated aerosol particle back
to its source. The discrimination of different pollutant
sources was enhanced with investigating the individual
aerosol particles. The results showed that the lead
contamination from automobile exhaust should not be
neglected. The lead concentration with low level was
detected in most unleaded gasoline particles; however, the
highest lead level of 1500 ppm was found in one of
them. Furthermore, four other main pollutant sources
contributing to the lead contamination in the Shanghai
atmosphere were clearly identified by this method. They
are the cement industry, the coal combustion, the oil
combustion, and the metallurgic industry. Some other
unidentified particles suggested that some more lead emitters
might also exist in Shanghai.

Introduction
The lead pollution in atmospheric environment has been
emphasized since the 1960s because of its potential adversity
to health effects (1). Recent research of lead toxicity shows
that lead, even at a trace level, can affect children growth
and intelligence (2). Lead pollution has been widespread in
some industrialized areas. Shanghai is a big commercialized
and industrialized city in China. It has a population of 13
millions and has been developing rapidly in recent years.
Atmospheric quality has been paid much attention in
coordinated with the industrial activities. The high lead level
in the local atmosphere turned to be a crucial environmental
problem since the early 1990s (3). It has been improved after
the local government phased out of the leaded gasoline in
1997. Even with this improvement, recent environment

survey shows that the lead pollution still widely exists in the
atmosphere of Shanghai. Anthropologic lead pollution in
the air is mostly derived from the industrial activity (4). To
find ways to reduce its quantity and impacts, it requires a
good understanding of the lead emitter sources.

There have been many reports on the source identification
of lead contamination in the field of environmental science
(5-7). The majority of them relied on bulk elemental analysis
of filters loaded with the sampled particles, which were called
by total suspended particles (TSP). Enrichment factors,
chemical mass balance, relative lead concentration and
isotopic ratios were the main methods used for the data
procession (7-11). The principle for these methods was that
for each measurement they could give out the relative
contribution of the lead sources to the local environment.
Because they measured many different particles as a whole,
the ambiguities of lead pollution source identification might
happen, and some minor lead sources would be lost even if
a large amount of sample measurements and a time-
consuming statistic data handling were used (12, 13).

The limitation of the bulk analytical method can be
avoided by the method of single aerosol particle (SAP) analysis
(14). Applying this method, the size, shape, and color of the
analyzed particles, which are important in aerosol studies,
can be selected. Some individual particles may have their
characteristic elements at concentrations lower than the
detection limits of bulk analysis. However, these elements
can be easily determined by single particle analysis. Although
the electron microprobe can measure individual aerosol
particles very efficiently, its relatively low sensitivity restricted
its applications because some important trace element
features in individual particles may be lost (15).

The development of the nuclear microprobe offers a new
possibility for SAP studies. It is suitable to the individual
particle analysis because it has a reasonable spatial resolution
(1 µm), high sensitivity, and versatile analytical techniques
(16, 17). These advantages give micro-PIXE analysis a unique
role in determining low levels of trace elements, such as lead
in a SAP (18). The PIXE spectrum pattern was considered the
fingerprint of the particle. A method of pattern recognition
(PR) was developed for the identification of the spectrum
pattern. The strategy for the fingerprint classification and
identification was used to identify each measured aerosol
particle.

There are two steps for the identification of lead con-
taminated particles in the atmosphere. At first, a set of
particles PM10 (<10 µm) was collected from the probable
lead emitter sources in Shanghai City. Micro-PIXE analysis
was performed on these single particles one by one. Their
spectra were recorded into a database as a fingerprint library
of the local lead pollution sources. Then, another set of SAP
(also PM10) was collected from the center of the city. These
environmental monitor samples were analyzed by the same
way, and the PR method was used to compare their spectra
with those in the library and to identify the origins of these
lead contaminated particles.

Materials and Methods
Sample Collection and Preparation. The TSP source samples
were collected from 20 industrial trails, such as ferrous and
nonferrous smelters, iron and steel plants, oil and coal
combustors, cement factories, building construction sites,
and automobile exhaust gases, etc. These sources were
thought to contribute most of the aerosol particles floating
in the atmosphere over the Shanghai City. The environmental
monitor samples were collected in the atmosphere 2 m above
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the ground at the city center. Hence, they represented the
most harmful particles of risk to the urban residents.

A cascade impact sampler (model HY-1) was used, and
single particles were collected on polystyrene fibrillate filters.
Ninety-seven percent of the particles were smaller than 10
µm, and 70% of them were smaller than 3 µm. Several
methods for SAP sample preparation had been reported in
our earlier works (19). However, none of them could separate
small particles (<3 µm) clearly, and only groups of SAP had
been measured (20). To measure the single particles one by
one, it was essentially important to isolate the particles from
each other on a thin foil. The isolated particles should be
close enough to be found easily during a beam scanning.
Keeping these requests in mind, a new method for SAP sample
preparation was developed.

A solution of nylon powder in isobutyl alcohol was
prepared at a temperature of 80 °C. A droplet of the solution
was dropped onto a rotary beaker of deionized water at room
temperature. The droplet stretched, and a very thin (0.2 µm)
nylon foil was formed on the water surface. Just after the
formation of the foil (in a few seconds), the collected single
particles were dispersively dropped from the filter onto the
sticky foil by a small shaker. After 5 min of solidification, the
foil attached on a stainless steel frame was taken out of the
water. The single particles were separately embedded in the
thin, taut, and flat nylon foil. After 24 h baking at a
temperature of 60 °C, the SAP sample was ready for individual
particle analysis by the nuclear microprobe.

Single Aerosol Particles (SAP) Measurement by the
Nuclear Microprobe. A reliable and efficient experiment for
SAP analysis demanded good performances of the nuclear
microprobe. Because most of the particles were smaller than
3 µm, both high spatial resolution and high beam current
were needed. The Leipzig nuclear microprobe, LIPSION
satisfied the experimental requirements. A detailed descrip-
tion of LIPSION could be found elsewhere (21). A 100 µm
object diaphragm and a 100 µm aperture diaphragm were
used to produce a focused beam spot with 1 µm size and 80
pA beam current. Random beam scanning and two stations
list mode were used for the PIXE and RBS data acquisition
(22). The micro-PIXE spectrum provided the major informa-
tion for PR identification. The RBS spectrum was used for
judgment of some ambiguous results coming from PIXE
alone. The particles were so small that this analysis could be
considered thin target measurements. The beam charge was
collected with a downstream Faraday cup. There were no
conductive coating on the sample surface and no data
correction for the effects of the particle matrix and shapes.
A 20 nC integrated beam charge was required for each particle
measurement. Each single particle measurement took about
15 min. The accelerator and the microprobe of LIPSION
performed in a very stable working condition. Both the high
stability of the beam and the high precision of the sample
displacement made the SAP measurements very efficient.

Figure 1 shows a micro-PIXE spectrum of an individual
particle coming from leaded gasoline. A rough assessment
of the chemical composition in a single particle could be
achieved simply by visual inspection of its spectrum feature.
In the source identification of SAP, one is mostly interested
in whether a given particle has the same composition as a
known source particle, rather than the quantitative chemical
composition of the particle. From this point of view, we
propose the application of pattern recognition to the
identification of individual aerosol particles by directly using
their micro-PIXE spectra.

Spectrum Identification with Pattern Recognition (PR).
The principle of the pattern recognition technique has been
described in detail elsewhere (23, 24). Here, a brief description
of the method and its application to PIXE spectrum was
presented as followings.

A PIXE spectrum can be treated as an n-component
column vector in an n-dimensional Euclidean space. In
pattern recognition, two PIXE spectra are considered similar
if the Euclidean angle between the two spectrum vectors in
the n-dimensional Euclidean space is close to zero. The
discriminative function is defined as below:

Here XB′ and YB′ are the transposes of XB and YB, respectively.
The numerator is the dot product of the two vectors, and the
denominator is the product of their magnitude. The cos θ
means the degree of similarity for the two spectra. Its value
will be close to 1 if the two PIXE spectra have similar features.
The value of cos θ is independent of the intensities of the
spectra.

The PR program for the SAP identification was developed
on a personal computer. The flowchart of the program was
shown in Figure 2. All the PIXE spectra of the particles from
the lead emitter sources were stored as a database of reference
spectra patterns. Any unknown spectrum could be identified
with the program in 0.1 s. The PR program ran with graphic
user interface (GUI). It was easy to operate even for
inexperienced persons.

Results and Discussion
Fingerprints of Emitter Source. The discrimination of
different pollutant sources was enhanced by investigating
single aerosol particles (SAP). Two hundred SAPs from emitter
sources were analyzed. About 60 particles had detectable
lead. Their micro-PIXE spectra were classified according to
the corresponding pollutant sources. Each source had its
typical fingerprint and some subfingerprints with different
characterization of PIXE spectra. These lead contaminated
particles could be classified into six categories. They were
the cement industry, the automobile exhaust using both
leaded and unleaded gasoline, the oil combustion, the coal
combustion, and the metallurgic industry. Their average
elemental concentrations were analyzed with the program
TTSPM (25).

Six typical elemental profiles of the lead emitter sources
were shown in Figure 3. Each source was featured with its
characteristic elements. The main feature of high calcium
concentration (35.5%) was found in cement source. The 280
ppm lead concentration in cement source came from its raw
materials in the processing. High iron concentration could
be found in the particles from the steel smelters. The lead
(810 ppm) and some other toxic elements such as cadmium
(<10 ppm) were also found in these industrial pollutant
sources. They came from the raw materials used. Figure 4

FIGURE 1. A PIXE spectrum of an individual aerosol particle coming
from leaded gasoline.

cos θ ) XB′‚YB/[(XB′‚XB)(YB′‚YB)]1/2
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FIGURE 2. The flowchart of the pattern recognition program.

FIGURE 3. Six typical elemental profiles of the lead emitter sources.
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showed the elemental distribution maps of titanium, iron,
zinc, and lead in an individual particle from the steel smelter.
The scan size was 30 µm × 30 µm. It showed from the maps
that these elements seemed to be homogeneously distributed
in the individual particle.

The individual particles from automobile exhaust using
both leaded and unleaded gasoline were measured as
different categories of the pollutant sources. The average
lead concentration (3800 ppm) in the particles from leaded
gasoline was much higher than that of the particles from the
other lead pollutant sources. It seemed to dominate the lead
input into the atmosphere. Low lead concentration in average
(450 ppm) was detected in the particles from unleaded
gasoline. However, the lead value of each particle varied wildly
from a few tens to hundreds ppm. It was surprising to detect
a particle having 1500 ppm lead concentration. The lead in
the particles from unleaded gasoline is derived from the crude
oil. It was different from the situation of leaded gasoline, in
which lead had been added to the oil as the lead-based
antiknock compounds. The toxic metal cadmium was also
found in the particles from leaded gasoline. Bromine and
chlorine could be found in particles from automobile exhaust
using both leaded and unleaded gasoline. It was a feature
used to distinguish them from other lead pollutant sources.

The elemental distribution maps from an individual
particle of automobile exhaust using leaded gasoline were

shown in Figure 5. The distribution of manganese, iron, and
zinc in the particle seemed to be homogeneous, but the lead
seemed not. This observation indicated that lead is attached
at the surface of the particle during combustion. It had been
clear that many toxic elements having boiling points below
the normal combustion temperature were volatilized in the
process of combustion (26). They condensed onto the
surrounding particles after cooling, and thus it was expected
that the surfaces of the particles from automobile exhaust
were enriched with these elements. The lead distribution of
these particles were quite different from that of the particles
from the steel smelter (Figure 4). The biological toxicity of
SAP depended upon the toxic element concentration and its
distribution profile in the particle. The lead enrichment at
the particle surface would make it more soluble than that
buried in the particle. Therefore, it would be more harmful
to the local residents (27).

The characteristic elements for SAPs from oil combustion
were vanadium, nickel, and copper. Those from coal
combustion were arsenic and strontium. They contained
relatively low lead at concentrations of 40 and 130 ppm,
respectively. The pollutant source of coal combustion
included some subfingerprints, which depended upon the
chemical composition of raw coal used and the type of the
combustion process.

FIGURE 4. The elemental distribution maps of an individual particle from a steel smelter.
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Environmental Samples Identification. Five hundred
SAPs of environmental monitor samples were collected from
the center of Shanghai. These samples were analyzed with
the same facilities as before. Their micro-PIXE spectra were
compared with the spectra of the pollutant source particles
by the PR program. The origins of these particles were then
identified. About 50 lead contaminated particles were found
in the environmental samples. These particles belonged to
seven categories of pollution sources. They were the cement
industry, automobile exhaust using both leaded and unleaded
gasoline, oil combustion, coal combustion, the metallurgic
industry, and some unidentified sources. Figure 6 showed
the relative contributions of these lead pollution sources to
the local atmosphere. About 40% of lead contaminated
particles were derived from the cement industry. It was true

because the municipal construction had been the largest
business in the city recently. About 20% of them came from
automobile exhaust due to the heavy traffic in the sampling
area. Most of them belonged to the leaded gasoline category.
Shanghai government had phased out of the leaded gasoline
since 1997. However, the SAP analyzing results indicated
that the contribution of the leaded gasoline still dominated
the lead input to the local atmosphere. Shanghai is a busy
metropolis. A lot of vehicles transit through the city from
other areas, where the leaded gasoline is still used. The illegal
supply of the leaded gasoline in the city might be continued.
Another reason for the high contribution of the leaded
gasoline might be the earlier lead contaminated particles
blown up by the heavy traffic.

About 10% of the lead contaminated particles could not
be identified. It was suggested that they might come from
other lead pollution sources, which had not yet included in
our investigation list. It gave hints for discovering new lead
pollutant sources.

In conclusion, the discrimination of different pollutant
sources could be enhanced by the combination of SAP
analysis and pattern recognition technique. The features of
SAPs were characterized with their micro-PIXE spectra. The
original source of any SAP could be recognized by its spectrum
pattern in comparing with the source spectra, which had
been compiled in a library. The results showed that the
automobile exhaust still contributed most of the lead
pollution to the Shanghai atmosphere, though the usage of

FIGURE 5. The elemental distribution maps of an individual particle from leaded gasoline.

FIGURE 6. The origins of lead contaminated particles in the
atmosphere of Shanghai City.
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leaded gasoline had been officially prohibited for 2 years in
the city. Another important lead contributor in the city was
the cement industry. Although its average lead concentration
was not so high, more attention must be paid on it because
a large amount of lead containing SAPs were given out from
the cement factories.
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Abstract

A new method for direct assessment of air pollution is developed by using nuclear microprobe techniques to analyse

single aerosol particles (SAP). Every particle is characterized by its PIXE spectrum which can be considered to be its

®ngerprint. The strategy for ®ngerprint classi®cation and identi®cation is used to trace a measured aerosol particle to its

original source. Most of the particles have a size of up to 3 lm. The particles are separately attached to a clean thin foil.

The Leipzig Nanoprobe, LIPSION, is used for this study. There are two steps in the new method. First, collect samples

from di�erent sources, measure them and compile their characteristic spectra into a library. Then, assess the envi-

ronmental samples by comparing their spectra with those in the library. An arti®cial neural network (ANN) package is

used for spectrum comparison. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 07.79.±v; 06.60.Ei; 07.05.Mh; 89.60.+x

Keywords: Single aerosol particle; Nuclear microprobe; PIXE; Arti®cial neural network

1. Introduction

Atmospheric environmental pollution is a
global problem because aerosol particles can be
transported over long distances and they have
impacts on the global climate [1]. One of the major
goals of environmental pollution monitoring and
controlling is to identify the pollution sources and
®nd ways to reduce their impacts. There have been

many reports on the IBA applications to air pol-
lution assessment, the PIXE technique in particu-
lar has been used widely and routinely for this
purpose. Most of them used the bulk analysis of
the total suspended particles (TSP) loaded on ®l-
ters. Because many di�erent particles are measured
as a whole, ambiguities of pollution source iden-
ti®cation occurred even if a large amount of
sample measurements and a time consuming sta-
tistical data handling were used [2,3].

The limitation of the bulk analytical method
can be avoided by the method of single aerosol
particle (SAP) analysis. Applying this method, the
size, shape and colour of the analysed particles,
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which are important in aerosol studies, can be se-
lected. The characteristic elements of some indi-
vidual particles may be at concentrations lower
than the detectable limits of bulk analysis. How-
ever, these elements can be easily determined by
single particle analysis. Although the electron mi-
croprobe can measure SAP very e�ciently [4], its
relatively low sensitivity restricted its applications,
because some important trace element features in
SAP may be lost.

A nuclear microprobe is suitable for SAP
analysis, because it o�ers a reasonable spatial
resolution (1 lm), high sensitivity and versatile
analytical techniques [5,6]. It has been proved that
the PIXE results of single particle analysis agree
with those of bulk analysis to a tolerance of 10±
20% [7,8]. Because of the geometrical and mor-
phological factors of individual particles, the tra-
ditional quantitative PIXE analysis programs
cannot be used with good accuracy [9]. Some cal-
culation methods which try to reduce these e�ects
have been discussed [10]. However, we can recog-
nize each particle directly by its spectrum instead
of its chemical composition. The spectrum pattern
can be considered to be each particle's ®ngerprint.
The strategy for the ®ngerprint classi®cation and
identi®cation can be used to identify each mea-
sured aerosol particle. Based on the arti®cial neu-
ral network (ANN) technique, a pattern
recognition procedure is developed for the identi-
®cation. There are two steps in the procedure.
First, a set of particles collected from di�erent
pollution sources is analysed by the nuclear mi-
croprobe. Their single particle PIXE spectra are
recorded in a database as a ®ngerprint library of
the pollution sources. Then, the environmental
particles are measured with the same facilities.
Their identi®cation is performed by the ANN
program when it reads the spectra of the particles.

2. SAP measurement

2.1. SAP sample preparation

The pollution source samples were collected
from industrial excrements, such as ferrous or
nonferrous smelters, iron and steel plants, oil or

coal combustors, cement factories, building con-
struction sites, vehicle exhausted gas and soil
dusts. They contribute most of the aerosol parti-
cles ¯oating in the atmosphere over Shanghai city.
The environmental monitor samples were collected
at the city centre.

A cascade impact sampler (model HY-1) is used
and SAPs are collected on polystyrene ®bre ®lters.
97% of the particles are smaller than 10 lm and
70% of them are smaller than 3 lm. Several
methods for SAP sample preparation have been
reported in our earlier work [11]. However, none
of them could separate small particles �<3 lm�
clearly and only groups of SAP had been measured
[12]. In order to measure single particles one by
one, it is essential to isolate the particles from each
other on a thin foil. The isolated particles should
be close enough to be found easily during a beam
scanning. Keeping these requirements in mind, a
new method for SAP sample preparation was
developed.

A solution of nylon powder in iso-butyl alcohol
was prepared at a temperature of 80°C. A droplet
of the solution was dropped onto a rotary beaker
of deionized water at room temperature. The
droplet spread out and a very thin �0:2 lm� nylon
foil was formed on the water surface. Just after the
formation of the foil (in a few seconds), the col-
lected single particles were dropped dispersively
from the ®lter onto the sticky foil by a small
shaker. After ®ve minutes solidi®cation, the foil
attached to a stainless steel frame was taken out of
the water. The single particles were separately
embedded in the thin, clean and taut nylon foil.
After 24 h baking at a temperature of 60°C, the
SAP sample was ready for single particle analysis
by the nuclear microprobe.

2.2. SAP measurement by the nuclear microprobe

Because most of the particles are smaller than
3 lm, both high spatial resolution and high
beam current are needed. The Leipzig nuclear
microprobe, LIPSION, satis®ed the experimental
requirements. A detailed description of LIPSION
can be found in another contribution to this
conference [13]. A 100 lm object diaphragm and
a 100 lm aperture diaphragm were used to

J. Wang et al. / Nucl. Instr. and Meth. in Phys. Res. B 161±163 (2000) 830±835 831

140 List of selected publications attached to the appendix



produce a focused beam spot with 1 lm size and
80 pA current. A 50 nC integrated beam charge
was required for each particle measurement.

Much experimental time was spent on search-
ing for isolated small particles. A proper searching
procedure was important for high experimental
e�ciency. At ®rst, a large scan was needed to
survey the sample in order to ®nd areas where the
isolated small particles were accumulated. Fig. 1
shows a PIXE image in a large scanning area
�28� 28 lm2�, in which several isolated small
particles were closely situated. The coordinates of
each small particle in the large scanning area were
digitized and recorded for further small scans. A
small scanning area �6±10 lm� was set up and one
or more isolated particles were moved into the
area. Fig. 2 shows nine examples of PIXE images
in the small scan area. The high stability of the
beam and the high precision of the sample posi-
tioning made the SAP measurements very e�cient.
In average, a total of 15 min was needed to search
for and to measure each of the single particles. It is

economically acceptable for an enlarged investi-
gation.

The characteristic PIXE spectrum of each par-
ticle was extracted from raw data according to the
particle shape. Fig. 3 shows a PIXE spectrum ex-
tracted from a particle excreted by a vehicle burn-
ing leaded petrol. A rough assessment of chemical
composition in a single particle could be achieved
simply by visual inspection of its spectral features.
Hence, one could estimate the possible source of a
particle from its spectrum provided that the spec-
tral features of particles from all sources had been
learnt beforehand. In order to do this, an ANN
program called PATTERN was used.

3. Spectrum identi®cation with ANN technique

The ANN attempts to simulate the function of
the human brain for qualitative assessment. It has
been applied successfully to the interpretation of
various spectra in the ®elds of infrared [14,15],

Fig. 1. PIXE image in a medium-sized (28� 28 lm2� scanning area, in which several isolated small aerosol particles are closely sit-

uated. A 2 lm square mark is presented at the bottom left of the area.
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ultraviolet [16], gamma-ray [17], and X-ray [18,19]
spectroscopy. An extensive description of ANN by
McClelland and Rumelhart is available [20].

An arti®cial neuron receives signals from ex-
ternal sources or from other neurons and produces
one output value that can be used as an input to

Fig. 2. Nine examples of PIXE images in small scan areas (6±10 lm), in which one or more isolated small aerosol particles are covered.

A 1 lm square mark is presented in each area showing the size of the particles.

Fig. 3. PIXE spectrum extracted from a single aerosol particle excreted by a vehicle burning leaded petrol. Harmful elements Pb, Br

and Cd can be seen in the spectrum.
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other neurons or an output result of the network.
The topology of an ANN depends on the com-
plexity of application. A three-layer architecture
(input, middle and output) is used in this work.
The input layer contains 1024 neurons corre-
sponding to 1024 channels of a spectrum. The
output layer contains N neurons corresponding to
the number of reference patterns (pollution
sources). Each of the neurons in the output layer
produces an output value 1 or 0 (>0.7 or <0.3).

Like a real brain, an ANN has to take a training
course before doing any identi®cation jobs. The
purpose of the network training is to ®nd the right
combination of all parameters in a network which
can produce a desired output code for every ref-
erence pattern. While the network reads a reference
pattern, the modi®cations of the parameters take
place in the backward direction, that is from the
output layer to the input layer. After several peri-
ods of modi®cation and regressions, the ®nal total
error for all of the input patterns reaches a low
criterion. The training course is then ®nished and
all the ``knowledge'' learned in the course is stored
in a matrix. The neural network is now able to
perform a reliable identi®cation job for any un-
known input pattern. Only when an unknown
spectrum ®ts one of the reference patterns well
enough, does its corresponding neuron give out a
value of 1. All others give an output of 0.

4. Results and discussion

74 SAPs from pollution sources were measured.
Their PIXE spectra were classi®ed according to
the corresponding sources. 12 reference spectrum
patterns characteristic of their sources were rec-
ognized and used for the ANN training. 309 en-
vironmental monitoring particles were collected at
the city centre of Shanghai. The environmental
samples were measured with the same facilities.
Their PIXE spectra were read by the network and
their origins were then identi®ed.

The apportionment of the air pollution sources
in Shanghai resulting from the network identi®-
cation is presented in Fig. 4. The cement industry
contributes one-third of the aerosol particles in the
region. It is true that municipal construction has

been the largest business in the city recently. Due
to the heavy tra�c in the city, the gas exhausted by
vehicles is the second largest contributor to the
local air pollution. Surprisingly, it was discovered
that the solid particles excreted by the vehicles
contained obviously high levels of the harmful el-
ements lead, cadmium and bromine (Fig. 3). Most
vehicles in Shanghai are still burning leaded petrol.

In this investigation, 12.5% aerosol particles
could not be identi®ed. It was suggested that they
might come from pollution sources other than
those considered. By means of the pattern recog-
nition in the ANN program, the unidenti®ed par-
ticles could be clustered into nine species, which
was useful for seeking new pollution sources.

5. Conclusion

From the point of view of environmental
monitoring, 12 pollution sources and a few hun-
dred particle samples are not enough for an ac-
curate investigation in a large industrial city like
Shanghai. This work is the beginning of a project
dealing with ecological research and environmen-
tal conservation. It provides a new method for air
pollution source identi®cation and apportionment
by direct SAP analysis and ANN assessment. A
nuclear microprobe with micrometre spatial reso-
lution, a bright and stable ion beam and precise
sample placement is able to perform the single
particle analysis e�ciently enough for an enlarged
investigation.

Fig. 4. Apportionment of single aerosol particles in Shanghai

according to their origins.
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The result of the preliminary trial of this
method with aerosol samples from Shanghai
showed that more than one-third of the particles
¯oating in the city atmosphere originated from the
cement industry. 15% of the solid particles con-
tained high levels of the harmful elements lead,
cadmium and bromine. These particles have been
excreted by tra�c.
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In order to identify the sources of individual aerosol particles, we

developed an identi® cation system based on the combination of the

micro-PIXE (particle-induced X-ray emission) technique with the
pattern recognition (PR) technique. It uses the micro-PIXE spec-

trum of an individual aerosol particle as its ® ngerprint to identify

the origin of the particles. A total of 294 micro-PIXE spectra of
individual aerosol particles, collected at Shanghai City in China,

were applied to test the PR system. These particles were collected

from several pollution sources and a local environment monitor site.
Most of the environment particles were identi® ed, and the most

probable sources were assigned by the PR system. It was found that

cement factories and vehicle exhaust are the major contributors.
About 14% of the particles from the environment monitor site could

not be identi® ed by their spectra. They might have come from some

other sources we have not yet investigated. The validity and the
ef® ciency of the system are evaluated and discussed. It is demon-

strated that the combination of micro-PIXE with the pattern rec-

ognition technique offers a new, powerful tool for the source iden-

ti ® cation of individual aerosol particles.

Index Headings: Individual aerosol particles; Pattern recognition

technique (PR); Micro-PIXE.

INTRODUCTION

One of the major problems in air pollution studies is
the source identi® cation of airborne particles. Although
bulk analytical methods, such as broad-beam particle-in-

duced X-ray emission (PIXE), using multivariate statis-

tics techniques constitute a useful tool for identifying
sources of the aerosol particles, they still have some lim-

itations that can be avoided by single-particle analysis.
The association of certain elements on a particular par-
ticle can be observed directly by single-particle measure-

ment. Some elements tend to occur at relatively high con-

centration in a small particle. However, in a bulk mea-

surement the concentration of these elements may be at
a level lower than the detection limit. If these particles
are measured individually, the associated elements can be
determined easily. More advantages of the single particle
analysis have been discussed by Van Espen, 1 Orilic,2 and
Grime.3 Some successful analyses of individual airborne
particles by nuclear microprobes have been reported.4±7

The dif® culty in accurate quanti ® cation of the element
concentration in a single particle has been discussed by
Jaksic et al.,8 Bogdanovic et al.,9 and Orilic et al.10 To
facilitate the source identi® cation, a large-scale investi-
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gation of individual aerosol particles should be undertak-

en. Converting these spectra into exact element concen-

tration is a dif® cult and time-consuming task. An ideal
method should be rapid, automated, and relatively inex-

pensive.
Two samples with similar chemical composition

should have similar spectral patterns. Therefore, the mi-

cro-PIXE spectra of individual aerosol particles can be
used as the ® ngerprints of their chemical composition. In
the source identi® cation of an individual aerosol particle,
one is mostly interested in whether a given particle has
a spectral pattern similar to that of a known source par-
ticle, rather than its quantitative chemical composition.
From this point of view, we propose the application of a
pattern recognition technique for the identi ® cation of in-

dividual aerosol particles by using their micro-PIXE
spectra. This approach essentially emulates visual inspec-

tion of the spectral features by a spectroscopist, but plac-
es the inspection on a more quantitative basis. It can be
easily implemented with a personal computer. The pattern
recognition approach has been adopted in practical ap-

plications of many analytical spectroscopy techniques.11±13

A set of individual aerosol particles from seven pol-

lution sources was analyzed by a nuclear microprobe.
Their micro-PIXE spectra were used to establish a ® n-

gerprint database for the pollution sources. Other indi-

vidual aerosol particles were collected from a local en-

vironment monitor site and were analyzed with the same
facilities. These particles were identi® ed for their origins
by comparing their micro-PIXE spectrum patterns with
those in the ® ngerprint database by using the pattern rec-

ognition technique.

EXPERIMENTAL

Sample Collection and Preparation for Nuclear Mi-
croprobe Analysis. The pollution source samples of in-

dividual aerosol particles were collected from seven in-

dustrial plumes, such as ferrous smelters, oil and coal
combustors, cement factories, construction sites, vehicle
exhaust, and soil dusts. They contribute the majority of
the aerosol particles ¯ oating in the atmosphere over
Shanghai City. The environmental monitor samples were
collected at the city center.

A cascade impact sampler (Sierra Anderson Instru-

ments, Inc., Model HY-1) was used, and the aerosol par-

ticles were collected on thin polystyrene ® ber ® lters.
Ninety-seven percent of the collected particles are smaller
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FIG. 1. The ¯ ow chart of the spectrum pattern recognition system. File 1: the spectrum ® les of individual aerosol particles; File 2: the spectrum
® les in the database of pollution sources.

FIG. 2. The program menu on the screen. NCC in the bottom window shows the values of cos u .

than 10 m m and 70% of them are smaller than 3 m m.
Several methods for the preparation of individual aerosol
particles have been reported in our earlier work.14 How-
ever, none of them could separate small particles ( , 3
m m) clearly, and only the groups of the aerosol particles
were measured.15 In order to measure the single particles
one by one, it is essential to isolate the particles from
each other on a thin foil. Furthermore, the isolated par-

ticles should be close enough to be found easily during
a beam scanning. Keeping these requirements in mind, a
new method for the preparation of individual aerosol par-

ticles was developed.
A solution of nylon powder in iso-butyl alcohol was

prepared at a temperature of 80 8 C. A droplet of the so-

lution was dropped onto a surface of deionized water
contained in a rotating beaker at room temperature. The
droplet stretched, and a very thin (0.2 m m) nylon foil
formed on the water surface. Just after the formation of
the foil (in a few seconds), the collected single particles
were dropped dipersively from the sampling ® lter onto

the sticky foil by a small shaker. After ® ve minutes of
solidi® cation, the foil attached on a stainless steel frame
was taken out of the water. The single particles were sep-
arately embedded in the thin, taut, and ¯ at nylon foil.
After 24 h drying at a temperature of 60 8 C, the individ-

ual aerosol particle was ready for single particle analysis
by nuclear microprobes.

Nuclear Microprobe Irradiation and Spectra Ac-
quisition. A reliable and ef® cient experiment for individ-
ual aerosol particle analysis demands good performance
from the nuclear microprobe. Because most of the par-

ticles are smaller than 3 m m, both high spatial resolution
and beam current are needed. The Leipzig nuclear mi-

croprobe, LIPSION, satis® ed the experimental require-

ments. A 100 m m object diaphragm and a 100 m m ap-
erture diaphragm were used to produce a focused beam
spot with 1 m m size and 80 pA current for most single-

particle measurements. The particles were so small that
they could be considered as thin targets. The 2.25 MeV
protons could penetrate all the particles. The beam charge
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FIG. 3. Six pairs of the PIXE spectra of the particles from the pollution sources (top) and an unknown individual aerosol particle (bottom), which
is recognized by this system as a particle from the top pollution source. (a) A75p3A is from soil dusts; (b) A130p5A is from coal combustors; (c)
A79p9C is from cement factories; (d ) A82p5A is from construction sites; (e) A88p5A is from ferrous smelters; and (f) A104p4A is from vehicle
exhaust.

