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Abstract

Various imaging techniques carried out with a nuclear microprobe make it possible to reveal by 2D mapping, the

internal structure of isolated cells. An improvement of those techniques allows today 3D mapping of cells. STIM- and

PIXE-Tomography have been recently implemented on the CENBG microbeam line. The performance o�ered by these

methods, which are capable of resolving objects having diameters less then 100 lm, has been validated on reference

specimens and on human cells from cultures. In addition to the ®neness of the resolution, these techniques o�er the

advantage of performing volume analyses without prior cutting of the samples. The ultimate aim of this program of

research is to perform 3D elemental chemical analysis of individual cells in the ®eld of biomedicine. Ó 1999 Elsevier

Science B.V. All rights reserved.

PACS: 87.64.-t; 87.59.Fm; 87.22.Bt; 29.30.Kv

Keywords: Subcellular structure; Computed tomography; X-ray analysis; Cultured cells; Ion microbeam; Microscopy

1. Introduction

The ®rst applications of real 3D mapping using
STIM-Tomography (STIM-T) appeared at the end
of the eighties [1]. The principle of PIXE-Tomo-
graphy (PIXE-T) in its ultimate form was only
reported a few years later by Scho®eld and Lefevre
[2]. This analysis of a scorpion stinger constituted
one of the ®rst examples of 2D tomography in the
life sciences. Although this technique is well suited
to the analysis of biological specimens, very few
studies have been published since then in this ®eld.
The range of MeV ions, more especially protons,

in organic material is su�cient to probe large bi-
ological structures, cell aggregates or even indi-
vidual cells. Thus it is possible to map the inner
structure of the object under investigation without
sectioning it.

STIM-T and PIXE-T techniques have been re-
cently developed in Bordeaux using the CENBG
microbeam line. Our group bene®ts of a long ex-
perience in the 2D analysis of cultured cell lines [3],
more particularly at the cellular and subcellular
level. The present study was conducted in the
framework of this program. The aim was to
demonstrate, for the ®rst time, the capability of
ion micro-tomography to elucidate the ultra-
structure of a mammalian cell. Our experimental
setup will be ®rst brie¯y presented as also the an-
alytical procedure. Then, results of STIM-T and
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PIXE-T analyses of individual cells will be com-
pared and some methodological points evoked.

2. Material and methods

2.1. Cell line and sample preparation

Cells aimed for tomography analysis were pre-
pared as follows: A human ovarian adenocarci-
noma cell line, IGROV1 [4], was cultured on thin
Formvar ®lms under experimental conditions re-
ported earlier [5]. The cell monolayer obtained was
then cryo®xed in isopentane chilled with liquid
nitrogen and freeze-dried for several hours at
ÿ30°C. Individual cells selected under light mi-
croscopy for their morphological characteristics
and preservation status were picked up using thin
micro-pipettes and ®xed on the tip of a glass
micro-capillary (30 lm in diameter) using high
polymerizing speed AralditeTM glue. The capillary
was then inserted in a larger tube easier to ma-
nipulate.

In order to validate the performance of the
technique, we prepared also reference specimens
with a simple structure consisting of microscopic
(4±7 lm) nickel grains (GoodfellowTM) embed-
ded in a Formvar polymer matrix. A regular
cylindrical wire (80 lm in diameter) was ob-
tained and ®xed at the extremity of a larger glass
capillary.

2.2. Experimental setup

The 3D analyses have been performed using the
CENBG microbeam line, an experimental setup
previously described [6]. In the STIM con®gura-
tion, the angular divergence of the beam pene-
trating the optics was limited using two 5-lm
circular apertures, one de®ning the object and the
second placed at a distance of 5.4 m, in front of the
®rst quadrupole. In this way, the beam intensity on
the target was reduced down to about 1500 pro-
tons/s with a spatial resolution below 1 lm. For
3D PIXE analysis, the object diameter was in-
creased up to 20 lm and the second collimator to 1
mm in order to achieve a beam intensity of 200 pA

with a 2-lm spot on the sample. STIM and PIXE
analyses were both performed with 3.0-MeV pro-
tons for the reference specimen and 2.8-MeV
protons for individual cells.

In the irradiation chamber, samples were
mounted, using a small-dimension mandrel, ®xed
directly on the rotating axis of a high-precision
computer-controlled step motor. To avoid any
problem of temperature rise under vacuum and
thus dilatation e�ect, the motor was mechanically
coupled to a water-cooled copper mass by means
of a high thermal conducting braid. For STIM
analysis, a 200-mm2 ion-implanted-silicon
charged-particle detector was placed on beam axis
1 cm behind the sample on a retractable holder.
For PIXE analysis, a 60-mm2 Si(Li) X-ray detector
was placed at 135° at a distance of 2 cm from the
specimen axis.

2.3. Analytical procedure

Since the specimen damage caused by STIM is
quite negligible, STIM-T was carried out prior to
PIXE-T. Moreover, the time required for the
PIXE analysis of a single slice is so prohibitive
(about 1 h) that only a few horizontal sections
were investigated. Anyway, the complete 3D
structure provided by STIM gave meaningful in-
formation for the interpretation of the PIXE
tomographic slices.

