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Abstract

The Cracow microprobe was applied to determine the age of small detritalmonazite crystals extracted from the

uppermost carboniferous sandstone of Upper Silesia Coal Basin (southern Poland). The method applied follows the

technique of chemical dating of U–Th minerals: assuming that the monazite crystal is a closed system and all Pb within

grain is radiogenic, it is possible to determine the age of a specimen by solving an equilibrium equation which includes

as computational factors the elemental contents of U, Th and Pb and decay times of uranium and thorium. Using this

approach, thanks to rather fast Pb accumulation in a crystal, monazite older than 100 My may be dated with relative

ease. The investigated specimens were clusters of crystals, 30–100 lm in size, polished and mounted in Epoxy resin. Due

to different geological history, the age of individual crystals from one sample may differ significantly, therefore the

application of a microprobe has been necessary to extract information concerning single monazite grains. Two age

groups were identified: small cluster, connected with Cadomian tectonothermal event (579� 30 My) and dominating

cluster, connected with Variscan tectonothermal event (329� 19 My, 353� 41 My). After successful preliminary

measurements carried out in a provisory experimental chamber, an optimized chamber was constructed and set into

operation for regular studies. Together with results of these investigations, the constructional details of the new

chamber are presented.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Monazite, a phosphate of rare earth elements,

(Ce,La,Th)PO4 is frequently used in geological
sciences to date rocks. It is a very useful tool for

isotope geochronology (U/Pb, Sm/Nd methods)

and chemical Th–U-total Pb isochron method
ved.

mail to: janusz.lekki@ifj.edu.pl,


J. Lekki et al. / Nucl. Instr. and Meth. in Phys. Res. B 210 (2003) 472–477 473
(CHIME) dating [1]. The latter technique

(CHIME) can be used to analyze mineral grains as

small as 10 lm. The age calculated by this method

has a geological meaning if non-radiogenic lead is
negligible and no modification of the U/Th/Pb

ratios has occurred except by radioactive decay [2].

We assume, that received data represents the age

of primary event crystallization from liquidus of

magma or metamorphic hydrothermal fluids.

The region of the research, Upper Silesia Coal

Basin (USCB) represents the erosional remnants

of the Moravian–Silesian Basin [3]. This basin was
situated within a foreland of orogenic zones of the

Variscan system during the Carboniferous [4]. The

coal-bearing rocks of the USCB concordantly

overlie sediments of the lower Carboniferous flysh

association, and include 4 lithostratigraphic series:

the Paralic Series, The Upper Silesia Sandstone

Series, the Mudstone Series and the Krakow

Sandstone Series. The coal bearing strata are
overlain by the Kwaczała Arkose, which lacks coal

seams and is developed in the redbeds facies. The

Upper Silesia Coal Basin is flanked by a mosaic of

Palaeozoic, fault-bounded tectono-stratigraphic

units (terranes) which can be potential sources of

clastic detritus for the Carboniferous segment of
Side view objective,
mirror and CCD camera

Rear view objecti
and CCD camera

Faraday cup
and its manipulator

X-ray detector #1

Proton beam
direction

(A)

Fig. 1. Cross-sectional views of the Cracow microb
the basin fill [5]. These units belong to the Variscan

platform of central Europe, which is currently

considered to represent an agglomerate of allo-

chthonous terranes. The exact arrangement of the
terranes and their evolution during Palaeozoic

times are still a subject of controversy.
2. Experimental

The Cracow proton-microprobe operates at the

3MV Van de Graaff accelerator using a short-
length (2.3 m) forming system [6]. The beam spot

size is in the range of 3–10 lm at the beam current

of 100 pA–3 nA. Recently a new measurement

chamber has been constructed, set-up and put into

regular operation. The chamber allows simulta-

neous operation and data acquisition with the use

of two X-ray detectors, one optional particle de-

tector (standard or annular) and a microchannel
secondary electrons detector. Up to four speci-

mens (diameter �10 mm) together with energy

calibration sample and a dimensional calibration

grid are mounted on manually operated precise

manipulator of four degrees of freedom (XYZ and

rotation).
ve

Adjustable X-ray
attenuation filter

Sample
holder

Manipulator

(B)

eam chamber: (A) top view and (B) side view.
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A top view of the experimental chamber is

shown in Fig. 1(A). Two optical systems with

CCD cameras provide magnified picture of a front

and rear side of the sample. Side view objective is
monitoring the sample surface and the beam spot

position using a tilted mirror (not shown here). To

simplify the drawing the sample holder and ma-

nipulator were also removed from Fig. 1(A). A

side view of the chamber is presented in Fig. 1(B).

Optional filtering of high intensity low energy

X-rays is provided with the use of Al foil filters

(20–100 lm thick) mounted on a linear manipu-
lator in front of the main detector.

The placement of the two X-ray detectors is

shown in Fig. 2(A). The chamber design allows the

flexible use of different devices: a standard, liquid

nitrogen cooled Si(Li) system or small AMPTEK

detectors cooled by the Peltier elements. Fig. 2(B)

presents the placement of the backscattered particles

and secondary electrons detectors (please note that
in Fig. 2(B) the standard particle detector shown in

Fig. 1(B) was replaced by the annular one).

All detector signals and beam charge (collected

either from a Faraday cup or from the sample) are
Attenuation filtersAttenuation filters

Sample holderSample holder

Filter adjustmentFilter adjustment

rotary motion rotary motion 

feedthrough

X-rays X-rays 

detector #1

Calibration gridsCalibration grids

X-rays X-rays 

detector #2

Sample manipulatoSample manipulato

feedtrough

(A)

Fig. 2. Microbeam chamber – geometry of detectors. (A) X-ray de

roughly to the beam direction). (B) RBS particle detector and a chan
acquired in the list mode by the data acquisition

system based on 8-channels, peak sensing 12 bits

ADC (C420, CAEN) and digital counters working

in CAMAC crate under supervision of a PCI
controller interface (C111S, Wiener) and a stan-

dard PC. The microprobe scanning mode enables

also the dynamic on-line two-dimensional (2D)

display of the elements distribution in a sample by

setting the regions of interest (ROI) in the total

spectrum.

Two samples, A and B, were collected from

Gr�oodek Gorge, Kwaczala Arkose. The standard
separation procedure was applied: crushing, siev-

ing (diameters in the range of 30–100 lm), and as

the next step gravity and finally magnetic separa-

tion of monazite crystals. Separated loose grains

were fixed in Epoxy resin and polished with dia-

mond paste to remove upper layers of material.

To provide the cross-checking of the results,

preliminary measurements of selected monazite
grains were carried out first at the LIPSION mi-

croprobe of the Leipzig University [7]. The per-

formance of the LIPSION facility is several times

better than the resolution of the Cracow system.
r r 

(B)

Annular particle Annular particle 

detector

SampleSample

ChanneltronChanneltron

tectors and attenuation filter (tilted front view corresponding

neltron used for secondary electrons registration.



J. Lekki et al. / Nucl. Instr. and Meth. in Phys. Res. B 210 (2003) 472–477 475
However, for the purpose of present investiga-

tions, the application of the high-end microprobe

is not essential and the beam spot of a diameter in

the range of 10 lm is sufficient for satisfactory
imaging of the crystals and taking the micro-

PIXE/RBS data [8].

Main part of the monazites dating experiment

was performed at the Cracow microprobe facility.

For every specimen approximately 20 monazite

grains were randomly chosen and measured using

the following experimental conditions: protons
Fig. 3. Microscopic image of the monazite grains mounted in E

Fig. 4. (A) Region of PIXE spectrum containing X-ray peaks used f

ployed for matrix estimation. Heavier elements are not distinguishab
energy 2.2 MeV, beam current 200–500 pA, beam

spot size 10 lm. A 60 lm Al foil filter was used to

suppress low energy X-rays from the matrix. Due

to relatively low beam current and small solid
angle of a Si(Li) detector used (FWHM 162 eV at

5.9 keV), every single measurement was acquired

for about 20 min at count rates never exceeding

2000 cps. The accumulated beam charge was in

the range of 0.3–0.8 lC. Relatively low statis-

tics (cf. data from [8]) was responsible for rather

large experimental errors (see Section 3). The
poxy resin. Grain sizes are in the range of �30–100 lm.

or age calculations. (B) The corresponding RBS spectrum em-

le by proton RBS.
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microscope image of the monazite grains sample

and the example PIXE and RBS spectra are shown

in Figs. 3 and 4.
3. Results and discussion

The measured spectra were evaluated using a
software package GUPIX [9]. An estimation of the

matrix composition and density was performed

using the proprietary RBS software [10] and the

GUPIX routine for matrix iteration. Main matrix

elements were O and P (roughly 90% of stoichi-

ometry as can be estimated from RBS spectra), but

also Th and rare earths like Ce and Nd. Next, only

the region of interest ranging from 10 to 20 keV,
corresponding to prominent L-lines of Th, U and

Pb and K-lines of Y, was fitted using trace ele-

ments routine of GUPIX. The resulting weight

concentrations (1–9% for Th, 0.03–0.7% for U and

170–1200 ppm for Pb) were used as the input data

for the determination of the age s using the well-

known equilibrium formula [2] containing weight

fractions Pb, Th and U as measured by micro-
PIXE, their corresponding isotopic atomic weights

W , abundances of the two uranium isotopes and

radioactive decay constants k of 232Th, 235U and
238U:
Fig. 5. Final data representation of the two analysed samples A and B

while the thick curve represents their sum. For the sample B two se

represented by few measurements only).
Pb ¼ Th � W 208
Pb

W 232
Th

expðk232 � sÞ
�

� 1
�

þ U � W 206
Pb

W 238
U

0:9928 expðk238 � sÞ
�

� 1
�

þ U � W 207
Pb

W 235
U

0:0072 expðk235 � sÞ
�

� 1
�
:

Despite of the fact that the concentration errors
DPb, DTh and DU are reasonably estimated by

GUPIX [9] it is difficult to compute errors of an

age s in a straightforward manner. Due to non-

linear character of the equilibrium equation the

final age error Ds was not calculated directly but –

rather conservatively – was estimated by solving

the equation for extreme conditions, thus produc-

ing the upper and lower limits for the age value.
The total error Ds was estimated to be the half of

the resulting range.

Final data presentation follows the method in-

troduced in [2]. Every single measurement was

represented by a gaussian with its center at the

computed age s and the standard deviation set to

Ds. All gaussians were next added and the result-

ing distribution was plotted, as is shown in Fig. 5.
This approach directly separates the monazites of

significantly different ages and facilitates further
. Every single measurement is shown as a small gaussian peak,

parate fractions are clearly visible (however, the higher ages is
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statistical evaluation. After separation, average

age and its error estimate was computed as the

weighted mean.

The computed monazites ages cover the range
from 307 to 366 My (sample A, average age

329� 19 My) and from 317 to 389 My (most of

the grains from sample B, average age 353� 41

My), identified as Variscan cluster. However, as is

shown in Fig. 4(B), sample B contained also sev-

eral crystals characterized by significantly older,

Cadomian tectono-thermal event age absolute

values (579� 20 My).
Such geochronological results support our hy-

pothesis about origin of detrital material of USCB

from crystalline rocks of Variscan terrains in

northeastern part of Bohemian Massif [6]. Isotopic

ages of monazite and zircon from crystalline

metamorphic rocks of Bohemian Massif obtained

by Schenck and Todt [11] and Van Breemen et al.