TABLE I. Values of cos u derived from the micro-PIXE spectra of 12 typical individual aerosol particles. All spectra were taken under
identical conditions and with similar counting statistics. Here part A is for the shape method and part B is for the peak intensity method.
Two spectra having very similar patterns should have a value of cos u near 1. A discriminate threshold of 0.95 is used in this table to
indicate the strong correlation between two samples.a

(A) Values of cos u for the shape method

A75p3a A155p1d A130p5a A155p28b A79p9c A155p12a A82p5a A155p2a A88p5a A155p9j A104p4a A155p31d

a75p3a
A155p1d
A130p5a
A155p28b
A79p9c
A155p12a
A82p5a
A155p2a
A88p5a
A155p9j
A104p4a
A155p31d

0.98
0.94
0.93
0.92
0.93
0.86
0.85
0.93
0.93
0.86
0.84

0.94
0.92
0.90
0.90
0.82
0.81
0.93
0.93
0.87
0.83

0.98
0.93
0.93
0.87
0.85
0.88
0.91
0.84
0.82

0.93
0.93
0.87
0.85
0.85
0.89
0.83
0.82

0.98
0.93
0.94
0.82
0.85
0.84
0.86

0.94
0.93
0.85
0.88
0.85
0.86

0.98
0.80
0.82
0.79
0.81

0.78
0.80
0.80
0.82

0.97
0.80
0.76

0.81
0.77 0.95

(B) Values of cos u for the method of peak intensities

A75p3a A155p1d A130p5a A155p28b A79p9c A155p12a A82p5a A155p2a A88p5a A155p9j A104p4a A155p31d

A75p3a
A155p1d
A130p5a
A155p28b
A79p9c
A155p12a
A82p5a
A155p2a
A88p5a
A155p9j
A104p4a
A155p31d

0.97
0.93
0.94
0.93
0.93
0.87
0.83
0.91
0.93
0.90
0.90

0.92
0.93
0.93
0.91
0.88
0.85
0.90
0.93
0.89
0.87

0.96
0.91
0.90
0.87
0.82
0.87
0.92
0.85
0.83

0.93
0.91
0.87
0.83
0.90
0.93
0.86
0.83

0.98
0.93
0.91
0.89
0.93
0.93
0.93

0.93
0.93
0.91
0.94
0.91
0.91

0.98
0.91
0.93
0.81
0.80

0.86
0.91
0.79
0.78

0.97
0.80
0.78

0.85
0.82 0.95

a Values of cos u that are above the discriminate threshold appear in boldface.
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FIG. 4. The contribution of the pollution sources to the local atmo-

sphere in Shanghai.

FIG. 5. The clustering results of some unidenti® ed particles.

was collected by a downstream Farady cup. There was
no conductive coating on the sample surface. No data
correction for the effects of the particle matrix and shape
was applied. A 20 nC integrated beam charge was used
for each particle measurement. Much experimental time
was spent on searching for isolated small particles. A
proper searching procedure was important for the high
ef® ciency of this work. At ® rst, a large area scan (70 m m)
was needed to ® nd areas where the isolated small parti-

cles were present. The coordinates of each small particle
in the scanning area were digitized and recorded for fur-
ther small area scans (6±10 m m). The three-dimensional
movement of the sample stage was digitally controlled.
The accuracy of the sample displacement was better than
1 m m. One or more isolated small particles were covered
by the beam within the scanning area. We measured 294
isolated individual aerosol particles. Each single particle
measurement took about 15 min. The accelerator and the
microprobe of LIPSION performed under a very stable
working condition. The high stability of the beam and
the high precision of the sample displacement made the
individual aerosol particle measurements very ef ® cient.
The characteristic spectrum of each single particle was
extracted from the data according to the particle shape in
the small scanning area.

PATTERN RECOGNITION SYSTEM

Principle of the System. The principle of the pattern
recognition technique has been described in detail else-
where.13 Here we only brie¯ y introduce the method and
its application to PIXE spectra.

A PIXE spectrum can be treated as an n-component
column vector in a Euclidean space. For the pattern rec-

ognition, two spectrum vectors are considered similar if
the Euclidean angle between the two vectors is small
enough. The discriminative function of two spectrum
vectors is de® ned as below:

cos u 5 X
®

9 ´Y
®

/[(X
®

9 ´X
®

)(Y
®

9 ´Y
®

)]1/2 (1)

Here X
®

9 and Y
®

9 are the transposes of X
®

and Y
®

, respec-

tively. The numerator is the dot product of the two vec-

tors, and the denominator is the product of their magni-

tudes. The value of cos u will be close to 1 for two PIXE
spectra with similar features, and it is independent of in-
tensities.

There are two ways to transform a spectrum into a
Euclidean vector; one is according to the spectrum shape,
and the other is by the intensity of each peak in the spec-

trum. A set of 25 peaks was set up for the vector in our
work. The peak intensities were acquired by using the

program AXIL. If a peak in the spectrum is lower than
the detection limit, the corresponding intensity is zero.
The method of the spectrum shape is simple and quick;
however, the peak intensity method is favorable to some
trace element features.

Implementation. A program to identify a PIXE spec-

trum of an individual aerosol particle has been developed
on a personal computer. The ¯ ow chart is shown in Fig.
1. The identi® cation of an individual aerosol particle by
its observed PIXE spectrum pattern follows this process.
At the start, the main menu (Fig. 2) is shown on the
screen. The user ® rst selects a ® le name with the function
key F1 ``Load’ ’ to enter a spectrum, which will be dis-

played on the screen instantly. Next, F5 `̀ Execute’ ’ can
be used to calculate the values of cos u between the load-

ed spectrum and each of the spectra from the ® ngerprint
database. Then a name list of the hit source spectra will
be presented at the bottom of the screen. Finally, the user
can use F6 `̀ Select’ ’ to choose a satisfactory source spec-

trum from the list and to display the spectrum on the
screen for comparison. The system contains all the spec-

tra of the source particles as a ® ngerprint database. The
user can add or delete any of the source spectra in the
database. Both logarithmic and linear scales are used for
the spectrum display and comparison. The logarithmic
scale is more sensitive to trace element features of the
particles. The PIXE spectrum has high background at the
low-energy region because of bremsstrahlung. The pat-

tern recognition algorithm may misunderstand a spectrum
with high background, especially when the peak signals
are very low. To tackle this problem, we used a back-

ground subtraction procedure before the spectrum com-

parison.

RESULTS AND DISCUSSION

We measured 294 individual aerosol particles. Among
them, 74 particles are from seven pollution sources. The
other particles are from a local environment monitor site.
The spectral patterns can be considered as the ® ngerprints
of the individual aerosol particles.

Figure 3 shows six pairs of spectra for comparison.
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Each pair contains two spectra; one is a typical spectrum
from a pollution source, and the other is an unknown
spectrum from the monitor site. By visual inspection, it
is obvious that the two spectra in each pair have similar
features, which implies similar chemical composition.
The spectra in different pairs have different features of
their sources.

To illustrate the validity and ef ® ciency of the pattern
recognition technique, we applied Eq. 1 to some typical
PIXE spectra of particles. The values of cos u were eval-
uated for all possible pairs of the spectra and are pre-
sented in a triangular matrix shown in Table I. Here part
A is for the shape method and part B is for the peak
intensity method. A discriminate threshold of 0.95 is used
in this table to indicate the strongly correlated samples.
For example, the value of cos u between a75p3a and
a155p1d is 0.98, which means that the particle a155p1d
came from the pollution source a75p3a. The result of the
calculation coincides with the visual inspection in Fig. 3.

The results of source identi® cation are shown in Fig.
4. The cement factory is the primary source of pollution.
This is a result of municipal construction in this region
of Shanghai in recent years. The second large pollution
source in the region is the heavy traf ® c. About 14% of
the aerosol particles have not been identi® ed by this sys-
tem. They do not originate from the pollution sources we
have investigated. This observation suggests that they
might come from other pollution sources. If we set the
threshold of discrimination (value of cos u ) to 0.92, some
unidenti ® ed particles are clustered into nine categories by
means of the pattern recognition system. Figure 5 shows
the clustering results. These nine sources were not de-
® ned in our study. This result is useful in the search for
new pollution sources.

CONCLUSION

A graphical user interface program for the identi® ca-
tion system of aerosol particles based on PIXE spectra

has been developed. The combination of the micro-PIXE
with the pattern recognition technique for the source
identi® cation of individual aerosol particles is ef ® cient
and easy to operate even for an inexperienced person.
According to the results of identi ® cation, we could see
that seven types of pollution sources were not enough for
the identi® cation of all aerosol particles in Shanghai.
Some new pollution sources can be found by clustering
the unidenti ® ed particles.
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Abstract

Microscopic ion-beam analysis of palaeo-algae fossils and living green algae cells have been performed to study the

metal bioaccumulation processes. The algae fossils, both single cellular and multicellular, are from the late Neo-

proterozonic (570 million years ago) ocean and perfectly preserved within a phosphorite formation. The biosorption of

the rare earth element ions Nd3� by the green algae species euglena gracilis was investigated with a comparison between

the normal cells and immobilized ones. The new Leipzig Nanoprobe, LIPSION, was used to produce a proton beam

with 2 lm size and 0.5 nA beam current for this study. PIXE and RBS techniques were used for analysis and imaging.

The observation of small metal rich spores (< 10 lm) surrounding both of the fossils and the living cells proved the

existence of some speci®c receptor sites which bind metal carrier ligands at the microbic surface. The bioaccumulation

e�ciency of neodymium by the algae cells was 10 times higher for immobilized algae cells. It con®rms the fact that the

algae immobilization is an useful technique to improve its metal bioaccumulation. Ó 2000 Elsevier Science B.V. All

rights reserved.

PACS: 07.79.±v; 89.60.+x; 01.30.Cc

Keywords: Metal bioaccumulation; Algae fossil; Green algae; Microscopic analysis; PIXE

1. Introduction

It has been known for some time that heavy
metal ions are accumulated by microorganisms,
such as bacteria, fungi and algae. The biosorption

of microorganisms is a valuable means to remove
metal ions from water [1]. The metals of interest
for biosorption can be divided basically in two
groups. One group comprises toxic metals that
must be extracted from e�uents due to their toxic
actions on the environment [2]. The second group
is constituted by noble metals. In the case of noble
metals, their recovery from the solutions is inter-
esting because of their strategical value [3]. The
phenomenon of metal bioaccumulation was used

Nuclear Instruments and Methods in Physics Research B 161±163 (2000) 801±807
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by paleogeological scientists to explain the origin
and evolution of some mineral deposits [4].

A good understanding of the biosorption pro-
cesses facilitates the application of the procedure
in the area of wastewater treatment and in the
mining industry. However, the metal transport
mechanism by the microorganisms is still not clear.
A number of controversial possibilities of the bi-
osorption processes have been reported. Some
suggested that the metal ion removal was being
e�ected by a simple process of adsorption onto the
surface of algae [5±7]. However, many other facts
in contrast to the behavior of surface adsorption
have been observed [8±10]. These observations led
to the conclusion that the biological activity of
algae cells played an important role in the metal
bioaccumulation [11]. The absorption occurred
through interaction of metal ions with some
functional groups either intracellular or on the
exterior wall of the cell [12].

In order to characterize the location of the
binding sites and the mechanism of metal ion
transportation, further experiments are needed.
The nuclear microprobe provides an ideal means
for locating the sites of metal accumulation in
microorganisms. It has been used to study nickel
microscopic distributions in leaves of hyperaccu-
mulator plants [13,14]. Its ability of microscopic
analysis was further demonstrated by the mea-
surements of single phytoplankton cells [15] and
single microfossils [16].

The goal of this work is to study the metal
bioaccumulation by measurements of metal dis-
tribution patterns in algae with the nuclear mi-
croprobe. Both, algae fossils and living algae cells
were investigated. The algae fossils have single
cellular or multicellular structures. The living
green algae cells were treated in di�erent ways.
Because the accumulative quantities of the inter-
esting metals are relatively low and the distribu-
tion pattern is in size of a cell, a nuclear
microprobe with high spatial resolution and high
analytical sensitivity is necessary for the micro-
scopic investigation of the metal bioaccumulation.
The Leipzig nanoprobe, LIPSION, consisting of a
2-stage MARC microbeamline MPU-3 and a
dedicated SingletronTM manufactured by HVEE
was used to produce submicron beams of high

energy ions with high beam current and excellent
energy stability. A detailed description of LIPS-
ION can be found in another contribution to this
conference [17].

2. Metal distribution in algae fossils

2.1. Sample description

The algae fossils were recently discovered in
Southern China [18]. They lived in the late Neo-
proterozoic (570 million years ago) ocean and were
perfectly preserved within a phosphorite mineral
formation. The algal thalli range from undi�er-
entiated single cellular species to diverse multicel-
lular algae. The discoidal parenchymatous single
cellular thalli are morphologically simple (bottom
right of Fig. 1). Spicules and ®laments surrounding
the cellular periphery were exquisitely preserved.
The multicellular algae fossils are characterized by
tissue di�erentiation and distinct reproductive
structures similar to the corposporangia and
spermatangia of living algae. The sizes of both al-
gae species range from 200 to 800 lm.

The fossil samples were prepared by cutting the
phosphorite in slices with a thickness of about 100
lm. The slices were then glued on a piece of glass.
The surface of the samples was ground and pol-
ished to form a ®nal thickness of 40 lm. It was not
necessary to cover the samples with a conductive
layer since the phosphorite matrix has good con-
ductivity.

2.2. Measurements and results

A 200 lm object diaphragm and a 200 lm ap-
erture diaphragm were selected to produce a fo-
cused proton beam with 2 lm size and 0.5 nA
beam current. A pair of post scanning coils with
128 turns was used for a maximum scan size of 800
lm for the 2.25 MeV proton beam. PIXE and RBS
techniques were used for the element analysis and
for sample imaging. In order to reduce the intense
X-ray counting rates caused by calcium in the
matrix, a 16.5 mg/cm2 aluminium ®lter and a 54
lm Mylar sheet were inserted in front of the X-ray
detector. With the ®lter, the average X-ray
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counting rate was below 1000 cps which is ideal for
the two station list mode data acquisition.

The single cellular algae fossils were embeded in
the phosphorite which has a high concentration of
manganese in contrast with the low manganese
concentration in the fossils. It formed very sharp
boundaries between the mineral and the fossil in
the element distribution map of manganese (top
left of Fig. 1, the scan size of each map was
600 lm� 600 lm). Some other metal accumula-

tive patterns were also presented in Fig. 1. It was
obvious that the algal thallus absorbed a large
amount of metals like barium, strontium, iron and
calcium from its surroundings. The absorbed
strontium seemed homogeneously distributed
throughout the thallus. However, the barium ions
penetrated the epidermic wall and were only pre-
served within the parenchyma of the thallus. There
was a small amount of barium in the wall. Both
the fossil and the mineral contained a high density

Fig. 1. Element distribution maps of a single cellular alga fossil in a 600 lm� 600 lm scan area. Three iron rich spores exist at the top

left surface. A square in this region is marked for a zoom-in scanning area displayed in Fig. 2. The optical image of the thallus is

presented in the bottom right picture.

P. Guo et al. / Nucl. Instr. and Meth. in Phys. Res. B 161±163 (2000) 801±807 803

A13 Study of metal bioaccumulation (...) of algea cells 153



of calcium, but more calcium was on the epidermic
wall than inside the thallus. The iron distribution
map in Fig. 1 showed an interesting pattern. The
spiculate membrane of the discoidal thallus was
rich with iron in forms of cystic spores. There were
three iron rich spores on the upper left surface of
the thallus. In order to have a close look of their
location, we made another zoom-in-scan of
120 lm� 120 lm which is marked in Fig. 1. The
corresponding element distribution maps in the
zoom-in area are displayed in Fig. 2. It is evident
by closely looking at the element maps that the
iron rich cystic spores are located at the wall of the
algal thallus. The iron transport in certain bacteria
is well understood [19,20]. Some selective carrier
ligands excreted from the cells scavenged the metal
ions and formed extremely stable complexes with
Fe3�. These ligands bound to speci®c receptor sites
at the cell surface. The observation of iron rich
spores on the microfossil surface proved the exis-
tence of Fe3� bound ligands in the cell membrane.

The cystic spores containing high metal concen-
tration were also found in the multicellular algae
fossils.

3. Metal ion biosorption of living algae cells

3.1. Sample preparation

It is clear that the transport of elements by
living organisms has in¯uenced the established
ecosystem of the earth surface for some billion
years. Among the 92 elements in the periodic table,
30 have been found to be involved in the natural
biosorption. However, following the industrial-
ization, more elements, especially the rare earth
elements, have participated in the ecologic circu-
lation. In order to gain better understanding of the
rare earth metal bioaccumulation, we selected the
uptake of trivalent neodymium ions by the green
algae species euglena gracilis 277 as our object of

Fig. 2. The element distribution maps in the top left square of Fig. 1. The scan size is 120 lm� 120 lm. Iron rich spores are located at

the thallus membrane.
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investigation. The immobilization technique has
been used to increase the e�ciency of the metal
bioaccumulation [10]. Thus, for comparison, some
samples of the gracilis cells were immobilized be-
fore biosorption.

Cultivation. An inoculum of the gracilis cells
was added to a suitable nutrients medium and
agitated for three periods of 12 h illumination and
12 h darkness at room temperature. The cultured
cells were harvested by centrifugation, washed
three times with deionized water, dialyzed against
the water and lyophilized for storage.

Immobilization. 20 ml of solution containing
25% glutaraldehyde (CHO(CH2)3CHO) was added
to 2 g of the centrifuged cells. The mixture was
then extensively agitated for 10 min. The immo-
bilized gracilis cells thus formed were washed,
centrifuged and stored for neodymium bi-
osorption.

Biosorption. The gracilis cells were placed di-
rectly in contact with solutions containing 50 mg/l
neodymium ions. After 30 min biosorption, the
biomass was removed by centrifugation, washed
and suspended in deionized water.

Freezedrying. A droplet of the cell suspention
was put onto a very thin nylon foil which was at-
tached to a stainless steel frame. The production of
the thin foil was described in another contribution
to this conference [21]. After 1 h drying in fresh air,
the cells were killed and freezedried.

3.2. Measurements and results

The same experimental setup as before was
used except the thickness of the aluminium ab-
sorption ®lter was reduced to 5.1 mg/cm2, less than
one third of the original one. The reason for that
was because the gracilis cells were so small
(< 10 lm) that they could be considered a thin
target. The 2.25 MeV protons could fully penetrate
the sample. Most of the gracilis cells were con-
nected in chains, but there were some single iso-
lated cells. 47 ordinary and 35 immobilized gracilis
cells have been measured. The PIXE and RBS
spectra of the cells were extracted from the raw
scanning data according to their shapes. The in-
tensity of neodymium L-X-rays was used to mea-
sure its concentration and to produce the element

Fig. 3. Four examples of the Nd distribution patterns in the gracilis cells. Top row: RBS patterns. Bottom row: Nd PIXE maps.

Sample C55 and C59 are ordinary cells, but sample C84 and C93 have been immobilized. A 2 lm� 2 lm square scale is attached at the

bottom left corner of each map.
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distribution map of the cells. The relative biomass
of the cells could be estimated by their potassium
contents. The semi-quantitative analytical pro-
gram TTSPM [22] was used to calculate the con-
centration ratio of neodymium to potassium. The
RBS yields in the cells were much higher than that
of PIXE. Therefore, it was favourable for cell
imaging.

Fig. 3 shows four examples of the neodymium
distribution patterns in gracilis cells. Samples C55
and C59 are ordinary cells, but samples C84 and
C93 have been immobilized before putting them
into the neodymium solution. The distinct di�er-
ence of the Nd maps between the two groups
shows that the ordinary gracilis preserved less
neodymium inside the cells but kept a high density
of the metal in some cystic spores on their surface.
We did not ®nd neodymium rich spores in the
immobilized gracilis cells. However, these cells
could absorb much more neodymium which was
homogenously distributed inside the cells. The
concentration ratios of Nd3� to K� were 0.018 for
ordinary cells and 0.26 for immobilized cells. It is
apparent that the metal bioaccumulation of im-
mobilized gracilis cells was ten times more e�cient
than that of ordinary ones.

4. Discussion and conclusion

The transport of metal ions both intercellular
and extracellular is governed by a combination of
biological, chemical, kinetic and thermodynamic
processes [8]. The cell membrane is the initial
barrier for metal ion uptake, but some speci®c
channels and pumps in the membrane provide
pathways for metal ions in or out. In the biological
process, the metal ions can be carried and trans-
ferred by many di�erent organic ligands, e.g.,
humic acids. The carrier ligands are often bound in
some functional groups at the cell surface or inside
the cells. Metabolic activity of living cells is re-
sponsible for the synthesis of the carrier ligands
and the ion channels and pumps. Some metals are
essential for microbial growth and division, but an
excess of these elements can be toxic. Their equi-
librium is established by the cellular immune sys-
tem. Excessive metal ions can be excreted by

metabolism of the microorganisms. However, the
breakdown of the immune system occurs when
their metabolic activities are stopped by the im-
mobilization treatment. The metal accumulation
in the algae cells is thus out of control. The bio-
accumulation e�ciency of the rare earth metal
neodymium by the green algae species euglena
gracilis can be ten times higher if the algae activity
is stopped by immobilization.
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Investigations of percutaneous uptake of ultrafine TiO2

particles at the high energy ion nanoprobe LIPSION
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Nukleare Festk€orperphysik, Fakult€at f€ur Physik und Geowissenschaften, Universit€at Leipzig, Linn�estr. 5, 04103 Leipzig, Germany

Abstract

Micronised TiO2 particles with a diameter of about 15 nm are used in sunscreens as physical UV filter. Due to the

small particle size it may be supposed that TiO2 particles can pass through the uppermost horny skin layer (stratum

corneum) via intercellular channels and penetrate into deeper vital skin layers. Accumulations of TiO2 particles in the

skin can decrease the threshold for allergies of the immune system or cause allergic reactions directly. Spatially resolved

ion beam analysis (PIXE, RBS, STIM and secondary electron imaging) was carried out on freeze-dried cross-sections of

biopsies of pig skin, on which four different formulations containing TiO2 particles were applied. The investigations

were carried out at the high energy ion nanoprobe LIPSION in Leipzig with a 2.25 MeV proton beam, which was

focused to a diameter of 1 lm. The analysis concentrated on the penetration depth and on pathways of the TiO2

particles into the skin. In these measurements a penetration of TiO2 particles through the s. corneum into the underlying

stratum granulosum via intercellular space was found. Hair follicles do not seem to be important penetration pathways

because no TiO2 was detected inside. The TiO2 particle concentration in the stratum spinosum was below the minimum

detection limit of about 1 particle/lm2. These findings show the importance of coating the TiO2 particles in order to

prevent damage of RNA and DNA of skin cells by photocatalytic reactions of the penetrated particles caused by

absorption of UV light.

� 2004 Elsevier B.V. All rights reserved.

PACS: 29.30.Kv; 87.64.)t; 07.85.m
Keywords: TiO2 nanoparticles; Skin; Nuclear microprobe; PIXE

1. Introduction

Micronised TiO2 particles used in sunscreens as

physical UV filters are suspected to pass through

the horny s. corneum into vital skin layers via

intercellular channels, hair follicles, and sweat

glands. But this penetration is undesirable because

of the risk of damage of DNA and RNA by

photocatalytic effects of the TiO2 after absorption

of UV light [1], which can be prevented by coating

of the particles. Furthermore, the particles can

activate the immune system and accumulations of

these particles in the skin can decrease the

threshold for allergies [2]. The function of the s.

corneum as a barrier against dermal uptake of

ultrafine particles was the subject of several

investigations, which came to different conclusions

*Corresponding author. Tel.: +49-341-973-2707; fax: +49-

341-973-2497.
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concerning the penetration depth of the particles

[3,4]. Most of these studies used the method of

tape stripping, which only concerns the s. corneum

and which is relatively imprecise in comparison
with the spatially resolved ion beam analysis. We

investigated the percutaneous penetration of TiO2

of cross-sections of pig skin with the ion beam

analysis methods PIXE, RBS, ERDA, STIM and

SEI.

2. Materials and methods

For the study, cross-sections of pig skin were

investigated, which shows many parallels to

human skin [5], treated with four different formu-

lations containing micronised TiO2 particles. The

used formulations were the commercial product

Eucerin� Micropigment Creme 15 (5% TiO2 con-

centration) from the Beiersdorf company, a lipo-
some dispersion (18% TiO2 concentration) from

Dr. C. Bennat [6], which contains Phospholipon�

90 G and Tioveil AQ-N from Tioxide Specialties

Ltd., (Billingham, UK), a formulation denoted

SG1101 (4.5% TiO2 concentration) from Prof. Dr.

C. M€uller-Goymann, similar to a commercial

sunscreen, also containing Tioveil AQ-N, and the

pure predispersion Tioveil AQ-N (40% TiO2 con-
centration). The size of the TiO2 particles was

determined with TEM. They were lanceolate in

shape, 45–150 nm long and 17–35 nm wide.

Skin areas at the backs of the pigs were cleaned

with wash lotion, shaved and disinfected with

alcohol. Then the formulations were applied by

allergy test plasters (1 cm2) and fixed with covering

plasters. The samples were taken 8, 24 and 48 h
later. After putting down the pigs punch biopsies

were taken and plunged into liquid nitrogen. From

the biopsies 20 and 30 lm thick cryosections were

sliced and freeze-dried.

PIXE, RBS, STIM, ERDA and SEI measure-

ments were carried out on the skin sections with a

2 and 2.25 MeV proton beam focused to 1 lm. For

the ion beam measurements the current was about
100 pA (for STIM about 1 fA) and a charge of

about 0.1–1 lC was collected. The images of ele-

mental distributions resulting from PIXE have a

resolution of 1–2 lm.

3. Hydrogen content

To evaluate the RBS data a hydrogen to carbon
relation RHC of the sample material must be known

or it has to be assumed. For the skin samples,

usually an RHC of 20:10 is assumed. However, we

tried to get a more precise relation by a combi-

nation of ERDA and RBS measurements. There-

fore, a 6 lm thick mylar foil with known

composition was investigated as a reference sam-

ple. With the number of protons Nðp;pÞ recoiled
from hydrogen atoms in ERDA, the charge Q
from RBS, and the hydrogen area density nH the

factor k in the following formula was determined.

Nðp;pÞ ¼ kQnH:

Then the first value for nH of the skin sample was

determined by this relation and the values of Nðp;pÞ
and Q obtained from the ERDA and RBS mea-

surements of the skin. With the nH and the atom

area density qA, also obtained from RBS, a new

RHC was calculated. However, this calculation is

based on the values for Q and qA from the original

assumption of RHC. Therefore the RBS spectrum

was re-evaluated with the new RHC to determine

new values for Q and qA. This iteration was carried
out until the differences of Q and qA between two

iteration steps were less then 1%.

For the two skin samples characterized by this

way new RHC values of 16:10 and 11:10 were

determined after 11 iteration steps, which were

used in a new evaluation of the PIXE data of these

samples. The newly determined concentrations in

mmol/l are between 5% and 10% higher than the
concentrations based on the assumed RHC of 20:10.

To prove these results, the RHC of three skin

biopsies were determined by a chemical procedure

to be 16.6:10–18:10.

4. Skin structure

Different layers of the skin and their compo-

nents were identified by images of element and

density distributions. The 15 lm thick s. corneum

consisting of dead and horny keratinocytes is

easily identified as an area of high density (Fig. 1)

and high amounts of sulphur and chlorine (Fig.

F. Menzel et al. / Nucl. Instr. and Meth. in Phys. Res. B 219–220 (2004) 82–86 83
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2(b) and (c)). The s. spinosum is characterized by
its high concentration of phosphorus (Fig. 2(a))

and the elliptical structures of the keratinocytes at

the density images (Fig. 1). In the dermis, an

irregular element distribution and long structures

of fibres could be identified (Fig. 1). The 5–10 lm
thick s. granulosum, located between s. corneum

and s. spinosum, is characterized as the region of

increasing phosphorus concentration until reach-
ing a constant level [7]. It could be identified very

well in diagrams of element concentrations along a

traverse with our resolution (Fig. 3).

Fig. 1. STIM image of pig skin exposed to Eucerin� Micro-

pigment Creme 15 for 8 h (409 lm · 199 lm). The s. granulo-

sum, located between s. corneum and s. spinosum, could not be

identified in this image.

Fig. 2. Concentration maps for (a) P, (b) S and (c) Cl of pig skin exposed to Eucerin� Micropigment Creme 15 for 8 h (400 lm · 190

lm).

Fig. 3. Top: (a) P and (b) Ti distribution of skin exposed to SG

1101 for 24 h (315 lm · 315 lm) with marked traverse through

s. corneum (SC), s. granulosum, s. spinosum (SS) and the dermis

(D); bottom: diagram of element distribution along the tra-

verse.

84 F. Menzel et al. / Nucl. Instr. and Meth. in Phys. Res. B 219–220 (2004) 82–86
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5. Titanium dioxide penetration

The ion beam analysis concentrated on the
outer layers of skin, the epidermis. Titanium con-

centration in the skin layers was determined in

regions of interest (see Fig. 4). As can be seen in

Table 1, for all penetration times and for all four

formulations titanium was found in high concen-

trations at the skin surface and in the s. corneum.

A penetration into the s. granulosum was also

observed in most samples with the help of tra-

verses (see Fig. 3). However, there was no evidence

of penetration into the s. spinosum.

Hair follicles were located in some of the

investigated cross-sections. However, there the
titanium concentration was below the detection

limit. Then, we always had elliptical cross-sections

and never exactly parallel to the follicle. Thus, we

could analyse these elliptical regions only.

In some samples titanium accumulations in the

dermis were detected. However, they were identi-

fied as preparation artefacts by inspecting both

Table 1

Titanium detection in the epidermal layers after application of the formulations for different application times

s. corneum s. granulosum s. spinosum

Eucerin� (8 h) + � )
Eucerin� (24 h) + � )
Eucerin� (48 h) + � )
Liposome dispersion (8 h) + � )
Liposome dispersion (24 h) + ) )
Liposome dispersion (48 h) + ) )
SG1101 (8 h) + � )
SG1101 (24 h) + � )
SG1101 (48 h) + ) )
Tioveil AQ-N (8 h) + � )
Tioveil AQ-N (24 h) + � )
Tioveil AQ-N (48 h) + � )

‘‘+’’ means >200 mmol/l, ‘‘�’’ means between 0.2 and 200 mmol/l; and ‘‘)’’ means <0.2 mmol/l Ti concentration (minimum detection

limit varies between 0.03 and 0.2 mmol/l).

Fig. 4. (a) Ti map from the scan area of Fig. 2 (Eucerin� Micropigment Creme 15); (b) P and (c) Ti maps of skin exposed to SG1101

for 8 h (400 lm · 203 lm). The Ti concentration in the marked area of s. spinosum is below the detection limit.

F. Menzel et al. / Nucl. Instr. and Meth. in Phys. Res. B 219–220 (2004) 82–86 85
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sides, front and back, of the samples with PIXE,

RBS and SEI.

6. Conclusion

It has been proved that micronised TiO2 par-

ticles from all used formulations penetrated

through intercellular spaces in the s. corneum into

the living s. granulosum within the first 8 h after

application. This shows the importance of coating

the TiO2 particles in order to prevent damages
from cell components by photocatalytic reactions.

Furthermore, it follows that sunscreens with

physical UV filters have also potential to cause

allergies.

Titanium spots in the s. spinosum and under-

neath were clearly identified as preparation arte-

facts by SEI and RBS measurements on both sides

of the samples. In the present study no titanium
was found in the hair follicles.
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Abstract

We report on the visualization of the penetration of sunscreen formulations containing TiO2 nanoparticles (about 20 nm primary par-
ticle size) into hair follicles of both human and porcine skin using the complementary methods of ion microscopy (PIXE, RBS, STIM)
and autoradiography. Particles were found as deep as approx. 400 lm in the follicle, obviously introduced mechanically rather than by a
diffusive process. No particles were observed in vital tissue nor in sebaceous glands.
� 2007 Elsevier B.V. All rights reserved.