For 3D STIM-T analysis, the following proce-
dure has been employed: 100 angular projections
were performed rotating the sample over 180° with
a step of 1.8°. For each projection, a 2D vertical
(128 ´ 64 points) scan was carried out measuring
the residual energy of the transmitted ions. The 64
horizontal tomographic slices composed of
128 ´ 128 voxels were then numerically recon-
structed, each separately, in order to provide a
complete 3D map of the specimen density. The
duration of this analysis was typically 2.5 h and
the total reconstruction achieved within 30 min on
a SUN UltraSparc workstation. The cell, pre-
sented in Fig. 2, was mapped with a 2D scan size
of 166 ´ 166 lm2. The spatial resolution was lim-
ited here by a voxel size of about 1.3 ´ 1.3 ´ 2.6
lm3. Individual slices of the same cell were then
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submitted to PIXE-T analysis. In this case, the
same number of projections were employed, but
each projection simply consisted of a linear scan
(128 points).

A horizontal slice of the reference specimen was
also mapped using both PIXE-T and STIM-T. For
each angular projection, a linear scan was carried
out over 109 lm. For STIM-T, the particle de-
tector was moved every 20 projections to prevent
any damage due to the high beam ¯uence.

2.4. 3D reconstruction

STIM-T is based on the assumption that the
slowing down of the particle crossing the sample is
directly related to the areal density of the material.
In the present study, the residual energy of parti-
cles was measured at a speci®c beam position using
the median value. The energy loss was then con-
verted into an areal density using a method ini-
tially proposed by Lefevre and Scho®eld [7]. In this
calculation, modi®ed routines of the source code
RUMP [8] were used to compute the stopping
power on the basis of a least squares ®t (from 350
to 3500 keV) of tabulated values by Andersen and
Ziegler [9]. For compound materials, the stopping
powers were calculated using BraggÕs rule. As
previously shown [7], this calculation was found to
be rather unsensitive to the specimen composition,
especially for biological specimens. For the re-
construction of the individual cell, we assumed a
C10H8O0:8N1:3 composition, previously derived
from the Rutherford Back-Scattering analysis of
cells from the IGROV1 line.

Since the beginning of Computed Tomography,
about 30 years ago, various reconstruction algo-
rithms have been developed. For low-noise data
such as STIM-T data, the best suited is ®ltered
back-projection. In this work, we used routines of
Donner library [10], initially developed for X-ray
tomography. 3D reconstruction of PIXE data is
more complex in the sense that the decrease in X-
ray yields with the slowing down of the incident
ion, as also the auto-attenuation of X-rays, must
be taken into consideration. To solve this problem,
reconstruction algorithms based on iterative
methods have been proposed by Scho®eld and
Lefevre [2], and Antolak and Bench [11]. In these

methods, the 3D density map of the object, de-
termined in a ®rst step by STIM-T, allows the
computing of an e�ective attenuation factor to
correct the PIXE-T reconstruction. Since we have
not developed such a complete data treatment yet,
we used ®ltered back-projection to treat PIXE
data. The PIXE-T reconstruction was performed
using a smoothing Hann ®lter. The e�ect of this
®lter is conspicuous comparing the STIM maps (a)
and (b) in Fig. 3, reconstructed, respectively, with
a ramp and Hann ®lter.

2.5. Rotation center

An important point concerning the data re-
duction was to de®ne the position of the experi-
mental rotation center. A good precision was
required, since even a single pixel error on its
location would have led to important recon-

Fig. 1. 2D STIM and PIXE tomography of a reference speci-

men slice: (a) STIM sinogram, coded on a 25 levels gray scale

spanning from zero (black) to 13.8 g/cm2 (white). This sinogram

consists of 100 horizontal lines (128 points over 109 lm), one

per angular projection. (b) PIXE sinogram of the nickel dis-

tribution constructed using the Ka line yield, ranging from zero

(black) to maximum (white, 548 events per point). The sinu-

soidal pattern on both sinograms is due to nickel containing

grains. (c) STIM-T and (d) PIXE-T reconstructions (128 ´ 128

voxels) using a ramp ®lter. Nickel grains down to �3 lm wide

are visible on both images.
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struction artifacts. For STIM-T, we determined
the rotation center using a least squares algorithm
according to Azevedo et al. [12]. This procedure
makes use of the sinusoidal patterns described by
all points of the sinogram (Fig. 1). The position
of the center of mass on the sinogram is com-
puted at each projection. These positions are then
®tted to a sinusoidal function whose symmetry
axis de®nes the rotation center. For PIXE-T,
however, no reference point is available in the
projection data. A test reconstruction is per-
formed with the same rotation center as for
STIM-T, then its position is adjusted until typical
asymmetric artefacts (known as ``tuning-fork ar-
tefacts'') are minimized.

