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Abstract

Scanning transmission ion microscopy (STIM) is a technique which utilizes the energy loss of high energy (MeV) ions passing through
a sample to provide structural images. In this paper, we have successfully demonstrated STIM imaging of single cells at the nano-level
using the high resolution capability of the proton beam writing facility at the Centre for lon Beam Applications, National University of
Singapore. MCF-7 breast cancer cells (American Type Culture Collection [ATCC]) were seeded on to silicon nitride windows, backed by
a Hamamatsu pin diode acting as a particle detector. A reasonable contrast was obtained using 1 MeV protons and excellent contrast
obtained using 1 MeV alpha particles. In a further experiment, nano-STIM was also demonstrated using cells seeded on to the pin diode
directly, and high quality nano-STIM images showing the nucleus and multiple nucleoli were extracted before the detector was signif-

icantly damaged.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There has recently been an upsurge in interest into new
methods of imaging biological cells and tissue. Scanning
transmission ion microscopy (STIM) which was demon-
strated over 20 years ago [1] has the potential for producing
structural images of cells and tissue, but has been infre-
quently utilised by only a few nuclear microprobe groups
over the last two decades. STIM relies on measuring the
energy loss of a beam of highly focused MeV ions as it
passes through a sample, and because the transmitted pro-
tons in general maintain a straight path as they pass
through a biological specimen (e.g. a tissue section or a
cell), then a high quality structural image of a relatively
thick specimen can be formed. The use of STIM has in gen-
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eral been limited to identifying specific regions of interest in
a biological sample prior to elemental analysis by nuclear
microscopy [2-14], but has also been used to construct
tomographic structural images of specimens that are diffi-
cult to section [15-19].

Recently it has been possible to focus an MeV proton
beam to below 100 nm, achieved in the proton beam writ-
ing facility of the Centre for Ion Beam Applications
(CIBA), National University of Singapore [20]. The
p-beam writing facility uses OMS52 lenses arranged in a
compact couplet triplet formation resulting in increased
X and Y demagnifications of 228 x 60, respectively. Sub-
100-nm beams are routine, with a current achievable best
spot size of 35x 75 nm for 10000 protons per second [20].
The use of high energy ion beams focused to nano-dimen-
sions raises the possibility of STIM nano-imaging of single
cells and tissue. Since this resolution is well below the
wavelength of light and is maintained through relatively
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thick tissue sections and whole cells, the nano-STIM tech-
nique could well have significant potential for structural
imaging in biomedicine.

2. Experimental details

The CIBA proton beam writing line, which can rou-
tinely focus MeV ion beam to sub-100 nm dimensions, is
not readily amenable for either STIM or nuclear micros-
copy investigations, since the target stage to lens distance
is reduced to 7 cm compared to 15 cm in the CIBA nuclear
microscopy line [20]. To adapt to the reduced working dis-
tance we have constructed a miniature assembly using a
Hamamatsu pin diode S1223-01 (3.06x 3.06 mm chip)
[21] mounted in a miniature assembly fronted by a silicon
nitride window of thickness 50 nm (see Fig. 1). The cells
(MCF-7 American Type Culture Collection [ATCC] breast
cancer cells) were successfully grown on the upper surface
of the silicon nitride window, as indicated by the optical
micrograph of the cells on the silicon nitride window
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Fig. 1. Schematic diagram of the STIM assembly, showing the silicon
nitride window and the pin diode. The cells are grown on the upper surface
of the silicon nitride window.
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Fig. 2. Optical micrograph of the breast cancer cells grown on a 50 nm
thick silicon nitride window (500 pm X% 500 um). The cell chosen for the
STIM studies is marked in the figure.

shown in Fig. 2. The cells were prepared according to the
protocol as described in Table 1, which is a procedure used
in cell biology, to preserve the structural integrity of the
cells. The STIM assembly was mounted on a computer-
controlled Burleigh Inchworm EXFO XYZ stage which
has a travel of 25 mm for all axes with a 20 nm closed loop
resolution [22].