PACS: 78.67.Bf; 89.60.Ec; 78.70.En; 79.20.Mb

Keywords: Titanium dioxide; Nanoparticles; Skin penetration; Ion microprobe; Autoradiography

1. Introduction

Sun screens with physical UV-filters commonly use TiO2

and ZnO with primary particle sizes as low as 20 nm. There
is concern that such particles could penetrate the stratum

corneum and reach vital tissue via the transcellular, the
intercellular, and the transfollicular pathway. If they
reached the dermis, these particles would become systemic.
Since ZnO and in particular TiO2 are chemically rather
inert, the cellular response to them would represent at least
a constant burden to the immune system as long as the
clearance is not known.

Therefore the EC-funded project NANODERM has
been launched where several techniques like high resolution
transmission electron microscopy (HRTEM), ion micros-
copy (PIXE, RBS, STIM) and autoradiography were
applied to visualize the eventual particle penetration
through the stratum corneum into vital skin regions, com-
plemented with cellular response investigations in vitro
and in vivo. In this paper we focus on the follicular path-
way using PIXE, RBS, and STIM techniques which have
already proven very useful [1,2], and autoradiography. It
should be mentioned that in vitro studies using Franz-cells
occasionally report on dermal penetration of nanoparticles
[3]. However, such studies are of the integral input/output
type which do not yield information on possible pathways
[4,5]. Therefore, studies which visualize possible pathways
are of utmost importance.

0168-583X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.nimb.2007.02.021
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2. Results and discussion

2.1. Ion microscopy

Ion microscopy measurements have been carried out by
six research groups of the consortium. The main experi-
mental technique was Proton Induced X-Ray Emission
(PIXE), providing elemental maps with high sensitivity
and a micrometer lateral resolution. Typical energy of the
proton beam was 2–2.5 MeV at beam currents of the order
of 100 pA. For normalization purposes, rutherford back-
scattering spectrometry (RBS) was applied. Furthermore,
scanning transmission ion microscopy (STIM), using a
proton beam reduced to intensities of a few thousand par-
ticles per second, delivered valuable data of density con-
trast maps with resolution down to 50 nm.

The following formulations were used: hydrophobic bas-
isgel, isopropylmyristate gel, microemulsion gel, and poly-
acrylate gel each containing 5 wt% TiO2 particles (Eusolex
T-2000, approx. 20 nm lateral and approx. 100 nm length
primary particle size, coated). These formulations were top-
ically applied to porcine and human skin with about 2 mg/
cm2 by gentle rubbing. Various exposure times ranging
from 30 min up to 48 h were used. Subsequently biopsies
(3 and 5 mm diameter) were taken and shock-frozen in
liquid N2 chilled isopentane. Thin cross-sections (approx.
20 lm) were obtained using a cryo-microtome.

From the wealth of data obtained by the NANODERM
consortium [6] it turned out that neither the particle shape,
nor the formulation, nor the exposure time had a signifi-
cant effect on the nanoparticle penetration. The penetra-
tion was restricted to the stratum corneum disjunctum, i.e.
the uppermost 3–5 corneocyte layers, or equivalently, a
few lm only. Since we never observed a diffusion pathway,
we believe that the particles were introduced mechanically.
Details of this study will be published in forthcoming
papers.

On the contrary, nanoparticles were found several
100 lm deep in hair follicles by lPIXE, in some cases even
at 400 lm. Fig. 1 shows a sagittal cut through a hair follicle
of porcine skin which was exposed to isopropylmyristate
gel containing TiO2 nanoparticles and subsequently
washed with water. In this figure, the PIXE-maps for P
(red), S (green) and Ti (blue) are superimposed.1 Ti is
clearly observed on top of the stratum corneum as well as
in the follicle surrounding the hair. The left and right
images are identical with the Ti colour code overmodulated
to better visualize the Ti spots. The highest concentration
in the spot above the hair reached values around 2.5 mg/
g, i.e. more than a factor of 1000 above the minimum
detection level.

We believe that the mechanical movement (tensile and
compressive) of skin and hair during topical application

is responsible for the deep penetration. We also observed
follicles without TiO2, as proposed by Lademann et al.
[7,8]. A representative example of a transverse cut through
a hair follicle is shown in Fig. 2. A commercial formulation
(Eucerin micropigment 25 lotion) was topically applied to
porcine skin for about 30 min and subsequently cleaned
with ethanol. This formulation contained circular platelets
of TiO2 with lateral dimensions around 20 nm, looking
very much like P25 from Degussa (www.degussa.com).
The weak peak where Ti X-rays are expected is very likely
due to pile-up from the intense sulphur peak.

Lademann et al. [7,8] report on a specific transport
mechanism in follicles is described which would favour par-
ticle sizes between 300 nm to 600 nm. However, our parti-
cles were more than an order of magnitude smaller and,
hence, do not support this mechanism. We believe that it
is the formulation (containing nanoparticles) which is actu-
ally pushed into the follicle and the particle diameter is less
important provided there are no geometrical constraints.
Lademann [8] also reported a mechanism why some folli-
cles are ‘‘blocked’’ by sebum and corneocytes and, hence,
stay free from particle penetration. An alternative explana-
tion would be that the spreading of the formulations is
rather inhomogeneous – as was usually the case, observed
in numerous elemental maps measured – and therefore
some follicles were not exposed at all while others were.
It should be mentioned that the ion microscopy studies
did never detect nanoparticles in vital tissue surrounding
the follicle.

2.2. Autoradiography

A further technique which visualizes nanoparticles in tis-
sue and which is ultra-sensitive is autoradiography. Radio-
labeling of TiO2 crystals was performed by proton
irradiation of chemically pure TiO2 (rutile, particle size of
about 20 nm, trade name: R-HD2, Huntsman). The radio-
active 48V isotope with T1/2 = 15.97 d, was produced via
the nuclear reaction 48Ti(p, n)48V. A pill of 100 mg pressed
TiO2 nanoparticles was wrapped in 0.05 mm Al foil and
irradiated with 17 MeV protons for 24 h with a proton
beam current of 1 lA. Two days after irradiation, when
most short-living parasitic activities have decayed, the total
activity of the target was 85 MBq. From that 1 Bq activity
corresponds to 1.176 ng of TiO2. The radioactive vanadium
is assumed to reside on Ti-sites in TiO2 nanoparticles. 48V
nuclei decay by b+- or EC-transitions predominantly to the
2295.6 keV level of 48Ti (with a maximum energy of posi-
trons of 1720 keV) and deexcite to the titanium ground
level by a cascade of two gamma transitions, 1312.1 keV
(0.975 transitions per decay) and 983.5 keV (one transition
per decay). In autoradiography experiments, the location
of TiO2 nanoparticles was detected by exposure of freshly
prepared Hypercoat LM-1 nuclear emulsion (Amersham)
with decay positrons. In further experiments the location
and amount of TiO2 was monitored by detecting the cas-
cading gamma rays with a large HPGe detector (with an

1 For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article.
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efficiency multiplied by the solid angle of 1.5% of 4p for
1 MeV c-rays). The detection limit with the HPGe detector
was less than 0.03 ng of TiO2. In the experiments with the
nuclear emulsion the detection limit was considerably smal-
ler, however difficult to evaluate.

The activated TiO2 was carefully mixed with hydropho-
bic basisgel (German Pharmaceutical Codex) at a concen-
tration of 5% by weight. Large pieces of human skin
samples (3 cm · 5 cm ) were delivered 2–3 h after surgery
of breast cancer. The samples were exposed to the radioac-
tive formulation by gentle rubbing it to the outer part of
the skin. After 2 h of exposure the formulation was care-
fully washed from the skin with ethanol or with ethanol
and soap water until no activity was detectable in wadding
pads. It was measured that after such a washing procedure
still about 5 lg of TiO2 per 1 cm2 of skin was present in the
samples (corresponding to 1–2%). After this procedure sev-
eral biopsies were taken from the skin sample and fixed for
24 h in formalin, then dried, dipped in paraffin and cut with
a microtome perpendicular to the skin surface into 5 lm
thick slices. These slices were stretched on a microscopy
glass, covered with the nuclear emulsion and left in the
dark for exposure for more than two weeks. After fixation
and development the emulsion was investigated with an
optical microscope and compared with the underlying

image of the skin slice (stained or unstained). Fig. 3 shows
a transversal cut through skin containing a hair follicle.
This figure clearly shows that TiO2 ‘‘decorates’’ the hair
in the follicle. Since every single positron track is visible
(see Fig. 4), radiolabelled nanoparticles are surrounded

Fig. 2. Transverse cut through a hair follicle of porcine skin exposed to Eucerin micropigment 25 lotion for 30 min, than cleaned with ethanol. Left: STIM
before PIXE, scan size 365 · 380 lm2. Middle: PIXE-map with region of interest around the hair (sulfur rich). Right: PIXE-spectrum from region of
interest clearly showing the Ti-peak around channel 550.

Fig. 3. Part of the autoradiography image of a hair follicle follicle (image
size 300 · 220 lm2). Dark with positron ‘‘halo’’ is due to radiolabelled
TiO2.

Fig. 1. Sagittal cut through a hair follicle of porcine skin exposed to a formulation containing nanosized TiO2 . PIXE-data were taken with 2.25 MeV
protons at 100 pA and a charge of 0.5 lC. The scan size is 400 lm · 400 lm, we had 256 · 256 pixels and a lateral resolution around 1 lm. The
formulation with nanoparticles is deeply pushed into the follicle.

176 J. Lekki et al. / Nucl. Instr. and Meth. in Phys. Res. B 260 (2007) 174–177
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by a ‘‘halo’’ of long tracks of the highest energy positrons
and thus unambiguously discriminated from ‘‘cold’’ dust
particles.

It should be mentioned that ‘‘hot’’ particles are also
observed further away from the follicle in vital tissue. How-
ever, it should not be concluded that these particles went
there in vivo because for a transversal cut contaminations
are unavoidable.

Biopsies for the investigation with the HPGe detector
were cut into 5 lm thick slices parallel to the skin surface.
Even with a large effort it was not possible to obtain a flat
skin surface. Therefore, slices taken even from a deeper cut
still could contain some pieces of the skin surface. Slices
taken randomly from different depths of skin were mea-
sured in a close geometry with the detector, three consecu-
tive slices simultaneously (i.e. equivalent to a 15 lm thick
slice). The amount of TiO2 detected in the measured slices
showed unexpected irregularities with respect to the depth,
i.e. a sudden increase in activity compared to neighbouring
slices. A detailed analysis of neighbouring skin slices via
autoradiography showed that this was due to a skin furrow
and not due a sebaceous gland.

3. Conclusions

In conclusion, we have shown with two different tech-
niques, namely lPIXE/RBS/STIM and autoradiography,
that formulations containing nanoparticles such as TiO2

with primary particle sizes around 20 nm can be pushed

into hair follicles as deep as several 100 lm. Occasionally,
follicles which were devoid of nanoparticles were observed.

The ultimate sensitivity of autoradiography with
48V-labelled nanoparticles is, unfortunately, obstructed by
contamination problems which are difficult to solve. If
the microemulsions would be soaked into a greater depth
of several tens of micrometers, the topmost slices with
the thickness of the range of the positrons could be
removed after the label has completely decayed; in this
way any possible contamination during cutting would be
removed as well. Unfortunately, we did not succeed in
soaking microemulsions into thick tissue yet.

Since we never observed nanoparticles in vital tissue sur-
rounding the follicle, we do not consider the transfollicular
pathway a possible route of concern for the incorporation,
let alone the systemic incorporation. Another question is
the clearance of such formulations containing nanoparti-
cles from follicles. A plausible time scale would be related
to sebum production and/or hair growth. The future fate
of such nanoparticles might become relevant from an eco-
toxicological point of view.
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Zbigniew Stachura

Janusz Lekki

Malgorzata Lekka

Janos Hunyadi

Tamás B́ıró
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Summary

Standard methods in dermal penetration research are tape stripping of the stratum
corneum and static Franz-diffusion cells on excised skin. Both methods do not visu-
alize penetration pathways and both techniques can over- and underestimate actual
penetration. It is unclear to what extent these techniques can be applied to the study
of dermal penetration of nanoparticles, e.g. TiO2 with dimensions in the range of
20 nm which is widely used in sunscreens with physical UV-filters. On the contrary,
high resolution transmission electron microscopy (HRTEM) on ultra thin skin cross-
sections visualizes individual nanoparticles but suffers from a very limited field of view.
There are several preparation steps involved in preparing ultra thin skin cross-sections
with the possibility of preparation artefacts. Thus, there are controversial reports on
HRTEM studies of dermal penetration of nanoparticles and novel microscopic tech-
niques are required in order to clarify the situation. A relatively new and promising
application is confocal laser scanning microscopy which, however, requires a fluorescent
label with the associated problem of the stability of the label.

The objective of the NANODERM project was to complement HRTEM
studies with another technique, namely ion beam analysis (PIXE: Particle Induced
X-Ray Emission; RBS: Rutherford Backscattering Spectrometry; STIM: Scanning Trans-
mission Ion Microscopy), in order to visualize putative pathways of nanoparticles
in skin cross-sections.

The advantage of these techniques is that very few sample preparation steps are
required and thus the risk for preparation artefacts is reduced. A further advantage
is that preparation artefacts, should they occur, can be easily identified, contrary to
HRTEM. Moreover, larger samples can be analyzed in order to get an overview over
large areas; subsequently one can zoom into a region of interest. A disadvantage is
that individual nanoparticles cannot be visualized and the measurements are time-
consuming. A further disadvantage is that the sample integrity can suffer if too high
currents are used for PIXE; therefore the samples have to be analyzed by STIM, a
technique which uses currents of about 0.1 fA before and after the PIXE measurement
to ensure sample integrity.

A third technique was applied which has not been used thus far for dermal penetra-
tion studies: autoradiography using skin cross-sections and nuclear microemulsions.
For these studies we used TiO2 and the radiolabel 48-V. This methods has extreme
sensitivity.

Biopsies from porcine skin and healthy human skin from volunteers (male
and female, coloured and caucasian, different ages), as well as from human foreskin
transplanted to SCID-mice were studied. In addition, healthy human skin ex-

5
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6 NANODERM Summary

plants from surgery was used for autoradiography. Biopsies from patients suffering
from psoriasis were included in the study.

Several pre-treatments of the skin were applied: cleaning with ethanol, excess wa-
ter exposure, partial tape stripping. Various dermatological formulations (mainly
carbomergel, polyacrylategel, hydrophobic basisgel, isopropylmyristategel, microemul-
sion) containing TiO2 nanoparticles (mainly Eusolex T-2000) and the commercially
available products Eucerin Micropigment Crème 15 (Beiersdorf), Eucerin Micropig-
ment Lotion 25 (Beiersdorf), Avène 50 (Pierre Fabre), and Anthelios XP SPF60 (Roche
Posay) were applied topically to the skin with about 2 mg/cm2 under non-occlusive,
semi-occlusive, and occlusive conditions. Exposure times varied from 30 minutes to 48
hours.

In all but a few cases Ti was detected on top of the stratum corneum and
in the topmost layers of the stratum corneum disjunctum for healthy skin.
Frequently the nanoparticles were aggregated. In most cases Ti-spots in vital tissue
could be identified as preparation artefacts. In none of the roughly 500 images a
coherent pathway of nanoparticles was observed, let alone a concentration
profile characteristic of diffusive transport. Hence, we conclude that the TiO2

nanoparticles are penetrated into the topmost 3-5 corneocyte layers by mechanical
action and no diffusive transport takes place. Thus, penetration studies with static
Franz-diffusion cells do not seem adequate for nanoparticles. Clearance is expected to
proceed via desquamation.

There is deep penetration into hair follicles, but not into vital tissue.
Clearance is expected to proceed via sebum excretion.

No new species were detected by static Secondary Ion Mass Spectrometry (S-
SIMS) and Laser Modulated Mass Spectrometry (LMMS) due to the interaction of the
formulations with coated TiO2 nanoparticles without and with UV-light.

The interaction of cells with TiO2 nanoparticles both coated and uncoated
was studied both in-vitro and in-vivo by immuno-histochemical methods and
Atomic Force Microscopy. The cellular response to TiO2 nanoparticles was found
to depend on the cell type; various endpoints were examined. The elasticity of cells was
affected by uncoated TiO2 nanoparticles and UV-light. Radical scavengers suppressed
the change in elasticity. The relevance of these observations on the cellular level is still
an open question because the exposure is rather low, if it exists at all. Nevertheless,
we conclude that for the sake of safety, direct contact of skin cells with TiO2 nanopar-
ticles should better be avoided, e.g. application of sunscreens into open wounds is not
recommended.

The situation with psoriatic skin is less clear. Instead of a stratum corneum of
about 10 – 15 µm thickness, psoriatic skin has a stratum corneum of about 100 µm
thickness with corneocytes and vital keratinocytes intermingled. Here, there is no real
barrier and TiO2 nanoparticles can come into direct contact with vital cells. However,
we have no evidence that the TiO2 nanoparticles become systemic.
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Summing up, we do not expect any health effects for the
topical application of sunscreens containing TiO2

nanoparticles (especially when coated) on healthy skin which
are related to the particulate state.

The life cycle of TiO2 nanoparticles was not examined in the present project and
ecotoxicological aspects as well as possible subsequent absorption via other ports
of entry should be considered in the future.

There are still a few open questions concerning e.g. sunburned skin with skin
detachments - a typical misuse of sunscreens - or atopic skin. Furthermore, the role
of microlesions is unclear.

Maybe the largest uncertainty is related to the fact that two recent publications
demonstrated that mechanical flexion of skin can greatly enhance the penetration.

A standardized apparatus for mechanical flexion should be developed.

Finally, each method has detection limits and long-term exposure might still lead
to appreciable absorption. Thus the biokinetics, possible translocation and accumu-
lation into secondary organs, and the excretion should be investigated.

Last but not least, although TiO2 nanoparticles of much smaller dimensions than
20 nm, say e.g. 2 nm, are not in use in sunscreens, it is conceivable that they might
nevertheless be present and adsorbed onto larger particles, a phenomenon well known
in aerosol studies. Whether they can be isolated and whether they are more soluble in
body fluids than their larger counterparts remains to be investigated.
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Abstract

The relevance of the perineuronal nets (specialised extracellular matrix surrounding a part of the neurons in brain

tissue) as a possible protection of neurons against oxidative stress induced by metal ions (e.g. Al, Fe, Cu and Zn) is an

actually discussed hypothesis. It is assumed that the perineuronal nets are able to bind metal ions and thus reduce the

oxidative stress to neurons. Therefore, we used nuclear microscopy (lPIXE) in order to investigate the concentration

and distribution of iron in rat brain loaded with colloidal iron with special emphasis to the perineuronal nets in the

extracellular matrix. The elemental microanalysis was performed on 6 lm thin resin embedded sections. The peri-

neuronal nets accumulated more Fe than other extracelullar matrix components leading to well defined, neuron-related

structures in the Fe maps. In order to quantify the affinity, the iron accumulations in the perineuronal nets were

analysed for different Fe loadings.

We present first results that support the hypothesis that perineuronal nets act as chemical protection mechanism

against oxidative stress due to their ability to bind metal ions.

� 2003 Elsevier B.V. All rights reserved.

PACS: 07.78.+S; 41.75.Ak; 87.22.J; 87.64.t
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1. Introduction

In 1893 the neuroscientist Camillo Golgi dis-

covered in brain tissue of a cat a morphological

structure, the perineuronal net, which was denied

on the basis of an ideological conflict by Santiago

Ram�oon y Cajal, who also observed this structure,

but took it for a fixation artefact. After Cajal�s

statement only a few scientists continued to work

in this field and after the 1930s the perineuronal
net was forgotten [1]. However, the advances in

histochemical and immunocytochemical methods

[2–4] brought back the perineuronal net and new

scientific interests on it.

The perineuronal net (PN), originally described

as ‘‘finely reticular covering of finely granular as-

pect adhering intimately to the surface of the cell

body and proximal dendrites, excluding the axon
initial segment, of certain cells in the adult brain’’

[5], is nowadays morphologically well known, but

its functions and physiology are still largely un-

known [6,7]. The PN consists mainly of hyaluronic

acid, glycoproteins and sulphated proteoglycans
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which are highly negatively charged. Therefore,

the perineuronal nets are believed to have, besides

other physiological functions, neuroprotective ef-

fects against ions of trace redox-active transition
metals, especially Fe- and Cu-ions that catalyse

free radical production.

The critical role of metal ions in the pathogen-

esis of neurodegenerative disorders, such as Par-

kinson�s disease, Alzheimer�s disease, amyotrophic

lateral sclerosis and prion diseases, has been elu-

cidated in recent years and is reviewed by Perry

et al. [8]. The findings link the neurodegenerative
processes to increased oxidative stress caused by

free radicals. The physiological function of the

PNs could be, besides a stabilisation of the syn-

apses, maintaining a neuroprotective chemical

barrier against metal mediated free radicals.

The aim of this study is to assess the strength of

the barrier by quantifying the iron concentration

in the PNs and in the extracellular matrix de-
pending on different iron loadings in rat brain.

2. Sample preparation

The brain of an adult Wistar rat was analysed

in a series of transverse sections. For the study, the

rat was anaesthetised with pentobarbital (50 mg/
kg) and transcardially perfused with saline con-

taining heparin, followed by fixative (4% para-

formaldehyde in a 0.1 M cacodylate buffer (pH

7.2–7.4)).

The brain was removed from the skull and (3–5)

mm thick blocks were prepared. Thereafter, the

blocks were postfixed overnight at 4 �C in the same

fixative. The blocks were dehydrated in increasing
concentrations of ethanol and after repletion in

methylbenzoate, the samples were embedded in

paraffin, and cut into 6 lm thick sections through

the brain region of interest (approx. Bregma )5.80
mm, Fig. 1) including the nucleus ruber (red nu-

cleus), the subiculum and the cerebral cortex.

These sections were deparaffinised with xylene and

rehydrated in decreasing concentrations of etha-
nol. After rinsing the sections in bi-distilled water

they were incubated in colloidal iron hydroxide

(CIH) solutions (modified after [9]) at a pH level of

1 and washed in 5% acetic acid. For the study, six

different CIH solutions (2%, 10%, 13%, 20%, 40%

and 100%) were used to load the brain sections

with colloidal iron. The colloidal iron was stained

by the Prussian blue reaction. Thus, the perineu-
ronal nets were clearly visualised, enabling easy

determination of the desired scan region (see

Fig. 2).

The sections were then rinsed twice in bi-dis-

tilled water, dehydrated in increasing ethanol

concentrations, cleared in xylene, embedded in

Entellan and coversliped. Some of the sections were

counterstained with nuclear fast red to visualise
additional morphological structures. However, it

turned out that staining with Prussian blue is well

suited for PN recognition. After 24 h the coverslips

were removed and the object slides were cooled

Fig. 1. Photograph of an Entellan embedded 6 lm thin section of rat brain, mounted onto a sample holder. The regions of interest are:

(1) Nucleus ruber (NR): region with almost all neurons having PNs; (2) Cortex: moderate amount of PNs; (3) Subiculum (S): large

amount of PNs.

396 T. Reinert et al. / Nucl. Instr. and Meth. in Phys. Res. B 210 (2003) 395–400
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down ()80 �C) and the embedded sections were
peeled off with the assistance of a razor blade.

It has to be noted, that the main interest is in

quantifying the iron concentration. Therefore, the

standard histological methods were applied ac-

cepting a potential alteration in concentrations of

unbound elements.

3. Experimental

The nuclear microscopy was carried out at

the Leipzig microprobe laboratory LIPSION [10]

using a 2.25 MeV proton beam focused to ap-

proximately 1 lm spot size at beam currents of

about 100 pA. Particle induced X-ray emission

(PIXE) was used to analyse the elemental distri-
butions, especially phosphorus (cell indicator) and

iron. Simultaneously, Backscattering spectrometry

(BS) was used to obtain information on the matrix

composition (elements C, N, O and H indirectly),

on the sample thickness and on the accumulated

beam charge by fitting the BS-spectrum (yielded

from the total scanned area) using the RUMP

code [11].

The analysis of the hydrogen content is not
straightforward and obviously an uncertainty in

microbeam analysis as often stated and discussed

(for example in [12]). However, the uncertainty has

no crucial influence on the fitted data leading to an

uncertainty in the range of a few percent. Since

hydrogen is always present in organic material a

ratio between carbon and hydrogen of 0.5 (C5H10)

was assumed for the embedded brain tissue.
The information on matrix composition and

accumulated charge was used as input for quan-

titative analysis in the PIXE data analysis program

GeoPIXE II. This software package enables

quantitative elemental imaging and has various

image processing tools for lPIXE measurements

[13]. Thus, elemental profiles and average con-

centrations in carefully selected regions of interest
were extracted (Figs. 3 and 4). In order to deter-

mine the region of the perineuronal net (PN) a

threshold iron concentration of 40% of the maxi-

mum value was chosen. This threshold defined

regions (PN in Fig. 4) well matching the perineu-

ronal net (in fact the prominent Prussian blue

staining). The region defining the extracellular

matrix (ECM) was chosen outside the PNs and

Fig. 2. Top: Microscopic image (150 lm� 50 lm) of a perineuronal net loaded with 40% colloidal iron hydroxide and stained with

Prussian blue. Bottom: Corresponding phosphorus (grey) and iron (white) distribution map. The neurons can be localised by their P-

rich somata. One neuron possesses a perineuronal net that clearly shows iron accumulation. From the regions 1 and 2 elemental

profiles of P, Fe and K were extracted (see Fig. 3).

T. Reinert et al. / Nucl. Instr. and Meth. in Phys. Res. B 210 (2003) 395–400 397
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outside the somata represented by higher phos-

phorus concentrations (ECM in Fig. 4).

4. Results and discussion

As expected, the iron distribution matches ex-

actly the distribution of the Prussian blue stained

colloidal iron demonstrating the perineuronal nets

(Fig. 2). The phosphorus distribution shows the

distribution of the somata of the neurons by

highlighting the cytosol and if present the nucleo-
lus. The nucleus itself contains less phosphorus.

The superposition of the Fe- and P-distribution

clearly demonstrates neurons with and without
PNs. Taking a traverse across the two types of

neurons the different ability to bind iron be-

comes apparent and more important, quantifiable

(Fig. 3).

Table 1 shows the iron concentrations in the

extracellular matrix (ECM) and in the perineuro-

nal nets (PN) of the subiculum as well as their

ratios depending on the initial load with colloidal
iron hydroxide. In the control and in the case of

the lowest CIH loading where no PN could be

seen, the intracellular iron concentration was

analysed. Starting with a CIH load of 10% the PNs

could be recognised and therefore be analysed.

With this relatively moderate loading the ratio

between the Fe concentration in the PN and in the

ECM is the highest compared to the ratios at in-
creased loadings. This successively decreasing ratio

can be explained by an increasing saturation of the

PN. In the case of the highest CIH loading the

ratio approaches 1, i.e. the PN is nearly totally

saturated.

As can be seen in Fig. 5 the relation between

the ratio and the initial CIH loading can be de-

scribed mathematically by a hyperbolic function
with an offset of 1. The same result can be con-

cluded from the concentrations of the measure-

ments in the regions of the nucleus ruber and the

cortex.

Fig. 3. Elemental profiles of Fe and P across the somata of neurons without (traverse 1) and with perineuronal net (traverse 2) ex-

tracted from Fig. 2 (40% CIH). The perineuronal net shows a manifold higher iron concentration than the surrounding extracellular

matrix.

Fig. 4. Distribution map of iron. The quantitative concentra-

tions were extracted from the marked regions.

398 T. Reinert et al. / Nucl. Instr. and Meth. in Phys. Res. B 210 (2003) 395–400
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5. Conclusion

The spatially resolved, quantitative nuclear

microscopy was successfully used to investigate the
accumulation of iron in perineuronal nets in rat

brain. It could be clearly shown that the perineu-

ronal net has the ability to bind a large amount of

iron concentrated close to the neuron. This affinity

is not related to the iron rich granules reported by

Thong which are believed to be associated to

neuromelanin [14].

Nuclear microscopy enables further investiga-

tions of perineuronal nets, especially affinity

studies for various metal ions. Additionally, this

study will be expanded to human brain.
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Abstract

‘‘The gain in brain is mainly in the stain’’ was long time a key sentence for research in neurodegenerative disease.

However, for a quantification of the element concentrations (especially iron) in brain tissue, standard staining methods

are insufficient. Advanced physical methods allow a quantitative elemental analysis of brain tissue. The sophisticated

ion beam analysis provides a quantitative determination of elemental concentrations with a subcellular spatial resolu-

tion using a scanning proton beam focussed down to below 1 lm that induces characteristic X-rays in the specimen

(PIXE – particle induced X-ray emission).

Histochemical and biochemical determinations of total iron content in brain regions from idiopathic Parkinson�s
disease have demonstrated an increase of iron in parkinsonian substantia nigra pars compacta but not in the pars retic-

ulata, however without a clear cellular classification.

For the first time, we have differentially investigated the intra- and extraneuronal elemental concentrations (espe-

cially iron) of the human substantia nigra pars compacta versus pars reticulata with detection limits in the range of

50 lmol/l. Thus, we could compare the neuronal iron concentration in human brain sections of healthy and parkinso-

nian brain tissue. Clear differences in the iron concentration and distribution could be disclosed. Additionally, we could

show in situ that the increased intraneuronal iron content is linked to neuromelanin.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Iron is the most abundant transition metal in

the brain. Iron is found in active centres of many

enzymes. It is a principal component of cyto-
chromes and the iron–sulphur complexes of the

oxidative chain and is therefore important for pro-

ducing adenosin triphosphate (ATP). Also, the

synthesis of neuronal transmitters depends on iron.

Iron is a cofactor for the generation of dopamine,

which highly decreases in idiopathic Parkinson�s
disease (PD). Furthermore there is an intense iron

staining in areas that receive GABAergic (c-amino-
butyric acid) innervation suggesting a possible rela-

tionship between iron and the neuronal transmitter

GABA. But up to now there is no quantified and

no sufficient cellular assignment of the iron. Gener-

ally, iron is permanent complexed with proteins,

but can also be present in a labile iron pool (LIP)

of chelatable and redox-active iron [10]. In general,

iron is considered as a most potent toxin.
Roughly twenty neurodegenerative disorders

are associated with possible metal involved pathol-

ogies. Among them, the iron-related diseases of the

brain take the biggest part (15 neurodegenerative

disorders) [3]. Abnormally increased non-heme

iron levels in brain areas were correlated with

PD as demonstrated in a multitude of publications

(for review see [5]).
These increased brain tissue iron levels have

been concerned as a key generator of reactive oxy-

gen species which damage molecules, e.g. proteins,

lipids, carbohydrates and nucleic acids [16]. Oxida-

tive stress, which is sequentially formed through

increased iron induced processes (e.g. Fenton reac-

tion), is broadly believed to be one of the major

causes responsible for neuronal cell death in PD
(for review see [11]). Due to these facts it is of

essential significance to get specific information

on the exact concentrations of iron on cellular or

even subcellular levels.

For this experiment, the technique of X-ray and

nuclear microscopy (e.g. lPIXE) is a versatile tool

to investigate the concentration and spatial distri-

bution of iron [8,14,15].
To our knowledge, we are the first to investigate

differentially the intra- and extraneuronal elemen-

tal concentrations (especially iron) in the human

brain and in particular in the human substantia

nigra pars compacta versus pars reticulata of PD

and healthy control brains. We were able to reach

detection limits in the range of 50 lmol/l with

lPIXE. Therefore, we could compare the neuronal
iron concentration in human brain sections of

healthy and parkinsonian brain tissue as well as

the concentration of the subcellular iron bound

to neuromelanin.

2. Sample preparation

For brain sections analysis of human midbrain

encompassing the substantia nigra pars compacta

and pars reticulata of idiopathic Parkinson�s dis-

ease patients and non-demented controls were

used. The sections were prepared without any

staining to determine the native iron content in

the PD and control brains. Twelve brains from pa-

tients with PD (aged 75 ± 5 years, n = 6) and con-
trols (aged 68 ± 4 years, n = 6) were obtained at

autopsy (Brain Bank of the University of Leipzig).

Brains obtained at autopsy were fixed by

immersion in 4% formalin (4% aqueous solution

of HCHO) for 1 week or longer. The tissue was

rinsed under running tap water and conventional

protocols for paraffin embedding and block

mounting were used. The tissue was cut into
6 lm thick sections. These sections were deparaf-

finised with xylene and rinsed with ethanol to

bring it into toluene. Then the slices were embed-

ded in mounting medium (DePeX�, Merck) and

coverslipped. After 24 h the samples were im-

merged into toluene to remove the coverslip. The

embedded sections were peeled off to mount them

on the sample holder for microbeam analysis.