[12] are consistent with presented study.
Existence of similar Cadomian and Variscan

age clusters of grains was also observed in previous

age determination of monazites of the sandstone

sample collected in Grodek Gorge performed using

the WDS (wavelength dispersion spectroscopy)

technique [13].
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Abstract

Although quantitative chemical analysis by proton microprobe has become an established technique, it has been rarely applied to problems in
the earth sciences. The method, having lower detection limit (better than 10 ppm for U, Th and Pb) and higher spatial resolution than electron
microprobe (typically 1 μm vs 3 μm), can be successfully used in geology. Here, we present a procedure for the chemical dating of monazite,
(REE)PO4, by proton microprobe. The procedure is compared with electron probe microanalysis technique (EPMA).
© 2008 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
Keywords: Chemical dating; EPMA; PIXE; Monazite; Upper Silesia Coal Basin
1. Introduction

The proton microprobe, utilising Proton Induced X-ray
Emission (PIXE), is the proton analogue of the electronmicroprobe
(Watt and Grime, 1987). It has been available to scientists since the
late 60s, and is widely used in biomedical research (e.g. Llabador
and Moretto, 1996) and archeology, e.g. provenance studies of
ancient Chinese porcelain (Zhu et al., 2006) and pottery fromBeirut
(Roumié et al., 2004, 2006). The non-destructive nature of PIXE,
with minimal beam-induced effects on the sample, makes it a
popular technique for fragile biological materials.

The microprobe delivers a focused beam of protons to a
specimen, which emits X-rays characteristic of the elemental
constituents. The source of protons is usually a small Van der
Graff accelerator (Campbell, 1992). Because of the highermass of
protons in comparison with electrons (1836 times), incident
protons lose a smaller fraction of their energy during interaction
with electrons in the atoms of the sample. As an illustration, Fig. 1
shows a simulation (Ziegler et al., 2003) of trajectories of 2 MeV
protons in a quartz crystal. The projected range is about 44 µm
⁎ Corresponding author. Institute of Geological Sciences, Polish Academy of
Sciences, ING PAN, Senacka 1, 31-002 Kraków, Poland. Tel.: +48 12 422 1910;
fax: +48 12 422 1609.

E-mail address: ndkusiak@cyf-kr.edu.pl (M.A. Kusiak).
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with average longitudinal and lateral deviations below 2 µm.
Since X-ray production cross-sections decrease rapidly with the
loss of proton energy and attenuation in the target material, most
of X-ray signal comes from a volume close to the surface.

This property gives the proton microprobe two major
analytical advantages over the electron microprobe: 1) a higher
spatial resolution and 2) a lower X-ray background. However,
the greater technical difficulties and expense inherent in
producing and maintaining a well-focused proton beam, along
with the greater depth of proton penetration, mean that this
method is used less often than EPMA analysis for geological
materials. In geology, the PIXE method has been used for
various purposes, and an overview is provided by Ryan (2004).
One of the first geological studies was performed on sulfide and
silicate inclusions in sphalerite, ZnS (Horowitz and Grodzins,
1975). PIXE analysis has been used to characterize zircon
populations from S-, I- and A-type granites using the elements
Th, Y and Yb (Scheepers et al., 1999). This study demonstrates
potential for PIXE zircon studies to distinguish between various
types of host granites. Usually, the study of U distribution in
zircons with electron microprobe is not successful due to low U
concentration, so adapting the proton microprobe for such
analyses may yield better results.

Measurement of HFSEs (Z, Hf, Tl, Pb) in zircon was
reported by Clark et al. (1979); however uranium measurement
esearch. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Simulation of 2 MeV proton trajectories in SiO2 (SRIM 2003, www.srim.
org).
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was problematic due to spectral interferences from other
elements. The proton microprobe was used for chemical (non-
isotopic) U–Th–Pb dating of zircon grains for samples from
Canning Dam, Western Australia (Lucas et al., 1981). Remond
et al. (1995) report a measurement on synthetic zircon doped
with rare earth elements. For a concentration greater than a few
thousands of ppm, EPMA and PIXE are in a good agreement.
Trace element signatures of mantle eclogites were determined
using proton microprobe as reported by Achtenberg et al.
(1995). PIXE also has been used for analysis of saline elements
in aerosols from coastal Antarctica (Biancato et al., 2006) and
heavy metals in water samples from Mongolian mining areas
(Bolormaa et al., 2006).
Fig. 2. Schematic diagram of the micro-beam expe
There are a few studies concerning monazite analyses by
proton microprobe. Monazite inclusions producing giant radia-
tion haloes in biotite have been analyzed for the presence of
superheavy elements (Gentry et al., 1976). Geochemical
characteristics of monazite in beach placer deposits were studied
byMohanty et al. (2003), and chemical dating has been attempted
by Bruhn et al. (1999), Mazzoli et al. (2002), Lekki et al. (2003),
and Vaggelli et al. (2006). All results show that the received data
are in a reasonable agreement with established techniques, such as
electron microprobe chemical dating or sensitive high resolution
ion microprobe (SHRIMP) isotopic dating.

2. The method

The principles of PIXE analysis have been reported
elsewhere (e.g. Kullerud et al., 1979; Govil, 2001), and a
basic outline of the method is provided here. Energy-dispersive
X-ray spectra are examined with lithium-drifted silicon Si(Li)
detectors, which reveal all detectable lines in a single
measurement (Campbell, 1992). In order to identify and
quantify X-ray lines produced, known standards are used to
establish sensitivities and detection limits for each element.
Emission of X-ray is initiated by irradiating a sample with a
proton beam produced from pure hydrogen. Intensity X-rays of
a certain energy is proportional to the concentration of the
corresponding element found in the sample. Data evaluation is
then accomplished using a software that normalizes sample X-
ray intensities against those measured on pure standards for
each element. Thus, elements are easily identified and
quantified. PIXE can be used to analyze geological samples
for a wide range of trace elements in a variety of minerals down
to levels of a few parts per million (Halden et al., 1995).

The facility used for current studies is the Cracow proton
microprobe (Fig. 2), operating at the 2.5 MeV Van de Graaff
rimental chamber. A) top view, B) side view.

http://www.srim.org
http://www.srim.org


Fig. 3. High voltage region of the PIXE spectrum of monazite, containing X-ray
peaks for Th, U, Pb and Y, used for concentration calculations.
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accelerator and using a short-length (2.3 m) forming system
(Lebed et al., 2001). The beam spot size is in the range of 3–10μm
at the beam current typically of 100–500 pA. The measurement
chamber allows simultaneous operation and data acquisition with
the use of two X-ray detectors, one optional (standard or annular)
particle detector for backscattered particle detection (Rutherford
Backscattering Spectrometry, RBS method), and a micro-channel
secondary electron detector. Up to four specimens
(diameter~10 mm) together with energy calibration sample and
a dimensional calibration grid are mounted on manually operated
precise manipulator of four degrees of freedom (XYZ and
rotation). The variable thickness aluminium filter allows suppres-
sion of high intensity low energy X-rays, while the integration of
proton beam current is the basis of experiment normalization.

3. Monazite dating

The applicability of chemical dating is based on the
condition that the concentration of primary lead in monazite
is neglected (Parrish, 1990) and that after the mineral formation,
the system has remained closed with respect to U, Th and Pb.
The method has been developed on the basis of electron
microprobe analyses by Suzuki and Adachi (1991). Within the
past years the chemical dating of monazite using the electron
microprobe attracted many scientists and became a very popular
Fig. 4. Proton microprobe elemental maps o
technique (Suzuki and Adachi, 1994, 1998; Montel et al., 1996;
Williams et al., 1999; Cocherie et al., 1998, Pyle et al., 2005; De
Souza et al., 2006; Kusiak et al., 2006; Santosh et al., 2006a,b,c;
2007; Upadhyay et al., 2006; Williams et al., 2007;
Wiszniewska et al., 2007; Suzuki and Kato, 2008-this issue).
The results of only a few studies demonstrate that proton
microprobe analysis of monazite can be also used as a
straightforward and accurate tool to obtain meaningful ages
(e.g. Lekki et al., 2003).

Inmonazite crystals, the usefulX-ray signal from theU–Th–Pb
chain is accompanied by a very high background stemming from
rare earth elements. Therefore, an aluminium filter (typically 60–
100 µm thick) had to be applied in front of the X-ray detector in
order to suppress low energy tail of the spectrum. The measured
monazite spectra were evaluated using a software package GUPIX
(Maxwell et al., 1995). In order to take into account proton energy
loss and X-ray attenuation in the sample, an estimation of the
matrix composition and density was performed using the RUMP
package (www.genplot.com) and the GUPIX routine for matrix
iteration. Proton RBS spectra (Fig. 3) reflect monazite stoichio-
metry with the major matrix elements O and P clearly visible at the
low energy end. However, spectrum edges corresponding to
heavier elements like La, Ce, Nd or Th are not resolved. After
matrix estimation, the X-ray spectrum region ranging from 10 keV
to 20 keV, corresponding to prominent L-lines of Th, U and Pb and
K-lines of Y, was fitted using trace elements routine of GUPIX.
After applying the fitting procedure the weight concentrations of
the decay chain elements have been obtained. Typical resulting
data are in the range of 1–10 % for Th, 0.03–1% for U and 100–
2000 ppm for Pb. As with the electron microprobe, the proton
microprobe can also produce raster maps of X-ray intensity
(Fig. 4).

Weight concentration values are subsequently used as the input
data for the determination of the age τ using the well-known
equilibrium formula (Eq. (1))

Pb ¼ Th �W 208
Pb

W 232
Th

� exp k232 � s
� �

� 1
� �

þU �W 206
Pb

W 238
U

� 0:9928 � exp k238 � s
� �

� 1
� �

þU �W 207
Pb

W 235
U

� 0:0072 � exp k235 � s
� �

� 1
� �

ð1Þ

that links weight fractions Pb, Th and U as measured by micro-
PIXE, their corresponding isotopic atomicweightsW, abundances
f a monazite grain, from sample AK21.

http://www.genplot.com


Fig. 5. Back-scattered electron images of selected monazites, showing the spot sizes of electron (EPMA) and proton (PIXE) beams.
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of the two uranium isotopes and radioactive decay constants λ of
232Th, 235U and 238U.

The concentration errors (stemming from measurement
statistics and the fitting procedure) of single elements ΔPb,
Fig. 6. Histograms of age data for samples P1 and AK21, comparing results obtained
Kusiak et al., (2006) used hundreds of analyses, histogram bar lengths are divided b
ΔTh andΔU are estimated by GUPIX. However, due to the non-
linear character of the equilibrium equation the total age errorΔτ
is difficult to calculate directly. Instead, the resulting age range
can be estimated by solving the equation for selected minimum
by EPMA (black) and PIXE (gray bars). Since, the EPMA provenance study by
y 10.



Table 1
Results of age calculation from proton microprobe analyses

Th U Pb Age Error

Sample AK21
33,192 3755 650 340 32
73,110 6111 1198 328 21
53,729 6983 993 327 22
42,026 4088 719 325 26
60,392 2141 839 307 24
86,057 4366 1202 309 19
51,529 1596 812 367 27
61,729 4108 903 318 24
66,833 825 886 328 25
44,249 5229 814 332 30
90,845 1435 1399 366 23

Sample P1
9784 1511 173 571 28
75,536 1859 1952 351 40
13,692 2470 312 353 32
26,180 1399 425 350 29
30,167 1610 462 402 44
14,223 1975 328 342 45
20,257 125 279 358 38
17,066 3463 390 363 38
20,527 3480 484 360 34
32,343 1625 534 435 53
17,321 289 309 383 48
19,205 569 338 589 30
49,635 5636 1597 335 17
76,575 1115 1057 317 28
39,035 517 514 451 40

Th, U and Pb values given in ppm, age and errors given in Ma. Error values are
estimated as half of the age range resulting from calculations performed for
elemental concentrations corresponding to 1 sigma error of determination of Th,
U and Pb.
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and maximum Pb, Th, and U concentration combination,
producing the extreme age values. The total error Δτ may be
subsequently assumed to be half of the resulting range.

