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The study of radiobiological effects induced in vitro by low
fluences of a particles would be significantly enhanced if the
precise localization of each particletrack in the cell monolayer
was known. From this per spective, we developed a new meth-
od based on tailor-made UV-radiation-cured CR-39, the pro-
duction of which is described. Its validation both as a petri
dish and as solid-state nuclear track detectors is demonstr at-
ed. With respect to the demands on solid-state nuclear track
detectors in such experiments, these biologically compatible
detectors have a controlled micrometric thickness that allows
them to be crossed by the « particles. In this study, we present
a method for obtaining 10-pm-thick CR-39, its chemical char-
acterization, and its properties as a solid-state nuclear track
detector under the environmental conditions of radiobiologi-
cal experiments. The experimental studies performed with 3.5
MeV «a particles show that their transmitted energy is suffi-
cient enough to cross the entire cellular volume. Under opti-
mal conditions, etched tracks are clearly defined 2 h after
etching. Moreover, the UV-radiation-cured CR-39 represents
an essentially zero background that is due to the short time
between the production and use of the polymer. Under a con-
focal microscope, this thin solid-state nuclear track detector
allows the precise localization of the impact parameter at the
subcellular level.  © 2005 by Radiation Research Society

INTRODUCTION

The biological effects of a particles are of particular in-
terest since they are the main source of environmental ra-
diation exposure for the genera population, contributing

1 Address for correspondence: Laboratoire de Microanalyses Nuclé-
aires-Alain Chambaudet, UMR CEA-E4, UFR Sciences et Techniques,
Université de Franche-Comté, 16, route de Gray, 25030 Besangon CED-
EX, France; e-mail: sylvain.gaillard@univ-fcomte.fr.

~50% of the average effective dose from natural sources
of ionizing radiation (1). For typical human exposures of
concern in radiation protection, cells will only be exposed
to individual a-particle tracks, with the majority of cells
not being hit, over a period of months to years. At low
exposure levels, the insult to the cell nucleus remains the
same, but the number of traversed nuclei decreases pro-
portionally. In traversed cells, the high-LET « particles can
deposit a large amount of energy (e.g. up to 0.4 Gy for a
5,5 MeV « particle traversing a spherical cell with a di-
ameter of 8 wm) along a narrow path, resulting in a very
nonhomogeneous distribution of initial damage within the
cell and clustering of DNA damage on the scale of DNA
and chromatin fibers (2). The traversed cell will typically
attempt to repair the resulting DNA damage, which may
lead to a variety of cellular responses, such as cell inacti-
vation, apoptosis, inter- and intracellular signaling, chro-
mosomal rearrangements and mutations. However, it is not
just the traversed cell that responds; a wide variety of bi-
ological responses have been observed in cells that have
not themselves received any energy deposition from ion-
izing radiation. Observed responses include the formation
of sister chromatid exchanges (3-5), micronucleus forma-
tion (6, 7), changes in protein expression (8, 9), mutation
(10), oncogenic transformation (11), and chromosome in-
stability (12, 13). These nonirradiated cells are responding
to “'signas’ produced by irradiated cells, which are trans-
mitted between cells either by direct cell-to-cell contact,
through gap junctions, or indirectly through a secreted fac-
tor. The phenomenon has been referred to as the bystander
effect; at present the mechanisms and the risk implications
of this effect are unknown (14-17). Various approaches
have been used to study the bystander effects of high-LET
particles, including conventional irradiation with low doses
(4, 9), experiments transfer cell culture medium (18), partial
shielding/co-culture systems (11, 19, 20), and microbeams
(21-23).

It is now possible with charged-particle microbeams to



target al or a given number of cells with a predetermined
number of charged-particle traversals that are targeted with-
in the cells with approximately micrometer accuracy. It is
therefore possible to discriminate the subsequent response
of both irradiated and unirradiated cells. However, there are
currently very few fully operational microbeams world-
wide. An aternative approach, although less flexible, is to
irradiate with a broad field of o particles from an isotope
a-particle source (typically *Am, 2°Po or #2Pu) and de-
termine the position of the a-particle traversals postirradi-
ation using polymeric solid-state nuclear track detectors
such as CR-39 or LR115 (24-26). Solid-state nuclear track
detectors can also give information on the radiation field
uniformity, divergence and particle fluence. They have the
advantage that they are inexpensive and do not require the
use of a particle accelerator and enable the study of the
natural random Poisson distribution of particle tracks down
to low fluences (low dose).

For such experiments, the solid-state nuclear track detec-
tor must be thin enough to allow the o particles to cross
the detector with sufficient residual energy to create tracks
in the cells. Moreover, since the detector material being
used is also used as a substrate for cell culture, it must be
biologically compatible. In addition, to be observed under
an optical microscope, the latent tracks created in the de-
tector must be chemically etched. This step is generaly
performed with a hot concentrated basic solution (NaOH,
KOH) (27).