3. Experimental

In this study, exclusively 6 lm thick unstained

human brain slices embedded in DePeX� were

investigated.

The analysis of the brain sections were per-
formed at the ion beam laboratory LIPSION [9]

(University of Leipzig). We used a 2.25 MeV pro-

ton beam at 120 pA with a beam diameter below
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1 lm. Particle induced X-ray emission (PIXE) was

used to analyse the elemental distributions of min-

or and trace elements, especially phosphorus (cell

indicator), sulfur (melanin indicator) and iron.

Simultaneously, proton backscattering spectrome-
try (BS) was used to obtain information on the

matrix composition (elements C, N, O), on the

sample thickness and on the accumulated beam

charge by fitting the BS-spectrum using the

RUMP code [2] including the non-Rutherford

cross sections for C, N, O [1,13]. The determina-

tion of the hydrogen content was carried out

according to the description in [12]. The informa-
tion on the matrix composition and on the

accumulated charge was used as input for quanti-

tative analysis in the PIXE data analysis program

GeoPIXE II [17]. The intraneuronal, extraneuro-

nal and melanineous elemental profiles and aver-

age concentrations of the substantia nigra pars

compacta (SN pc) and pars reticulata (SN pr) were

extracted. One to four different cell containing
areas per case and part of substantia nigra (SN

pc and SN pr) were measured.

4. Results and discussion

The level of total iron in the SN in PD brains

have been reported to be 1.3 up to 3.4 times higher
than that in the SN of healthy controls (for review

see [5,6]). In our investigation, we found a 1.7

times increase in total iron of PD SN�s. The total

iron content of SN in PD and healthy controls

are given in Table 1. In addition, the data were

separated in extraneuronal iron content (any
non-neuronal cell body containing tissue), intran-

euronal iron content (only neuronal cell bodies)

and melanin iron content (iron in overlap to neu-

romelanin in dopaminergic SNpc neurons) of the

pars compacta and the pars reticulata in PD and

healthy controls.

In healthy controls the iron concentration in the

pars reticulata is greater than in the pars compacta.
This relation is inverted in PD (Fig. 1).

Table 1

Iron content of SN in healthy controls and PD

Iron concentration

[mmol/l]

Control Parkinson�s
disease

PC Total 7.8 14.3

Extraneuronal 6.2 ± 1.3 8.5 ± 1.7

Intraneuronal 15.2 ± 3.2 25.0 ± 6.6

Melanin* 20.5 ± 3.8 41.4 ± 5.6

PR Total 10.7 16.7

Extraneuronal 7.6 ± 1.0 13.8 ± 6.7

Intraneuronal 8.1 ± 1.4 14.8 ± 7.3

Melanin – –

SN Total (PC + PR)* 9.3 ± 1.2 15.5 ± 3.0

Differentiated data of extraneuronal-, intraneuronal- and mel-

anin- iron content of the SN pars compacta and the SN pars

reticulata in non-demented controls and PD. Data are mean

values ± SEM.
* Significance p < 0.05 (students t-test).

Fig. 1. The integral iron distribution along a traverse. The

traverse was set to the whole SN including SNpc and SNpr.
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The intraneuronal iron concentration of PD

neurons is increased in comparison to the

healthy tissue, which is possibly caused by

the ability of neuromelanin to bind iron [4].
The ability of neuromelanin to bind iron is

shown in a three-elements map (Fig. 2). The spa-

tial distributions of iron (red), phosphorous

(green), which indicates the soma of the neuron,

and sulphur (blue) are overlaid. The violet col-

our as an overlap of red and blue demonstrates

that the increased iron concentration in dopami-

nergic neurons in SNpc is caused by the iron-
rich neuromelanin.

A detailed analysis of the neuromelanin of the

parkinsonian and healthy SNpc revealed the sug-

gested increased iron content in the PD group

(Table 1).

The elevated variation of the mean iron concen-

tration values is in all probability caused by the

different stages of the disease and the varying ages
of the patients.

5. Conclusion

The first lPIXE study of human Substantia

nigra affected by idiopathic Parkinson�s disease

yielded quantitative elemental maps from which
differences in the iron content to non-demented

controls could be spatially resolved.

The data determined by a multitude of different

groups with a variety of histochemical, biochemi-

cal and spectrometric techniques revealed a consis-

tent overall increase of SN iron in PD. Our data

support these findings. Beyond this, our study

gives a detailed analysis of the relation between
the extraneuronal-, intraneuronal- and melanin re-

lated iron content in a direct comparison of SNpc

to SNpr. Griffiths� questions about ‘‘the cellular

and subcellular distributions of iron’’ and his

statement that they ‘‘are also uncertain’’ [6] can

now be answered in more detail.

In the numerous studies most attention is

drawn to non-neuronal cells in order to explain
the iron content in SN [7]. Here, we could

show that even the neurons in the SN contain a

non-negligible amount of iron, which underlies

the same shift typical described under PD patho-

logical conditions. Furthermore, we could show

that the neurons of the SN pars reticulata accu-

mulate more iron. A possible explanation is:

the highly increased activation of microglia
leads to a loss of extracellular matrix thereby

decreasing the iron binding capacity which

releases more free iron to the SN pars reticulata.

A detailed study about this subject is currently

underway.
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Fig. 2. Three-element map of P, Fe, S of a human SNpc neuron

in PD. Phosphorus (green), iron (red) and sulphur (blue) is

shown. The neurons can be localised by its phosphorous rich

somata. The violet colour is an overlap of red and blue which

shows a clear spatial correlation of iron and sulphur, i.e. the

binding of iron to neuromelanin.
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Abstract

In biomedical research the distributions of physiologically or pathologically active elements around or in a certain

structure (e.g. tangles, plaques or different cell types) are often of great interest. Therefore, lPIXE analyses are applied

to yield quantitative and spatially resolved concentration images of the elements of interest. However, the localisation

of the structures to be examined is sometimes scarcely practicable or even impossible. This paper proposes a method of

localising the areas of interest for lPIXE analysis. The method is based on the application of a suitable antibody tagged

with a single elemental marker (e.g. Ni, Co, Cd, Ag or Au). The antibody then binds selectively to the structures of

interest. The elemental marker is detectable via lPIXE, thus, showing finally the structure of interest via the bound

antibody. The versatility of the antibodies in combination with the easily applied marker facilitates the localisation

of a variety of structures in both light microscopy and lPIXE-imaging. The method is demonstrated on several cellular

and subcellular structures in the brain. The elemental concentrations of two consecutive slices, one stained with Ni-

enhanced antibody, the other unstained control, are compared to show the feasibility of trace elemental analysis for

particular elements in spite if immunohistochemical structure identification. It has to be stated that the proposed tech-

nique will not work for free diffusing elements (like Na, Cl, K and Ca) whose concentrations can be altered by wet sam-

ple preparation.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The metal metabolism in the brain is receiving

growing interest, since it has been linked to Alzhei-

mer�s disease (AD), Parkinson�s disease (PD) [1–4]
and other neurodegenerative diseases. Metals sup-

posed to be involved in these pathological pro-

cesses are Al, Ca, Mn, Fe, Cu, Zn and Pb [2,5,6].

The associated mechanisms are supposed to be lo-

cated in the oxidative potential and physiological

imbalance of the involved metal ions [7,4]. Altera-

tions in their homeostasis, redox activity and

sequestration can result in an increased free radical
production with profound cellular consequences,

including cytotoxicity with subsequent apoptosis

or necrosis. Additionally, recent findings enforce

the evidence of neurodegenerative processes to oxi-

dative stress caused by metal induced free radicals

[8,9].

These results indicate a direct correlation

between metal abnormalities and the increased
oxidative damage found in neurodegenerative dis-

eases. Therefore, it is of vital importance to gain

precise information on the concentrations of met-

als on preferably cellular or even subcellular levels

with an unambiguous correlation to the different

cell types and structures.

For this exercise the technique of nuclear

microscopy (lPIXE) is a versatile tool to investi-
gate the concentration and distribution of differ-

ent metals below the 100 lmol/l (�1 lg/g) level

[10–12]. However, the localisation of the structures

to be examined is sometimes scarcely practicable

or even impossible. Furthermore, the prior stan-

dard histochemical staining can lead to misinter-

pretations of the elemental concentrations due to

overlapping elemental content [13].
We therefore combine the technique of nuclear

microscopy (lPIXE) and the immunohistochemi-

cal (IHC) antibody marking with metal enhance-

ment. In the IHC techniques an antibody is used

to link a cellular antigen specifically to a stain that

can be more readily seen with a light microscope

(LM, Fig. 1). IHC provides a wide range of spec-

imen source, antigen availability, antigen–anti-
body affinity, antibody type, and detection

enhancement methods. The method is based on

the application of a suitable antibody tagged with

a single elemental marker (e.g. Ni, Co, Cd, Ag or

Au). The marker is detectable via PIXE, thus,

showing finally the structure of interest via the

bound antibody (Ni-maps in Fig. 1). The versatil-

ity of the antibodies in combination with the easily
applied marker facilitates the localisation of a

variety of structures in both light microscopy

and lPIXE-imaging.

2. Materials and methods

2.1. Sample preparation

Brains from patients with AD and PD were

obtained at autopsy (Brain Bank of the Univer-

sity of Leipzig). The AD case met the criteria

for definite diagnosis of Alzheimer�s disease

according to Ref. [14]. The diagnosis was based

on the NIA-Reagan Institute Criteria for the

neuropathological assessment of AD [15,16]. The
Ethical Committee of the Leipzig University has

approved the case recruitment. Brains are fixed

by immersion in 4% formalin for 1 week or longer.

Conventional protocols for paraffin embedding

were used to cut sections of 6 lm thickness

from the frontal-, temporal-cortex and substantia

nigra.

2.2. Immunohistochemistry

The sections were treated according to standard

IHC protocols for each antibody: preincubation,

incubation with the primary antibody followed

by the secondary antibody. Table 1 gives the anti-

bodies together with the associated structures. The

colour was developed using diaminobenzidine
(DAB) as chromogen with nickel as enhancer.

The sections were mounted on object-slides with

Entellan� (Merck, Germany). The regions of inter-

est were cut out and mounted as self-supporting

target for ion beam analysis.

2.3. Ion beam analysis

The spatially resolved elemental analysis

(lPIXE) was carried out at the Leipzig microprobe

230 M. Morawski et al. / Nucl. Instr. and Meth. in Phys. Res. B 231 (2005) 229–233
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laboratory LIPSION using the standard experi-

mental set-up as described in more detail in Ref.

[12]. Shortly summarised, we used a 100 pA,

2.25 MeV proton beam with a spot size of about

1 lm in diameter.

After localising the IHC marked structures

via the light microscope in the analysing chamber

the region of interest was positioned in the beam

axis. Simultaneously, Particle Induced X-ray

Emission (PIXE) and backscattering spectrometry
were used to analyse the elemental distributions

and the matrix composition, respectively. The

rapidly developing nickel image in the PIXE

maps ensures the correct scan position and allows

optimizing the scan parameters for analysing the

structure. For the quantitative elemental analy-

sis we used the GeoPIXE software package

[17].

Fig. 1. Examples of different immunohistochemically localised structures visible in light microscopy (LM) and in the Ni-image using

nuclear microscopy for elemental analysis (Scale bar is 10 lm). Images of selected elements are exemplarily given to show the

possibility of spatially resolved trace elemental analysis. For a detailed discussion see Section 3.2 in this paper.

Table 1

Overview of the characterised structures and the appropriate

antibodies

Structures of interest Antibody used

(a) Neurofibrillary tangles PHF-s (AT8)

(b) Neuritic plaques PHF-s (AT8)

(c) Lewy bodies Synuclein-1

(d) Cholinergic neurons Choline acetyl-transferase

(e) Dopaminergic neurons Tyrosin hydroxylase

(f) Perineuronal nets Chondroitin-sulphate

proteoglycane

(g) Microglia Histocompatibility

complex class II

(h) Astroglia Glial-fibrillary acidic protein
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3. Results and discussion

3.1. Structure recognition

All used antibodies are well described in a mul-
titude of publications and show in every case used

here the typical appearance under light microscopy

observation (LM images in Fig. 1).

In detail, (a) and (b) anti-AT8 antibody which

recognizes the phosphorylated residue of the s-pro-
tein by showing neurofibrillary tangels and neuritic

plaques in AD; (c) anti-synuclein-1 marks aggre-

gated synuclein represented in Lewy bodies in PD;
(d) anti-choline acetyl-transferase (ChAT) presents

neurons utilising acetylcholine as transmitter; (e)

anti-tyrosine hydroxylase (TH) displays dopami-

nergic neurons in the human brain; (f) anti-chon-

droitin-sulphate proteoglycane (CSPG) antibody

reliably labels perineuronal nets in the human

brain; (g) anti-histocompatibility complex (HLA)–

DP, –DQ, –DR antibodies principally label many
macrophages, in the human brain exclusive repre-

sented by ramified and activated microglia; (h)

anti-glial fibrillary acidic protein (GFAP) demon-

strates astrocytes in the human brain.

3.2. Image interpretation of Fig. 1

(a) We found the tangles. Their trace elemental
concentrations are still of great interest since it is

known that different elements (Fe, Cu and even

Al) contribute to the aggregation of the s-protein
[18], the main constituent of the tangles which is

one of the major pathologies of AD. (b) The neu-

ritic plaques are a different manifestation of the

aggregated s-protein only. Therefore, the interpre-

tation is similar to (a). (c) The aggregation of
a-synuclein leads to the formation of Lewy bodies

in PD. In this context copper is also discussed to

play a promoting role in a recent publication

[19]. (d) One of the early effects or an initial reason

in the Alzheimer�s disease is the degradation of

cholinergic neurons in the forebrain. Thus, studies

in order to quantify the trace elemental distribu-

tions could yield interesting results. (e) The
displayed dopaminergic neuron contains an accu-

mulation of neuromelanin (in the LM image en-

hanced to white for better visibility), the end

product of the catecholamine metabolism. Neuro-

melanin is known to bind large amounts of iron,

which is clearly shown in the iron map. (f) The

localisation of perineuronal nets using nickel

enhanced IHC with no need to use the iron con-
taining Prussian blue standard stain [12] allows

to investigate the native iron binding to the peri-

neuronal nets under pathological and healthy con-

ditions. (g) and (h) These images show an astroglia

and an activated microglia which normally can not

be distinguished from astroglia or ramified microg-

lia in the phosphorous map. Usually the phospho-

rous map is used to localise the cell bodies.
However, it cannot differentiate between the glia

cell types.

3.3. Trace element analysis and

immunohistochemistry

In standard staining methods the purity of

chemical agents is mostly not a crucial factor for
successful staining. However, the purity can be of

utmost importance if trace element analysis is

needed. In this study the nickel enhanced DAB

staining was prepared using nickel ammonium sul-

phate with a purity of +98% to show in principle

the technique (pictures in Fig. 1). For trace ele-

ment analysis the metal enhancer has to be of very

high purity. For Co, Ni, Ag and Cd chloride- and
sulphate-salts are available with a purity of

99.999%. With this purity the analysis of elements

of pathological interest (e.g. above mentioned met-

als) is possible. Fig. 2 gives two PIXE-spectra to

compare the elemental content of an unstained

section with the consecutive section marked with

a Ni-enhanced antibody (anti-GFAP) reaction.

There is no significant change in trace element con-
centration due to immunohistochemistry except

the intentional Ni enhancement. This example also

shows the difficulty for a Cu analysis using Ni as

enhancer due to the X-ray line overlap of the

Cu-Ka with the Ni-Kb lines. Table 2 gives an over-

view of antibody metal enhancers with respect to

their suitability for elemental analysis.

The free diffusing elements like Na, Cl, K and
extracellular Ca cannot be analysed using wet sam-

ple processing techniques. However, most of the

other elements of interest are mainly bound to

232 M. Morawski et al. / Nucl. Instr. and Meth. in Phys. Res. B 231 (2005) 229–233
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proteins and therefore fixed to a certain matrix
structure (e.g. <2% free Fe).

4. Conclusion

The results show that for spatially resolved

analysis of elements (e.g. P, Fe, Cu, Zn) using

lPIXE the immunohistochemistry, enhanced with
a specific metal (Ni), is a suitable and versatile tool

to assist the localisation and differentiation of par-

ticular structures not only in the brain but in every

biological tissue where antibodies are available.

The principle was demonstrated with nickel. Other

elements are feasible as well if X-ray line overlaps

have to be avoided. For example cobalt, cadmium,

gold and silver are applicable. With a suitable

(overlap-free) metal enhancer detection limits be-

low 50 lmol/l (<1 lg/g) are achievable.
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Fig. 2. PIXE-spectra of an unstained section and of the

consecutive section marked with a Ni-enhanced antibody

(anti-GFAP) reaction. There is no significant change in the

concentrations of the elements of interest due to immunohis-

tochemistry except the intentional Ni enhancement.

Table 2

Overview of available metal markers for antibody enhancement

and their suitability (+) and inadequacy (�) due to X-ray line

overlapping for elemental analysis

Marker Element of interest

P Mn Fe Cu Zn

Co + � � + +

Ni + + + � +

Ag + + + + +

Cd + + + + +

Au � + + + �
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Abstract. A specialized form of extracellular matrix (ECM) surrounds subpopulations of neurons

termed Fperineuronal nets_ (PNs). These PNs form highly anionic charged structures in the direct

microenvironment of neurons, assumed to be involved in local ion homeostasis since they are able

to scavenge and bind redox-active iron ions. The quantity and distribution of iron-charged PNs of

the extracellular matrix in the rat brain areas of the cortex and the red nucleus was investigated

using the powerful combination of Particle-Induced X-ray Emission (PIXE) and Mössbauer

spectroscopy. These studies reveal that the iron is bound to the PNs as Fe(III). PNs in both brain

regions accumulate up to three to five times more Fe3+ than any other tissue structure in

dependency on the applied Fe concentration with local amount maximums of 480 mmol/l Fe at

PNs.

Key Words: brain research, iron, life sciences, Mössbauer effect, particle induced X-ray emission,

perineuronal nets.

1. Introduction

Perineuronal nets (PNs) are a lattice-like amassment of extracellular matrix

(ECM) components, originally described by Golgi [20] as a reticular structure

covering the cell bodies and proximal dendrites of certain neurons. They are

formed on different types of neurons in certain regions of the brain of many

vertebrate species including man [3, 8]. PNs are molecularly heterogeneous,

consisting primarily of chondroitin-sulphate proteoglycans (CSPG) of the

aggrecan family complexed with hyaluronan [1, 8, 12].

The glycosaminoglycan chains (GAG) of PNs provide a highly negatively

charged structure in the direct microenvironment of neurons that might be

* Author for correspondence.
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involved in local ion homeostasis since it can act as Fspatial buffer_ for

physiologically relevant ions of calcium, potassium and sodium around highly

active types of neurons [8]. The GAG might also interact with ions involved in

the generation of oxidative stress such as Fe3+. PNs might be able to reduce the

local oxidative potential in the neuronal microenvironment through scavenging

and binding of redox-active Fe3+ and therefore providing some neuroprotection

to those neurons which are ensheathed by PNs.

Iron is the most abundant transition metal in the brain, and in biology in

general. It is found in active centers of many enzymes. It is a principal

component of cytochromes and the iron-sulphur complexes of the oxidative

chain and therefore important for producing adenosine triphosphate (ATP).

Also the synthesis of neuronal transmitters is iron-dependent. Iron is a

cofactor for the generation of dopamine, which decreases in Parkinson’s

disease (PD). The capability of iron to catalyse the generation of free radicals

by the Fenton reaction in biological systems is well investigated (for a

review see [4]). Generally, iron is almost always complexed with proteins, but

usually about 2% of iron ions can also be present in a labile iron pool (LIP) of

chelatable and redox-active iron [6]. The LIP comprises both ionic forms of iron

(Fe(II) and Fe(III)) associated with different ligands such as organic anions,

polypeptides and membrane components. Furthermore, it reacts with hydrogen

peroxide and superoxide to form highly reactive hydroxyl radicals causing lipid

peroxidation, DNA strand breaks and degradation of biomolecules [5] and is

supposed to play a major role in Alzheimer’s disease (AD) [11]. Post mortem

studies in AD brain tissue display a disturbance in the iron distribution and a

pathological increase in neuritic plaques [7].

In a previous study, we could show that in AD brains cortical areas highly

enriched in PNs are less frequently affected by neurofibrillary degeneration while

PNs are much less abundant in vulnerable areas [2]. Moreover, we could extend

the findings on the presumptive neuroprotective capacity of ECM components by

demonstrating that neurons associated with PNs are less frequently affected by

lipofuscin accumulation than neurons devoid of PNs [8]. In the present study, we

investigate these potential neuroprotective effects of PNs for iron ions by

studying the iron binding capacity using PIXE and the chemical state of the

bound iron using Mössbauer spectroscopy.

2. Experimental

2.1. ION BEAM ANALYSIS

The Ion beam analysis was carried out at the Leipzig microprobe laboratory

LIPSION [14] using a 2.25 MeV proton beam focused to approximately 1 mm

spot size at beam currents of about 100 pA. Particle Induced X-ray Emission

(PIXE) was used for simultaneous multi-elemental analysis of the elements

M. MORAWSKI ET AL.
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above sodium in the periodic table. The elemental distributions, especially of

phosphorus (cell indicator) and iron were analysed. Simultaneously, Rutherford

Backscattering Spectroscopy (RBS) was used to obtain information on the matrix

composition, on the sample thickness and on the accumulated beam charge by

fitting the RBS-spectrum (yielded by the total scanned area) using the RUMP

code [13].

Since hydrogen is always present in organic material, a ratio between carbon

and hydrogen of 0.5 (C5H10) was assumed for the brain tissue. The information

on matrix composition and accumulated charge was used as input for the

quantitative analysis by the PIXE data analysis program GeoPIXE II. This

software package allows quantitative elemental imaging and various image

processing tools for mPIXE measurements [10].

2.2. MÖSSBAUER SPECTROSCOPY

57Fe Mössbauer spectra were measured at room temperature (RT), 160 K and 4.2

K for a cortex and a red nucleus specimen. The absorbers had a thickness of

123 mg/cm2 for the cortex and of 142 mg/cm2 for the red nucleus sample. The

source of 57Co in rhodium was always kept at the temperature of the absorber.

All isomer shifts will be given as measured, i.e., with respect to the source

having the same temperature as the absorber. The spectra were fitted with

appropriate superpositions of Lorentzian lines allowing for a Gaussian

distribution of the magnetic hyperfine field or the electric quadrupole splitting,

respectively.

3. Results

In the present study, we analysed the iron binding capacity of perineuronal nets

as well as the chemical state of the bound iron in rat brain.

3.1. ION BEAM ANALYSIS

The PN ensheathed neurons are explicitly different from the neurons devoid

of PNs, which are clearly identifiable by the superposition of the cellular

P Y and Fe Y distribution (Figure 1). In general the phosphorus map

demonstrates the localisation of the cell somata of all cells by highlighting the

cytosol.

Elemental profiles and average concentrations in selected brain regions of

interest were extracted. In order to determine the region of the PN, a threshold

iron concentration of 40% of the maximum value was chosen. The region

defining the neural tissue devoid of cell bodies and PNs, the so-called neuropil,

was chosen outside the PNs and outside the somata of PN-devoid neurons
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represented by higher phosphorus concentrations (Figure 2). PNs accumulate

three to five times more iron than any other tissue structure in the investigated

brain areas depending on the applied Fe concentration (Figure 3). For a detailed

description see [9].

3.2. MÖSSBAUER SPECTROSCOPY

The Mössbauer spectra of both the cortex and the red nucleus specimen exhibit

six-line magnetic hyperfine patterns at 4.2 K and quadrupole doublets at 160 K

and RT. Spectra of the cortex material taken at 4.2 K and 160 K are shown in

Figure 4. The magnetic hyperfine patterns were fitted allowing for a Gaussian

distribution of the magnetic hyperfine fields. The median field values were found

Figure 1. PIXE phosphorus (left) and iron (right) distribution map. The neurons can be localised

by their P-rich somata. One neuron possesses a perineuronal net that clearly shows iron accu-

mulation. 50�n � 50 �m.

Figure 2. Distribution map of iron. The regions are marked from which the quantitative con-

centrations were extracted.
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Figure 3. The relation between the initial FeCl3 loading and the ratio of concentrations

perineuronal net/neuropil. It can be described by a hyperbolic function with an offset of 1.
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Figure 4. Mössbauer spectra of the cortex specimen taken at 4.2 K (top) and at 160 K (bottom).
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to be 48.9(1) and 49.0(1) T for the cortex and the red nucleus, respectively, with

variances of 2.2(1) and 1.9(1) T. The isomer shifts of 0.24(1) mm/s of the

magnetically split patterns are typical for trivalent iron. The quadrupole splittings

in the magnetic patterns are close to zero.

The quadrupole doublet visible in the 4.2 K spectra (Figure 4) has a shift of

j0.14(2) mm/s and a splitting of 0.55(2) mm/s. It is attributable to iron

impurities in the beryllium window of the proportional counter and thus has no

relation to the properties of the iron in the brain samples. When this component

is properly taken into account in the fitting of the spectra taken at 160 K and RT,

the quadrupole doublets of the iron in the brain specimens all have median

isomer shifts of 0.23(2) mm/s, while the quadrupole splittings have median

values of 0.68(2) mm/s and variances of near 0.3 mm/s. The Mössbauer spectra

show no trace of divalent iron, which would be expected to give rise to a

quadrupole doublet with a shift of about 1 mm/s and a splitting of more than

2 mm/s.

4. Discussion

The locally resolved, quantitative nuclear microscopy was successfully used to

investigate the accumulation of iron in PNs in rat brain. It could be shown that

PNs have a higher ability to bind a large amount of iron concentrated close to the

neuron than any other tissue components in the rat brain.

The Mössbauer spectra of both the cortex and the red nucleus specimen show

that the iron is bound to the extracellular matrix as an Fe(III) oxihydroxide. The

magnetic hyperfine splitting observed at 4.2 K reveals magnetic ordering at low

temperatures. At 160 K the iron exhibits only a quadrupole doublet and hence is

already paramagnetic or superparamagnetic. This behaviour is similar to that

observed, for instance, for iron in ferritin [15Y17] or ferrihydrite [18, 19]. In

ferritin the iron forms oxidic Fe(III) clusters of about 8 nm size which begin to

exhibit superparamagnetic relaxation effects at about 10 K and exhibit

completely collapsed spectra above about 50 K [18, 19]. More details on the

state of the iron in the brain specimens might therefore be obtained by a more

detailed study of the temperature dependence of the Mössbauer spectra between

4.2 K and about 100 K.
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Abstract

Iron appears to be one of the main factors in the metal induced neurodegeneration. Quantitative information on cellular, sub-cellular
and cell specific distributions of iron is therefore important to assess.

The investigations reported here were carried out on a brain from an adult rat. Therefore, 6 lm thick embedded, unstained brain sec-
tions containing the midbrain (substantia nigra, SN) were analysed.

Particle induced X-ray emission (PIXE) using a focussed proton beam (beam – diameter app. 1 lm) was performed to determine the
quantitative iron content on a cellular and sub-cellular level.

The integral analysis shows that the iron content in the SN pars reticulata is twice as high than in the SN pars compacta.
The analysis of the iron content on the cellular level revealed no remarkable differences between glia cells and neurons. This is in con-

trast to other studies using staining techniques.
� 2006 Elsevier B.V. All rights reserved.

PACS: 07.78.+s; 41.75.Ak; 87.64.�t

Keywords: Iron; PIXE; Brain research; substantia nigra; Life sciences

1. Introduction

Iron is essential for nearly all living organisms since it is
involved in a variety of physiological processes, e.g. oxygen
transport and electron transfer, redox/non-redox reactions
as well as other cell functions. In the brain, iron is an
important co-factor for the generation of dopamine and
several cellular and intracellular processes e.g. tyrosine
hydroxylase.

In recent years many investigations account for the iron
metabolism in brain tissue due to its link to neurodegener-
ative diseases [1,2]. According to a well established theory
[3,4] a dysfunction in the iron-homeostasis can result in
an increased production of free radicals (Fenton reaction)
which can lead to oxidative stress and finally to cell death

[3]. This is discussed to be one of the major causes for the
neuronal cell-death in the substantia nigra pars compacta
(SN pc) in Parkinson’s disease (PD). It is well known from
different experiments (lPIXE, histochemistry, MRI) that
the iron content in the SN of PD patients [2,5,6] is elevated.

In numerous histochemical studies iron has been localised
in non-neuronal cells in the SN [7,8]. New results using ion
beam analysis (PIXE) on human brain tissue show that also
neurons in the SN contain a non-negligible amount of iron
[5]. This study compares quantitatively the cell-specific iron
content of neurons and glia cells in the brain of an adult rat.
It analyses the total iron distribution and does not distin-
guish between the different charge states of the iron.

2. Sample preparation

To analyse the iron distribution in the substantia nigra, a
series of transverse brain sections (adult Wistar rat) was

0168-583X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.nimb.2006.03.118
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prepared. For this study, the rat was anaesthetised with
CO2 and transcardially perfused with saline containing
heparin, followed by a fixative (4% paraformaldehyde in
a 0.1 M cacodylate buffer (pH 7.2–7.4)). After removing
the brain from the skull, app. 5 mm thick blocks were pre-
pared and post-fixed overnight in the same fixative. These
blocks were dehydrated in increasing concentrations of eth-
anol and after repletion in methylbenzoate the sample were
embedded in paraffin and cut into 6 lm thick brain sections
containing the substantia nigra (app. Bregma �5.20 mm).
These thin sections were deparaffinised with xylene and
rinsed with ethanol. Then the brain sections were embed-
ded in DePeX� (Merck, Germany) and coverslipped. After
24 h the coverslips were removed by immersion into tolu-
ene. After this procedure the brain sections were peeled
off and mounted on sample holders for ion beam analysis.

3. Experimental

The spatially and elementally resolved nuclear micros-
copy was performed at the Leipzig microprobe laboratory

LIPSION. The experimental set-up for biological applica-
tions as described in [9] was used. In these particular exper-
iments, a 2.25 MeV proton beam of app. 120 pA for the
quantitative analysis (PIXE) of the iron content in the sub-

stantia nigra was used. For this purpose the diameter of the
focussed proton beam was app. 1 lm. The cellular distribu-
tion of the iron content was analysed using lPIXE.

The matrix elements, sample thickness and accumulated
beam charge were obtained from back scattering spectrom-
etry. For this purpose the RUMP-code [10], including the
Non-Rutherford cross sections for C, N and O [11] was
used. In addition, the hydrogen content was determined
according to the description in [12]. The information on
the accumulated charge and composition of the matrix
was used as input for the quantitative elemental evaluation
in the lPIXE data analysis program GeoPIXE II [13]. The
cellularly resolved elemental profiles and average concen-
trations of the substantia nigra pars compacta and pars

reticulata were extracted from scans on the scale of
30 lm · 30 lm and with an accumulated charge of app.
1.2 lC.

Fig. 1. Left: phosphorous map of a scan of a neuron (phosphorous used as indicator for the cell). The iron and phosphorous concentration profiles were
determined along the traverse (grey box). Right: elemental concentration profile of a neuron (solid line: iron concentration, dots: phosphorous
concentration).

Fig. 2. Left: phosphorous map of a scan of a glia cell. The iron and phosphorous concentration profiles were determined along the traverse (grey box).
Right: elemental concentration profile of a glia cell (solid line: iron concentration, dots: phosphorous concentration).

Ch. Meinecke et al. / Nucl. Instr. and Meth. in Phys. Res. B 249 (2006) 688–691 689

204 List of selected publications attached to the appendix



The cell types can be distinguished according to their
size and shape. Therefore, the phosphorous-map which
shows the soma of cell was used. Neurons are larger than
15 lm in diameter, with a low phosphorous concentration
in the nucleus, but often a phosphorous rich nucleolus
inside the cell nucleus (see Fig. 1). Glia cells are smaller
in size (app. 5 lm) and do not exhibit the cell nucleus in
the phosphorous-map (see Fig. 2). Due to this identifica-
tion of the cell by their soma, the phrase ‘‘intracellular’’
means ‘‘somatic’’. Extracellular (non-somatic) concentra-
tions were extracted from areas excluding the cell bodies
(soma of the cell).