4. Results

Monazite grains were sampled from sandstones of the Upper
Silesia Coal Basin (USCB), Poland. These samples were
previously dated using EPMA (CHIME study; Kusiak et al.,
2006), and the geological setting and sample descriptions are
given there. The sedimentary history of the Mississippian to
Pennsylvanian coal-bearing succession of the Upper Silesia
Coal Basin is given by Kędzior et al. (2007). The EPMA study
obtained ages that cluster of 300–320 Ma. However, a
significant population of ca 280 Ma ages was also obtained,
which is younger than the stratigraphic age of the sandstone
series. One possible reason for these disparate results is an issue
with the analytical method (see discussion in Kusiak et al.,
2006).

For the present study monazite grains (Fig. 5) from two
samples of the EPMA study were selected. The first sample
(AK21, 11 grains analyzed) comes from Gródek Gorge, in the
Kwaczała Arkose layer of Stephanian age. The second sample
(P1, 15 grains analyzed) comes from the “Rydułtowy” coal
mine in the Poruba Beds of Namurian age. Grains of 50–
100 μm across were fixed in epoxy resin and polished with
diamond paste approximately to half of their thickness.

Results from both electron and proton microprobe dating are
displayed together for comparison as histograms (Fig. 6).
Eleven analyses from sample AK21 provided age that cluster
around the Variscan age of 320 Ma (Table 1). From fifteen
analyses of sample P1, most ages cluster around 350 Ma, along
with two data of Cadomian ages of around 570 Ma.

Age clusters in the PIXE data are ~20 m.y. older than the
modes in the EPMA data (gray columns). Ages received using
proton microprobe for these detrital monazite grains are in
better agreement with the stratigraphic age of the USCB, than
our previous EPMA data (Kusiak et al., 2006).

The difference between the main age clusters received using
both methods can be explained by either analytical bias or a
choice of a non-representative sample of detrital grains for PIXE
analysis. Presently, when using a new protocol for EPMA
chemical dating (Suzuki andKato, 2008-this issue) we havemuch
better agreement between both techniques (Kusiak et al., 2008-
this issue). However, it is difficult to choose the representative
sample for geochronology when dealing with detrital material.
Moreover, in this particular case we compare results of hundreds
of analyses by EPMA with twenty six analyses performed by
PIXE. Concerning the ~570 Ma results, we received such age
cluster using both, electron and proton microprobes. Cadomian
crystalline rocks are present in the Bohemian Massif, which is
the main source for the detrital material of USCB.

5. Summary

Geochronological results obtained by PIXE demonstrate that
the technique is competitive with established analytical
methods. As with EPMA, this method is very useful for non-
destructive in situ analysis, since mineral separates and polished
thin sections can be used. In combination with other micro-
beam methods, it should prove to be a highly useful technique
for various applications in the earth sciences.

There are also advantages over the electron microprobe.
PIXE may be carried out as a standard-less method, using
theoretically calculated reference intensities. Measurements
with the proton microprobe have considerably lower detection
limits of 10 ppm or less for Pb, Th and U, compared with typical
detection limits of 200 ppm using EPMA. These low detection
limits, in principle, make micro-PIXE analysis viable for the
investigation of phases present in trace levels. This opens up the
possibility of measurement of Pb, U and Th in minerals, such as
zircon, sphene and young monazite (b100 Ma). For both
methods, the errors on spot ages are similar, being mainly
dependent on the lead content. In our example with monazite
mostly Variscan in age, spot errors are about 20 m.y. For
monazites from the crystalline rocks of similar age (Kusiak et al.,
2008-this issue), errors are about 10–13 m.y. for both PIXE and
EPMA. Selection of the small grains for analysis has to be
careful, since the proton microprobe has a relatively high
effective depth of analysis (several tens of micrometers), which
may cause analytical errors stemming from interaction with
elements in the underlying matrix.
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d Lund Institute of Technology, Physics Department, Division of Nuclear Physics, Sölvegatan 14, 221 00 Lund, Sweden

e Centre d 0Etudes Nucleaires de Bordeaux-Gradignan (CNRS - IN2P3), 33-175 BP 120 Le Haut-Vigneau, Gradignan cedex, France
f Institute of Nuclear Research of the Hungarian Academy of Sciences, Bem ter 18/C, 4001 Debrecen, Hungary

Available online 14 February 2007
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.
0168-583X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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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.
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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
1 For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article.
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

http://www.degussa.com


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.
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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. 4. Autoradiography showing a skin furrow follicle (image size
600 · 450 lm2); note that individual positron tracks are visible.
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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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Abstract 
 
Trace elements concentrations of Ca, Fe, and Zn in cataractous human lenses have been determined using the 
proton induced X-ray emission technique (PIXE). The technique was selected due to its sensitivity and only 
modest requirements for sample material processing and preparation. In the study a statistically significant 
sample of post–surgery (phacoemulsification method) human lenses with cataract was analyzed, targeting 
two diseases, often accompanying the cataract: diabetes and glaucoma. Patients were split into three, not 
overlapping groups: control, diabetic and glaucoma. Elevated levels of Zinc (strong effect) and Iron (weak 
effect) were measured for fraction of diabetic patients treated with insulin or pills. Samples from fraction of 
patients with glaucoma showed very elevated Zinc levels, often reaching concentration values of several 
hundreds of ppm, about one order of magnitude higher than in remaining cases. Due to overwhelming 
popularity of the phacoemulsification procedure and the ease of sample preparation for PIXE, current study 
suggests new perspective in medical diagnostic. 
 
Keywords: Human Lenses; Cataract; Phacoemulsification; Diabetes; Glaucoma; PIXE. 

 

1. Introduction 
 
Cataract illness manifests by a decrease in visual acuity, which, parallel to health problems, gives 
rise to severe social and economic consequences. In its advanced phase, the cataract disease 
requires surgical intervention, to remove the cloudy lens and to replace it with the eye lens 
polymer. There are many causes of this illness, and each of them differently affects the chemical 
structure and phase composition of the lens. Parallel to studies focused on chemical and structural 
issues (Lee et al., 1996; Borchman, 2014), direct measurements of trace elements in eye, like Ca, Cu, 
Zn, etc. have been also reported in the literature of the subject. Published data cover both results of 
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experimental animal studies (Cruciani et al., 2004) and modelling (Ciaralli et al., 2001), as well as 
information gathered for humans (Stanojević-Paović et al., 1986; Rasi et al., 1992; Shukla et al., 
2001; Haddad, 2012). From trace elements, Zinc is probably the most interesting one. High 
concentrations of Zinc in ocular tissue have been reported, particularly in retina and choroid. In 
example, quantitative data presented in (Grahn et al., 2001) report mean Zinc concentration (ppm 
or, in equivalent units, μg/g dry weight) at the level of about ~20 ppm in lens, ~100 ppm in iris and 
even ~500 ppm in retina. Subsequently, many studies suggest that ocular diseases in humans are 
associated with Zinc deficiency (Prasad, 2014; Maywald and Rink, 2015).  
 
Diabetes has been identified as one of the most powerful risk factors of cataract (Obrosova et al., 
2010). Some studies of trace elements concentrations carried out for diabetic patients suggest the 
role of Zinc deficiency in occurrence of  cataract among people with diabetes (Rahim and Iqbal, 
2011). In this particular study, group statistics for Zinc levels in human serum showed a mean of 
~69 +/- 8 μg/dl for diabetic patients with cataract and ~96 +/- 12 μg/dl for individuals with senile 
cataract. However, other reports indicate that Zinc (and Iron) levels in the lens increase in diabetic 
patients (Dawczyński et al., 2002; Haddad et al., 2012). This controversy stems probably from 
different sample material used for concentration measurements – blood serum in Rahim and Iqbal 
paper versus direct measurements of lenses from extracapsular cataract surgery in the latter study. 
Many patients with diagnosed glaucoma are predicted to develop cataract as well. However we did 
not found any direct report on the trace element concentrations in cataractous lens of patients with 
cataract and glaucoma, study of [Akyol et al., 1990] is closely related to this case. In the study, 
measurements were taken from aqueous humour. It was concluded that an increased copper value, 
together with a low zinc value might be of importance in patients with glaucoma.  
 
Today, ophthalmology commonly uses phacoemulsification method, during which the lens is 
emulsified by ultrasounds and its fragmented parts are removed from eye. Currently, it is the most 
frequently performed medical surgery in the world (~20 mln operations / year, Pascolini and 

Mariotti, 2012). The point of our study was to elaborate a suitable and efficient sample preparation 
protocol and verify it by analyzing a statistically significant sample of post–surgery human lenses 
with cataract. Further goal has been to find out changes in trace elements concentration, possibly 
correlated to other factors, e.g. depending of illness level. The study targeted two possible diseases: 
diabetes and glaucoma.  
As experimental technique, the PIXE method has been chosen, due to its sensitivity (down to single 
ppm) and the ease of sample preparation (virtually no sample material processing was needed). 
 

2. Materials and Methods 
 
Currently, following the dynamic development of ophthalmic surgery methods, one of the most 
popular methods is cataract removal by phacoemulsification, also called "small cut (incision) 
cataract surgery". At the beginning, small incisions on the side of the cornea  enable entering the 
interior of the eye. Afterwards, using special instruments, the operator emulsifies the cataractous 
lens by ultrasounds and removes it from the eye. Then the surgeon  implants the floatable 
intraocular lens and seals the wounds. The surgery usually lasts about ten minutes. Due to the fact 
that the wounds are “self-sealing’ there is no need of putting the sutures over the wounds. Nearly 
98% of all cataract surgeries are completed each year without serious complications, which makes 
the procedure very safe and enabling a very fast recovery.  
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The removed, cataractous material has become a subject of the current study. 
 
In this work the experimental material was obtained from 101 patients (34 men and 67 women) 
aged 55-90, who were a subject to surgical intervention due to cataract. The whole sample material 
has been divided into three parts (see Table 1). Patients scheduled for cataract surgery, after basic 
medical examination, without features of infection or any severe diseases such as neoplasm, 
metabolic or autoimmune disease, were assigned to the control group G1. Patients treated against 
diabetics formed group G2. In the remaining cases (group G3), the glaucoma (and not diabetes) was 
diagnosed in addition to the cataract. The group included patients with glaucoma at different stages 
of the disease, from newly diagnosed to the advanced phase.   
 
All cases of diabetes and glaucoma were well-controlled. Operations were carried out in a planned 
way (no emergency cases). 
 
Table 1 Patients grouping 

Group No of 
patients 

Remarks 

G1 37 
14 men, 23 women 

Control group, not treated towards diabetes nor glaucoma.  
Mean age = 75 (60-89). 

G2 25 
11 men, 14 women 

Diabetic patients treated with insulin and pills.  
Mean age = 73 (57-88). 

G3 39 
9 men, 30 women 

Non-diabetic patients with diagnosed glaucoma.  
Mean age = 76 (55-90). 

 
The duration of ultrasound, applied during phacoemulsification surgery, was from 3.6 to 16.7 
seconds. After surgery in hospitals (5th Military Hospital with Polyclinic in Cracow and Military 
Medical Institute in Warsaw) the cassettes with removed lenses were delivered to IFJ PAN Cracow 
for further investigations. Before measurements the specimen from the surgical medium was 
extracted and centrifuged. Samples obtained in that way were dried in open air atmosphere and 
then the concentration of trace elements were measured using the ion beam technique. 
 
The elemental composition of samples was determined by means of micro-Proton-Induced X-ray 
Emission method (μPIXE), using proton microprobe facility at the HVEC K–3000 Van de Graaff 
accelerator, working at the Institute of Nuclear Physics, Polish Academy of Sciences, Cracow (IFJ). 
For measurements, samples were placed in the experimental chamber (vacuum ~10-5 hPa) and 
positioned in the microprobe focus using the on–line microscope for exact selection of the scanned 
area. More details of the IFJ experimental setup have been described e.g. in (Lekki et al., 2003).  
 