3. Results and discussion

The reference specimen STIM-T and PIXE-T
analyses are compared in Fig. 1. Nickel grains of
size down to 3 lm can be distinguished on both the
reconstructed 2D maps, displaying, respectively,
the density and the nickel distributions in the same
slice. What is striking is that more nickel grains are
revealed by PIXE-T. This can be partly explained
by the di�erence in spatial resolution o�ered by the
two techniques. The beam size is larger for PIXE-
T, and so is consequently the thickness of the
probed specimen slice. Moreover an uncertainty of
a few microns on the beam position when turning
the beam line from STIM to PIXE con®guration

Fig. 2. 3D STIM tomography of an individual cell: front view (a) and side view (b) of the external envelop. Smaller cells attached on

the top and the side are also visible. The dimension of the scan was 166 ´ 166 lm2 and a total of 64 horizontal slices were analyzed.

Maps (c)±(f) (166 ´ 70 lm2) represent, respectively, the slices number 24, 33, 37 and 44, from the top to the specimen bottom. A Hann

®lter (cut-o� frequency 0.5) was used in the reconstruction to smooth the data. Maps (c), (d) and (f) have been plotted using a 25 gray

levels scale ranging from 0.054 (black) to 0.154 g/cm3 (white) whereas the (e) scale ranges from 0.069 to 0.231 g/cm3. The arrows

indicate nuclear lobes on slice (f) and high density nucleoli on slice (d).
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may be put forward. These two reasons could lead
to the exploration of specimen plans at slightly
di�erent heights. Regarding the reconstruction
process of STIM data, one has to stress here that
the assumption of fairly homogeneous composi-
tion is not veri®ed. Concerning PIXE data, the
correction of X-ray yields and attenuation must be
also taken into account in this kind of specimen. It
is obvious that the reduction of these tomographic
data requires a more complex iterative algorithm
that we have not yet implemented.

A complete 3D STIM analysis of an individual
human ovarian cell is presented in Fig. 2. Two
views of the cell's external structure at di�erent
angles have been plotted using a software devel-
oped at CENBG in the PHIGURETM library
graphic environment. The external envelope of the
specimen has been constructed selecting the iso-
surface at the zero density threshold. The cell line
used in this study usually grows under di�erent
morphotypes: small mononucleated cells, about 15
lm in diameter, and much larger polynucleated
cells, more than 50 lm wide [5]. The cell presented
in the ®gure is a specimen from the second popu-

lation. A few small round cells having grown in its
vicinity remained nevertheless attached during the
sampling procedure and can be easily recognized
on the cell surface. In Fig. 2(b), the ¯at shape of
the basal face, that was attached to the culture
support, has been preserved.

Four horizontal slices, chosen at di�erent
heights, have been plotted in the same ®gure. The
interpretation of such a new kind of image is not
straightforward due to the fact that the specimen
was dehydrated. The density gradient of the or-
ganic material does not delimit necessarily the
di�erent cell organelles. Nevertheless, some typical
features of the cellular ultrastructure are clearly
visible; especially, several round nuclear lobes, one
of the main characteristics of this polynucleated
cell line, appear on slice (f). In addition, nucleoli
may be identi®ed by bright points on the slice (d).
This observation is consistent with the 2D STIM
analysis we performed previously on this cell line
[3]. The nucleoli had been identi®ed as the organ-
elles with the highest density within cells.

In Fig. 3, STIM-T and PIXE-T analyses of a
particular slice of the same cell are compared.

Fig. 3. Comparison of 2D STIM-T and PIXE-T analyses of the slice number 51 (same cell as in Fig. 2). These maps have been reduced

from 128 ´ 128 voxels to 128 ´ 54 voxels (i.e.166 ´ 70 lm2) for clarity. STIM-T maps reconstructed using a ®ltered back-projection

algorithm with (a) ramp ®lter, (b) Hann ®lter (cut-o� frequency 0.5). (c)±(f) PIXE-T maps of potassium, phosphor, sulfur and chlorine,

respectively.
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Potassium, phosphorus, sulfur and chlorine maps
have been reconstructed using the respective K
lines. A slight distortion appears in the cell shape
presumably due to the restriction evoked earlier on
the analyzed plan. The high density structure
which appears on the top right of (a) and (b) was
found to be characterized by a high sulfur level, as
demonstrated on the sulfur map (e). This con-
tamination is certainly due to the sulfur-containing
glue employed to ®x the cell on the micro-capillary.

4. Concluding remarks

This study demonstrated the capability of ion
micro-tomography to determine the subcellular
ultrastructure using the 3D density map. It is ob-
vious that a great deal of work in collaboration
with biologists is still necessary to interpret un-
ambiguously such pictures. Moreover, these stud-
ies will have to be carried out using cell lines with a
more simple structure than the polynucleated cells
employed here. Great e�orts will be also necessary
to adapt the culture and specimen-mounting
techniques in order to avoid absolutely the use of
glue and the consequent possible contamination.
Among the main advantages of this technique in
biological applications are: (i) the inner structure
can be elucidated without any sectioning proce-
dure; (ii) the analysis can be performed on a virgin
cell, just cryo®xed and freeze-dried.
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