4. Results and discussion

It should be mentioned that the embedding resin did not
show a detectable PIXE-peak in the energy range of inter-
est, i.e. it did not contain detectable amounts of iron.

First, the relation between the integral iron contents in
the SN pc and in the SN pr was determined be to app.
1:2 (see Fig. 3). The diagram shows the trend of the distri-
bution of the iron content along a traverse starting in the
cerebral pedunculus (cp). In Table 1 the quantitative inte-
gral iron content is given. The relation between the extra-
cellular (non-somatic) iron contents in the SN pc and in
the SN pr is 1:2.

The relation of the iron content in glia cells (somatic) of
the SN pc versus the SN pr is app. 1:2 (see Table 1). In con-
trast to the glial iron distribution, the somatic neuronal
iron content of SN pc versus SN pr shows no significant
difference (p < 0.05).

There is no significant difference between the glia cell
related iron concentration and the neuronal iron content
in the SN pc (p < 0.05) as well as in the SN pr (p < 0.05).

The intraneuronal iron content (somatic) with respect to
the extracellular iron content (non-somatic) in both parts
of the substantia nigra exhibits no significant difference
(p < 0.05). Fig. 1 shows that in the nucleolus a high iron
content is located but the intraneuronal iron content (aver-

aged over the entire cell) is equal to the extraneuronal (non-
somatic) iron concentration.

The glia cell related (somatic) iron content shows no sig-
nificant difference (p < 0.05) to the extracellular (non-
somatic) iron concentration.

The significance was calculated using a t-test with a sig-
nificance level of p < 0.05.

5. Conclusion

The quantitative analysis shows that the relation
between the integral iron content in theSN pars compacta

and the SN pars reticulata is app. 1:2. This relation is cor-
roborated by different studies [14].

The intracellular (neuronal and glia cell related) iron
content as well as the extracellular iron content in the pars
reticulata is twice as high as in the pars compacta. These
results corroborate other experiments which investigated
the human substantia nigra [5].

The investigations of the cellular iron content suggested
that neurons and glia cells do not differ significantly in their
iron concentrations. This is in contrast to numerous histo-
chemical studies, which explain the increased iron content
in the SN pr as non-neuronal iron [7,8,15]. In this work
we could show that neurons and glia cells acquire nearly
the same amount of iron. According to our present investi-
gations the results which were based on histochemical
investigations of the cellular iron distribution in the brain
should be reconsidered and reviewed regarding their
validity. However, to confirm these results, further investi-
gations in this field are needed, e.g. a larger number of
measurements or using different methods (e.g. histo-
chemistry).
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Available online 16 February 2007

Abstract

Neurodegenerative diseases like Parkinson’s disease, Alzheimer’s disease and Huntington’s disease are characterized by abnormally
high concentrations of iron in the affected brain areas. Iron is believed to contribute to oxidative stress by catalysing radical generation
and subsequently causing neuronal death.

Interestingly, subpopulations of neurons are less vulnerable against degeneration. One of these subpopulations possesses a specialized
extracellular matrix arranged as a perineuronal net (PN), a structure with poorly understood functions.

In order to differentiate between neurons with and without PN according to their iron concentrations we have performed a lPIXE

study at the Leipzig LIPSION laboratory. PN-ensheathed neurons in selected brain areas were detected by lectin-histochemical staining
with Wisteria floribunda agglutinin (WFA). The staining was intensified by DAB-nickel by an established method enabling the visualisa-
tion of the PNs by nuclear microscopy.

The cellular concentration of iron in the rat brain was about 1 mmol/l (ca. 30 lg/g dw). First results of subcellular analysis showed
that the intracellular iron concentration of PN-ensheathed neurons tends to be slightly increased in comparison to neurons without PNs.
The difference in intracellular iron concentrations could be an effect of the PNs.
� 2007 Elsevier B.V. All rights reserved.

PACS: 07.78.+s; 82.80.Ej; 87.16.�b; 87.17.Nn; 87.19.La; 87.64.Gb

Keywords: Iron; Neuron; Perineuronal net; PIXE

1. Introduction

Iron is involved in neurodegenerative diseases like Alz-
heimer’s disease (AD), Parkinson’s disease (PD), Hunting-
ton’s disease (HD), neurodegeneration with brain iron
accumulation (NBIA), progressive supranuclear palsy
(PSP), and amyotrophic lateral sclerosis [1–3]. Iron is
believed to contribute to oxidative stress by catalysing the

generation of free radicals [4,5]. Especially the highly reac-
tive hydroxyl radical (OHÆ) leads to dramatic cell damage
and can result in neuronal cell death [6]. Interestingly, there
are subpopulations of neurons which are less vulnerable
against degeneration. One subpopulation possesses a spe-
cialized extracellular matrix arranged as a perineuronal
net (PN) [7–9]. A PN consists of chondroitin sulphate pro-
teoglycans and hyaluronic acid in connection with tenas-
cin-R, providing a highly negative charge [10,11]. Due to
the polyanionic character of the PN it has the ability to
bind large amounts of iron [12]. Thus, PNs could probably
have neuroprotective effects by binding and scavenging
redox-active iron ions, thus, reducing the oxidative stress
in the cellular microenvironment.
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Neuropathological changes could be reflected by the
distribution of iron in the brain. Therefore, quantitated
cellular and subcellular iron levels are meaningful for
the insights in the selected vulnerability between
PN-ensheathed and PN-lacking neurons. The quantitative
method particle induced X-ray emission (PIXE) is an extre-
mely useful technique for scientific examinations in brain
by spatially resolving iron and other elements of interest
on subcellular levels. The quantitative results contribute
to a better understanding of pathological changes in iron
related neurodegenerative diseases [13–18]. Synchrotron
based analysis techniques have an even lower detection
limit (X-ray fluorescence (SR-XRF)) or are sensitive
to the chemical state (X-ray absorption spectroscopy
(XANES, EXAFS)), but with remarkable lower spatial res-
olution [19,20].

2. Materials and methods

2.1. Sample preparation

The animals (rats) used in this study were treated in
agreement with the German law on the use of laboratory
animals and followed the ethical guidelines of the Labora-
tory Animal Care and Use Committee at the University of
Leipzig.

One adult male Wistar rat was deeply anaesthetized with
CO2 and transcardially perfused with saline containing
heparin, followed by fixative (4% paraformaldehyde
(PFA) and 0.1% glutaraldehyde in 0.1 M phosphate buf-
fered saline (PBS), pH 7.4). The perfusion conserves the
morphological structure of the brain tissue without shrink-
age and red blood cells containing hem-iron are thoroughly
washed out.

The brain was removed from the scull, divided frontally
into three blocks and was post-fixed in 4% PFA in 0.1 M
PBS, pH 7.4, over night at room temperature. The blocks
were dehydrated in increasing concentrations of ethanol
and after repletion in methylbenzoate, the samples were
embedded in paraffin and cut into 5 lm thick sections
through the brain regions of interest including the parietal
cortex, the subiculum, the substantia nigra, the red nucleus
and several nuclei from cerebellum/brainstem. The sections
were mounted on glass slides, deparaffinized with xylene,
rehydrated in decreasing concentrations of ethanol and
transferred into Tris buffered saline (TBS, pH 7.4).

2.2. Lectin-histochemistry

The brain sections were lectin-histochemically stained
with the N-acetylgalactosamine-specific, biotinylated Wis-

teria floribunda agglutinin (WFA), a reliable marker for
PNs (Bio-WFA; Sigma, Germany; 1:250) [21], over night
at room temperature. The lectin binding sites were then
revealed with peroxidase-conjugated streptavidin (ExtrAvi-
din�, Sigma, Germany; 1:1000) by 1 h incubation at room
temperature. The labelling was enhanced by 3,3 0-diam-

inobenzidine (DAB) and nickel (high purity grade of
99.999% to avoid metal contamination; Sigma) resulting
in a black reaction product. The nickel is used as a marker
facilitating the localisation of PNs in both light microscopy
and lPIXE-imaging [13]. The brain slices were embedded
in mounting medium (DePeX�, Merck). After 24 h the
embedded sections were peeled off to mount them on the
sample holder for microbeam analysis.

To prove that the preparation and staining procedure
does not effect the intracellular iron concentration,
unstained paraffin-embedded sections were prepared and
measured in parallel. Additionally, 10 lm thick brain slices
from a fresh, unfixed rat brain were cut on cryomicrotome,
mounted on glass slices, embedded in DePeX after air-dry-
ing and mounted on sample holder to measure the tissue
iron concentration. In both controls, the paraffin embed-
ded and cryo cut sections, the iron concentration in the
total scan area was equal to that of the stained samples.

2.3. Ion beam analysis

The spatially resolved elemental analysis was carried out
at the Leipzig ion nanoprobe LIPSION [22] using a
2.25 MeV proton beam focussed to 1 lm spot size at a cur-
rent of 1 nA. The extra- and intracellular distribution of
especially Fe and other elements like P, S, Ni, Cu and Zn
were recorded by Particle induced X-ray emission (PIXE).
Because the phosphorus map displays the cell somata and
the nickel map ensures PN-positive neurons, the correct
scan position and optimal scan parameters for the analy-
sing structure could be adjusted. Backscattering spectrom-
etry (BS) was simultaneously used to obtain information
on the matrix composition (C, N, O and H indirectly),
on the sample thickness and the accumulated beam charge
using the RUMP code for BS-spectrum fitting. Due to the
chemical composition of the embedding medium DePeX, a
mixture of polystyrene (C8H8) and the plasticizer di-buty-
lphtalate (C16H22O4) a ratio between carbon and hydrogen
of 1:1 (C10H10) for the embedded brain slices was assumed.
For quantitative analysis of the PIXE data we used the
GeoPIXE II software package [23]. Thus, elemental pro-
files and concentrations in regions of interest (cytoplasm,
nucleus, nucleolus, PN) were extracted.

3. Results

3.1. Spatially resolved element distribution in PIXE maps

Due to the fact that more than 95% of the iron ions in
the cell are bound to iron storage and iron transport pro-
teins (ferritin, hemosiderin, transferrin) [24], the concentra-
tion of free iron which potentially was washed out during
sample preparation was disregarded in the concentration
analysis. The preparation and staining procedure did not
change the intracellular iron concentration compared to
unfixed, cryomicrotome cut, unstained brain slices.
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With a spatial resolution of 1 lm the elements in brain
slices can be analysed in a high trough-put using beam cur-
rents up to 1 lA. Using a reduced current of 250 pA the
spatial resolution is 0.5 lm. The MDL for iron and further
elements of interest from neurons analysed by PIXE by a
collected charge of 10 lC are given in Table 1. The MDL
of iron is 4 lmol/l (�0.25 lg/g dry weight), respectively.

Typical elemental PIXE maps of two WFA-DAB-Ni
stained neurons in rat brainstem after investigations with
nuclear microscopy (current: 600 pA, charge: 5.5 lC) are
given in Fig. 1. The PNs are selectively visualized by the
nickel map (concentration NiPN: �69 mmol/l). The cyto-
plasm can be recognized by an intense concentration of
phosphorus (concentration Pcytoplasm: �50 mmol/l). The
nucleus had a lower concentration of phosphorus (Pnucleus:
�41 mmol/l). A low concentration of sulphur was found in
the cell nucleus (Snucleus: �51 mmol/l). The merged three
elemental map of phosphorus (red), nickel (blue) and iron
(green) impressively shows the subcellular distribution of
iron with a spatial resolution of approximately 800 nm
and a MDL of 14 lmol/l. The cellular iron concentration
(0.86 mmol/l) assembles the cytoplasmic iron (0.8 mmol/
l), the iron of the nucleus (1.05 mmol/l) and of the nucleo-
lus (2.08 mmol/l). Thereby, the iron concentration in the
nucleolus, a special RNA-producing site in the nucleus, is

remarkably increased and reflected in yellow colour due
to the overlay of iron and phosphorus. The extracellular
PNs did not show an increased iron concentration com-
pared to the total intracellular iron concentration, even
they are able to bind large amounts of iron [12].

The subcellular distribution of several elements can also
be plotted in an elemental profile along a traverse using the
GeoPIXE II software (Fig. 2). The subcellular compart-
ments determine the element distribution and can sharply
be delimited from each other. The nucleolus seems to be
of specific structure and density because of the striking ele-
ment composition. The marginal nickel peaks reflect the
PN. At the position of the PN, where the nickel enhanced
DAB staining is most pronounced, the iron concentration
is not elevated. This is an additional proof that there are
no iron impurities from the nickel/DAB staining.

Variations in the localisation of iron were not only con-
stricted to several compartments (cytoplasm, nucleus and
nucleolus), but also present inside a compartment itself.
Especially in the cytoplasm iron was locally accumulated
seeming to have any prominence in this cellular region
(Fig. 5).

Iron seems to be bound to proteins (probably ferritin) or
other structures like nucleic acids resulting in punctiform
iron spots resolved to a size of approximately 0.8 lm.

Table 1
MDL for several elements analysed by PIXE measurements of PN-stained neurons by a collected charge of 10 lC

MDL P S Cl K Ca Cr Mn Fe Ni Cu Zn

lg/g 2.0 1.6 1.4 1.0 0.77 0.3 0.27 0.25 0.55 0.79 0.82
lmol/l 59 45 36 23 17 5 5 4 9 11 11

Fig. 1. Elemental PIXE maps (b–f) of two PN-ensheathed neurons in the brainstem. (a) Optical image of the analysed neurons stained for PNs (WFA-
DAB-Ni, black pigment) surrounding the cells. (b) The phosphorus map indicates the cytoplasm of the cells as well as the intranuclear nucleolus. (c)
Sulphur nearly omits the nuclei in contrast to the extracellular matrix. (e) In the nickel map the PNs are selective recognizable due to the Ni-enhanced
staining of the PNs. (f) Three elemental map of phosphorus (red), nickel (blue) and iron (green). A co-localization of phosphorus and iron is reflected in
yellow coloured regions, especially the nucleolus in both neurons (yellow). Total cellular iron concentration of the right neuron (0.86 mmol/l) is
contributed by the cytoplasm (0.8 mmol/l), the nucleus (1.05 mmol/l) and the nucleolus (2.08 mmol/l). The iron concentration of the surrounding PN was
the same as of the cell. The merged map also reveals an iron-rich glia cell (asterisk), probably an oligodendrocyte, because this cell type is believed to store
the highest cellular iron concentrations. Collected charge: 5.5 lC. Beam current: 600 pA. Spatial resolution: 800 nm. Scale bar: 10 lm. (For interpretation
of the references in colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Elemental profiles of P, S, Ni, Cu and Fe along a traverse through a PN-ensheathed neuron of the brainstem using GeoPIXE II. (b) Merged
PIXE elemental map containing phosphorus (red), nickel (blue) and iron (green) of the profiled neuron. (c) Optical image of the analysed neuron (WFA-
DAB-Ni stained PN, black pigment). (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of this
article.)
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t-test. Error bar: standard error.

156 A. Fiedler et al. / Nucl. Instr. and Meth. in Phys. Res. B 260 (2007) 153–158

210 List of selected publications attached to the appendix



3.2. Intracellular iron concentration of PN-ensheathed

neurons-first results

Altogether, 72 neurons with a PN and 54 neurons with-
out a PN were examined, whereby in the region of the red
nucleus only neurons with a PN could be found (Fig. 3).
Depending on the examined brain areas the total cellular
iron concentration varies between 0.53 mmol/l (red
nucleus) and 1.07 mmol/l (subiculum) in average. The
PN-ensheathed neurons in the subiculum and in nuclei of
cerebellum/brainstem showed a significant increase in
intracellular iron compared to neurons without a PN (sig-
nificance p < 0.05 student’s t-test). The difference between
the two neuronal populations was not significant in the
substantia nigra and the parietal cortex, but also tends to
be increased if surrounded by a PN.

The iron concentration in the nucleus and the cytoplasm
tends to be increased in neurons with a PN when all ana-
lysed neurons were evaluated, disregarding their localiza-
tion in the brain (Fig. 4). However, only in the nucleolus
of the PN-surrounded neurons the iron concentrations
differs significantly. Nevertheless, the small volume the
nucleolus contributes to the whole cell has no decisive influ-
ence on the total amount of cellular iron.

4. Discussion

The most conspicuous compartment in the cell was the
nucleolus. The densely packet structure inside the nucleus
is the production site of ribosomal RNA. Ribosomal
RNA is extremely abundant in neurons and is providing
the greatest amount of iron binding sites among cytoplas-

mic RNA species [25]. Our observations let assume that
iron binds to RNA not only in the cytoplasm, but also in
the nucleus. Another possibility could be that the nucleolus
has an excess need for iron due to an increased iron-depen-
dent enzyme and metabolic activity.

The intracellular punctiform iron spots possibly reflect
ferritin bound iron (>90% of iron is bound to ferritin,
[26]). Ferritin was normally considered as a cytoplasmic
iron-storage protein, but is also found in cell nuclei [27].

Even it was shown that PNs are able to bind a large
amount of iron [12] this could not be circumstantiated by
PIXE studies under physiological conditions. An interpre-
tation approach could be that free ferrous iron (Fe2+)
might be transformed into non-toxic ferric iron (Fe3+)
and immediately dissociates from the PN and is directly
transported into the neuron or surrounding glia cells and

Fig. 5. Merged PIXE map of P, Ni and Fe of a PN ensheathed neuron in
rat cerebellum. Obviously, there is a local accumulation of iron in the
cytoplasm. Scale bar: 10 lm.
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stored in e.g. ferritin. The not always but consistent
increase of total intracellular iron in PN-ensheathed
neurons support the assumption that the PN-resorbed
iron is probably stored intracellularly in a non-toxic
form. Besides, PN-ensheathed neurons potentially have
an increased energy metabolism and therefore a higher
requirement for iron.

Not only PNs alone, but also iron specific proteins could
be involved in the neuroprotection of PN-ensheathed
neurons.

This study shows that a broad lPIXE study in combina-
tion with iron protein investigations might contribute to a
deeper insight in the iron metabolism and homeostasis in
iron related diseases.
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Abstract

Neuromelanin is a dark coloured intracellular pigment that appears in a specific population of neurons (dopaminergic and noradren-
ergic) predominantly in the substantia nigra and in the locus coeruleus. In recent years, there is increasing interest in the role of neuro-
melanin because of a hypothesised link between this pigment and the cell death of neuromelanin-containing neurons in Parkinson’s
disease (PD). Therefore, the role of neuromelanin in the pathology of PD is an actual focus in neuroscience.

We have investigated the elemental contents and distributions of sulphur, calcium, iron, nickel and copper of neuromelanin in dopa-
minergic neurons for a Parkinson case and a control case (in situ, 6 lm brain sections). There was no difference in the iron concentration
between the two cases. However, the calcium concentration was 3-fold higher in the Parkinson case, whereas the copper and nickel con-
centrations decreased.

An ultrastructural investigation of the concentrations of calcium and iron within the neuromelanin suggests that these two elements
are not necessarily co-localized.
� 2007 Elsevier B.V. All rights reserved.

PACS: 87.64.�t; 82.80.Yc; 41.75.Ak; 07.78.+s
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1. Introduction

The relevance of trace elements in association with neu-
rodegenerative diseases of the Alzheimer- and Parkinson-
type is of growing interest since elevated concentrations of
elements like iron in these diseases could be linked to
increased oxidative processes (radical formation) [1] as well
as other metals like i.e. cadmium, mercury, lead and calcium
could provide direct neurotoxicity leading to cell death [2].

In the present investigation, we give an example in trace
element analysis with sub-micron resolution on neuromela-
nin. Neuromelanin is a dark coloured intracellular pigment
appearing in a specific population of neurons (dopaminergic

and noradrenergic) in senescent mammals predominantly
in the substantia nigra pars compacta and in the locus coe-

ruleus, being formed by oxidation of catecholamines. In
recent years, there is increasing interest in the role of neu-
romelanin because of a hypothesised link between this pig-
ment and the cell death of neuromelanin-containing
neurons in Parkinson’s disease (PD), due to metal ion bind-
ing of neuromelanin and a consequential generation of
advanced free radicals. The biology, i.e. the structure, syn-
thesis, physiology and its role in the neuron is still not
entirely understood [3]. It is likely that, similar to other
types of melanins, neuromelanin acts as a protector against
free radicals by inactivating or chelating free toxic metal
ions (e.g. iron, copper, calcium). However, in the case of
redox-active metal ion excess – and this is controversially
discussed – neuromelanin could potentiate the free radical
production due to a reduced binding capacity. The role of
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neuromelanin in the pathology of PD is therefore an actual
focus in neuroscience [4].

2. Experimental

2.1. Biological sample preparation

Brains from a control (CO) (age 69 years, male) and a
patient with idiopathic Parkinson’s disease (PD) (age 72
years, male) were obtained at autopsy (Brain Bank of the
University of Leipzig). The control brain was obtained at
routine autopsy from patients who died without any his-
tory of neuropsychiatric disorders or mental impairment.
The Ethical Committee of Leipzig University has approved
the case recruitment.

Both brains (the PD and the control brain) were fixed by
immersion in 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS), pH 7.4. From the midbrain tissue
blocks were dissected encompassing the substantia nigra,
following conventional protocols for paraffin embedding
and block mounting.

The sections were prepared without any staining to
interfere as little as possible the native elemental state.
The tissue was cut into 6 lm thick sections. These sections
were deparaffinised with xylene and rinsed with ethanol to
bring it into xylol. Then the slices were embedded in
mounting medium (DePeX, Merck). After 24 h the embed-
ded sections were peeled off and mounted on a sample
holder for microbeam analysis.

2.2. Sample processing and elemental content

The human brain samples examined in this study were
taken from the Brain Bank where the available material
is prepared for storage according to standard protocols.
Cryofixation of the natural state is usually not possible in
the case of human material. These standard procedures
reduce the influence on the tissue processing before
microsectioning. The elemental distribution as well as the
concentration of unbound ions and molecules is surely
altered. However, the analysis of metal ions bound to mac-
romolecular structures like storage, transport and similar
proteins such as neuromelanin is likely to be unaffected
due to the high affinity for metal ions. An effective release
of metal ions from the (non-pathological) metalloproteins
only occurs under acidic conditions or by adding metal
chelators, which were both avoided.

Special care was taken to keep contaminations of the
brain sections with metal ions as low as possible by using
freshly prepared chemicals with high purity. A PIXE anal-
ysis of the paraffin and DePeX embedding material
revealed metal ions impurities below 1 lg/g.

2.3. Microbeam analysis

The analysis of the brain sections was performed at the
ion beam laboratory LIPSION (University of Leipzig) [5].

We used a 2.25 MeV proton beam with beam currents
ranging from 50 pA for high spatial resolution below
500 nm and a beam current of 250 pA at a slightly dimin-
ished resolution of 500 nm [6]. Prior to the sub-500 nm
PIXE analysis of neuromelanin we tested the spatial reso-
lution on the Chessy test structure (1 · 1 lm2 gold squares
on silicon). Fig. 1 shows a rough estimation of the spatial
resolution in vertical and horizontal directions. With the
high resolution settings we are able to analyse elemental
distributions with a spatial resolution below 500 nm.

The typical measurement time for the analysis of neuro-
melanin was about 1 h. The X-rays were detected with a
high purity germanium, IGLET-X, detector (EG&G Ortec)
that subtended a solid angle of 211 msr. Simultaneously,
we performed backscattering spectrometry (BS) in order
to obtain information on the matrix composition, on the
sample thickness and on the accumulated beam charge by
fitting the proton backscattering spectrum (yielded from
the total scanned area). The information on the matrix
composition, thickness and on the accumulated charge
was used as input for quantitative analysis in the PIXE
data analysis program GeoPIXE II [7]. The programme
uses the input to correct for matrix effects and to calculate
the elemental content normalised by the sample area mass
density. We decided to convert the mass ratio (unit of lg/g)
into a volume concentration in order to avoid variances of
the results due to changes in the mass density of the sample
during ion beam analysis. We have normalised the results
by the section thickness which is given by the microtome
settings.

For the spatially resolved elemental analysis we have
chosen dopaminergic cells containing neuromelanin (CO
n = 8 and PD n = 6) of the substantia nigra pars compacta

which appeared morphological regularly shaped. Extracel-
lular neuromelanin resulting from degenerated neurons
was excluded from the analysis because extracellular neu-
romelanin is continuously degraded by microglia. The high
intensity sulphur X-rays within the scan revealed the

Fig. 1. PIXE elemental map (250 · 250 pixels) of 1 lm2 gold squares on
silicon (Chessy test structure). The spatial resolution is below 500 nm (full
width at half maximum corresponds to the width between 12% and 88% of
the gold signal from the edge). The map was obtained within 15 min at a
beam current of 50 pA. Due to the statistical uncertainty we have applied
a Gaussian filter (FWHM 10 pixels).
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cellular region with neuromelanin on which the elemental
content was analysed.

3. Results and discussion

Fig. 2 shows in the upper row the distribution of the ele-
ments P, S, Fe, Ca, Cu, Ni on neuromelanin in a dopami-
nergic neuron in the control case. The phosphorous map
mainly represents the cytosolic phosphorous, thus giving
an image of the cell body. Within the cell body the melanin
appears due to its high sulphur content in the S-map. The
elements Fe, Ca, Cu, Ni are at the first glance co-localized
with the neuromelanin. The minimum detection limit of
these elements was about 50 lmol/l (2 lg/g) in the total
scan area. The lower row of Fig. 2 shows the elemental dis-
tributions for the Parkinson case.

Differences in the Ca-, Cu- and Ni-maps of the control
case in comparison with the PD case are clearly visible.

Fig. 3 reveals in higher magnification the distributions
of calcium and iron in the pigment itself. It reveals that

the distribution of iron and calcium are not necessarily
co-localized. There seem to be domains of different binding
capacity or behaviour for iron and calcium. However, this
ultrastructural appearance is very challenging for ion beam
analysis and up to now on the edge of assured results.

Table 1 shows the mean concentration values of sul-
phur, calcium, iron, copper and nickel in neuromelanin.

3.1. Iron concentration

The most surprising result was found in the iron concen-
tration. There was no difference in the iron concentration
of neuromelanin between the Parkinson case (n = 6) and
the control (n = 8). In the literature there are more reports
on altered iron concentrations. However, there are also a
few references which report on unaffected iron concentra-
tions under pathological conditions of Parkinson’s disease
[8]. Since we analysed morphological intact neurons, one
could speculate that the remaining neurons in the Parkin-
son case were less or were not affected by pathological

Fig. 2. Optical image (left) and PIXE elemental maps of two neuromelanin containing dopaminergic neurons, the upper one from the control, the lower
one from a Parkinson case.

Fig. 3. PIXE elemental maps showing the ultrastructural distribution of calcium and iron within the neuromelanin of Fig. 2, Parkinson case. In the
Fe + Ca overlay image the white circle corresponds to a 500 nm spot.
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changes relating to excess iron. Therefore, the inclusion of
all types of neuromelanin into the analysis is necessary for
a better understanding of the conflicting results.

3.2. Calcium, copper and nickel concentrations

The analysis of nickel revealed in comparison to the
control a 10-fold lower concentration in neuromelanin of
the Parkinson case. Because of lacking information on
the relevance of nickel in the human brain an interpretation
of this result is difficult at this point. The interpretation of
the reduced copper concentration is based on the copper/
zinc-superoxide dismutase. It is a metallo-enzyme which
is a key player in the antioxidant defense system [9]. A
reduced copper concentration in the neuromelanin could
display a lower concentration of copper in the microenvi-
ronment of the neurons which is linked to a reduced activ-
ity of the copper/zinc-superoxide dismutase leading to a
higher oxidative stress.

The 3-fold higher calcium concentration in the Parkin-
son case is remarkable because calcium is known to have
direct toxic effects when it is released in excess from the
intracellular calcium stores and can lead to programmed
cell death in the affected neurons [10].

4. Conclusion

The aim of this study was to determine the content and
distribution of trace elements in neuromelanin in situ of
Parkinsonian and healthy brain tissue in order to reveal
any possible differences. Since the ultrastructure of neuro-
melanin shows different binding capacities a sub-micron
elemental analysis is needed. These are first results that
demand for a differentiated analysis of intra- and extracel-
lular neuromelanin. Especially, studies of individual patho-
logical cases with different stages of Parkinson’s disease are
required for a assured interpretation of the results.
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Table 1
Mean elemental concentrations of neuromelanin (in six cells) of a
Parkinson case and a control case (neuromelanin of eight cells)

Element S Ca Fe Cu Ni

Control case: concentration (mmol/l)
Mean 65 21 79 2.1 1.1
SD 10 3 16 0.9 0.4

Parkinson case: concentration (mmol/l)
Mean 60 66 78 0.73 0.1
SD 11 18 19 0.42 0.08
Trend

SD: standard deviation, trend: change in concentration in comparison to
the control case.
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lithium as a new target of this drug. KA binds and stimulates a
subtype of ionotropic receptor of the brain neurotransmitter
glutamate and results in transmembrane ion imbalance,
especially causing calcium influx. However, 3-NP by inhibition
of the mitochondrial respiratory chain modifies the Ca21

homeostasis. Here we describe the calpain activation by two
different ways. First, we measured the calpain activity by a
comercial kit, and then by Western blot analysis of the calpain
substrate a-spectrin. Both assays revealed calpain activation in
the two models of toxicity. As calpain activation is related to
cdk5 activation we studied cdk5/p25 pathway. Our results
showed that the p25/p35 ratios were higher in treated cells than
in controls. Preliminary results show neuroprotection mediated
by lithium, a GSK3 inespecific inhibitor. The effect of lithium
has been seen in an increase of the cell viability, and decreases
of the calpain activity as well as in the cascade that it triggers.
It seems that not only GSK3 pathway is implicated to this
neuroprotection as other factors could be modified after
lithium treatment.
Acknowledgment: This study has been supported by SAF2005-
01604,SAF2005-05179 and SAF2006-13092 from Ministerio de
Educación y Ciencia and PI 04300 from Instituto de Salud
Carlos III. We thank the Generalitat de Catalunya for 2005/
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Non-steroidal anti-inflammatory drug (NSAID) diclofenac is a
non-selective inhibitor of inducible cyclooxygenase (COX-2)
and the mitochondrial complex I, both in vivo and in vitro. The
present study examined the content of biogenic amines and
adenine nucleotides and the distribution of released [3H]dopa-
mine (DA) and its metabolites from rat striatum after chronic
diclofenac infusion (3.0mg/kg/day). The release of DA was
determined using microvolume perfusion method. For the
separation of samples liquid–liquid two-dimensional reversed
phase (RP) and ion pair-reversed phase (IPRP) chromato-
graphic analysis was developed. On-line solid phase extraction
was used for the enrichment of samples. The identification of
analytes was assisted by electrochemical and liquid scintillation
detection. After 28 days, diclofenac infusion induced a
significant (Po0.05) reduction in ATP concentration (from
3.557 0.67 to 0.557 0.05 nmol/mg protein) in rat striatum
with moderate decrease of energy charge (from 0.757 0.09 to
0.517 0.004; n5 4). Conversely, dopamine concentrations
remained largely unaffected (515.97 135.8 vs. 498.87
102.7 pmol/mg protein) comparing the sham-operated controls
to treated animals. On the other hand there was a significant
decline in concentrations of dihydroxyphenylacetic acid
(DOPAC) (51.97 13.2 vs. 20.77 3.2 pmol/mg protein;
n5 8). The DA-DOPAC ratio in the basal effluent was
1.787 0.14 and 0.697 0.19 in sham operated and chronically
diclofenac treated animals, respectively. When H2O2 was used

to induce tritium release, the amount of [3H]DA decreased
from 57007 1960 to 41007 1130 DPM and the ratio of DA-
DOPAC increased from 2.437 0.37 to 10.57 4.7 after
diclofenac treatment. Under these conditions octopamine,
tyramine and phenyl-ethylamine, non-monoaminooxidized
metabolites of DA were also appeared in the effluent.
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Iron compartmentalisation in the rat brain: do
perineuronal net-ensheathed neurons play a

special role?
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and ARENDT T.�
�Paul Flechsig Institute of Brain Research, University of

Leipzig, Jahnallee 59, 04109 Leipzig, wInstitute for Experimental

Physics II, University of Leipzig, Linnéstr. 5, 04103 Leipzig,
zInterdisciplinary Center of Clinical Research (IZKF), Faculty

of Medicine, University of Leipzig, Germany

Perineuronal nets (PNs) of extracellular matrix consist of
aggregating chondroitin sulfate proteoglycans complexed
with hyaluronan and tenascin-R, forming polyanionic coats
around many neurons. Vulnerable neurons, such as the
dopaminergic neurons in the substantia nigra, are devoid of
PNs. Aggrecan-based PNs may be capable to scavenge and bind
redox-active iron ions, thus reducing oxidative stress that may
initiate neurodegeneration in Alzheimer’s and Parkinson’s
disease. However, mechanisms comprising iron transport and
storage in PN-associated neurons have not been studied. We
investigated the involvement of PN-associated neurons in iron
processing by: (1) Particle Induced X-ray Emission (PIXE), a
sensitive spectroscopic method, to produce quantitative ele-
mental maps from which extra- and intraneuronal concentration
levels of iron in PN-ensheathed vs. non-ensheathed neurons
were derived. (2) Quantitative PCR with intron-overarching
primers specific for divalent metal transporter (DMT 1), metal
transport protein 1, ferric reductase (Dcytb), transferrin,
transferrin receptor and ferritin (Fr), as well as b-actin, GFAP,
and aggrecan. (3) Immunhistochemistry using polyclonal anti-
bodies to corresponding components of iron processing in
combination with Wisteria floribunda agglutinin-stained PNs.
Here, we show that net-associated neurons in the cerebral cortex
and different subcortical regions have higher intracellular iron
concentrations compared with neurons devoid of PNs. Further,
in immunhistochemical preparations, PN-ensheathed neurons
show a strong expression of DMT 1, Fr and Dcytb in the red
nucleus and substantia nigra pars reticulata. These results
strongly indicate a prominent role of PN-ensheathed neurons in
neuronal iron compartmentalisation.
Acknowledgment: Supported by DFG-grant AR 200/6-1, GRK
1097 ‘‘Interneuro’’, Interdisciplinary Center of Clinical Re-
search at the Universität Leipzig.
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The Leipzig High-Energy Ion-Nanoprobe became operational in Oc-
tober 1998. It consists of a single-ended electrostatic accelerator by
HVEE, a 3.5 MV Singletron, and a nuclear microprobe by Marco, Mel-
bourne, equipped with quadrupole pair lenses in the split Russian qua-
druplet arrangement. Relevant specifications for 2.25 MeV protons are:
less than 30 V ripple, long-term voltage stability better than 100 V/8 h,
reduced brightness of larger than 20 pA/mrad2 m2 MeV (1–3), demag-
nification up to 130 in x and y, minimum focused beam size at 0.1 fA
of 40 nm (4). This beam has been tested by scanning over an atomically
flat interface of GaAs/InGaP. Thus far this is the smallest proton beam
worldwide.