The beam energy was 2 MeV and the beam current intensity was in the range of ~100 – 300 pA . 
Rectangular areas (256 x 256 µm2, 128 x 128 pixels) have been scanned with the proton beam of 
~20 µm in diameter. Due to the nature of sample material, scanning was applied not in order to 
obtain elemental areal maps, but only in order to collect more reliable data, averaged from larger 
areas. Figure 1 shows typical spectrum of degraded lens. 
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Fig. 1. An example PIXE spectrum of the degraded lens material 

 
Samples of the studied material were deposited on a surface of a conducting carbon adhesive tape 
and next fixed to a sample holder. The exact knowledge of the bombarding beam current was 
collected following the basic idea presented in (Kristiansson et al., 2010). During the measurement, 
the beam was periodically deflected and directed to a Faraday cup with a current integrator, 
included into the data acquisition system of the microprobe. For typical scanning experiments, such 
arrangement enables a line by line normalization of the X-ray data (μPIXE map), but in our case it 
served only to determine the number of protons bombarding the sample (target charge). X–ray and 
proton backscattering spectra were collected in the event–by–event mode using the 
multiparameter data acquisition system of the Cracow microprobe. Typical collection time was 16 
minutes, corresponding to a total beam charge of about 0.1–0.3 µC. The induced X-rays were 
registered by the Princeton Gamma Tech Si(Li) detector characterized with the resolution of 160 eV 
for the energy of 5.9 keV and the active area of 80 mm2. Detector was placed 25 mm from the 
irradiated sample and it was operating without any attenuation filter.  
 
Data were processed using the IFJ microprobe proprietary software, while the X-ray spectra were 
quantified using the software package GUPIX (Campbell et al., 2010). 
 

3. Results  
 
Following the suggestions and results published in other research papers in this area, from all 
elements present in collected X-ray spectra, the following three have been selected to detailed 
analysis: Calcium, Iron and Zinc. These elements were present in all measured samples and their 
quantitative determination was possible with reasonable accuracy, i.e. the measured concentration 
value was higher than the triple limit of detection plus estimated error. The relative, 1 sigma errors 
of a single measurement were as follows (estimations by the GUPIX code):  
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Calcium – average error <1%, maximum error 2.4%; 
Zinc – average error 4%, maximum error 8%; 
Iron – average error 22%, maximum error 69%. Relative high errors of a single measurement were 
due to low Fe concentration; 
 
Many samples contained also traces (few ppm to few tens of ppm) of other metals like Titanium 
(most of measurements enabled the reliable quantification), Nickel and Copper (quantification 
possible in about half of cases), and even Lead (single samples). However, current study does not 
focus on these results.  
 
In order to illustrate possible dependencies between the analyzed factors, several correlation tables 
have been separately calculated for all patients groups. To broaden the picture, six additional 
factors have been taken into account: patient’s age, sex, concentration of Titanium, visus and tonus 
values, and the ultrasound time. Unfortunately, it’s difficult to draw any general conclusions from 
these data. In particular, we did not observe clear relationship between the elemental 
concentrations and the  sex and age of the patients. The only relatively high correlation observed in 
all three groups is between Ti and Ca levels: 0.77, 0.48 and 0.67. Other correlations are never 
reproduced so consistently and are difficult to comment. 
 
The following three sets of histograms summarize all results obtained for Ca, Fe, and Zn 
concentrations in all samples.  
 

       
Fig. 2. Histograms of Calcium concentrations (weight ppm) in all three data subsets. Median values 

of Ca concentration: 425 ppm (G1), 472 ppm (G2), 768 ppm (G3). 
 

     
Fig. 3. Histograms of Iron concentrations (weight ppm) in all three data subsets. Median values of 

Fe concentration: 5 ppm (G1), 6 ppm (G2), 3 ppm (G3). 
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Fig. 4. Histograms of Zinc concentrations (weight ppm) in all three data subsets. Median values of 

Zn concentration: 39 ppm (G1), 63 ppm (G2), 153 ppm (G3). 
 
Experimental data cannot be treated as normal distributions, what – parallel to applying simple 
statistical tools – has been also supported by the Schapiro–Wilk test. Distributions are 
characterized by different group variances and the existence of numerous outliers. Moreover, 
groups G1, G2, and G3 are not equal in size. Therefore, in order to estimate statistical 
characteristics, the Kruskal-Wallis test (α = 0.05) has been employed for every element studied. 
 

4. Discussion 
 
Calcium concentrations (Figure 2) do not show any regular behavior between groups, thus 
probably this data are more specific to particular patients’ histories and cannot undergo direct 
analysis. Kruskal–Wallis test reveals statistically significant differences in distributions, while a 
follow-up Dunn’s test supports similarity between G1 and G2 and significant difference in G3 
(glaucoma). The shift in Ca concentration (from median value of >400 to >700), observed in the 
group 3, requires probably further studies. 
 
The obtained Calcium values, centered around several hundreds of ppm, may be compared with a 
result of ~54 +/– 3 ppm obtained for a healthy, non cataractous lens (sample material from only 
one person, a victim of a communication accident). Just for comparison with subsequent 
histograms, the corresponding concentrations of other elements studied in this single case were 
11 +/– 3 ppm for Iron and 17 +/– 4 ppm for Zinc, what fits well with the literature of the subject 
and the data presented in subsequent part of this study.  
 
Iron content (Figure 3) was rather low and similar in all groups of patients, with some increase 
noted in the group treated against diabetes. The Kruskal–Wallis test concluded distributions 
diversity, with Dunn’s test results pointing to similarity of G1 and G3 and significant differences 
between G1 and G2 as well as G2 and G3. 
 
The determined iron concentrations (the most probable values of the order of few ppm) 
corresponded well with values measured using the technique of  atomic absorption 
spectrophotometry (Haddad et al., 2012).  
 
Results for Zinc (Figure 4) are the most diversified, what is evident directly from the histograms, 
even without application of any statistical tests. Previous studies indicate the increased levels of 
Zinc (Rahim and Iqbal, 2011) and Zinc and Iron (Dawczyński et al., 2002) in lens in diabetic 
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patients. Also in our study the level of Zinc, similar to Iron concentration, increases in lens in the 
diabetic patients treated with insulin or pills. The maximum of Zinc distribution moves from 20–30 
µg/g for the non–treated group G1 to 60–80 µg/g for the group G2 treated against diabetics, in spite 
of the fact that the Dunn’s test does not report statistically significant differences between groups 
G1 and G2.  
 
However, the most prominent effect is a very strong increase in group 3 (glaucoma). 
 
For the glaucoma group G3, the results are statistically different from first two groups. The 
measured Zn concentrations in lenses often reach even few hundreds of ppm, with the most 
probable value around 100 ppm. This effect hasn’t been yet reported in the literature of the subject 
and possibly may shed some light on glaucoma pathogenesis. Results suggest that in glaucoma, 
apart from the increased pressure in eye and disturbances directly related to this effect, some 
indirect processes lead to severe, local disturbances of the lens metabolism. Our result seems to be 
consistent with data reported in (Akyol et al., 1990). The depletion in Zinc in liquid humour, 
observed in this study, may be identified as the source for Zinc increase in lens. To study this 
process in more detail, enhancement of the experimental database is planned, with the data 
collected at different phases of the disease.  
 

5. Conclusions 
 
Correlation analysis, performed for all three allocation groups (not treated, diabetes treated, and 
glaucoma) did not provide clear dependencies between analyzed factors (age, sex, visus, tonus, time 
of ultrasound) and/or trace elements (Ca, Fe, Zn, Ti). In particular, correlations between elemental 
concentration of the above four elements did not show any regular behavior.  
 
Elevated levels of Zinc (stronger effect) and Iron (weak effect) were measured for diabetic patients 
treated with insulin or pills, what corresponds reasonably with other published data. Samples from 
patients with glaucoma showed very elevated Zn levels, up to about one order of magnitude higher 
than in remaining cases. Due to novelty of these results, further studies are planned. 
 
Current study suggests new perspective in medical diagnostic, due to popularity of the  cataract 
phacoemulsification procedure and the ease of sample preparation. 
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Available online 12 April 2005
Abstract

Single ion bombardment of biological cells using an ion microprobe is a promising technique. However, for micro-

probe investigations of biological processes at a cellular level the precise recognition of a single cell and particularly of

its nucleus is required. Moreover, cells must be examined in their natural state and environment (i.e. without previously

being killed, preferentially not fixed nor stained) and, also, the use of ultraviolet light for cells observation should be

avoided. Additionally, in order to obtain statistically significant results of irradiation, the possibility of fast automatic

recognition of thousands of objects must be provided.

Because computer recognition strongly depends on the quality of an image, the optical imaging system is of crucial

importance. For this purpose one of the best solutions could be the Quantitative Phase microscopy (QPm) technique.

QPm is the recent digital technique of phase contrast microscopy, providing quantitative phase and intensity data

obtained from a series of defocused images. The following phase contrast modalities may be generated digitally from

the computed QPm phase data with a greater degree of flexibility: Pure phase images (intensity-free), standard phase

contrast (e.g. Zernike phase contrast), differential interference contrast (DIC), Hoffman modulation contrast, and sim-

ulated darkfield.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most practical and promising appli-

cations of microprobe is its use in biological
ed.
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studies. This application is especially useful for

studying the reactions of non-irradiated cells to

radiation damage in the neighbouring cells, the

so-called ‘‘bystander effect’’. The bystander effect

was first reported by Nagasawa and Little [1].
Since then, various studies have been carried out

concerning the possible mechanism of a radia-

tion-induced cell response to different kinds of

irradiation [2–4], and in particular, irradiation

with ion microbeam [4–12]. The development of

single ion microbeam facilities brought about the

possibility to irradiate individual cells by exact

number of particles, even on a subcellular level
[4,9–11]. Several essential issues should be realised

in order to develop the microbeam for such subtle

radiobiological studies. One of the requirements is

the necessity of atomizing the target cell identifica-

tion, beam adjustment and irradiation processes.

As computer recognition strongly depends on the

quality of an image, the optical imaging system is

of crucial importance. Usually, the target recogni-
tion process was made by the staining of cells (e.g.

[7,8]). However, it is evidently more advisable to

study unstained cells unaffected by UV irradiation.

In the case of living cells, staining may change

the nature of the object being analyzed. Further

more, the UV radiation used to observe the fluo-

rescence of stained objects is highly damaging to

living cells.
The unstained cell is almost a transparent phase

object and as such, can be observed using a phase

sensitive microscope using the Zernike, DIC, Hoff-

man or Nomarski method [11]. In these methods

the image contains overlapping amplitude and

phase information. An alternative imaging system

without staining is the Quantitative Phase micros-

copy (QPm). Present work describes some possibil-
ities of quantitative phase microscopy and presents

the first results of cell imaging and recognition

using this technique in IFJ Kraków.
2. Quantitative Phase microscopy (QPm)

QPm is an image-capturing and analysis tool
that is available from the IATIA Company (Aus-

tralia) [13]. The method uses an optical microscope

utilizing conventional brightfield optics without
the need for specialized optical systems to measure

transparent samples [14] and then, basing on a pat-

ented, digital QPI algorithm (Quantitative Phase

Imaging) provides quantitative phase and intensity

data. QPm provides independent digital acquisi-
tion of both quantitative phase and amplitude

(intensity) information. It should be stressed that

no other phase visualization technique presents

phase information only – the phase image contains

always some intensity information, too.