3. Results and discussion

3.1. Results of STIM using the silicon nitride window as
substrate

A 2MeV Hj beam (an Hj ion is equivalent to two
1 MeV protons) was focused down to sub 100 nm, and
scanned across a suitable cell located on the silicon nitride
window as shown in Fig. 2. A H; beam rather than a
1 MeV proton beam was chosen because this represents
the brightest beam from the accelerator, and also because
the beam halo due to slit scattering is minimized (the Hj
beam splits into two protons on contact with the slit edges
and therefore have a very different focal point). A one MeV
alpha beam was also focused to sub-100 nm and scanned
across the same cell. The STIM spectra from the cell for
both the H; and the alpha beam were collected by the
Hamamatsu pin diode positioned directly behind the win-
dow and operating at a 10 V bias voltage. It can be seen
from the STIM energy spectra shown in Fig. 3 that the
H; STIM energy spectrum displays relatively little energy
loss compared with the alpha beam, expected because of
the higher stopping power of the 1 MeV alpha particles
compared with the 1 MeV protons (408 keV/um for alpha
particles and 52 keV/um for protons in carbon). The
energy resolution of the Hamamatsu pin diode, chosen at
random from a batch purchased from the manufacturer,
was measured to be 23 keV for the 1 MeV alpha particles
and around 27 keV for the 2 MeV H;. Estimates of the
straggling of the protons and alpha beam traversing the
50 nm substrate window (1 keV for 1 MeV protons and
2.4 keV for 1 MeV alpha particles) as calculated by SRIM
[23] were small compared with the detector energy resolu-
tion. The STIM images for both the H; and alpha beam
were collected using the OMDAQ system [24] using a med-
ian energy fit, and are shown in Fig. 4. As expected, the
STIM image using the alpha beam exhibits a higher con-
trast compared with the image using the H, beam,
although in both cases the cell nucleus is clearly visible.

3.2. Results of STIM using the pin diode as substrate

In a second experiment, it was decided to investigate
STIM imaging using the pin diode as substrate, thereby
dispensing with the relatively fragile silicon nitride window.
Two potential problems were investigated: (a) growing the
cells on the pin diode and (b) damage incurred by the pin
diode due to the incoming ion beam. As shown in Fig. 5,
growing the cells on the pin diode by following the same
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Table 1
Cell preparation protocol

Culturing of the breast cancer cells: MCF-7 breast cancer cells (American Type Culture Collection [ATCC HTB-22]) were maintained in Dulbecco’s
modified Eagle Medium (DMEM, Sigma) supplemented with 10% fetal bovine serum (FBS, Hyclone) at 37 °C in a humidified atmosphere (95% air
and 5% CO,). Cells were harvested by trypsin treatment and seeded on the SiN substrate.

Processing of cultured cells: The silicon nitride window was first UV sterilized (30 min) and the cells plated on to the window. The culture medium was
removed and the cells given a quick wash with phosphate buffer (PB) (0.1 M pH 7.4). Cells were then fixed with 3% Glutaraldehyde (prepared in
0.1 M PB pH 7.4) for 1 h. The fixative was then removed and cells washed with PB for 5 min (3x). The cells were then passed through a series of
ethanol: 25% — 3 min, 50% — 3 min, 75% — 3 min, 95% — 3 min, 100% — 5 min, 100% — 5 min.

Critical point drying: The samples were then transferred into the critical point dryer (BAL-TEC CPD 030) and dried after about 1 h. (Samples were
placed in small porous containers to ensure they were not damaged during the drying process.) The pressure was released slowly after drying to avoid
rupturing the 50 nm silicon nitride window.
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Fig. 3. STIM energy spectra from (a) 2 MeV HJ beam scanning over the cell depicted in Fig. 2, and (b) 1 MeV alpha beam scanning over the same cell.

Fig. 4. STIM images of the cell on the silicon nitride window as depicted in Fig. 2, using (a) 2 MeV Hj beam and (b) 1 MeV alpha beam. The scan size is
40 um in each case and the STIM images have been assembled using a median energy fit.

protocol as described in Table 1 proved remarkably suc-  addressed in the next section. Fig. 6 shows the images of
cessful, provided that the pin diode was pre-sterilised using  proton and alpha STIM of two different cells grown on
UV radiation. The question of damage to the pin diode is  the pin diode. As expected, once again the alpha STIM
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Fig. 5. Optical micrograph of breast cancer cells plated on the pin diode
surface, showing a high degree of structural integrity.

exhibited more contrast than the proton STIM. As a fur-
ther test of nano-STIM, a 1 MeV alpha beam was focused
down to 80 X 90 nm (as measured by the new CIBA resolu-
tion standard [25], both before and after the scan), and
scanned over the same cell depicted in Fig. 6(b) with a
reduced scan size of 15x15um. Each pixel in the
256 x 256 image is therefore 60 x 60 nm, and therefore
slightly smaller than the beam spot size. The high magnifi-
cation STIM image is shown in Fig. 7 and the nucleus
together with multiple nucleoli are clearly observed.