Contrary to existing microprobes with collimated beams approximately
1 mm in diameter, we are now in a position to aim at cells and subcellular
structures using the beam scanning and single ion facilities. A difficulty
of our system is that the beam is horizontal, in contrast to the existing
systems at the Gray Laboratory in the UK and at Columbia University
in New York, which have vertical beams. To extract the beam into am-
bient air as required for the bombardment of living cells, we shall use an
irradiation platform that can be inserted into one of the CF160 flanges of
the target chamber and that is equipped with a 100-nm thin, 1 mm 3 1-
mm Si3N4 window. The energy loss and lateral straggling for protons and
a particles should be quite small according to TRIM simulations. We
plan to use the following scheme:

First, cells are sowed onto miniaturized petri dishes with a central bore
covered with a 0.5- or 3-mm thin Mylar foil and with two or more fiducial
markers. A cell observation system detects the cells and stores the co-
ordinates of the cell nuclei and the fiducial markers. Then the petri dish
is transferred to the irradiation platform, where it is positioned in front
of the ion exit window with a precision of about 1 mm using an x,y
translation stage. The fine z positioning will be accomplished by a pie-
zoelectric transducer so as not to damage either the ion exit window or
the Mylar foil and to minimize the air gap in between. Next we aim at
the fiducial markers using secondary electron detection or scanning trans-
mission ion microscopy. Thus we carefully avoid hitting the medium/
cells. After we determine the coordinates of the fiducial markers, we hit
our target, i.e. a cell nucleus, the cytoplasm, intracellular structures, or
the medium, with a predetermined number of particles, starting from a
single ion and moving upward, using the coordinates from the cell ob-
servations. The ions traversing the exit window, the Mylar foil, and the
cell covered with a thin layer of medium will be detected in a particle

detector immediately behind the cell. Thus we obtain a signal to close
the beam gate, and we also know the amount of energy deposited. Pre-
liminary tests at the Gray Laboratory showed that AG 01522 fibroblasts
adhere to the Mylar foil for 5 to 10 min when placed in a vertical position
as required for our horizontal beam. This is more than we need for in-
vestigations of the bystander effect, where only a single hit or a small
number of hits are required. After bombardment, we transfer the petri
dish back to the cell observation system and verify that the original po-
sitions have been retained. The same experiments will be carried out with
human arterial endothelial cells. The end point will be micronucleus for-
mation and apoptosis, accompanied with TUNEL assays, including mor-
phology, and flow cytometry.
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Introduction

The development of a biological charged-particle microbeam is under
way at the Laboratory for Accelerator Beam Applications at MIT. The
facility is comprised of a vertical beam from a 1.5 MV single-ended
electrostatic proton/a-particle accelerator for the irradiation of cells in
vitro. The system is being designed such that it is fully automated; the
cells are imaged with a coupled epifluorescence microscope, the cellular
or subcellular targets are recognized, and their positions are recorded
under computer control. The stage, which has a precision of 1 mm, is
instructed to position each cell in turn at the beam aperture, and the
controlling software opens an electrostatic shutter in the beam until a
preset number of particles have irradiated the cell.

To know precisely the energy deposited in each target, particle detec-
tion with ;100% efficiency is required. The detector configuration adopt-
ed at the MIT microbeam is that of positioning the detection system
between the collimator and the cell substrate. One can envision placing
the detector to intercept particles after they have traversed the cells, but
this would significantly hamper the ability to support and irradiate cells
in medium. Furthermore, such a post-cell detection system would not be
appropriate for experiments in which the particles deposit all their energy
in the cell. Therefore, a pre-cell detection system was implemented at
MIT, as is the case at some other microbeam facilities (1, 2). Such a
configuration imposes significant constraints on the ultimate design. For
example, a thin, transmission-type detector is necessary to minimize en-
ergy loss of the particulate beam to a few hundred keV. A BC400 thin
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Abstract

We report on the development of an irradiation platform for living cells at the Leipzig nanoprobe LIPSION and on

first irradiation experiments. The platform enables cell irradiation with targeted and counted ions (Hþ, Heþ) (2–3 MeV)

in specially constructed mini-Petri dishes in vertical position in air. The use of a 200 nm (Si3N4) thick Petri dish

irradiation window, a 100 nm (Si3N4) thick beam exit window and the high precision beam positioning ensure a hit

accuracy significantly better than 0.5 lm. Hit verification tests using CR-39 are shown. For the cell irradiation we

seeded epithelial cells (HUVEC) in the special irradiation Petri dishes. Initially, we tested parameters such as attach-

ment, survival and sedentariness of the cells on the irradiation window. After 14 h about 50% of the seeded cells at-

tached to the window with sufficient survival and sedentariness. The cell handling for the irradiation procedure did not

significantly affect the cells. The first patterned irradiation experiments were carried out with 2.25 MeV protons.

� 2004 Elsevier B.V. All rights reserved.

PACS: 87.50; 07.79; 41.75.A

Keywords: Single event; Microbeam; Cell; Irradiation

1. Introduction

It was often stated that the advantages of

scanned focused ion beams for radiobiological

applications are easily lost due to formidable dif-

ficulties arising from the horizontal configuration

of the microprobes and the need of a beam exit

window [1,2]. Despite these restrictions we try to

overcome these difficulties in taking advantage of

our system. Currently we are developing our

existing horizontal nuclear microprobe for radio-
biological application.

Our key objective is the investigation of the

cellular response to targeted irradiation with light

ions (Hþ, Heþ), especially the radiation induced

bystander effect [3]. This effect is, in short, the

radiation related response of non-irradiated cells

neighbouring an irradiated cell. For these studies a

precise targeting on the cells is mandatory. Fur-
thermore, the measurement of the number and

energy loss of the ionising particles within the cell

determines precisely the applied dose. The next

challenging step is to precisely determine and to

target on selected positions for the irradiation

*Corresponding author. Tel.: +49-341-97-32706; fax: +49-

341-97-32708.

E-mail address: reinert@physik.uni-leipzig.de (T. Reinert).
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within the cells, e.g. to distinguish between the

cytoplasm and the cell nucleus or even between

smaller structures within the cell. Therefore, we

developed an irradiation platform for living cells
at the high-energy ion nanoprobe laboratory

LIPSION. The platform enables the irradiation of

living cells in a mini-Petri dish with as little liquid

as possible in a vertical position and the detection

and energy loss measurement of the transmitted

projectile ions.

Technically, our primary concern is to increase

the hit accuracy to better than 1 lm. Therefore, we
use thin Si3N4 films as beam exit window and as

irradiation window in the Petri dish bottom. Sci-

entifically, our studies started with adhesion, sur-

vival and sedentariness tests with endothelial cells

and first patterned irradiation experiments.

2. Technical

2.1. LIPSION laboratory and irradiation platform

The nanoprobe LIPSION designed for ion

microprobe applications consists of a 3.5 MV

SingletronTM accelerator providing Hþ or Heþ ion

beams and a MARC-type microprobe [4]. The

beam can be focused by a magnetic quadrupole
lens system down to below 50 nm in diameter in

the low current mode [5]. In this mode, the beam

intensity is easily controlled from about 10,000

ions per second down to a few ions per second

using the object micro-slits and the accelerator

settings. A fast electrostatic beam switcher (Av-

tech, VVR-7B-PS-UMA1 high voltage pulser)

with a rise time of nominally 500 ns can switch off

the beam on demand. Experimentally, the total
system (ion detection and counting, triggering and

blanking) can select one single ion from count

rates up to 5000 ions per second. A magnetic

scanning system directs precisely the focused beam

to the target position. However, a dedicated beam

control system for irradiation purposes, i.e. the

software for selecting the target position and the

number of ions with interfaces to the beam control
units, is still under development.

The irradiation platform is constructed to fit

into the target chamber (Fig. 1). It consists of a

tunnel with a beam exit window (1 · 1 mm, 100 nm
thick Si3N4) in which a vertically fixed mini-Petri

dish (Fig. 2) can be slid into the tunnel such that the

Petri dish irradiation window (2 · 2 mm, 200 nm

thick Si3N4) is in the beam focus plane close to the
beam exit window. The irradiation window is

slightly pressed against the beam exit window to

ensure a minimum air gap (about 100 lm) main-
tained by the exit window bent due to the air/vac-

uum pressure difference. The slider is equipped

with a windowless p–i–n-diode (Hamamatsu)

working as a particle detector behind the irradia-

tion window of the Petri dish (Fig. 2). A light guide
fed through the p–i–n-diode provides illumination

of the irradiation window for a retractable front

view microscope. A digital camera (Nikon, 3.2M

pixels) is connected to the retractable microscope in

order to get ‘‘beam view images’’ of the cells within

Fig. 1. (a) The tunnel of the irradiation platform with Petri dish holder inserted; beam from the right. (b) Inside view of the target

chamber from the opposite to the tunnel flange with inserted tunnel (1), beam exit window (2), fixed long distance pseudo-front

microscope (3), light-source (4); beam from the left.
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the beam exit window. These images provide the

relative positions of the cells (in image co-ordi-

nates) with respect to the corners of the exit win-

dow. The positions of the corners with respect to

the beam (beam co-ordinates) are known from a
beam scan over the hole exit window, i.e. a scan-

ning transmission ion microscopic (STIM) image.

The corners can be used as fiducial markers be-

cause they are fix points. Thus, the cell positions

can be expressed in beam co-ordinates to target the

ions on the cells. Since the beam co-ordinates are

known from the STIM image with an accuracy

significantly better than 1 lm the total targeting
accuracy is dominated by the resolution of the

‘‘beam view’’ microscopic image only, which in our

case is still a few microns.

2.2. Hit accuracy tests

In order to determine the hit accuracy, tests on

CR-39 with different patterns were performed. The
CR-39 foil was glued onto the bottom of the mini-

Petri dish and irradiated through the exit window.

Since the protons of 2.25 MeV cannot penetrate

the thick CR-39 foil we could not detect single

events. Therefore, we set up the beam intensity to

about 3000 protons per second. At each target

position the beam gate was opened for 1 ms en-

abling the passage of three protons on the average.
We wrote a 10 · 10 dot pattern and the word

‘‘LIPSION’’ with dots separated by 2 lm (Fig. 3).

The statistical analysis of the hit positions re-

vealed a hit accuracy significantly better than

0.5 lm. Using the SRIM code [6] we calculated for

Fig. 3. Hit verification tests on CR-39 (�3000 protons per

second, 1 ms beam gate per position): the pattern was drawn

with dots separated by 2 lm. The target position markers (white
crosses) have a size of 1 lm. The REM images reveal a hit

accuracy significantly better than 0.5 lm.

Fig. 2. (1) Mini-Petri dish holder, (2) windowless p–i–n-diode

as particle detector, (3) light guide for illumination, (4) mini-

Petri dish, (5) Petri dish irradiation window.

Fig. 4. The REM image of the word ‘‘ION’’ from a 1 lm
spaced ‘‘LIPSION’’ on CR-39 was overlaid to the microscopic

image of an epithelial cell right on top of the nucleus of the cell

(dashed oval).
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2.25 MeV protons through 100 nm Si3N4 and 100

lm air a lateral straggling of less than 0.2 lm. Our
high hit accuracy would enable us to write the

small word ‘‘ION’’ into a cell nucleus (Fig. 4) if the
target recognition would be of similar precision.

However, in some cases large angle scattering

occurred. Additional tests with four spots, each

having about 1000 protons, showed in total eight

hits between 2.5 and 5 lm away from the targeted

position which is 0.2% of the total number of ions

only.

3. Biological

Adjacent to the accelerator laboratory we have

established a cell culture laboratory with standard

cell culturing equipment. At present we cultivate

EaHy 926, a hybrid cell line (fusion of HUVEC

and epithelial cell line A459). The cells are seeded
into small Petri dishes (35 mm in diameter) with a

2 · 2 mm, 200 nm thick Si3N4 irradiation window

on the bottom. The reaction of the cells on the

Si3N4 window was tested.

3.1. Adhesion, survival and sedentariness tests

We seeded about one million cells onto the
bottom of the entire mini-Petri dish. Thus, 4000–

5000 cells were distributed over the 4 mm2 of the

Si3N4 window. After 14 h, 50% of the cells adhered

on the Petri dish bottom as well as on the Si3N4

window. Most of the cells which did not adhere

were found to be dead. The growth rate of the cells

adhered on the Si3N4 window was determined to 33

h doubling time.
The irradiation of the cells is intentionally car-

ried out with as little liquid as possible around the

cells to ensure the transmission and therefore the

detection and energy loss measurement of the ions.

Additionally, the lack of liquid will prevent the

production of reactive oxygen species in the

intercellular space which might affect the non-tar-

geted neighbouring cells. However, the effect of
medium removal and cell handling for irradiation

had to be tested in a control study. Therefore, we

sham irradiated the cells: i.e. the medium was

taken out of the mini-Petri dish, the cells were

washed with PBS-buffer and fixed in the vertical

position for 15 min simulating the irradiation

conditions. After the sham irradiation, the Petri

dishes were horizontally repositioned and the
usual medium level was restored. About 95% of

the cells survived the procedure. The cell positions

did not change significantly due to this procedure.

3.2. First irradiation

First irradiation experiment of living cells were

carried out with 2.25 MeV protons homoge-
neously distributed in different patterns and

number of protons over the cells [7]. We checked

for survival at different times after irradiation.

Surprisingly, the cells were not affected too much;

the growth rate seemed to be slightly lower.

Additionally, the area with dead cells exceeded the

area of irradiation.

4. Conclusion and future prospects

It was shown that the hit accuracy of a high

performance focusing system can be improved to

better than 1 lm by using a thin exit window and

minimizing the air gap between exit window and

target. However, the merit of this high precision is
not yet fully exploited as long as the cell (or cell

compartment) recognition does not reach a similar

accuracy. The development of a high resolution

imaging and cell recognition system combined with

beam control capabilities is mandatory. In order to

facilitate the target finding fiducial markers on the

200 nm thick Si3N4 irradiation window on which

the cells adhere are desired. The cells could be
better addressed in the mini-Petri dish. In order to

produce fiducial markers we checked out the pos-

sibility to write structures into the Si3N4 window

using a focused gallium ion beam. The results are

promising, the structures give good contrasts. The

effect of the gallium on the stability and biocom-

patibility have still to be tested.
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We report here on the development of an irradiation platform for living
cells at the high-energy ion nanoprobe at the LIPSION Laboratory, Leip-
zig, Germany, and on the first experiments with living cells that were
carried out in the course of studies of radiation-induced bystander effects
using a focused ion beam (1).

The LIPSION Nanoprobe Laboratory

The high-energy ion nanoprobe LIPSION at the University of Leipzig
has been operational since 1998 (2). The ultrastable single-ended 3.5 MV
Singletrony accelerator supplies a H1 or He1 ion beam. The beam can
be focused by a magnetic quadrupole lens system down to below 50 nm
in diameter for the low-current mode. A magnetic scanning system moves
the focused beam across the sample according to the desired number,
width and velocity of the position steps. Thus we are able to apply a
selected number of ions to each target position.

For the cell preparation and analysis procedures, we have established
a cell culture laboratory adjacent to the accelerator laboratory.

Irradiation Platform and Mini-petri Dishes

The irradiation platform consists of a tunnel with a rectangular cross
section which can be attached to a CF160 flange on our target chamber.
Bellows allow for fine adjustment of the tunnel from the outside. The
side facing the ion beam is equipped with an ion exit window made of
Si3N4 that is 1 mm 3 1 mm in area and 100 nm thick (called frames
because the windows are framed by 200 mm silicon). This exit window
bends toward the vacuum side of the beam line but withstands a pressure
difference of one atmosphere. A mini-petri dish holder can be slid into
the tunnel with a sufficient gap between the exit window and the bottom
of the petri dish and is subsequently moved toward the exit window,
ensuring a minimal air gap. The mini-petri dish is a conventional 35-
mm-diameter plastic dish with a Si3N4 window at the center whose di-
mensions are 2 mm 3 2 mm and a thickness of 200 nm. The particle
detector is placed downstream immediately after the cells.

Adhesion Tests

We carried out adhesion tests with EaHy 926, a hybrid cell line (fusion
of HUVEC and epithelial cell line A459) grown in enriched DMEM (3).
We used about 0.25 million cells/ml and added 2 ml cell-containing me-
dium to the entire bottom of the mini-petri dish. In this way we seeded
an average of 2000–4000 semi-confluent cells on 4 mm2. Cells that did
not adhere were taken up together with the medium with a micropipette
and were counted in a counting chamber. We found that up to 50% of
the cells adhere after 14 h equally on the petri dish and on the Si3N4

frame. Using trypan blue staining, we determined that most of the cells
that did not adhere were dead. Similar results were obtained with poly-
ethylene terephthalate (PET) foils that were 0.9 mm thick; however, these
were abandoned because they wrinkle easily. The ability to adhere was
also studied with fluorescent Hoechst 33258 stain. The cells were incu-
bated with 1 mM Hoechst stain 33258 for 1 h and then put into Hepes
medium.

Medium Removal, Vertical Positioning, Short-Term Survival, and Migra-
tion Tests

We are using a horizontal beam line and therefore must bring the mini-
petri dishes to a vertical position for irradiation. Since we have the par-
ticle detector behind the cells, we must remove as much medium as
possible, at least at the position where we plan to irradiate. Using a
micropipette, we removed the medium and washed the cells twice with
PBS buffer so that a thin film remained in the center of the window while
a significant meniscus remained at the edges of the frames. About 95%
of the cells survived the following procedure as checked by fluorescein
diacetate (FDA) and propidium iodide (PI) staining: medium removal,
vertical positioning and sham irradiation for 15 min, horizontal reposi-
tioning, and restoration of the usual medium level. Extensive studies of
the accuracy of the cell positions before and after this procedure were
carried out. Images of stained cells (Hoechst 33258) were recorded with
a digital camera, and it was found that cell positions were unchanged
within the resolution of the digital camera (2000 3 1400 pixels), apart
from those cells that did not survive and floated away. Thus the immo-
bility of the cells is sufficient. The normal situation encountered was that
a single cell was totally missing after the procedure and might have float-
ed away from the field of view. Occasionally, a new cell that might have
floated into the field of view from outside appeared after the whole pro-
cedure.

Irradiation of Living Cells

An area of 540 mm 3 540 mm close to the upper edge of the 2 3 2-
mm Si3N4 frame that was roughly centered was irradiated with 2.25 MeV
protons in the scanning transmission ion microscopy (STIM) mode with
the following parameters: We used 250 3 250 pixels, and the beam scan-
ner was advanced by one pixel after a single proton was detected. In this
way a rectangular grid with 2.16 mm spacing with exactly one proton per
point was produced. This allowed us to get a STIM image of the cells,
albeit with less resolution than would normally be achievable (with small-
er pixel size).

The energy loss from the ion exit window, the bottom of the mini-petri
dish, the air gap between both (estimated to be less than 100 mm), and
about 4 mm air in front of the particle detector was calculated to be
roughly 140 keV using the SRIM code (SRIM-2003; http://
www.srim.org). The cells received on average about 100 protons. The
linear energy transfer (LET) for 2.25 MeV protons is of the order of 15
keV/mm. With an estimated cell thickness of 5 mm (averaged over cy-
toplasm and nucleus), each cell received an energy of about 5–10 MeV.
Using the above numbers, we thus estimate that each cell received a dose
of about 0.5 Gy.

We subsequently stained the cells with FDA and PI and checked for
survival at 15 min and 17.5 h after irradiation; a very large number of
cells survived.

However, further experiments are necessary to extract significant in-
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formation on cell survival. In addition, further end points like interleukin
1a, b1-integrin and ROS will be examined because 60Co g irradiations
showed that these are sensitive indicators of the response of cells to
ionizing radiation (4). We expect similar sensitivity for proton irradiation,
although it is unclear whether we can reach the detectable threshold to
visualize such changes.

Acknowledgments
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Introduction

A charged-particle microbeam for single-particle, subcellular irradia-
tions is nearing completion at the Massachusetts Institute of Technology
Laboratory for Accelerator Beam Applications (MIT LABA). The micro-
beam apparatus includes an electrostatic accelerator, horizontal beam
tube, a 908 bending magnet to render the charged-particle beam vertical,
and a dedicated endstation for biological irradiations. The entire apparatus
is less than 4 m long, so the microbeam can be completely housed in a
single room. The He11 or H1 charged-particle beam is delimited using
either a slit or a single-hole collimator assembly. Particle counting is
performed below the cell dish with a plastic scintillator in combination
with two photomultiplier tubes counting in coincidence mode. Control
software, developed in-house, manipulates all aspects of the hardware
including the accelerator, beam-line components, vacuum systems, and
all subsystems of the biological endstation.

Accelerator and Beam Line

The microbeam uses a 1.5 MV single-stage electrostatic accelerator
that is capable of generating a variety of particle types and charge states.
The accelerator, designed by Newton Scientific Inc. (Cambridge, MA), is
very compact: only 1.8 m long and 0.77 m in diameter. The accelerator
comprises an accelerating column that contains the accelerating tube, the
high-voltage power supply, and the high-voltage terminal assembly in-
cluding the ion source and associated electronics. The ion beam is con-
tinuously injected at low energy (15–30 keV) into the accelerating tube
from the radiofrequency ion source located in the high-voltage terminal.
The beam is accelerated and focused by the electrostatic field of the
accelerating tube and will attain a final maximum energy of 1.5 MeV
(single-charged ion) or 3.0 MeV (doubly charged ions).

The particle beam emerging from the accelerator travels down a 1.2-
m-long beam tube. This beam tube houses X-Y steering plates for beam
deflection and a magnetic quadrupole triplet. In the microbeam’s original
configuration (a horizontal beam), this magnet was designed to provide
a highly focused (1 mm) beam spot in vacuum for proton-induced X-ray
emission (PIXE) and other surface analysis methods. Since a vertical
beam was considered optimum for biological experiments, however, the
focusing capability of the triplet is not used in the present configuration
of the microbeam. Instead, this magnet is used simply to defocus the ion
beam somewhat prior to its entry into a 908 bending magnet. The bending
magnet serves two purposes. First, the ion beam now becomes vertical,
which allows cell dishes to be positioned in the horizontal orientation.
This is desirable if irradiation times are long and require some amount
of medium to remain on the cells. Second, since the bending of ions in
a magnetic field is a function of the charge on the ions, the magnet allows
us to selectively transport the ions of choice into the vertical orientation.
For instance, for the generation of helium beams, the magnet ensures the
transport of 3.0 MeV He11 ions to the cell irradiation endstation and the
rejection of 1.5 MeV He1 ions that would result in the detection of a
particle (through interaction with the plastic scintillator located below the
cell dish) but only partial or no cell irradiation due to the limited range
of these particles.

Cell Irradiation Endstation

Subsystems of the cell irradiation endstation are housed in a 49 3 49
3 31-cm3 light-tight box mounted immediately above the 908 bending
magnet. The cell irradiation endstation comprises the following subsys-
tems: a collimator or slit assembly to delimit the beam, a two-dimensional
motorized stage, a plastic scintillator, light guide and two photomultiplier
tubes for particle counting, a specially designed cell dish, UV objective
with z-motion for focusing, dichroic mirror, and a CCD camera for cell
visualization. A light source is mounted on the outside of the endstation
box; light passes from the source through a 3.2-cm-diameter tube to in-
teract with the dichroic mirror. The deflection plates, motorized stage,
photomultiplier tubes, light source, and CCD camera are interfaced with
a PC for computer control of all aspects of cell irradiation.

Slit and Collimator

Beam delimiting is performed using either a slit or a single-hole col-
limator. The slit is a laser-drilled aperture (Lenox Laser Inc, Glen Arm,
MD) 1.8 mm wide and 1 mm long drilled in 45-mm-thick stainless steel
and glued to a 9.5-mm-diameter mount. This mount can be removed and
the collimator assembly installed in its place. The collimator is made from
285-mm-diameter fused silica tubing with a 1.5-mm-diameter bore. Col-
limators are cut from the tubing in lengths of approximately 1 mm and
inserted into a mounting assembly that also holds the single-particle
counting apparatus (light guide, plastic scintillator and two photomulti-
plier tubes). Efforts are under way to characterize the ‘‘beam size’’ gen-
erated by the collimator in its mount using track-etch detectors (CR-39
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replaced and the microscope-stage driver software has been improved.
The new focus-control unit consists of a stepping motor (1000 pulses 
1 rotation  100 �m focus movement) and its controller, jog-dial control
pad with full remote control function, and optical upper and lower limit
sensor. The stage driver software was modified for the new unit. Before
this improvement, we inserted a waiting code to make stage movement
stable, because occasional instability (software hanging up, etc.) was ob-
served with the previous hardware configurations. With the insertion of
the waiting code, the instability of system, which was mainly caused by
instability of the previous focus unit, was decreased. However, the move-
ment of the microscope stage was slower because of the architecture of
the combined control of both X-Y sample stage and focus control unit in
stage driver software. To verify the effects of the improvement, the move-
ment speed of the stage using both the previous driver and the improved
driver was measured with an online microscope system. The overhead
time of the driver software with a single stage action was reduced mark-
edly from 1.37 s to 0.62 s due to the deletion of the waiting code.

Besides bystander effect studies using Chinese hamster ovary (CHO-
K1) cells (2) and normal human foreskin fibroblast AG01522 cells (4,
5), radiobiological studies using tobacco BY-2 protoplasts (6) and germ-
line cells of the nematode Caenorhabditis elegans (7) are in progress.
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Linnéstrasse 5, 04103 Leipzig, Germany

Introduction

At the LIPSION nanoprobe laboratory, single-ion irradiation experi-
ments on single living cells have been carried out since 2003. Previous

cell irradiation experiments include patterned irradiations of HeLa cells
and primary fibroblasts with a low number of protons and � particles (1,
2). Biological end points include changes in the rate of apoptosis and
radiation-induced DNA double-strand breaks. This is a report on the cur-
rent status of the new single-ion hit facility (SIHF), an upgrade that will
allow for truly targeted cell irradiation.

The LIPSION Nanoprobe Laboratory

The LIPSION laboratory consists of a 3.5 MV Singletron� accelerator
with a horizontal beam line where H� or He� ions are accelerated to
energies up to 3 MeV (3). The cell irradiation experiments have been
carried out at an energy of 2.25 MeV. Using this system, a focused beam
spot size of less than 350 nm in air can be achieved. Due to the horizontal
orientation of the beam line, a vertical petri dish arrangement is required,
and such an arrangement has been successfully implemented and tested
at the facility.

New Developments Regarding the Beam Line

Currently, a major rebuilding of the target chamber is being carried out
to increase the versatility and accessibility of the nanoprobe. The old
target chamber, a system of cylinders and flanges, which has been part
of the setup since the facility became operational in 1998, will be replaced
by a new target chamber that is the shape of a box with a removable top,
with the dimensions 450 mm � 300 mm � 480 mm. The new chamber
will be equipped with a new translation stage as well as with a separate
irradiation platform for the irradiation of single, living cells with single
ions. The implementation of the new chamber is planned for the second
quarter of 2006.

The new seven-axis translation stage with goniometer has been custom-
manufactured (Feinmess Dresden, Germany). It is movable in the x, y
and z directions as well as in the �, x, y� and � directions (the goniometer
will be needed, e.g., for STIM tomography and channeling experiments).
The translation part consists of two piezo motors that control the hori-
zontal motion and the motion in the axial (beam) direction and one step-
per motor that controls the vertical motion. Initial tests indicate that a
positioning accuracy and repeatability of about 1 �m can be achieved for
this stepper motor-controlled axis. The rotation part consists of four piezo
motors that control rotation in two axes as well as additional horizontal
and vertical motion.

New Developments Regarding the Cell Irradiation

To enable irradiation of living cells, one key issue is to extract the
beam into air through a vacuum window. In the case of the LIPSION
SIHF, this extraction will be realized by attaching an exit nozzle to the
beam entrance in the chamber wall.

This solution is space saving and allows not only for cell irradiation
experiments but also for other kinds of in-air ion beam analysis, such as
PIXE investigations of archeological samples. The end piece of the nozzle
is exchangeable and can be made either of stainless steel, to be used for
cell irradiation experiments, or of aluminum, for PIXE measurements.

The exit window on the nozzle is a 100-nm-thick Si3N4 vacuum win-
dow with an area of 1 � 1 mm2, which has proven to withstand the
pressure difference well. Other new vacuum windows that will be tested
are ones that are 50 nm thick as well as circular windows.

The new irradiation platform will consist of several separate compo-
nents to ensure maximum flexibility. The integral component is the petri
dish holder, a holder for the particle detector, a p-i-n diode that is placed
after the Petri dish microscope objectives, and a holder for the microscope
eyepiece and the CCD camera.

This combination with a downstream microscope enables online cell
recognition. Another possibility is to use fiducial markers on the petri
dish itself, thereby allowing recognition of the cells offline. At the LIP-
SION facility, such fiducial markers could be fabricated using proton
beam writing.
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Software Development

In parallel with the upgrades of the beam line, software improvements
are also under way. These include the development of completely new
scan control software that runs in a hard real-time environment under
Linux/RTAI. First measurements of response times have given encour-
aging results, suggesting that beam blanking may be triggered reliably
directly from software. The limiting factor to the current system’s accu-
racy appears to be the slow ADC conversion time of 20 �s during which
the beam remains unblanked. Various strategies to improve the accuracy
are currently being investigated. With an adaptive blanking algorithm,
irradiation rates in excess of 200 s	1 have been reached without relying
on external hardware blanking triggers, and a single-hit accuracy of better
than 99% has been observed.