The QPI algorithm is based on the paraxial

approximation of the propagation of intensity dis-

tribution as described by the transport of intensity
equation [15]:

k@zIð~rÞ ¼ r? � ½Ið~rÞr?uð~rÞ�;
where the light at wavelength k travels along the z

direction, k ¼ 2p
k , ~r ¼ ðx; yÞ, Ið~rÞ is the irradiance,

uð~rÞ is the phase and r? ¼ ð oox ; o
oyÞ.

The solving for phase in the Transport of Inten-
sity equation can be presented by following form:

u ¼ ��kr�2
? r? �

1

I
r?r�2

? @zI
� �� �

:

The ability of the QPI algorithm is regaining phase

information from only two ordinary brightfield

images which are taken on slightly different focal

planes (Fig. 1). In addition, a third image is taken

at the focus plane generally for normalisation. The

phase data is rendered as a grey scale image (the

phase map), and represents the phase or optical
density across a sample that is entirely free of

intensity based data.

QPm has a number of key advantages,

including:

• returns phase and intensity information

independently,

• provides quantitative, absolute phase,
• is a rapid, stable, non-iterative solution,

• works with non-uniform and partially coherent

illumination,

• offers relaxed beam conditioning,

• solves the twin image problem of holography.

The phase images can be used as they are,

or can be used to simulate �standard phase
contrast� (e.g. Zernike phase contrast), �differential



Fig. 1. Principle of the quantitative phase microscopy.
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interference contrast� (DIC), �Hoffman modulation

contrast� (HMC), and �simulated darkfield� modal-

ity images with a greater degree of flexibility.

Using QPm, the use of staining to enhance the

intensity contrast of an image is unnecessary.

Stains are taken up in varying degrees by the

refractive components of the sample to give an

image with a defined relationship between intensity
and refraction.
3. Materials and methods

For initial cells recognition trials, we used three

cell samples. Human prostatic adenocarcinoma

and metastatic prostate carcinoma cells (ATCC)
lines PC-3, LNCaP-FGC-10, and Du-145 were

used in the experiments. The cells were cultured

in a RPMI-1640 medium (Sigma Chemical Co.)

supplemented with 10% fetal calf serum (FCS)

(Gibco), 10 mM HEPES, 1 mM sodium pyruvate,

4.5 g/l glucose, 1.5 g/l NaHCO3, 1% L-glutamine

(Sigma–Aldrich) and antibiotics. Semi-confluent

cell cultures (initially seeded on 1–5 · 105 cells/
75 cm2 culture dish) were maintained at 37 �C in

a humidified atmosphere of 5% CO2. The cells

were maintained as a monolayer culture and were

plated on the bottom of Petri dishes or glass slides

placed in Petri dishes in medium pH 7.4 at 37 �C in

95% air/5% CO2.

Photographs of the live and unstained cells were

taken by an optical system based on Olympus
BX51 microscope with brightfield illumination fit-

ted with 4·, 10·, 20·, 50· objectives and the P-721

PIFOC� High-Speed Piezo Nano-Focussing De-

vice with Direct Metrology Feedback. To improve

the signal-to-noise ratio, images were acquired

using an Evolution LC FireWireTM Camera Kit.

Brightfield images were captured using QPm

(IATIA Vision Sciences) software and cell recogni-
tion was provided by Image-Pro� (Media Cyber-

netics, Inc.) program on an AMD Athlon XP

2800+, 1024 MB (DDR SDRAM), NVIDIA Ge-

Force FX 5200 (128 MB) computer.

Image-Pro Plus version 5.0 is a powerful image

analysis program that provides a state-of-the-art

imaging and analysis capability for acquiring,

enhancing and analyzing images. This includes
the ability to trace and automatically count ob-

jects, measure object attributes such as area, angle

of symmetry axes, perimeter, diameter, roundness,

aspect ratio etc. In order to reduce erroneous rec-

ognition cases, one can put a �gate condition� on

each of these attributes.
4. Results and discussion

Comparison between a �brightfield image� and a

�QPm� result with recognizable cells, is shown in

the images in Fig. 2.

Due to the transparency of a sample, the inten-

sity information of the background is similar to

the cytoplasm area in the brightfield image and



Fig. 2. Images taken with 20· magnification of live unstained human prostatic adenocarcinoma cells plated on the bottom of Petri

dish; the brightfield image is in (a) and QPm pure phase image objects recognized by the program as cells are marked by white ellipses

(b). The displayed area is 100 · 100 lm2, what was cut from a large image of 1.31 megapixel source data (1280 · 1024 pixels,

480 · 385 lm2). The processing of this large image took about 5 s using Athlon XP 2800+ PC that corresponds well with the data

presented on the official IATIA web page (approximately 1.5 s on a 2.4 GHz Pentium IV for 0.41 megapixel data). (a) Brightfield

image, (b) QPm pure phase image.
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the cells are nearly invisible (Fig. 2(a)). However,

the QPm phase map (Fig. 2(b)) displays larger con-
trast by calculating the phase shift through each

point in the image. The cells contain a medium

of higher refractive index than the background

and light travels more slowly through the cell than

through its external environment. This �phase shift�
or �retarding� of the light is the method by which

QPm can differentiate objects using the method de-

scribed above. In the phase image (Fig. 2(b)) one
can even see some structural details of the cell,

e.g. nuclei. To demonstrate the difficulties in cell

recognition, the image in Fig. 2 was chosen from

the area where many debris particles are visible,

the cells vary considerably in size, cells of unusual

shapes can be observed and groups of overlapping

cells are present.

The commercial Image-Pro� Plus analysis
package [16] was used to recognize and count the

cells. Instructing the software to find �dark objects�
gives a total count of recognized objects. Never-

theless, a lot of the selected objects are small pieces

of debris, different parts of the same cell or clusters

of several cells. In order to eliminate these recogni-

tion errors, parameters such as: area, diameter,

roundness, etc. can be used in the analysis. One
of the most selective parameters is the area of the

object. An example of the distribution of the area
size for objects recognized as cells is presented in

Fig. 3. A large number of objects with a very small

area are evidently debris particles. On the other

hand, most of the objects with a very large area

are clusters of overlapping cells. By narrowing

the �gate conditions� for the area of objects, we re-

ject these �false� objects which most probably are

not the single, separated cells. However, at the
same time all very small or very large �true cells�
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are also rejected. An example of the error analysis

of the cell recognition procedure is presented in

Fig. 4. In this example the �gate condition� was

set on the the �area parameter�. The figure presents

a fraction of the cells correctly recognized by the
software (full circles), fraction of discarded cells

(full squares) and a number of debris particles,

fragments of cells or clusters of overlapping cells

erroneously recognized as separated cells (full tri-

angles). These values are presented as a function

of parameter S, where the �gate condition� for the

area equals A(A 2 [A0 � S,A0 + S]), A is the ac-

cepted area of the object, and A0 is the surface area
at the peak of the distribution (Fig. 3). The values

of the area A and the half-width of the accepted

range S are normalized to the peak of distribution,

i.e. A0 = 1. From the error data presented in Fig. 4,

one can deduce that the best value for S is 0.7–0.8

when the fraction of correctly recognized cells is

large and the number of objects erroneously recog-

nized as cells is still small. Similar analysis was
done setting the �gate conditions� for other param-

eter values.

As a result, most of the located objects are real

cells. However, there is always some fraction of

eradicated �true cells�, what should be accounted

for during interpretation of the experiments.

At present, the QPm setup at IFJ Krakow is

used entirely as an off-line tool working in a stan-
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dard, vertical position and using commercial

microscope and its optional positioning hardware.

Adopting the construction to a horizontal micro-

beam facility poses several design problems, espe-

cially if taking into account that a single image is
not sufficient for effective carrying on the irradia-

tions (not sufficient cells statistics in frames of a

single view) and several (or more) single frames

must be combined into a larger image. Therefore,

the precise, three-dimensional focus position con-

trol must be designed together with providing sat-

isfactory illumination conditions etc.

The main rival of QPm is the standard phase
contrast (e.g. Zernike phase contrast) technique.

Thus, it is paramount to compare these two

methods to gain a better understanding of the

advantages and disadvantages of quantitative

phase microscopy. At first sight it seems that e.g.

using relatively simple, brightfield illumination is

a substantial gain. However, the more profound

comparison requires further studies carried out
only after mastering this novel to us technique.
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Recently, the Cracow ion microprobe has found its new application as a single ion hit facility
�SIHF�, allowing precise irradiations of living cells by a controlled number of ions. The instrument
enables a broad field of research, such as survival studies, adaptive response investigations,
bystander effect, inverse dose-rate effect, low-dose hypersensitivity, etc. This work presents
principles of construction and operation of the SIHF based on the Cracow microprobe. We discuss
some crucial features of optical, positioning, and blanking systems, including self-developed
software responsible for semiautomatic cell recognition, for precise positioning of cells, and for
controlling the irradiation process. We also show some tests carried out to determine the efficiency
of the whole system and of its segments. In addition, we present results of the first irradiation
measurements performed with living cells. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2195107�

I. INTRODUCTION

Recent years have brought a number of papers related to
microprobe facilities and their application in studies of
radiation-induced cellular response.1–13 The obtained
achievements have shown a need for such studies to be con-
tinued and enhanced. The main interest has been broadened
by anomalous effects observed during the low-dose irradia-
tion, such as adaptive response, bystander effect, inverse
dose-rate effect, low-dose hypersensitivity, etc.

Studies of that kind require developing a microprobe-
based single ion hit facility14,15 to explore the above-
mentioned effects via the irradiation of selected cells or cell
organelles with a well-defined dose and with accurate knowl-
edge of the ion track. It should be noted that occasionally, for
such type of measurements, it is necessary to irradiate sev-
eral thousands of cells in one experiment. During the experi-
ment, living cells must be taken out of their native environ-
ment �incubator conditions� and positioned in the microprobe
facility. The time for carrying out the experiment should be
therefore rather short, in spite of the fact that often a large
number of cells must be irradiated. For this purpose, an im-
portant requirement is the automation of the processes of
target cell identification, beam adjustment, and cell irradia-
tion with a controlled number of particles.

The present work describes the automatic system devel-
oped for single/ion single cell irradiation based on the IFJ
PAN Cracow microprobe. Special attention is focused on the
development of the software responsible for automatic cell
recognition, positioning, and cell irradiation processes.

II. EXPERIMENTAL DEVICE

The single ion hit facility �SIHF� in IFJ PAN Cracow is
utilizing a Van de Graaff accelerator based microprobe.16,17 It
allows irradiation of cells in the atmosphere using protons
with energy of up to 2.5 MeV focused on a spot size of 10
�10 �m2. The schematic view of the Cracow SIH facility is
presented in Fig. 1.

The proton beam �1�, passing through a 90° analyzing
magnet and prefocused with three doublets of quadrupoles,
enters the SIHF. The beam size and position are set by two
diaphragms �2�. Subsequently, precise diaphragms �3� further
reduce the beam current to about 1000 protons/s. Two elec-
trostatic deflecting plates �4�, mounted after the slits, allow
rapid beam blanking �5�. Then the beam is focused with two
doublets of quadrupoles �MARC, Melbourne, Australia� �6�.
The main measurement stage consists of a chamber �7� �in-
cluding high brightness light emitting diode �LED� �8�,
Si3N4 exit window �9�, and a channeltron �10��, a three-
dimensional �3D� moving stage �11� equipped with a Petri
dish as a cell holder, particle silicon surface barrier detector
�Ortec� on a moving arm �12�, and an optical microscope
with a charge-coupled device �CCD� camera �13�. The cen-
tral component of the system is a computer �15�, which di-
rectly controls positioning and blanking processes and col-
lects information from the microscope and the detectors
using an electronic data acquisition and control system �14�.