1"micron

Fig. 7. An alpha STIM image of a cell grown directly on the pin diode (as
depicted in Fig. 6(b)). The scan size is 15 um and the STIM image has been
assembled using a median energy fit. The beam size is 80 x 90 nm.

3.3. Results of the beam damage incurred using the pin diode
as substrate

The contrast of the STIM image of the cells plated
directly on to the pin diode is ultimately dependent on
the damage incurred by the pin diode due to the incoming
ions. As the ion beam interacts with the depletion layer of
the diode, damage results in the formation of trapping cen-
tres which in turn reduces the charge induced by single
ions. Detailed information about the precise effects and
generating mechanisms of this damage build-up can be

Fig. 6. STIM images of cells grown directly on the pin diode, using (a) 2 MeV H; beam and (b) 1 MeV alpha beam. The scan size is 40 um in each case

and the STIM images have been assembled using a median energy fit.
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Fig. 8. Peak energy shift caused by ion beam damage on a pin diode from (a) 1 MeV alpha particles, and (b) 1 MeV protons (2 MeV HJ).

found in [26-29]. In general, we require the STIM image to
be formed before the induced charge is reduced by an
amount approximately equal to the energy resolution of
the detector. To investigate the damage caused by the
1 MeV proton and alpha beam, two untouched regions of
a pin diode were selected. Each region (40 x 40 pm) was
scanned using 1 MeV protons (2MeV Hj) and 1 MeV
alphas, and the data were recorded in list mode files.
Fig. 8 shows the results of these measurements: the position
of the peak was extracted sequentially from the list mode
files, and is plotted as a function of the number of ions
per um?. As expected, the initial shift in energy due to dam-
age created by the alpha beam (6.1 keV/100 ions/pm? =
6.1 keV/10'% ions/cm?) is higher than that from the protons
(0.35 keV/100 ions/pum? = 0.35 keV/10'° jons/cm?),  and
these results are in reasonable agreement with measure-
ments reported earlier [30,31]. Since a typical STIM image
would contain on average around 10 counts per pixel, and
for nano-STIM a pixel size corresponding to 50 nm is cur-
rently feasible, then the requirements of 4000 counts per
pum? without incurring significant detector damage is just
about possible for proton STIM. For alpha STIM,
although there is increased detector damage, this increased
damage is not so critical since the energy loss of the alpha
particles transmitted through a biological cell is also
increased (see Fig. 3). Nevertheless, to obtain the maximum
contrast for the alpha nano-STIM images we may need a
correction procedure to account for the accumulated dam-
age if we use resolutions significantly better than 100 nm.

4. Conclusion

Structural imaging at the nanoscale using either MeV
protons or alpha particles is now possible. The proton
beam writing facility at the Centre for Ion Beam Applica-
tions, National University of Singapore, has been used in
these studies and because of the limited space available a
small STIM assembly has been constructed utilizing a
50 nm silicon nitride window backed by a Hamamatsu
pin diode acting as particle detector. The nano-STIM tech-

nique has been demonstrated successfully using breast can-
cer cells (MCF-7 American Type Culture Collection
[ATCC]) attached to the silicon nitride windows. A reason-
able contrast was obtained using 1 MeV protons and an
excellent contrast obtained using higher stopping power
1 MeV alpha particles. In a further experiment, nano-
STIM was also demonstrated using cells attached to the
pin diode directly, and high quality STIM images were
extracted before the detector was significantly damaged.
The nano-STIM technique has high potential in structural
imaging of whole single cells, since the spatial resolution of
the proton or alpha particle beam through the cell is main-
tained. The contrast is heavily influenced by the stopping
power of the incident ion and the energy resolution of
the STIM detector. Here we have used a Hamamatsu pin
diode picked at random from a batch purchased from the
manufacturer. If a higher resolution detector is used then
the contrast will be higher and vice versa. It is unlikely that
PIXE and RBS techniques can be used simultaneously with
STIM using a pin diode as a substrate, since the increased
beam current densities required for these techniques will
lead to excessive detector damage. In such experiments
the use of a thin SiN window as substrate and an off-axis
STIM detector would be necessary. Other techniques such
as direct nano-STIM correlated with low current ion beam
fluorescence imaging may prove to have a high potential,
since cellular fluorescence imaging at spatial resolutions
well below the diffraction limit of light will then be possible.
Although the present tests proved successful, the cells were
dehydrated and therefore distorted. However, if flash fro-
zen hydrated cells are used and analysed in the frozen state
to avoid sublimation, it may be possible to extend the tech-
nique to 3D nano-STIM imaging.
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