Future development efforts will focus on providing a user-friendly
graphical user interface for the scan control as well as for the control of
the new translation stage and goniometer. The stage control will run over
a network and use the software under development at the division, using
C�� and Qt, a C�� class library and application framework. Likewise,
cell recognition software will also be developed at the division, using
C�� together with the commercially available software package
ImagePro Plus. The use of cell recognition software will make automated
and/or semi-automated truly targeted cell irradiation possible, as opposed
to the predetermined patterns (dots, lines, bands and crosses) that have
been used so far.
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Biological Validation of the Ion Microbeam Developed at
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Damage on Keratinocyte Cells Expressing
GFP-Tagged Protein
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Ph. Moretto
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The CENBG Microbeam Line and the Irradiation Procedure

The CENBG cellular irradiation facility is based on a focused micro-
beam line that has been described extensively elsewhere (1, 2). This setup
allows single cell irradiation with precise control of the delivered dose;
a predetermined number of � particles can be sent to a selected cell within
a population. The layout and irradiation procedure using the microbeam
at the CENBG have been presented elsewhere (1, 2). Approximately 1500
exponentially growing cells were plated into ‘‘home-made’’ microbeam
dishes. The DNA content of attached cells was visualized without the use
of chemical agents (like Hoechst 33342) but using the transgenic and

chimeric fluorescently labeled protein histone GFP-H2B. The position of
individual nuclei was determined by optical imaging of the fluorescent
staining pattern at �  490 nm. The image analysis system then located
the centroid of each nucleus, and the nuclei were irradiated one at a time
with an exact number of � particles.

On average, it took less than 90 min to localize and irradiate up to
1500 cells. We used 3 � 1500 irradiated cells per group per experiment
in the present study. The overall spatial precision of the setup is about
�10 �m. Because the average cross-sectional area of the nucleus of live
attached HaCaT/(GFP-H2B)tg cells was determined to be 100 �m2, we
estimated by Monte Carlo modeling that the particle beam would hit the
target nucleus 97% of the time. The average energy of the � particles
after the cell-polypropylene plating foil was 2.37 � 0.01 MeV (3) deliv-
ered at a dose rate of about 1000 � particles per second. Due to the lag
time of the shutter closure, cells were illuminated during 400 ms. After
irradiation, the dish was removed from the stage, and the cells were
maintained for 24 h in normal culture.

The HaCaT/(GFP-H2B)tg Transgenic Cell Line

We chose HaCaT cells because they would attach to a surface as a
monolayer to ensure reasonably uniform radiation doses over the cell
population (1). Exponentially growing HaCaT cells were transfected by
lipofection with the GFP-H2B expression vector (1). After 2 weeks of
drug selection (G418, 5 �g/ml), several GFP-positive colonies were iso-
lated using fluorescence-activated cell sorting (FACS). Before irradiation,
HaCaT/(GFP-H2B)]tg cells were grown in DMEM supplemented with
10% fetal calf serum with 100 �g/ml streptomycin/penicillin at 37�C in
a 95% air, 5% CO2 and water-saturated atmosphere. The exposure of the
cells to � particles was accomplished as follows: 1500 HaCaT/(GFP-
H2B)tg cells were plated onto 3.8-�m-thick polypropylene film-bottomed
tissue culture dishes and incubated 24 h before exposure to � particles.

Results

We used transfected immortalized HaCaT cells expressing the chimeric
recombinant histone GFP-H2B. This GFP-H2B protein is involved in the
DNA architecture and precisely localizes the DNA in the cell nucleus. In
vivo, these cell nuclei are visualized under a visible-light microscope and
targeted in full control mode (down to the ultimate dose of one � particle
per cell). The behavior of the GFP-H2B protein also allows us to deter-
mine the integrity of chromatin and chromosomes and the induction of
cell death. Thus we are able to identify dividing cells, genetic instability,
and living and apoptotic cell nuclei. This newly established cell line has
been characterized to validate its proliferative capacity and the integrity
of its cellular response; and no significant differences were found between
transgenic and non-transgenic cells. High-resolution images of interphase
nuclei were acquired by confocal microscopy with a Leica DMR/TCS/
SP2 microscope. In combination with immunocytochemical techniques
using antibody targeted against the specific phosphorylated form of the
histone H2AX (called �-H2AX) (6), DNA DSBs were analyzed 24 h
after irradiation with � particles. Digital monochrome images were col-
lected for each appropriate channel and were analyzed using the Meta-
morph software. The quantitative analyses were performed in all regions
of the nucleus, and the fluorescence intensities in both channels were
calculated in the presence of predetermined masks applied to the whole
stack of images after filtering of serial acquisition images. Data were
acquired from different cells for each double labeling condition (GFP-
H2B and �-H2AX). Discrete foci of �-H2AX can be seen distributed
homogeneously in the whole cell nucleus of nonirradiated control cells.
In contrast, in irradiated cells, we have observed an inhomogeneous dis-
tribution of intense and bright �-H2AX foci, indicating a clear increase
of DNA DSBs and also suggesting the putative �-particle impacts. We
have also observed a correlation between the number of DNA DSBs
generated (�-H2AX foci) and the number of initial incident � particles.
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Abstract

DNA double strand breaks (DSBs) in living cells can be directly provoked by ionising radiation. DSBs can be visualized by immu-
nostaining the phosphorylated histone cH2AX. Our concern was to test the feasibility of cH2AX staining for a direct visualization of
single proton hits. If single protons produce detectable foci, DNA DSBs could be used as ‘‘biological track detectors’’ for protons.

Ionising radiation can also damage proteins indirectly by inducing free radicals. Heat shock proteins (Hsp) help to refold or even
degrade the damaged proteins. The level of the most famous heat shock protein Hsp70 is increased by ionising radiation.

We investigated the expression of cH2AX and Hsp70 after cross and line patterned irradiation with counted numbers of 2.25 MeV
protons on primary human skin fibroblasts.

The proton induced DSBs appear more delocalised than it was expected by the ion hit accuracy. Cooling the cells before the irradi-
ation reduces the delocalisation of DNA DSBs, which is probably caused by the reduced diffusion of DNA damaging agents.

Proton irradiation seems to provoke protein damages mainly in the cytoplasm indicated by cytoplasmic Hsp70 aggregates. On the
contrary, in control heat shocked cells the Hsp70 was predominantly localized in the cell nucleus. However, the irradiated area could
not be recognized, all cells on the Si3N4 window showed a homogenous Hsp70 expression pattern.
� 2007 Elsevier B.V. All rights reserved.

1. Introduction

Ionising radiation can initiate direct and indirect radia-
tion effects in biological systems. One direct effect of ionis-
ing radiation is the break of the DNA double strand (DNA
DSB). Consequently, in living cells a repair complex of spe-
cial proteins gets activated at the damaged DNA site. One
of these proteins, activated by phosphorylation at serin
139, is the histone H2AX (phosphorylated form: cH2AX)
[1]. The immunostaining of cH2AX visualizes the DNA
double strand breaks in the form of a focus.

cH2AX is used as a marker for DSBs induced by single
heavy particles (e.g. carbon, bismuth [2]) or by several

hundred protons (20 Gy with 3.2 MeV protons [3]), but at
this point it was not clear whether a single proton
(�2 MeV) can produce a detectable focus. Our concern
was to test the feasibility of cH2AX staining for a direct visu-
alization of single proton hits. If feasible, the system could
be used as ‘‘biological track detector’’ for hit verification.

Ionising radiation also produces free radicals (e.g. reac-
tive oxygen species), which again induce indirect radiation

effects by damaging cell macromolecules like proteins.
Damaged and denatured proteins can either get refolded
into a functional structure or even get degraded by heat
shock proteins (Hsp). The most famous heat shock protein
is Hsp70. Under normal conditions Hsp70 occurs in the cell
nucleus and the cytoplasm. However, stress can induce the
recruiting of Hsp70 to special cell compartments as well as
an overall increased expression. Ionising radiation is also
an Hsp70 increasing stressor. However, this was shown
mostly for heavy ions, c- and X-rays, but hardly ever for
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proton irradiation [4–9]. Therefore, we investigated the
expression of the cellular stress response protein after
focussed proton beam irradiation.

2. Material and methods

2.1. LIPSION nanoprobe laboratory and irradiation

platform

The high-energy ion nanoprobe LIPSION at the
University of Leipzig supplies H+ or He+ ion beams by a
3.5 MV SingletronTM accelerator. The horizontal beam can
be focussed down to below 50 nm diameter in vacuum
for the low current mode. In air the hit accuracy for pro-
tons is still better than 0.5 lm [10]. However, targeted irra-
diation at LIPSION is still under development. To easily
recognize the irradiated area and the ion hits, specific
irradiation patterns with a selected number of ions to each
target position were utilized (Fig. 1). A cross irradiation
pattern (one cross consists of 7 · 7 pixels with 1 lm dis-
tance and an intercross distance of 5 lm) and a line irradi-
ation pattern (spacing 4 lm · 2 lm or 6 lm · 3 lm
distance) were applied.

The cell preparation and analysis procedures were car-
ried out in a cell culture laboratory adjacent to the acceler-
ator laboratory. Standard Petri dishes of 35 mm diameter
equipped with a Si3N4 window at the centre whose dimen-
sion are 2 mm · 2 mm (200 nm thick) were used. The dish
can be clamped into a holder and slid in front of the irra-
diation window (Si3N4 of 1 mm · 1 mm, 100 nm thick)
with a minimal air gap. The energy loss of the ions after
transmission through the cells is measured with a PIN
diode that acts as a particle detector.

2.2. Cell irradiation

Primary human skin fibroblasts were regularly main-
tained in enriched D’MEM at 37 �C and 5% CO2. For irra-
diation experiments the cells were transferred into sterilized
irradiation dishes. They attached well on the Si3N4 window
[11]. Two days after seeding the cells were sufficiently conflu-
ent (70–90%) for irradiation. Since we have the particle
detector behind the cells we have to remove as much medium
as possible. To reduce pH-changes the cells were washed

twice with PBS buffer after medium removal. Prior to the
irradiation the fluid was removed with a micro-pipette
whereby the cells were still covered with a remaining thin
film. The irradiation dishes were immediately transported
from the cell laboratory to the adjacent LIPSION labora-
tory and positioned for irradiation at ambient conditions
(21 �C, 55% rel. humidity). The cells were irradiated with
2.25 MeV protons (LET �15.7 keV/lm) or with 2 MeV
a-particles (He+, LET �100 keV/lm) with a particle rate
of about 1000 cps in a patterned mode. The applied dose,
calculated for the cell nucleus, was approximately 10 mGy/
proton and 100 mGy/a. The cells were irradiated with 5,
10, 20 and 40 protons/pixel or 1 and 2 a-particles/pixel so
that a dose of approximately 0.7–12 Gy/nucleus was
applied. A sham irradiation without any particle application
was done for control. Immediately after irradiation the Petri
dishes were refilled with culture medium and brought back
into the incubator. The whole procedure where the cells were
without medium took less than 2 min which preserves the
viability of the cells [11]. A short incubation at 37 �C was
chosen (longest 1.5 h) to prevent the decline of the irradia-
tion effects. Due to the short incubation time changes in
the cell cycle (most of the cells were in the G1-phase) can
be ignored. For the immunocytochemistry the culture med-
ium was removed. The cells were washed twice in PBS buffer
(Sigma), fixed with 2% paraformaldehyde (Sigma) for
15 min at RT, washed twice with PBS again, permeabilized
with 0.5% Triton X-100 (Sigma) for 10 min at RT and
blocked with 1% BSA (Sigma) for at least 15 min at RT.

2.3. Immunocytochemical staining of DNA DSBs

and Hsp70

The irradiation experiments of the DSBs were carried
out at room temperature; in later studies the cells and the
sample holder were cooled down on ice before irradiation
without knowing the exact temperature during the irradia-
tion. The incubation time at 37 �C was stopped 1 h after
the irradiation. The DNA DSBs were identified with pri-
mary anti-phospho-H2A.X (Ser139) rabbit polyclonal
IgG antibody (upstate) over night at 4 �C, washed thrice
with PBS and visualized by treatment with secondary
Alexa Fluor 488 goat anti-rabbit IgG (H + L) antibody
(Molecular Probes) for 30 min at RT. Antibody solutions

Fig. 1. Schematic representation of cross and line irradiation patterns.
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were prepared with PBS and 0.5% BSA. The cells were
washed thrice with PBS again and covered with mounting
medium (Vectashield) and an object slide.

For the Hsp70 expression an additional comparable
control was done by heat shocking the cells for 30 min at
42 �C by swimming on a water bath surface. The post treat-
ment incubation at 37 �C was 1.5 h, similar to that of the
irradiated cells. The fixed cells were treated with a poly-
clonal rabbit-anti-Hsp70-IgG antibody (upstate) and an
secondary Alexa Fluor 488 goat anti-rabbit-IgG antibody
(Molecular Probes) in the same way as mentioned above.
The optical analysis of the endpoints was done by laser
scanning microscopy (Zeiss 510 Meta, Leica DM IRE2).

3. Results

3.1. DNA double strand breaks

No foci could be recognized in the sham irradiated con-
trols, meaning that the medium removal for less than 2 min

does not cause stress induced DSB lesions in the DNA. In
order to definitely induce and recognize DNA DSBs the
cells were irradiated in a cross pattern with 1 and 2 a-par-
ticles (He+) per pixel, respectively. The corresponding dose
per cell nucleus was approximately 100/200 mGy. The cells
showed a significant DNA DSB response signal (Fig. 2).
The irradiation pattern was recognized in some cell nuclei
showing a cross of DNA DSB-foci in the nucleus. How-
ever, several pixels of the cross were fusing together and
therefore hardly visible as well-defined dots. The signal
did not get brighter when using 2 a-particles per pixel.

For the proton irradiation at 21 �C a line pattern was
used. Already with 5 protons/pixel (�1.5 Gy/cell nucleus)
the quadratic irradiation area was reflected by DSB foci.
With increasing number of protons per pixel the number
of foci increased. However, for all proton numbers the irra-
diation pattern (lines) was not clearly recognizable. It
seems that the DSB foci appear in the vicinity of the proton
hits. Only in a few cells the patterned lines were barely
visible.

In order to reduce delocalisation effects of the foci the
cells and the dish holder were cooled on ice before the irra-
diation [3,12–14]. The irradiation at low temperatures was
carried out with the cross pattern. The cooled cells showed
much less diffuse proton hit response with more local DSB
inductions (Fig. 3). Even in the case where single foci were
hardly visible, the irradiation cross was clearly recognizable
in many cells.

3.2. Heat shock protein 70

Control and sham irradiated cells showed a homoge-
nous weak expression of Hsp70. The Hsp70 expression of
heat-shocked cells was generally increased, whereby the
expression in the cell nucleus was notable, contrary to the
results obtained by proton irradiation. The proton irradia-
tion leads to a stronger signal of Hsp70 in the cytoplasm
than in the nucleus. After an irradiation of 10 protons/pixel
(line pattern) bright Hsp70 aggregates were observed in the
cytoplasm (Fig. 4). The intensity and the number of these
point like protein aggregates tended to be increased with

Fig. 2. Cross of DNA DSBs written in a fibroblasts nucleus with 1
a-particle (2 MeV He+) per pixel. DSBs marked by cH2AX antibody.
Scale bar: 12 lm.

Fig. 3. Induction of DNA DSBs by proton irradiation in cross patterns at low temperatures. The crosses (7 · 7 pixel, 1 lm distance, 5 lm intercross
distance) are blurred, but still recognizable. 10 protons/pixel. DSBs stained by cH2AX antibody. Scale bar: 12 lm.
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increasing number of protons per pixel. However, the
irradiated area could not be recognized, all cells on the
Si3N4 window showed a homogenous expression pattern.

4. Discussion

4.1. DNA double strand breaks

The irradiation with 2 MeV a-particles induces relatively
localized DNA DSBs in the cells. On the contrary, the
proton induced DSBs appear more delocalised than it was
expected by the ion hit accuracy. This is certainly a conse-
quence of the higher LET than for protons. Possibly, due
to the less dense ionising processes of the proton irradiation
the DSBs are induced predominantly by indirect, secondary
effects. This assumption is based on the observation that
cooling reduces the delocalisation of DNA DSBs which is
probably caused by the reduced diffusion of DNA damag-
ing agents.

4.2. Heat shock protein 70

The localisation of Hsp70 after heat shock pre-domi-
nantly in the cell nucleus assumes that Hsp70 mainly
induces gene expressions to avert damages caused by heat
and even participates in DNA repair. Proton irradiation,
contrary to the heat shock, seems to provoke protein dam-
ages mainly in the cytoplasm indicated by the cytoplasmic
Hsp70 aggregates. Perhaps these directly or indirectly
induced protein damages are more pronounced than dam-
ages in the cell nucleus where no increased Hsp70 activity
was observed. The different expression patterns after heat
shock and proton irradiation lead to the assumption that

the Hsp70 pathways depend on the type of the stressor
and its damages.

Additional note We also assayed the expression of the
transmembrane receptor integrin-b1 and the pro-inflamma-
tory cytokine interleukin-1a 26 h/6 h after proton irradia-
tion. X-rays and c-rays are reported to increase the
expression of integrin and interleukin, though the effect
of proton irradiation is largely unknown [15–21]. The
detection has been carried out by immunocytochemical
staining and was analysed by laser scanning microscopy
afterwards. We could not observe a significant change in
expression of integrin-b1 and interleukin-1a. Thus, we do
not discuss these endpoints here any further.

5. Conclusion

5.1. DNA double strand breaks

A single proton of 2.25 MeV is not sufficient to surely
induce a detectable cH2AX focus in human primary fibro-
blasts. Anyhow, several protons (e.g. 5 protons/pixel) can
induce foci. The number and intensity of the foci increases
with increasing number of protons. However, for our
proton irradiation measurements an induction of app-
roximately 0.8 DSBs/proton [22] seems overestimated. By
cooling the cells on ice directly before irradiation, the delo-
calisation of the cH2AX foci can be reduced. Therefore,
cell cooling for DSB based proton hit verification is
mandatory.

5.2. Heat shock protein 70

A proton irradiation with at least 10 protons/pixel
increases the Hsp70 expression in the cytoplasm and is
represented by point like Hsp70 aggregates. This is con-
trary to the expression pattern of Hsp70 after heat shock,
where Hsp70 is upregulated mainly in the cell nucleus
and no cytoplasmic aggregates are found. Because the
expression pattern was homogenous on the whole Si3N4

window and not only in the cells located in the irradiated
area, this might probably remind of a bystander effect
and remains to be investigated in more detail.
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Abstract

A new target chamber as well as a new 7-axes translation stage with goniometer will shortly be implemented at the LIPSION nanop-
robe in Leipzig. This new stage should enable linear motion as well as rotary motion with high precision, positioning accuracy and
repeatability. These different features have been investigated online as well as offline, with encouraging results. Along with the new equip-
ment, new software is also being developed, to provide stage control running over network. These software developments, including a
graphical user interface, will also be described. As part of the new target chamber, a new external beam facility and irradiation platform
for single ion experiments on single living cells is being assembled. A detailed description of the new cell irradiation platform, including
beam extraction, new cell dishes, and cell recognition aspects will be given. It will be shown that the possibility of offline cell recognition,
possibly using a differential interference contrast microscope, is an option.
� 2007 Elsevier B.V. All rights reserved.

PACS: 07.05.�Dz; 07.10.Cm; 07.30.Kf; 41.75.Ak; 87.50.�a; 87.64.�t

Keywords: Translation stage; Goniometer; Cell irradiation; Single cell; Single ion

1. Introduction

In order to increase the versatility and accessibility of
the LIPSION nanoprobe, a major rebuild of the target
chamber is currently being carried out. The old target
chamber, a system of cylinders and flanges, will be replaced
by a new target chamber (Fig. 1(a)). It has the shape of a
box with a removable top with the dimensions
450 mm * 300 mm * 480 mm, and is equipped with a new
translation stage. The implementation of the new chamber
is planned for the second half of 2006.

One research field at LIPSION is irradiation of living
cells using a micro- or nanoprobe which has been a topic
of interest in radiation biology for some time since this

enables targeting a selected cell with a predefined radiation
dose, thereby excluding uncertainty factors due to Poisson
statistics that are present in broad beam experiments. Fur-
ther advantages with this method are e.g. that sub-cellular
targets can be selected and that the reactions of non-hit
cells neighbouring irradiated cells can be investigated. A
number of facilities around the world – mostly in Europe,
the US and Japan [1–4] – are working in this field, thus uti-
lizing their existing microprobes for new purposes. At the
LIPSION nanoprobe laboratory, single ion irradiation
experiments on single, living cells have been carried out
since 2003 [5,6]. Currently, a new platform for irradiation
of single, living cells is being assembled.

2. The LIPSION laboratory

At LIPSION, the single-ended 3.5 MV SingletronTM

accelerator (High Voltage Engineering Europe) together
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with the horizontal nuclear microprobe (MARC, Mel-
bourne) delivers protons or alpha particles with energies
up to 3 MeV. The smallest beam spot size that has been
attained so far was about 40 nm in the low current mode
[7], and in STIM mode a beam spot size of about 100 nm
can be achieved on a regular basis [8].

The ion beam at LIPSION is focused, as opposed to col-
limated, and this is favourable when irradiating living cells,
as the beam can be scanned while keeping the cell dish
fixed. Most of the work carried out so far in the area of cell
irradiation has been experiments where 2.25 MeV protons
have been used, but on a few occasions 2 MeV alpha par-

ticles have been utilized. The beam spot size in the low cur-
rent mode is around 350 nm for the beam extracted to the
ambient air.

3. New translation stage and goniometer

Thus far, a 3-axes (x, y and z-directions) linear transla-
tion stage from Physik Instrumente has been used for sam-
ple manipulation. This translation stage was not suited for
vacuum applications, and as a consequence, it had to be
kept at air pressure outside the target chamber. The motion

Fig. 1. (a) The new target chamber at LIPSION. (b) The 7-axis translation stage with goniometer.
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was transmitted into vacuum to the sample holder through
a system of bellows.

The new 7-axes translation stage with goniometer
(Fig. 1(b)) from Feinmess Dresden is movable in x, y and
z-directions as well as in h, x 0, y 0 and u-directions. The
translation part consists of 2 piezo motors, controlling
the horizontal motion and the motion in the axial (beam)
direction, and 1 stepping motor, controlling the vertical
motion. The rotation part consists of 4 piezo motors that
control rotation in two axes, as well as additional horizon-
tal and vertical motion.

4. Experimental tests

Several experiments, using the proton beam at the LIP-
SION nanoprobe, have been carried out to investigate the
accuracy and repeatability of the linear part of the transla-
tion stage. As targets for these measurements, a 200 mesh
(i.e. 125 lm/mesh) TEM copper grid with printed letters
and numbers was mounted on a sample holder on the
stage, along with a 2000 mesh (i.e. 12.5 lm/mesh) copper
grid without any numbers or letters.

4.1. Resolution

The two piezos controlling the x- and z-motion both
have a stated resolution of 10000 counts/mm, i.e.
10 counts/lm, meaning that shifting the position of either
of these axes by a single step should correspond to a dis-
placement of a mere 100 nm. The stated positioning accu-
racy, i.e. the difference between the desired position and
the actually reached position, is 1 lm for both piezos.
The x-axis piezo has a travel of 50 mm (i.e. ±25 mm) and
the z-axis piezo has a travel of 25 mm (i.e. ±12.5 mm).

The resolution, as well as the positioning accuracy, has
been investigated at the LIPSION nanoprobe and the

results are shown in Fig. 2. What is shown is consecutive,
stepwise motion, where the axis has been moved one single
step upwards, after which an image of the 2000 mesh cop-
per grid was made and a vertical traverse was selected. In
Fig. 2, the dotted line shows the start position, the dashed
line the position after one step and the solid line the posi-
tion after two steps. It is evident that a single step corre-
sponds to more than the stated 0.1 lm – the relationship
is close to 0.5 lm. For motions consisting of a greater
number of counts, however, the relationship 1 count =
0.1 lm is true – that is, moving an axis 5000 counts does
correspond to a displacement of 0.5 mm. Apparently, there
is a threshold, at around 5 counts, below which the axis
still moves 0.5 lm, regardless of the number of counts
entered into the software. This means that the minimum
step size in practice is 0.5 lm. During all experiments,
the positioning accuracy was determined to be less than
±1 count.

Fig. 2. Resolution test with start position (dotted line) and two consec-
utive steps (dashed and solid lines).

Fig. 3. Sample position steadiness test in horizontal (a) and vertical (b)
directions. Dotted line shows t = t0 and dashed line shows t = t0 + 60 min.
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4.2. Stability over time

The actual lateral resolution in an experiment will dete-
riorate if the stage is not stable enough, but instead makes
the sample drift during longer lasting irradiations. The long
term position stability of the sample has been proven to be
less than 1 lm for the Physik Instrumente stage. The
images in Fig. 3 show the steadiness of the sample position
during an experiment lasting one hour. The position of the
sample on the stage was fixed over a time span of one hour,
and every 15 min a new image of the 2000 mesh copper grid
was made, in order to see whether the sample position had
changed or not.

Fig. 3(a) shows a horizontal traverse and Fig. 3(b) a ver-
tical traverse. In both figures, the dotted line indicates the
position of the copper grid at the beginning of the measure-
ment and the solid line the position after 1 h. As can be
seen in the figure, only a slight shift in the vertical position
of the grid can be seen over this period of time. According
to the Galil Motion Control software [9], the difference in
position between the beginning and the end of the measure-
ment was one count.

4.3. Repeatability

The stated repeatability of the x- and z-motion piezos is
0.3 lm, and this feature has been investigated at the nanop-
robe, too. A particular position on the copper grid sample
was repeatedly revisited, after travelling shorter (0.5 mm)
as well as longer (>20 mm) distances, and every time a
new image of the grid was made. These revisits of the sam-
ple position can be seen in Fig. 4.

The left image of Fig. 4 shows a 50 lm · 50 lm image of
the numbered 200 mesh copper grid. The image in the mid-
dle was taken after the grid had been moved a vertical dis-
tance of 5000 counts and back to the start position. The
image to the right was taken after the grid had been moved
again, a vertical distance of 220000 counts back and forth.
Here, it is evident that, when revisiting a position on a sam-
ple, the error in the vertical axis is insignificant. A small
error, on the order of 1 lm, in the horizontal axis can be
seen after the stage had travelled practically to its end stop

and back. According to the Galil Motion Control software,
there was no difference in the vertical position before and
after the movement, however the horizontal position had
drifted by 2 counts. If this drifting remains after the new
target chamber and the stage have been implemented, it
will be corrected for as part of the software developments.

The stepping motor controlled axis, controlling the
y-motion, has a screw pitch of 4 mm/turn and a stated
repeatability of 1 lm. Initial tests, carried out outside of
the nanoprobe, indicated that for the stepping motor con-
trolled axis a positioning accuracy and repeatability of
about 1 lm can be achieved.

5. Software developments

During these initial experiments, the stage has been
computer controlled via handshake using software from
Galil Motion Control, that was delivered together with
the stage. In the future, however, the control of the new
translation stage will, like the beam control, run over net-
work, using software that has been developed at our divi-
sion. This new software incorporates the Galil commands
into a code that has been written using C++ and Qt, a
C++ class library and application framework. TCP type
sockets have been programmed to administer the commu-
nication between the user interface and the stage controller
unit. Qt was chosen as it is a relatively user-friendly way of
managing this socket communication as well as providing a
user-friendly graphical user interface for the stage control.

6. Cell irradiation setup

Due to the horizontal orientation of the LIPSION beam
line, a vertical cell dish arrangement is required, and such
an arrangement has been successfully implemented and
tested at the facility [5,6]. The new cell irradiation platform
will be built up around the new translation stage, and to
ensure maximum flexibility it will consist of several sepa-
rate components. Integral components are 1) the cell dish
holder, 2) the holder for the particle detector, a retractable
Hamamatsu p-i-n diode which is placed after the cell dish,
and a holder for the microscope objectives and 3) the

Fig. 4. Repeatability test – images showing (from left to right) start position, revisit after 0.5 mm travel and revisit after 22 mm travel.
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holder for the microscope eyepiece and/or the CCD
camera. In Fig. 5 a sketch of the set up is shown.

7. External beam

At the LIPSION facility, the extraction of the beam into
air is realized by attaching an exit nozzle to the beam
entrance in the target chamber wall (Fig. 6). The nozzle
is attached to a flange, onto which the RBS detector is
mounted otherwise. The end piece of the nozzle is
exchangeable and can be adapted for special needs. For cell
experiments, an end piece made of stainless steel will be
used. Where the beam exits the nozzle a 100 nm thick
Si3N4 vacuum window, with an area of 1 · 1 mm2, is glued,
a solution that has proven to withstand the pressure differ-
ence well.

8. Cell dish holder and cell dishes

The prototype for the new cell dish holder is made of
stainless steel and has a slot where the cell dish is inserted.
The holder is attached to the sample stage, after which
some fine-tuning of the stage’s z-position (i.e. in the direc-
tion of the beam) will ensure that the cell dish is in the right

place for irradiation, with the irradiation window as close
to the vacuum window as possible.

A prototype for a new variant of cell dishes is currently
being tried out. These are custom-made, consisting of a
rectangular outer frame, 2 · 2.5 cm2, made of 1 mm thick
acrylic glass, with a circular hole (5.5 mm in diameter)
where the irradiation window is glued. So far, 2 · 2 mm2

Si3N4 frames, 200 nm thick, have served as the entrance
window of the cell dish as this material best fulfils the
requirements of being both thin and flat. An alternative
would be Mylar, with a thickness of 0.9 lm. SRIM simula-
tions [10] of the two alternatives show that, with respect to
beam spreading as well as energy loss, although Si3N4 is
superior to Mylar, the difference is negligible. The irradia-
tion windows have so far been glued to the bottom of the
cell dishes using common stearin, a substance which has
proven not to influence the cell growth negatively. What
could be an alternative is medical glue – something which
is being used by some other groups [11].

9. Cell recognition

Cell recognition software will also be developed at our
division usingC++togetherwith the commercially available
software package ImagePro Plus. The use of cell recognition

Fig. 5. Schematic of the cell irradiation platform.

Fig. 6. The exit nozzle mounted at the beam entrance in the chamber.

Fig. 7. Repositioning accuracy test – images showing (from left to right) start position and the acrylic glass frame after being repositioned into the cell dish
holder twice.
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software will render automated and/or semi-automated
truly targeted cell irradiation possible, as opposed to the pre-
determined patterns that have been used so far. The combi-
nation with a downstream microscope enables online cell
recognition – another possibility is to utilize fiducial markers
on the cell dish itself, thereby recognizing the cells offline. At
the LIPSION facility, such fiducial markers could be fabri-
cated using proton beamwriting.An advantage of offline cell
recognition at LIPSION is that there is a possibility of recog-
nizing unstained cells, using an offline differential interfer-
ence contrast microscope.

However, for offline recognition to function properly,
accurate positioning of the cell dish in the holder is
required if the coordinates delivered from the software
are to agree with the situation during the irradiation.
Fig. 7 shows images where the reproducibility of position-
ing when inserting the cell dish in the holder has been inves-
tigated. The cell dish with a numbered 200 mesh copper
grid was placed in the holder three times and after each
installation a photo was taken. From these images it can
be seen that the cell dish can be repositioned with an accu-
racy of about ±1 lm with the present holder.

10. Conclusion

A new target chamber, with a new 7-axis translation
stage and goniometer, will shortly be operational at the
LIPSION nanoprobe. The preparatory experiments pre-
sented here show that, using this new stage, the accuracy
and repeatability of sample positioning meets the require-
ments at LIPSION very well, which ensures improved
future experimental conditions.
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Abstract

Scanning transmission ion microscopy (STIM) of joint cartilage could visualise single collagen fibrils. Thus, answers

to the controversial questions of their alignment could be given. However, the fibrils form three-dimensional structures

that are not yet fully disclosed. STIM tomography is needed to give more detailed information. The size of the

structures requires a challenging resolution of about 100 nm. The first STIM tomographic experiment has been per-

formed at the Leipzig nanoprobe LIPSION. 360 projections of a cartilage sample (30 lm� 32 lm� 10 lm) were
taken. The pixel resolution was 250� 250 pixels for each projection. The data set was reconstructed at MARC Mel-
bourne using the backprojection of filtered projections technique. The data show the feasibility of STIM tomography in

cartilage research. However, experimental inaccuracies (rotational displacement and magnetic stray fields) have limited

the resolution thus far. Improvements in the experimental set-up will lead to higher resolution. � 2002 Elsevier Science
B.V. All rights reserved.