Several units of the SIH facility require additional re-
marks:

�i� The blanking system, based on electrostatic deflection
plates and a fast high voltage amplifier �Technisches
Büro S. Fisher�, must be fast enough to turn the beam
off after getting the control signal from the detector.

a�Author to whom correspondence should be addressed; electronic mail:
oleksandr.veselov@ifj.edu.pl
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The average measured time between acquiring a de-
tector pulse and deflecting a voltage rise is 23 �s.
This delay �covering also the reaction of a WINDOWS

operating system� is short enough to assure a very
reliable blanking performance for beam intensities of
up to �103 protons/s.

�ii� The positioning system is built with the use of a pre-
cise �0.1 �m� two-dimensional �2D� voice-coil mov-
ing stage mounted in a vertical position with a travel
distance of 5 mm �Physics Instruments�. As the beam-
line is horizontal, the cells’ dish must be placed �and
scanned� vertically. A micrometer screw enables the
horizontal movement of the table.

�iii� There are disadvantages of placing the particle detec-
tor between the cell dish and the microscope. In par-
ticular, parallel to the necessity of detector manipula-
tions, in order to ensure proton passage to the
detector, the liquid medium must be temporarily re-
moved from the cell dish, which significantly de-
creases the time accessible for performing the experi-
ment. However, a principally better solution that
employs a channeltron for detecting secondary elec-
trons ejected from the exit window upon ion passage
had to be rejected due to insufficient �and deteriorat-
ing in time� detection efficiency for protons.

�iv� The on-line optical system includes a Zoom125C mi-
croscope �www.thales-optem.de� that enables auto-
mated zoom and focus control with 89 mm working
distance and a field of view ranging from 3.4
�4.5 to 0.27�0.37 mm2. The variable magnification
facilitates beam adjustment �necessary prior to irra-
diation� and subsequent observation of the cell dish.
The high brightness LED mounted inside the experi-
mental chamber allows the on-line observation of the
unstained cells in the transmitted light using a stan-
dard microscope objective �see Fig. 2�.

�v� For off-line cell visualization a BX51 Olympus sys-
tem, upgraded with fluorescent and quantitative phase
microscopy18 �QPm� units, has been installed in the
sample preparation clean space. The QPm can recover
pure phase information from just three conventional
brightfield images taken at slightly different focal

planes that enables clear visualization of transparent
or semitransparent objects.

The image presented in Fig. 2 was obtained using the
on-line optical system with the black/white �B/W� closed-
circuit television �CCTV� camera �SG32M-1CE AI/DC�
characterized by a high sensitivity of 0.01 lx/F 1.4 and con-
nected to the personal computer �PC�. The acquired images
are the input data for further image processing.

III. IMAGE PROCESSING FOR CELLS RECOGNITION

The main aim of the image processing is to find coordi-
nates of the cells in a microscopic image. Subsequently,
these coordinates are used in the microprobe control program
responsible for the cell irradiation process.

Generally, the image processing has at its disposal a
large number of transformation procedures �filters, logical
operations, morphological transformations, etc.�. Neverthe-
less, there is no single universal way to get directly the re-
quired result. Therefore, the image analysis is usually per-
formed as a sequence of consecutive procedures.

At first, an attempt has been done19 to find the proper
procedure sequence with the help of the IMAGE-PRO® 5 pro-
gram �Media Cybernetics, Inc�. However, the application of
this package has encountered several problems, such as the
difficulty to integrate the IMAGE-PRO into the program con-
trolling the irradiation process or the absence of a preferred
recognition method �Hough transform� in the image process-
ing functions library. Therefore, it has been decided to rather
develop a tailored code for cells recognition and integrate it
into the microprobe control software.

The presented software is based on several consecutive
procedures linked into a chain: an output image of each step
is an input for the next step; see Fig. 3—for demonstration
purposes, only a small portion of the full image is shown.

Although the methods used are well known and com-
monly applied,20,21 it is worth noticing several details ex-
plaining the choice of these procedures for the realization of
the task.

�i� Thresholding—the background level is estimated
from the image intensity distribution. At the current
stage of the program, this level is manually adjusted
for fixed conditions that influence the distribution
�e.g., fixed illumination intensity, given optical mag-
nification, and given cell line�.

�ii� Median filter—its advantage is that it preserves the
sharp objects’ edges during noise reduction.

�iii� Opening transformation—ancillary to the median fil-
ter method. It is used, if required, to separate narrowly

FIG. 1. Schematic view of the single ion hit facility in Cracow.

FIG. 2. On-line images of living cells captured at the irradiation setup.
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connected objects and to remove small objects, which
are smaller than cells but bigger than debris, removed
by the median filter.

�iv� Perpendicular Sobel operators—used to find the edges
of objects.

�v� Hough transform—used for final precise determina-
tion of coordinates of cells.

�vi� Clustering—a fast-working alternative to Hough
transform.

The image recognition should bring exact coordinates of
cells �or cell nuclei� visible in the image. For this purpose,
currently, the most commonly used method is the Hough
transform,22 since it may be used for detecting the presence
�and, of course, locations� of virtual arbitrary shapes in the
image. The great advantage of the Hough transform is its
powerful object detection, even when working with poor
quality images23 �e.g., images with large noise, images with
destroyed or partially overlapped objects, etc.�. On the other
hand, direct realization of this method is very time consum-
ing and the calculation time grows significantly with the ob-
ject’s increasing degree of freedom. Therefore, in spite of the
fact that searching for elliptical shapes is more adequate for
cell localization, there are good reasons to apply the Hough
transform for circle detection. Moreover, the restriction of
the circle radius values to a reasonable range reduces the
time requirements. To further improve the performance of
the code, several modifications of the Hough transform were
coded in and tested experimentally, i.e., the direct Hough
transform �HT�,22 the random Hough transform �RHT�,24 the
generalized Hough transform �GHT�,25,26 and random circle
detection �RCD�.27,28 According to those tests, the fastest re-
sults were achieved by GHT. Unfortunately, even this modi-
fication is time consuming for large images �about 35 s for a
1.3 megapixel image using a mobile AMD Sempron�tm�
3000+ processor, 1.8 GHz�. The time performance of some
of those algorithms is shown on Fig. 4.

As an alternative fast method �only about 5 s for

1.3 megapixel image using the same PC�, we use clustering
�see line c in Fig. 4�. This algorithm is based on the standard
Erosion method20,21 with a defined threshold value and the
circle r=1 pixel as a structuring element. In this algorithm,
all “eroded” neighboring pixels are collected by iteration in
one cluster, finally indicating the area of a single object. As a
result, objects are stored as a set of clusters. The clustering
has some advantages over the Hough transform: �i� it is
many times faster and �ii� the time of calculation is not af-
fected by the object shape. However, the disadvantages are
also serious. Particularly, clustering may interpret some noise
as an object and treat the overlapped objects as a single ob-
ject. This method requires additional processing of the im-
age, such as filtering of recognized objects by given size,
shape, and other parameters.

Image processing procedures may be invoked from flex-
ible command scripts and their sequential algorithm may be
adapted to perform either the simplified processing �for fast
preliminary investigation� or compound sequences of image
transformations �for precise cell recognition�. Storing suc-
cessfully applied scripts for later use facilitates recognition in
case of multiple experiments carried out with the same type
of cells.

Finally, coordinates of the recognized objects �Fig. 5� are
used for ion irradiation.

IV. EXPERIMENTAL RESULTS

A. Irradiation process

The irradiation process requires a precise interaction be-
tween hardware and software. The first task is to find a po-
sition of the beam in the plane of the sample. The prelimi-
nary beam position is obtained after focusing it a quartz
window located off-axis of the experimental chamber �2 cm
left of the ion exit window, see Fig. 6�. For this task, the
experimental chamber is rotated by 5° from its axis. Then the
chamber is rotated back to the central position to allow ion
passage through the exit window. However, the use of a
quartz window defines well the desired beam position only if
the beam falls strictly perpendicular to both the quartz win-
dow and sample planes. Any imperfections of the relative
directions cause the shift of the beam position in the sample

FIG. 3. The example of image processing.

FIG. 4. The time performance of full recognition processing based on GHT,
RHT, and clustering.
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plane. Therefore, an additional method for beam localization
has been developed. This method is based on an automatic
scanning of the region of the beam spot on the quartz win-
dow by a diaphragm �down to 5 �m in diameter�, placed in
the plane of the sample in such a way that the beam can
reach the particle detector located behind the diaphragm only
when passing through the opening. The diaphragm position
where the detector registers the strongest signal corresponds
to the center of the beam position. The difference between
the beam spot positions determined optically with the quartz
window and measured using the scanning method can reach
even 60 �m, which shows the importance of this procedure.
After removing the particle detector, the diaphragm hole is

observed using the optical microscope in transmitted light
coming from the photodiode mounted inside the measure-
ment chamber. Since the optical system has a fixed field of
view for a fixed magnification, one can store such image of
the diaphragm and use it for the subsequent determination of
cell position relative to the beam position.

The previously determined cell coordinates define a map
of targets. Just after the recognition process, the map is still
in pixel units, not suitable for positioning table control pro-
gram. In order to transform these coordinates to microme-
ters, the next important step is image calibration. For this
purpose it is possible to use two methods. The first one is a
classical calibration using an optical standard placed in the
plane of the sample. The second method is more sophisti-
cated: it uses again the diaphragm and benefits from the high
precision of the positioning stage �0.1 �m�. The procedure
requires taking three photographs of the diaphragm hole. The
first recorded image is used as an origin. The second image,
taken after moving the stage along the X axis to a certain
distance �e.g., 300 �m to the right�, is used for horizontal
calibration. The third one, taken after moving the stage along
the Y axis �e.g., 200 �m downwards�, is used for vertical
calibration. At first glance, for the precise beam position de-
termination and the precise calibration, the best choice is the
smallest diaphragm. However, the automatic method based
on the Hough transform achieved the best result with a
20 �m diameter diaphragm. This was due to the fact that the
brighter the pixels corresponding to the diaphragm hole, the
more precisely the Hough transform can detect it. Moreover,
the beam current after passing through the 20 �m diaphragm
is much larger than that passing through the 5 �m dia-
phragm, so the calibration using a bigger diaphragm requires
less time.

After preparing the map of targets and choosing the re-

FIG. 5. The screenshot of the Cracow
cell recognition program with the pro-
cessed image of cells �800
�600 pixels, 480�385 �m2�. The
bottom part of the screenshot demon-
strates an example of the custom com-
mand script used for image process-
ing.

FIG. 6. The front view of SIHF showing the irradiation chamber.
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quired number of ions per cell, the remaining flowchart of
the irradiation process is as follows:

�1� Turn the beam off before the beginning of the experi-
ment with living cells to avoid accidental and unwanted
irradiations.

�2� Place the stage in the position of the first target.
�3� Switch the beam on and wait until the detector registers

a chosen number of ions. The alternative, but far less
accurate, method to control the number of ions irradiat-
ing thick samples �when the ions are not able to reach
the detector� is to switch the beam on for a certain pe-
riod of time depending on the beam current, when the
average number of the bombarding ions is equal to the
chosen value.

�4� Turn the beam off and place the stage to the next target
position.

�5� Repeat steps 3 and 4 for all targets.

The whole irradiation process is controlled by a com-
puter using the specialized software, with additional tools
extending the field of the SIHF applications. One of such
options can generate maps of different patterns. For example,
a grid pattern can be used for the simulation of the broad
beam irradiation.

B. Tests of the system

Before irradiation of living cells, several tests and con-
trol experiments must be carried out to check each part of the
system and its overall performance.

To test the blanking system, the following experiment
was provided: in a low current mode �103–104 ions/s�, after
registering an ion passage by the particle detector, the beam
was switched off, while the system continued registering
passing particles to the detector. To provide statistically sig-
nificant results such experiment was repeated several times
for different beam intensities �see Fig. 7�.

At large ion intensities there is a chance that some un-
wanted ion�s� will pass due to insufficient performance of the
blanking system. The measured system reaction time be-
tween the pulse from the detector and the appearance of a
high voltage �440 V� on the deflection plates is about 23 �s.
It has been measured that for beam intensities of up to
800 protons/s and blanking triggered after the detection of
every single ion, the average number of registered ions per
blanking event does not exceed 1.02, which is an acceptable
performance for purposes of the experiments planned.

In spite of the high precision of the moving stage guar-
anteed by the manufacturer, the accuracy of the positioning
system was tested. First, the diaphragm was set in the start
position, which was determined by automatic recognition.
Then the stage was positioned in a loop sequence in such a
way that after passing through a randomly generated map of
targets �thus simulating cells irradiation�, it returned to the
initial position. After completing the loop, the difference be-
tween the initial and final positions was measured. As a re-
sult, in 99% of cases, independent of the map size and up to
1000 steps inside the loop, the stage returned back with a
precision of not more than 0.5 �m.

Final test was the determination of the beam profile us-
ing the diaphragm with a 5 �m diameter hole in order to
prove the regular �Gaussian� beam intensity shape. This test
is carried out in a manner very similar to the beam position
localization described above. An example of the measured
beam profile is presented in Fig. 8.

Such profile can be used to obtain information about
spatial changes in the beam form, the beam direction, etc. An
example displayed in Fig. 8 shows that the profile of the
proton beam measured outside the vacuum chamber is rather
poor �i.e., broad�, which negatively influences cell hit accu-
racy. This is due to a significant worsening of the microprobe
resolution �from about 5 to 10 �m in vacuum� that occurred
during the rearrangement of the ion beamline. Restorating
the microprobe performance to its normal condition will im-
prove the hit accuracy.

FIG. 7. The effectiveness of the blanking system for different beam inten-
sities.

FIG. 8. An example of the beam pro-
file ��200 �m from the exit window�.
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C. Results obtained with living cells

First experiments with living cells have been carried out
with normal human skin fibroblasts �CCL-110� and well dif-
ferentiated gastric adenocarcinoma �MKN-7� cell lines.
CCL-110 cells were maintained in DVBelco minimum es-
sential medium �DMEM� supplemented with 10% fetal bo-
vine serum �FBS�, L-glutamine, and antibiotics. MKN-7
cells were grown in RPMI-1640 medium supplemented with
10% FBS and antibiotics. All cells were incubated at 37 °C
in an atmosphere containing 5% CO2.

Cell dish construction must assure that protons reach the
particle detector after traversing a cell. Therefore, cells were
grown either on �i� a Si3N4 window �3�3 mm2 size, 500 nm
thick� glued over a hole perforated in a standard Petri dish or
�ii� on thin �2 �m� Mylar foil replacing the dish bottom.
Dishes were sterilized two days before an experiment: they

were incubated in 70% ethanol for 10 min and afterwards
were exposed to UV for 15 min. One day before the experi-
ment, dishes with a Mylar bottom were additionally pre-
treated with medium solutions �DMEM or RPMI depending
on the type of cells� and then stored in the thermostat. On the
same day, cells were trypsinized and seeded.

Cells were stained with propidium iodine and Hoechst
33342 that allow distinguishing between living and dead
cells using a fluorescent microscope. The fluorescent pictures
of several regions with deposited cells were taken directly
before irradiation. Next, most of the medium was removed
from the Petri dish, since protons could not pass through a
thick layer of liquid. To prevent contamination during irra-
diation, Petri dishes were covered with a Mylar foil. Our
preliminary tests have shown that such precautionary mea-
sure elongates the cell’s life up to about 30 min under ex-
perimental conditions. The irradiation experiments were car-
ried out according to the algorithm described in the previous
section. The number of protons per cell ranged from 50 to
3000 �the estimated average dose deposited by a single,
2 MeV proton is about 2–2.5 mGy, depending on cell type�.
To exclude the spontaneous cell death, the duration of a
single experiment was kept below 10 min. Directly after ir-
radiation, cell dishes were photographed again and then
placed into the incubator. The pictures of both irradiated and
nonirradiated regions were taken later: 30 min and 24 h after
exposure. The analysis of the pictures taken before and after
irradiation was carried out using the developed software. The
difference of dead cell percentage in the nonirradiated �con-
trol� and irradiated regions �Fig. 9� are the basis for cell
survival studies.

The experiment for the determination of the DNA dam-
age was carried out, where double strand breaks �DSBr� were
observed for both the fibroblast �Fig. 10� and MKN-7 �Fig.
11� cell lines. Following the above-mentioned standard algo-
rithm, cells were irradiated with different proton doses. Af-
terwards, they were stained with Alexa Fluor 488 �Molecu-
lar� that makes DSB visible using the fluorescent microscope
�light spots in Figs. 10�c�, 10�d�, and 11�b��.

The density of light spots visible in cell nuclei corre-
sponds to irradiation dose. Note that the control sample was
imaged with a much longer exposure time than the irradiated
one, otherwise the control image would be almost entirely
black.

Results obtained so far are preliminary and, due to in-
sufficient experience, do not allow drawing quantitative con-

FIG. 9. The comparison between irradiated and nonirradiated MKN-7 cells.

FIG. 10. The example of DSB for human skin fibroblast �CCL-110�.

FIG. 11. The example of DSB for MKN-7cells.
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clusions. However, they are consistent with observations re-
ported in literature and prove that the irradiation facility is
operational. The extensive irradiation program is scheduled
for the nearest future to increase statistical significance of
data.

V. SUMMARY

The system of automatic irradiation of living cells has
been brought into routine operation and first irradiations
have already been performed with a 2 MeV proton beam.
Targeting accuracy still requires improvement, but all sys-
tems have been successfully tested. Automatic optical recog-
nition of cells works very well for more regularly shaped
�circular, elliptical� cells, but requires improvement in the
case of cells of less regular shapes �e.g., fibroblasts�.
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Abstract

The use of targeted ion beams has been an important development for understanding the response of biological systems to radiation
exposure. Most investigations in this field have been performed with helium ion microbeams; however, irradiations using a beam of pro-
tons, covering different LET values, can deliver complementary results and additional information on radiation effect related to radiation
quality and low dose exposure. Recently, several experiments have been carried out at the new single ion hit facility in the Institute of
Nuclear Physics in Cracow using a focused proton microbeam. In parallel, similar cross-validation experiments have been performed
using the well-established particle microbeam situated at the Gray Cancer Institute with the same cell line and proton energy.

Pilot studies have compared the yields of double strand breaks (DSBs) in cells uniformly irradiated with 240 kV X-ray with those
irradiated with microbeam delivered protons, and in some cases helium ions. The number of DSBs increased with the X-ray dose. In
the samples irradiated with individually counted protons, fewer foci were found in comparison to the number of protons delivered
per cell. Studies also compared the distribution of foci per cell between the different radiation qualities.
� 2007 Elsevier B.V. All rights reserved.

PACS: 87.50.Gi; 87.50.�a; 87.58.Sp

Keywords: Ion microprobe; X-ray; Targeted irradiation; Double strand break
1. Introduction

Double strand breaks (DSBs) are the key initial damag-
ing lesion produced by ionizing radiation. The yield of
DSBs/Gy determines the biological effectiveness of differ-
ent radiation qualities and its estimation is still of great
interest in radiation biology research [1]. More experimen-
0168-583X/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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tal data is needed for risk evaluation in environmental
radiobiology, as well as maximization of the beneficial
effect in tumor radiotherapy. Many studies have been car-
ried out to analyze the effect of X-rays in the cell culture
models [2,3], whilst a new era of targeted single cell irradi-
ation has provided new possibilities for studying key mech-
anisms of ionizing radiation.

Single-particle microbeam facilities are an excellent new
tool in radiation biology research. They provide the possi-
bility of targeting individual cells within a population with
defined numbers of particles. Microbeam experiments have
shown that not only the dose, but also the targeted site
(nucleus versus cytoplasm) determines the level of damage
and cell survival, as different cell response pathways can be
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triggered [4]. Microbeam irradiations allow us to analyze
signal originating from a single irradiated cell or even from
a subcellular compartment. Most investigations in this field
are carried out using helium ions (either 3He, or 4He) where
even a few ion tracks in a single cell may introduce a signif-
icant response [4–7]. However, less studied are proton (1H)
irradiations, which interact less with a living cell along the
track, depending on the energy [8].

The interactions of ionizing radiation with DNA are
complex providing a spectrum of lesions that vary in num-
ber and distribution. This complexity is clearly seen with
increasing dose, different cell types and different radiations
qualities [9]. End points, such as induced mutations, cell
cycle delay, changes in protein expression, double-strand
breaks, clonogenic cell survival, have all been studied
[5,9,10]. Measurement of the yields of DSBs provides impor-
tant information regarding the effectiveness of different radi-
ation qualities in producing biological changes in cell
models. A variety of proteins, known as DSB markers, are
available with c-H2AX (phosphorylated histone H2AX),
ATM (ataxia teleangiectasia mutated), and 53BP1 (p53
binding protein 1) being the most commonly studied [11–
13]. These localize to the sites of DSBs to form distinct foci,
which can be detected using fluorescent antibodies.

Our recent study has focused on one cell type exposed to
three different radiation sources and analyzed for DSBs. In
particular, we have compared the yields and distributions
of foci from conventional exposures where every cell is uni-
formly targeted with X-rays to microbeam approaches
where precise numbers of protons or helium ions are deliv-
ered to each cell.

2. Materials and methods

2.1. Irradiation sources

Experiments took place at the Gray Cancer Institute
(GCI) UK and at the Institute of Nuclear Physics (IFJ
PAN) in Cracow. 240 kV X-ray as well as 1H and 3He
microbeams were used for the irradiation. The main techni-
cal parameters of the facilities are as follows:

• 240 kV X-ray machine (Pantak IV) at the GCI.
• A vertical collimated microbeam at the Gray Cancer

Institute, delivering 2 MeV protons and 3.5 MeV 3He,
with a beam size of 2 lm [14,15].

• 2 MeV Cracow horizontal, focused proton microbeam
from the Van de Graaff accelerator at the Institute of
Nuclear Physics, characterized by the beam diameter
of about 12 lm and the targeting accuracy of 30 lm in
92% of cell targets [16–18].
2.2. Dose calculation

Traditional dose calculations are misleading in case of
targeted irradiation. The same number of particles travers-
ing cell gives different dose values depending on which part
of the cell is assumed to be the target volume (e.g. cell
nucleus or the whole cell). Usually, if high accuracy of tar-
geting is assured (as in case of GCI), and the cell nucleus is
a target for irradiation, dose values are calculated taking as
input the average cell nucleus data (nucleus thickness, den-
sity, mass). If targeting accuracy is lower, it is reasonable to
choose the data corresponding to a whole cell, as not only
nuclei become a target. However, the whole concept of
energy deposited in certain mass, elaborated initially for
X-ray irradiations, seems to be doubtful in case of targeted
particle irradiation. It is the well defined track along the
particle passage, where radiation effects take place. There-
fore, cell (or nucleus) thickness becomes an important fac-
tor, as it determines the number of events along the track.

The direct comparison of the results between radiation
qualities (and different facilities) in terms of DSBs/Gy is
difficult. Dose calculation (converting the number of parti-
cles to Gy) meets problems mentioned earlier. Therefore, it
seems plausible to focus on trends and tendencies rather
than relying on direct dose comparisons.