PACS: 07.78.+s; 41.75.Ak; 42.30.Wb; 87.16.Ka
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1. Introduction

High resolution scanning transmission ion mi-
croscopy (STIM) is a powerful tool to visualize
internal structures of biological tissue with a res-
olution down to 100 nm [1]. The main advantage
of ion microscopy is the capability of the high
energy ions to penetrate the relatively thick sam-

ples (�10 lm) without significant beam spreading.
Thus, we could investigate with STIM the collagen
network in articular cartilage [2]. Articular carti-
lage consists of a collagen fibrous network filled
with highly hydrated macromolecules (proteogly-
cans) and embedded cells (chondrocytes). The
collagen fibres and the proteoglycans have differ-
ent densities due to their different structures. The
tightly packed collagen fibres have a higher density
than the bottlebrush-like proteoglycans [3]. Thus,
they can be distinguished by STIM due to the
different energy loss of the ions. This is the reason
why complicated preparation methods (chemical
fixation, substitution and embedding) can be
avoided, contrary to electron microscopy.
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It is known, that ultrastructural electron mi-
croscopy studies often suffer from artefacts caused
by the preparation techniques [4]. This is one of
the main reasons, why certain network structures
are not yet fully discovered, especially the topic
of fibre orientation in the midzone of the carti-
lage is controversial. We found radially aligned
fibres in the proliferating zone (the middle zone) of
the tibial cartilage [2], whereas a leaf-like network
with randomly oriented fibrils was reported by
Goodwin et al. [5]. In the proliferating zone of the
femoral cartilage we found the suspected tangen-
tially oriented collagen structures. However, the
fibrils seemed to form tubular structures. This is a
relatively new idea about the network architecture
and reported only once [6]. Tubular structures are
difficult to resolve in 2D images. Thus, the inves-
tigation of the three-dimensional arrangement
with STIM-tomography (STIM-T) [7] becomes
necessary for a further proof of the tubular
structure.

2. Materials and methods

2.1. Sample preparation

The cylindrically shaped samples were taken
from the medial tibial articular cartilage plateau of
pig’s knee. The samples were shock frozen in liquid
nitrogen for cryosectioning. The cartilage cylinders
were cut into radial cross-sections at a temperature
of �25�. Cross-sections with thicknesses of 10–30
lm were prepared. Afterwards, the cryosections
were freeze dried for 24 h. In order to find a region
with clearly visible collagen fibres the cartilage
slices were investigated using two-dimensional
STIM.
For the first STIM-T experiment we have cho-

sen to prepare a sample out of the proliferative
zone, where separated radially aligned collagen
fibres predominate. The procedure was to cut the
freeze dried cryosection in radial direction with a
scalpel into small strips. One of the small strips
(10 lm� 30 lm� 500 lm) was glued with carbon
glue onto a needle tip, which was fixed on a gon-
iometer for the axial alignment of the cartilage
sample in the rotating axis of the chamber.

2.2. Experimental procedure

A 3D-STIM-tomography experiment consists
of recording a number of 2D-STIM images of the
sample, called projections, under different incident
angles from 0–180� degree (the third dimension).
The number N of projections which is needed to
completely probe the sample in a circular, cross-
sectional area with diameter 2r (equal to the scan
width) is given by the formula N ¼ ðp=2ÞA, where
A is the scan width in pixels of size s (Fig. 1). From
these projections the 3D density distribution can
be reconstructed.
The STIM-T experiment of the cartilage sam-

ple was performed at the Leipzig Nanoprobe
LIPSION [8,9]. For the analysis the sample was
scanned over an area of 32 lm� 32 lm with a res-
olution of 250� 250 pixels. This gives a step width
(pixel size) of 128 nm. The scan width of 250 pix-
els requires 393 projections. For practical rea-
sons we used 360 projections from 0� to 180� with
a step width of 0.5�. The resulting probed area is
29 lm in diameter, where the sample essentially
fits in.
We used a 2 MeV proton beam focused to a

spot size of less than 100 nm (10 lm circular object
and aperture diaphragms) [10]. The beam current
was kept below 10,000 protons s�1 using the mi-
croslits behind the object diaphragm. The energies
of the transmitted protons were analyzed using a

Fig. 1. Schematic presentation of the probed area (grey) during

N numbers of projections (rotation from 0� to 180�). The scan
width is given by the number A of steps with width s. One needs

N ¼ ðp=2ÞA projections to completely probe a circular area of
radius r.
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PIPS detector (Canberra, PD-50-11-300-RM) po-
sitioned 40 mm behind the sample at 0�, i.e. on axis
geometry. The energy resolution was 9 keV for the
2 MeV protons. The projections were recorded by
horizontally scanning the beam over the sample
from top to bottom. The beam dwelled at each
sample point (pixel) until five protons were col-
lected before moving onto the next point. The
detector was slightly displaced every three to four
projections to prevent changes in energy-channel-
calibration due to detector damage. The recording
time of one projection was less than 1 min. The
rotation was performed by a computer controlled
high precision step motor. The total recording time
of the 360 projections was 8 h.

2.3. Three-dimensional reconstruction

The data set was reconstructed at the Micro-
analytical Research Centre (MARC) Melbourne
using the backprojection of filtered projections
(BFP) technique. The reconstruction is of the en-
ergy loss data. No composition information has
been used, it has not been corrected for stopping
power and there has been no pixel averaging. The
only information that can be extracted from
the reconstruction are qualitative values showing
the contrast of morphology within the sample.

3. Results and discussion

3.1. 2D analysis

The first step for STIM-T was to record a ste-
reoscopic image of radially aligned collagen fibrils
of the tibial proliferative zone (Fig. 2). The two
images were recorded with an angular offset of 6.5�.
The scan width was 40 lm� 40 lm with a sample
thickness of 30 lm. Thus an overview of the car-
tilage structure in a relatively large cubic volume
was obtained.
The 3D arrangement of the chondrocytes within

the cartilage matrix is clearly visible. However, to
see the arrangement of the collagen fibres is more
challenging. The reason is a beam position insta-
bility during the STIM measurements due to
magnetic stray fields in the laboratory (DB � 1 lT).
The fluctuation in the position of the beam was
determined to be�150 nm using the test sample for
submicron ion-beam analysis [11].

3.2. 3D analysis

Despite these experimental troubles we per-
formed the 360 projections for the STIM-T exper-
iment. Fig. 3 shows a set of projections giving an
overview of the sample (30 lm� 32 lm � 10 lm).
The main feature is an isogonic pair of chondro-

Fig. 2. Stereoscopic representation (grey scale energy loss STIM-images, median transmitted energy, range: 1826 keV (black)–1949

keV (white)) of radially aligned collagen fibres (bright strings) surrounding five cartilage cells (chondrocytes). The proteoglycans are

represented by the grey shadow between the fibres. The stereoscopic image gives an overview of the internal cartilage structure in a

volume of 40 lm� 40 lm� 30 lm in size. Look at the stereoscopic image in parallel view, the left eye looks at the left image, the right
eye at the right image.
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cytes. Inside the chondrocytes intracellular struc-
tures are visible (probably mitochondria). The pro-
jection at 12� shows the sample from the smaller (10
lm) side. In the projection at 84–120� the radially
aligned fibres are just visible. During the rotation,
the sample shifted downwards by 4 lm. This caused
problems during the reconstruction but was cor-
rected to some extent.
Fig. 4 presents the reconstructed 3D qualitative

density distribution and four tomograms of dif-
ferent planes through the sample [12]. The large
image in the middle represents a superposition of
two rendered densities: the overall grey represents
a medium density and the denser parts (on the left
edge of the sample) appear in dark grey. The low
density is not presented for the sake of clarity. In
this image the planes are indicated from which the
four tomograms were extracted. The planes 1, 3
and 4 show the cells with the internal structures.

These structures, already known from the higher
resolution images of the projections (Fig. 3), rep-
resent probably mitochondria. Mitochondria are
cell organelles with a high phosphorus content,
and may be a worthy goal for a PIXE-tomogra-
phic attempt [13,14].
Plane 2 was extracted from the cell free region,

where the collagen fibres were cut transversally. In
this matrix region above the cells, density varia-
tions appear. Due to the experimental inaccuracy
it is not likely, that these variations show single
collagen fibres. However, they reveal that density
variations due to internal cartilage matrix struc-
ture can be visualized with high resolution. Due to
the relatively low energy loss the beam spatial
broadening is less than 100 nm. This shows that
the limitations in resolution were mainly based on
experimental inaccuracies (rotational displacement
and magnetic stray fields).

Fig. 3. Set of projections (32 lm� 32 lm) showing the cartilage sample from different angles. Brighter parts within one projection
refer to higher energy loss, i.e. higher density. The intracellular structures are clearly visible. In the projection at 84� to 120� the radially
aligned fibres become just visible. There is a sample shift from 0� to 180� of 4 lm downwards.
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4. Conclusions

The 3D qualitative density distribution of a
cartilage sample, i.e. a complicated biological sys-
tem, was obtained using STIM-tomography. The
results show that the 3D visualization of the col-
lagenous network is possible. Thus, the full struc-
tural information on tubular structures in cartilage
can be obtained, but requires microprobes with
excellent performance in terms of lateral resolution
and stability. Therefore, we plan to install an active
compensation of magnetic stray fields in order to
get image resolutions comparable to the beam spot
size of less than 50 nm [10]. Furthermore, we are
engaged in the development of software for image
reconstruction and 3D visualization.
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Abstract

Computed tomography (CT) was applied to sets of Scanning Transmission Ion Microscopy (STIM) projections recorded at the

LIPSION ion beam laboratory (Leipzig) in order to visualize the 3D-mass distribution in several specimens. Examples for a test structure

(copper grid) and for biological specimens (cartilage cells, cygospore) are shown. Scanning Transmission Micro-Tomography (STIM-T)

at a resolution of 260 nm was demonstrated for the first time. Sub-micron features of the Cu-grid specimen were verified by scanning

electron microscopy.

The ion energy loss measured during a STIM-T experiment is related to the mass density of the specimen. Typically, biological

specimens can be analysed without staining. Only shock freezing and freeze-drying is required to preserve the ultra-structure of the

specimen. The radiation damage to the specimen during the experiment can be neglected. This is an advantage compared to other

techniques like X-ray micro-tomography. At present, the spatial resolution is limited by beam position fluctuations and specimen

vibrations.

r 2006 Elsevier B.V. All rights reserved.

PACS: 41.75.Ak; 87.59.F

Keywords: STIM-T; Focussed ion beam; Tomography; Energy loss projection; Biological specimen; Sub-micron resolution

1. Introduction

The technique of Computed Tomography (CT) is used
to determine the 3D distribution of a physical property in a
specimen from a set of projections taken at different
orientations [1]. The development of CT was mainly driven
by medical applications. The first medical scanner used X-
rays and was presented by Godfrey Hounsfield in 1973
(later he was awarded the Nobel Prize together with Allan
Cormack). However, the theory of reconstruction from
projections is universal and can be modified for other
forms of radiation, such as focussed ion beams.

The physical quantity measured in scanning transmis-
sion ion micro-tomography (STIM) is the energy loss of the
ions. This primary data can then be fed into a STIM-T 3D
reconstruction process. Focussed ion beams were first used
for tomographic analysis by Cormack and Koehler [2].
Their first test used a 128MeV proton beam with a
diameter of 2mm. Pontau et al. [3] and Fischer [4] showed
that ion-beam tomography is possible with a resolution of
several microns. With further development, beams with
smaller diameters became available, and sub-micron
resolution was achieved [5]. This development led the
way for practical biological applications [6].
This paper gives examples for high-resolution tomogra-

phy, addresses the effects specific to ions like lateral beam
broadening, energy straggling, detector damage and the
energy dependence of the stopping power of the ions. The
standard reconstruction method of backprojection of
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filtered projections (BFP) [1,7] was used and problems of
beam position fluctuations and inaccuracies of the rota-
tional movement at the sub-micron scale are discussed.

The advantages and drawbacks of STIM-T can be
summarized as follows:

(1) Non-transparent objects can be studied in contrast to
confocal laser scanning microscopy; however, samples
have to be in vacuum, i.e. living specimens cannot be
studied. The focal range of STIM-T is large and of the
order of 100 mm. STIM of living cells, however, is
feasible without noticeable increase in apoptosis or
other endpoints.

(2) The sample preparation is easy: freeze-dried samples
without fixation and dyes are adequate; this reduces the
risk to study preparation artefacts. Electron tomogra-
phy is an emerging new technique, however sample
dimensions have to be far below 1 mm due to excessive
lateral straggling.

(3) The radiation dose is about two orders of magnitude
lower compared to X-ray micro-tomography; thus no
cryo-fixation is required and radiation damage plays
little role.

2. Experimental setup

A schematic view of a STIM-T experiment is shown in
Fig. 1. The ion beam is scanned across the specimen using
magnetic coils. The angular displacement of the beam can
be neglected since the distance between the coils and the
specimen is �30 cm. A windowless PIN photodiode
(Hamamatsu 1223-01) with a resolution of 27 keV at full-
width at half-maximum (FWHM) measures the residual
energy of the protons after traversing the specimen. The
FWHM value of roughly 35 keV for the energy straggling

is slightly larger than the FWHM of the detector, which
means the effects of energy straggling can be ignored.
Because of the statistical nature of the interaction between
individual protons and a specimen, multiple energy loss
measurements are made and are later median filtered to
remove non-representative values. The detector suffers
from damage during the experiment since the protons are
implanted into the crystal. Thus, as soon as the deviation
of the measured energy for protons in vacuum, i.e. outside
the sample, decreases by 1%, the detector is shifted to
expose a fresh region. This occurs every 10 to 20
projections.

2.1. Sample preparation

The cartilage specimens were prepared as follows: a
small cylinder was punched from a knee joint (tibia) of a
juvenile pig within 48 h after slaughter and plunged into
liquid nitrogen. The frozen specimen was cut into slices of
20 mm thickness with a cryo-microtome and subsequently
freeze dried. Under a microscope, rods of �15–20 mm in
diameter were cut from the micro-sections using a scalpel.
Another biological specimen, a cygospore, was simply
dried in air. The test specimen was a portion of a
2000-mesh Cu-grid with known dimensions.
All specimens were mounted on a steel needle using

carbon glue (Leit-C, Plano GmbH). The needle is attached
to a goniometer head and, with the help of the integrated
microscope in the specimen chamber, is shifted and tilted to
align the rotational axis with respect to the long axis of the
specimen. The projection angle of the specimen axis is
controlled via a step motor during the experiments. A
motorized x/y stage corrects the specimen position in case
it moves out of the field of view during specimen rotation.

2.2. Data acquisition and pre-processing

The diameter of the incident proton beam was 80 nm.
For all experiments a set of 361 projections, 250� 250
pixels each, were recorded in steps of 0.51. Depending on
the proton count rate the acquisition of a single projection
took about 30 to 60 s. Ideally, for a projection width of
Nx ¼ 250 pixels, a set of Nxp=2 ¼ 392 projections should
be acquired [8]. However, only 360 projections are collected
and we tolerate that the full resolution is only achieved
within a central area of 229 pixels in diameter because the
object is confined within this area. At each position of the
scan, the proton beam dwells until five protons are
collected before the scan proceeds to the next position.
These five energy values are median filtered. Median
filtering is the method of choice for STIM because it
excludes spurious and random events from contributing to
the measured energy loss [9].
The damage of the detector causes artefacts because the

sensitivity is locally reduced and phantom energy losses
next to the specimen’s image may occur. This can be
corrected for by thresholding the energy values. Since

ARTICLE IN PRESS

Fig. 1. Schematic drawing of a STIM-T experiment. For the experiments

described in this paper, the spot size of the incident beam at the specimen

surface was adjusted to 80 nm. Energies of single protons are measured

with a p–i–n photo diode. The co-ordinates of the scanning system are

combined with the measured energy values to map the specimen since the

detector has no spatial resolution.
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thresholding can lead to an erosion of contours in regions
of the specimen with very low energy losses a second
method was applied in the case of the Cu-grid: the
object contour was detected with a special algorithm
and every energy loss value outside the object was set to
zero. Furthermore, the projection data was aligned by
fitting the centre of mass of the individual energy loss
projections to a sine curve, using a curve fitting algorithm
developed in Refs. [10,11] and described in Ref. [12].
This is an essential step since the bearings of the
goniometer are not accurate at the mm-scale as required
for the reconstruction.

In our experiments we used proton beam energies of 2
and 2.25MeV. The maximum energy loss of the cartilage-
specimen was 200 keV and the stopping power was
approximated to be constant in that range between 1800
and 2000 keV (see Fig. 2). If the energy loss of the ion is
independent of its instantaneous energy and the composi-
tion of the specimen is homogenous, the energy loss is
proportional to the areal mass density. Because of these
assumptions for our cartilage specimen, the qualitative
reconstruction of the specimen morphology could be
obtained directly from the energy loss values without a
conversion to the areal mass densities. No a priori
knowledge was used for the reconstruction of the biological
specimen. For the copper grid we used the knowledge of
the composition for the conversion of the energy losses to
the areal mass densities.

2.3. Tomographic reconstruction and ion beam specific

effects

The experimental procedure of measuring a set of
projections within one slice of a specimen is mathematically

equivalent to sampling the Radon transform of the object
slice [1,7]. There are two ways to invert the Radon
transform. The first one is an iterative approach. It
involves a forward simulation of the Radon transform
which is then compared to the projections measured in the
experiment so that iterative corrections are applied to the
tomogram. These iterations continue until the simulated
and measured projection data are sufficiently similar.
Examples are the Algebraic Reconstruction Technique
(ART-algorithms) [7,13] and the Discretized Image Space
Reconstruction Algorithm (DISRA) [14]. The second
approach is a direct approximation of the inverse Radon
transform, and such methods are sometimes called trans-
form-based techniques. The most common transform-
based algorithm is the Backprojection of Filtered Projec-
tions (BFP) [1]. In this paper, BFP was used to reconstruct
all sets of experimental data apart from the copper grid
specimen, where DISRA was used. Both algorithms were
implemented in the software package [11].
In STIM-T experiments, many deviations from the ideal

projection process occur which need to be corrected.
Alternatively, the experimental conditions can be adjusted
to get an approximation closer to the ideal projection
process. The specific ion beam characteristics of concern
are the energy dependence of the stopping power, the beam
broadening within the specimen (lateral straggling) and the
energy straggling. These phenomena are discussed next.
The energy loss of an ion passing through a specimen

can be described by the linear stopping power dE/dx which
consists of a nuclear fraction, which is insignificant at the
typical ion energies used for STIM, and a dominating
electronic fraction. The electronic part of the linear
stopping power is due to the elastic Coulomb interactions
between the penetrating ion and the electrons in the
specimen and is described by the Bethe–Bloch-equation
[15], for ion energies above 200 keV. It is proportional to
the electron density of the material. Usually the stopping
power is defined as

SðEÞ ¼
1

r
dE

dx
¼

dE

dðrzÞ
¼

dE

dm
, (1)

where r indicates the volume mass density and m the areal
mass density. For a compound, the stopping power is
calculated using the Bragg rule:

SCðEÞ ¼
X

Z

cZSZðEÞ. (2)

Here, cZ denotes the mass fraction for the element in the
compound with atomic number Z and has a corresponding
stopping power SZ. The values for the stopping powers SZ

are tabulated [16,17]. An illustrative graph for the linear
stopping power (dE/dx) of protons in cartilage is shown in
Fig. 2.
If a quantitative reconstruction of the mass density in a

specimen is required, the energy loss has to be converted to
the projected areal mass density m along this trajectory
prior to the reconstruction [3]. The conversion at every
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Fig. 2. Monte Carlo simulation for the energy loss of protons in cartilage.

The SRIM software package [15] was used for the simulation and the

assumed composition of cartilage was C10H13NO2.2. For the qualitative

reconstructions of the specimen density no dependence of the stopping

power on the energy was used. This amounts to the approximation that

the linear stopping power is constant in the range between 1800 and

2000 keV.
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scan position t within the projection line is accomplished
via

mðtÞ ¼
Z ERðtÞ

E0

1

SCðtÞðEÞ
dE, (3)

where E0 is the incident beam energy and ER(t) is the
measured residual energy of the transmitted ion. Typically,
quantitative reconstructions can only be performed when
the specimen’s composition C(t) is known and Eq. (3) is
applied. To obtain this information, other techniques like
particle-induced X-ray emission (PIXE) or a priori knowl-
edge may be used. Nevertheless, for biological specimens,
the accuracy of the areal mass density can be as good as
several percent with only an approximate knowledge of the
composition [13,18]. Therefore, to obtain a specimen’s 3D
morphology, a qualitative reconstruction using only the
energy loss projections is usually adequate.

Another point to be considered is the lateral beam
straggling [19]. The resulting beam profile that defines the
interaction volume within the specimen is a convolution of
the incident beam profile and the broadening function due
to the multiple scattering with the electrons in the
specimen. A simulation of beam broadening using SRIM
[17] revealed a quadratic dependence between broadening
and depth of penetration. For a 2MeV proton beam and a
cartilage specimen of 15 mm thickness, a beam broadening
of only 120 nm is calculated [17]. An investigation of lateral
beam broadening [20] shows that the widely used SRIM-
code may underestimate the experimental values of beam
broadening by about 40%. It is important that the
interaction volumes for each ion trajectory do not overlap
otherwise the spatial resolution of the reconstructed
specimen is degraded. In such a case, the effects of beam
broadening must be accounted for in the reconstruction
process. For a given specimen, the two parameters that
control the broadening of the proton beam are the incident
energy and the specimen thickness.

A further effect caused by the statistical nature of the
multiple interactions between ions and the electrons of the
material is energy straggling: a beam of defined energy will
have a Gaussian energy distribution after interacting with
matter [21]. A SRIM simulation of the energy distribution
assuming 2MeV protons and 20 mm of (freeze dried) joint
cartilage yields a FWHM of 34.8 keV [12]. This is in good
agreement with the theoretical predictions in Ref. [20].

All data sets but one were reconstructed qualitatively by
reconstructing the sinogram data directly with a BFP
program. Only the copper grid was reconstructed using the
DISRA program in addition. A Ram-Lak apodizing
function [22] with a bandwidth of 0.6 was used because it
turned out to be a good compromise between the sensitivity
to noise in the data and the attainable resolution. To
reconstruct these 250� 250� 250 voxel data sets on a
1GHz Athlon PC running under Linux, the non-iterative
qualitative BFP reconstruction takes 4min, whereas the
iterative quantitative DISRA reconstruction takes 2.5 h.

3. Results and discussion

Figs. 3–6 show transparent volume renderings of the
tomograms, generated by the program drawer3D [11]. All
reconstructed data sets have a size of 250� 250� 250
voxels. In Figs. 3 and 4 (stereo-image pair), the internal
structures of the cartilage cells embedded in a dense matrix
are clearly visible. Since the time between slaughtering of
the pig and the freezing of the specimens was 48 h, the cells
seem to be necrotic and cell structures like the nucleus were
therefore already disintegrated. In future experiments, the
specimen preparation has to be improved, e.g. faster
freezing with liquid nitrogen cooled isopentane. Some
structures of the cell organelles are clearly visible at a sub-
micron level as can be inferred from the scales shown in the
figures.
Fig. 7 shows slice #150 of the Cu-grid tomogram. Note

the well-resolved sharp structure at the bottom. This was
the result of cutting the Cu-grid with the scalpel and is well
resolved.
It should be pointed out that all the reconstructions of

biological specimen shown here were performed without
the use of any prior knowledge of the specimen. For the
copper grid an additional quantitative reconstruction was
done using the DISRA technique. The composition of the
material was known (copper) and the accuracy of the
reconstructed density agreed with the tabulated value of
8.96 g/cm3 within 4%. The accuracy of the density values
depends on the knowledge of the specimen’s composition
and physical dimensions of the scan area. Compared to the
qualitative reconstruction, there was no noticeable differ-
ence in morphology. However, a slightly increased level of
noise was observed.
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Fig. 3. The tomogram of a cartilage cell from the knee joint (tibia) of a

juvenile pig, shown as a semitransparent rendering, generated with

drawer3D [11]. Cell structures like the nucleus were not preserved and

the cell seems to be necrotic because of the delay between slaughter of the

animal and freezing of the specimen. The data set of the reconstruction has

a size of 250� 250� 250 voxels and the spacing between scanned points in

the projections was 140 nm. The arrow indicates a sub-micron structure,

the small bar below indicates the size of 1 mm.
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In order to verify the accuracy of STIM-T, additional
scanning electron microscopy (SEM) was performed on the
Cu-grid. In Fig. 8, the surface rendering of the Cu-grid
tomogram is compared to the electron micrograph of the
specimen surface. The morphology and several sub-micron
features present in the STIM-T tomogram were confirmed
by the SEM images.

To determine the resolution of the reconstruction, one
edge of the Cu-grid tomogram was analysed via a line scan.
An error function was fitted to the intensity profile and
yielded a resolution of 260 nm, as shown in Fig. 9. The edge
definition of the copper grid is not exactly known.
However, it is certainly better than 200 nm, judging from
the SEM-images. Therefore, this figure seems a conserva-
tive estimate. Since biological specimens usually do not
provide sharp edges or other test structures similar to the
copper grid, it is difficult to extract a similar figure from
line scans over fragments of the cartilage cell nucleus or the
cygospore core structure. However, we expect a compar-
able resolution for biological specimens as for the copper

grid because of the absence of shrinkage at currents in the
order of 0.1 fA (10�16A). Repeated STIM-microscopy
images yield identical results for the same projection.
Furthermore, the doses in STIM-T experiments are too low
to affect the morphology, as will be discussed below.
Fluctuations of the beam position due to external stray
magnetic fields in the order of 1 mT and specimen
vibrations limited the attainable resolution thus far. The
Leipzig Nanoprobe can produce beam cross sections below
50 nm [23], but the statistical fluctuations of the specimen
and beam positions were measured to have a FWHM of
350 nm (vertical) and 290 nm (horizontal), respectively [12].
Therefore, the position uncertainty rather than the beam
broadening or the diameter of the beam limited the spatial
resolution of the tomograms. This problem has subse-
quently been alleviated by the installation of an active
compensation system against stray magnetic fields [24].
However, the specimen vibration remains to be eliminated.
A new target chamber with UHV-translation stages with
shorter dimensions and a UHV-goniometer are under
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Fig. 4. The tomogram of a cartilage cell from the knee joint of a juvenile

pig, showing some selected regions. The distance between sampled points

in the projections was 117 nm. This stereopair may be viewed with the

optical axis of your eyes almost parallel but still focussing to the paper.

Fig. 5. The tomogram of a cygospore, shown as a semitransparent

rendering. An internal, clearly segmented structure of lower density can be

seen.

Fig. 6. The tomogram of a section of Cu-grid (2000 mesh per inch), shown

as a semitransparent rendering. The spacing between the sampled points

of the projections was 96 nm.

Fig. 7. A cross-section at slice 150 from the Cu-grid tomogram depicted in

Fig. 6. One pixel corresponds to 96 nm. The bar next to the lower edge

corresponds to 1 mm.
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construction and should greatly reduce specimen
vibrations.

We did not correct for beam broadening during the
reconstruction since fluctuations of the beam position were
found to be larger than the simulated beam broadening
expected for these biological specimens. Hence, only a
small improvement of the resolution would be expected for
these data sets. Bench et al. [25] demonstrated an
improvement in resolution by incorporating beam broad-
ening into the reconstruction process of STIM-T, but the
model was restricted to a similar geometry and composi-
tion over neighbouring slices. An implementation of a full
3D model for lateral beam broadening should be feasible
for an iterative technique such as DISRA [14], but at the
cost of increased computation time and the development of
a more sophisticated model for beam broadening.

3.1. Comparison to other methods

There are other methods, for example X-ray micro-
tomography, that can reconstruct the 3D volume of

biological specimens at a resolution down to 60 nm [26],
but synchrotron radiation is required and the radiation
dose of 108–109Gy may damage the specimen. For STIM-T
the dose is more than two orders of magnitude lower. This
number can be estimated as follows: An upper limit for the
linear energy transfer in a biological specimen for
2.25MeV protons is about 15 keV/mm. A cartilage speci-
men of 20 mm� 20 mm� 20 mm (volume: 8000 mm3) receives
in the order of 200 (pixels)� 200 (pixels)� 5 (protons/
pixel) ¼ 2� 105 protons per projection each of which
deposits 15 keV/mm� 20 mm ¼ 300 keV, i.e. a total depos-
ited energy of 300 keV� 2� 105 (protons) ¼ 6� 1010 eV
per 1 g/cm3 (density of water)� 8000 mm3

¼ 8� 10�12 kg.
This results in a dose of 0.75� 1022 eV/kg ¼ 1.2� 103 J/kg
(or Gy). With a total of 360 projections we finally obtain a
figure about 4� 105Gy. Thus, cryo-fixation is not required
to preserve the morphology.
Another technique with 3D capability, high resolution

and low radiation dose is Electron Tomography [27].
Unfortunately, because of the very small penetration depth
of the electrons, the specimen size is below 1 mm, which
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Fig. 8. Left: Scanning Electron Microscope image of the Cu-grid specimen. Some distinct features are in the sub-micron range and are clearly reproduced

in the STIM-T tomogram. Right: Iso-surface rendering of the Cu-grid tomogram shown in Fig. 6. One period of the 2000 mesh grid corresponds to

12.7mm.

Fig. 9. Slice of the 3D dataset of the reconstructed density of the copper-grid. The arrow indicates the location where the profile data shown on the right

was extracted. The solid line is an error function fitted to the edge. This yields a lateral resolution of 260 nm assuming an infinitely sharp edge definition of

the copper-grid.
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makes the specimen preparation difficult and restricts the
applications.

One further 3D analysis technique is the Serial Block-
Face Scanning Electron Microscopy reported recently [28]
where a resolution of 50–70 nm in axial direction and about
10 nm in lateral direction was accomplished. This method is
destructive since the respective top layers of the specimen
are physically removed. If the loss of the specimen and the
technical effort is not a problem, relatively large specimen
areas can be analysed at high resolution. For a quick
overview, the features of the mentioned 3D methods are
compared in Table 1.

4. Conclusion

STIM-T can be used to image the 3D structure of
biological specimens at a resolution better than 300 nm and
does not require any staining techniques to enhance the
contrast of the material density in the specimen nor does it
require cryo-fixation.

Without prior knowledge of the specimen composition,
accurate 3D morphological images are obtained. If the
specimen composition is known, a quantitative reconstruc-
tion of the 3D density distribution may be calculated with a
potential accuracy of 10% [9].

To our knowledge, the resolution of 260 nm is the best
value obtained with the STIM-T method so far; it can still
be improved. A resolution of 100 nm may be obtained if the
stray magnetic fields in the lab are sufficiently compensated
and specimens smaller than 15 mm in diameter can be
prepared. In this case, simulations of the lateral beam
broadening show that interaction volumes smaller than
100 nm in diameter can be accomplished and modelling of
beam broadening in the reconstruction process is not
necessary. STIM-T can be applied to analyse the 3D
structure of a wide range of biological and technical
specimens. A precondition is that the ion-beam has
sufficient energy to traverse the specimen. The technique
offers a combination of high resolution, simple specimen
preparation and very low radiation damage.
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Nukleare Festkörperphysik. Hier ist es mir jetzt ein besonderes Bedürfnis, meinem
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für ihre pragmatische Unterstützung und Hilfe in allen verwaltungstechnischen Angele-
genheiten.

Schon viel eher und vor allem mehrfach hätte auch meine Freundin Dipl.-Biol. Anja
Fiedler in besonderer Weise genannt werden müssen. Die Ergebnisse ihrer Arbeiten in
unseren Laboren, als Diplomandin auf radiobiologischem Gebiet und als Doktorandin
in der Neurowissenschaft, haben mein Forschungsfeld enorm bereichert. Aber mein
innigster Dank gilt ihr für die große Unterstützung, die sie mir in persönlich sehr
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