2.3. Cell culture

The AGO1522 (normal human skin fibroblasts) cell line
was purchased from the Corriel Cell Repositories. Fibro-
blasts were cultured in a-MEM medium supplemented with
20% fetal bovine serum, 2 mM L-glutamine, 100 IU/ml
penicillin and 100 lg/ml streptomycin. Cells were main-
tained in the incubator at 37 �C temperature and 5%
CO2. Low passage number (6–10), fully confluent AGO
cells (G1 phase cells) were seeded onto in house designed
irradiation dishes 16 h before the experiment. About
30,000 cells were used for X-ray exposures and about
1000 cells for the microbeam experiments.

2.4. Irradiation dishes

X-ray experiments have no special requirements for cell
culture dishes; therefore cells were irradiated in the com-
mercially available 35 mm B Petri dishes. For the single
cell irradiation experiments special cell culture dishes were
used to minimize energy loss of the particles before they
reach the cells (Fig. 1) [14].

2.5. Experimental conditions

For X-ray experiments cells were irradiated in a hori-
zontal position on Pantak IV machine with 2 ml of medium
and 20 mM Hepes buffer at a dose rate of 0.5 Gy/min at a
room temperature.

At the GCI, for targeted helium and proton-irradiation
cells were pre-stained with Hoechst 33342 at the concentra-
tion of 1 lM for 30 min. Sample irradiation took place in a
horizontal position with 2 ml of medium and 20 mM Hepes
buffer. The localization of every cell nucleus was carried
using a fluorescent based image analysis system. All the
cells within the dish were hit exactly at the centre of the



Fig. 1. The in-house designed Petri dish, with a 3 · 3 mm2, 500 nm thick
Si3N4 irradiation window glued at the dish bottom (IFJ PAN): 1 –
commercially available 35 mm B Petri dishes, 2 – Si3N4 irradiation
window.
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nucleus (±2 lm in 99% of cell targets) with defined num-
bers of particles [14,15]. Dishes were precooled to 7 �C
before and during the experiment.

At the IFJ PAN, dishes containing cells were irradiated
in the vertical position. Prior to irradiation the medium
was removed and the dishes were covered with thin Mylar
foil to prevent cell drying. Unstained cells were visualized
on-line using a microscope. A high brightness light emitting
diode (LED) was mounted in the irradiation chamber next
to the thin ion exit window (Si3N3, 200 nm thick). In this
way, the exit window served as a light source, providing
transparent illumination of a cell sample. Cell irradiations
were controlled by custom built, semi-automatic software.
Irradiation targets were chosen manually (with mouse
clicks) in an on-line microscope image, displaying a cell
sample positioned in the irradiation stage. Exact counting
of protons was obtained by using a particle detector placed
in position just behind the cell dish. All the cells within the
dish were irradiated. After the experiments medium was
replaced and samples were returned to the incubator.
Table 1
The yield of DSBs (c-H2AX marker) and number of ‘‘negative’’ cells after
X-ray irradiation

Control 0.1 Gy 0.25 Gy 0.5 Gy 1 Gy

c-H2AX foci/cell 1.4 4.6 11.4 17.6 27.3
c-H2AX ‘‘negative’’ cellsa 42% 6% 0 0 0

a Cells without DSBs.

Table 2
The yield of DSBs (c-H2AX marker) in the experiment in which samples
were cooled

Control 0.25 Gy 0.5 Gy 1 Gy

c-H2AX foci/cell 2.7 8.9 12.2 19.3
2.6. Cell fixing and staining

After X-ray and microbeam experiments cells were incu-
bated for 20 min, washed with PBS (phosphate buffered
saline) and fixed after with 2% formaldehyde solution or
methanol and acetic acid solution (proportion 3:1) respec-
tively. Following the GCI protocol, presented below, sam-
ples were rinsed three times in PBS, permeabilized (0.5%
Triton X-100 solution in PBS) for 10 min, and washed
three times in PBS. Incubation in blocking buffer (5% horse
serum, 0.1% Triton X-100, 0.2% skimmed milk in PBS) at
4 �C overnight was followed by blocking with the anti-
mouse c-H2AX monoclonal primary antibody at the con-
centration of 1:10,000 or anti-rabbit 53BP1 antibody at
the concentration 1:1500 for 1 h at room temperature.
Samples were washed twice in washing buffer (0.1% Triton
X-100 in PBS) and incubated with goat anti-mouse or anti-
rabbit secondary antibody conjugated with Alexa Fluor
566 or Alexa Fluor 488 at the concentration of 1:1000 for
1 h at room temperature. Cells were rinsed three times in
washing buffer and counterstained with 4 0,6-diamidino-2-
phenylindone dihydrochloride (DAPI) at the concentration
of 0.1 lg/ml for 5 min. Before mounting in Vectashield
medium, samples were washed three times in PBS. DSB
foci were analysed under the fluorescent microscope and
scored through the entire cell nucleus.
3. Results

The pilot study compared the yield of DSBs between the
radiation quality (X-ray, protons, and in some cases helium
ions) and the dose. DSBs were scored in 100 cells per sam-
ple and the average number of DSBs per cell was deter-
mined. Statistical variation of the counted number of foci
typically did not exceed 10–15% across different samples.
The difference between results stems from the fact that in
microbeam experiments cells have been hit in the nucleus
with the exact number of particles, while in X-ray experi-
ments cells’ nuclei or cytoplasm have been irradiated
randomly.

In 240 kV X-ray experiments cells were irradiated with
0.1 Gy, 0.25 Gy, 0.5 Gy and 1 Gy. After experiments, sam-
ples were incubated for 20 min at 37 �C to allow full foci
formation. A positive correlation of foci number (DSBs)
with dose was observed. The yield of DSBs calculated from
the samples irradiated with 0.1 Gy was within the range of
those calculated by Rogakou et al. [19] and was found to be
equal to 32 foci per Gy (Table 1). In the samples irradiated
with 1 Gy the number of DSBs was found to be lower in
comparison to that calculated from samples irradiated with
0.1 Gy and was equal to 27.3. The number of ‘‘negative’’
cells (without DSB foci) ranged from 42% in the control
samples to 0% in the samples irradiated with 1 Gy. In con-
trol samples the background level was 1.4 DSBs per cell.
The number of DSBs in the experiments in which samples



Fig. 2. A typical DSB distribution after X-ray irradiation: (a) control, (b) 0.25 Gy, (c) 1 Gy. White dots represent foci of DSBs.

Table 3
The yield of foci positive tracks (53BP1 marker) after targeted proton-
irradiation

Control 10 Protons 20 Protons 40 Protons

53BP1 tracks/cell 3.7 6.7 9.3 16.6

Table 4
The yield of foci positive tracks (c-H2AX marker) after targeted 3He
irradiation

Control 5 Particles 20 Particles

c-H2AX tracks/cell 1.8 5.4 15.3
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were cooled to 7 �C was lower at 19.3 DSBs in the samples
irradiated with 1 Gy (Table 2). The latter foci were small,
badly formed and difficult to count.

The distribution of foci differed from that observed in
targeted microbeam experiments as compared with X-ray
irradiations in which they were scattered all over the
nucleus. The pictures above present the typical DSB distri-
bution after X-irradiation (Fig. 2).

Several single cell targeted proton-irradiation experi-
ments were performed. All the cells were irradiated with
the exact number of protons delivered through the cell
nucleus. The irradiations were carried out with 10, 20,
and 40 2 MeV protons. Following the above-mentioned
protocol, cells were fixed and stained for DSBs detection
with the anti-53BP1 antibody. In targeted irradiations,
foci, scored by visual inspection, more likely represent
overlapping DSBs from individual particle tracks as they
traverse the nucleus interacting with the DNA multiple
times. The number of foci/track yielded by 10, 20 and
40 protons was 6.7, 9.3 and 16.6 per cell respectively
(Table 3). The foci were mostly concentrated in a local
area, which was spread wider at higher doses (Fig. 3).
Several foci outside the targeted area were counted as well,
but considered to be background foci.

For the 3.5 MeV 3He irradiations at the GCI, samples
were handled exactly in the same way as those from the tar-
Fig. 3. A typical DSB distribution after microbeam irradiation: (a) control, (b
tracks.
geted proton experiments. The foci/track were visualized
with the c-H2AX and the yield of tracks was found to be
equal to 5.4 and 15.3 in the samples irradiated with 5
and 20 particles, respectively (Table 4).

4. Discussion

The formation of DSBs is a dynamic process that con-
sists of several phases and includes many proteins. Our
recent data shows that the number of DSBs could be
affected by the time of cell fixation, type of antibodies used
as DSB markers and whether or not the samples were
cooled during the experiment. The comparison of our
results (32 DSBs/Gy after X-ray irradiation) with those
from the literature [20] suggests that either several DSBs
were repaired after the irradiation or there was not enough
time allowed for full foci formation. The preliminary
results of the c-H2AX foci dynamics show the latter
hypothesis to be less probable, as the peak of c-H2AX pro-
tein expression was found at approximately 10 min after
irradiation (data not shown). The difference in the yield
of DSBs/Gy between the samples irradiated with 0.1 Gy
and 1 Gy is likely due to foci overlapping at higher doses.
Other factors such as low dose hypersensitivity should also
be taken into account. The number of DSBs increased with
X-ray dose and the relationship was close to linear. Sample
) 10 protons, (c) 40 protons. White dots represent DSB positive radiation
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cooling slowed both the DSB formation and repair,
resulting in lower DSB number per Gy. As a DSB marker,
c-H2AX, is very sensitive to experimental conditions
resulting in a slight difference between its background level
in different experiments. These differences were corrected
for the irradiated samples, after excluding the control.
ATM, another DSB marker, showed fewer foci in the
control samples and better correlation with the dose, sug-
gesting it to be a more suitable marker for this type of
experiment (data not shown). The foci of the 53BP1 pro-
tein were bigger, clearly distinguishable, and easier to count
when compared with those of c-H2AX.

The data from 1H microbeam experiments shows that
not all protons produced DSBs along their tracks, resulting
in an average value of 1/3 of tracks having foci per deliv-
ered 2 MeV proton. It is likely that the foci numbers are
underestimated in the samples irradiated with larger
amount of protons due to foci overlapping. Samples irradi-
ated with 10 and 20 protons may not be the best for calcu-
lating the relationship between the number of foci and
particles. The higher the foci density, the harder it was to
count the individual foci. Experiments with five protons
are planned for more accurate calculations. After targeted
proton-irradiation, samples were stained with 53BP1 as it
was found to be a more reliable marker for this type of
experiment. The c-H2AX foci were smaller, faded more
quickly and were difficult to count. Some data from the
experiment where cells were stained with the anti-mouse
c-H2AX antibody, also suggests an average 1/3 of tracks
having foci per delivered 2 MeV proton (data not shown).
We are interested in double staining using c-H2AX
together with ATM or 53BP1 in order to check the co-
localization of foci and to verify results. The difference in
protein kinetics must always be taken into account when
comparing two different DSB markers. The distribution
of foci after 1H and 3He microbeam irradiation was similar
to those expected for microbeam targeting.

Helium ions appeared to be more ‘harmful’, as almost
every particle produced foci along its track (c-H2AX mar-
ker). Similar results were obtained from the experiments
with the anti-53BP1 antibody. The number of foci per cell
in the samples irradiated with five particles closely corre-
sponded to the number of particles delivered to the cell
nucleus. Due to foci overlapping, samples irradiated with
a higher dose showed fewer foci per particle than expected,
suggesting that only samples irradiated with 5 or 10 parti-
cles are suitable the estimating the relationship between the
number of foci and the dose.

5. Conclusion

The yield of DSBs correlated positively with dose after
X-ray irradiation. In 3He microbeam experiments, almost
every particle produced DSBs along its track. In contrast,
targeted proton-irradiation resulted in approximately 1/3
of 2 MeV proton tracks producing foci.
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