LR115, ared cellulose nitrate that is produced commer-
cidly and has the advantage of having a thickness of 12
pm, is used by many research teams (24, 26, 28), mainly
for the dosimetry of radon and radon daughters. Its com-
position has recently been modified to prevent its red dye
from diffusing into the nutritive medium necessary for cell
growth (28), which could potentially stress the cells. In this
case, a thin Mylar foil (maximum thickness about 3 pm)
could be arranged above the detector (24, 28) as long as
there is no movement between the two layers. However,
this colorless LR115 does not allow a systematic and exact
measurement of the track diameter, which thus results in
extremely irregular shapes with blurred contours.

CR-39 (poly-alyl diglycol carbonate) is another solid-
state nuclear track detector that has good properties for reg-
istration of light ions (28), which can be studied under a
confocal microscope. Moreover, in contrast to LR-115 (28),
this polymer can easily be sterilized using ethanol, after
which cells can easily grow on it (29). However, this de-
tector is available commercially with a minimum thickness
of about 500 pm, which is too thick for radioisotope-pro-
duced « particles to traverse, and it is therefore unsuitable
for simple radiobiological experiments.

Solid-state nuclear track detectors can be useful toolsin
radiobiological studies, including studies of the biological
response within an irradiated cell and the co-localization of
repair-related proteins to the site of traversal of the particle
track. Furthermore, solid-state nuclear track detectors can
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FIG. 1. Chemica composition of the photoinitiator mixture and the
CR-39 monomer.

be used to differentiate the response of irradiated and un-
irradiated cells in bystander effect studies. This work rep-
resents a new application based on UV-radiation curing of
CR-39 (30) to obtain detectors that meet the specific re-
guirements for radiobiological studies and for bystander ef-
fect studies in particular (28). This paper describes UV po-
lymerization of CR-39, with a controlled polymer thickness
of 10 wm that alows traversal by a particles delivered by
a seded a-particle source. Moreover, the applicability of
this material for reliable use in such radiobiology experi-
ments was studied by validating thin CR-39 as both a petri
dish and a solid-state nuclear track detector for a single
detection of a-particle tracks.

MATERIALS AND METHODS
Materials

CR-39 monomer, diethylene glycol bis(alyl carbonate), was obtained
from Aldrich Chemical Company. The UV-radiation-sensitive photoini-
tiator used in this work was a mixture of hydroxy-iso-butyrophenone and
1-benzoyl-cyclohexanol, also known under the trade name of Irgacure
1000, obtained from Ciba Specialty Chemicals Inc. Their UV/visible
spectrum shows absorption peaks at 245, 280 and 380 nm. For this work,
we used a monomer with a fixed amount of 5% photoinitiator. After the
creation of free radicalsin the initiation step, the propagation step consists
of additions of a monomer alyl group(s). The monomer contains two
alyl groups that can be polymerized. CR-39 monomer and Irgacure 1000
photoinitiators are presented in Fig. 1.

Manufacturing of Mold

To obtain thin and calibrated CR-39 films, we manufactured a 4 X 4-
cm? silicon tank with a high flatness rate and a micrometer-controlled
depth (Fig. 2).

The mold tank was etched in a [100] cut double-sided polished silicon
wafer using a KOH anisotropic chemical process. This choice has some
major advantages for our application. First, the double-sided polished
wafer ensures two paralel reference flats. Second, silicon allows many
different hydrophilic, lipophilic or other interfaces to be chemically graft-
ed using oxidation or/and other specific treatments. Third, for a perfect
silicon crystal, the roughness caused by KOH etching remains near the
polished surface of the wafer, ensuring that the polymer film remains
level. Finally, anisotropic etching of a [100] silicon wafer alows us to
obtain sloping edges, making it easier to remove the polymeric film from
the mold after the polymerization has been performed.

After the wafer oxidation, the tank design was produced by photoli-
thography: Four square reference pins aigned to the <110> axes and
spaced out at 4 cm are protected during the silica etch by using buffered
HF (composed of 7 volumes of 40% NHA4F for 1 volume of 50% HF).
The wafer was immersed in 40% KOH at 55°C for 40 min. The residual
silica protects the reference pins. The other parts of the wafer (the tank
and some draining channels) are 10.9 = 0.2 um deep (as measured by
DEKTAK [IA ““profilometer” measurements).

The top of the mold is a 4-inch stripped mask for photolithography



FIG. 2. Photograph of the silica tank made up of four reference pins
(a), a 4-inch stripped mask for photolithography (b), and an aluminum
support (c).

(BK7). It allows more than 90% near-UV transparency and a great flat-
ness (A\/10), thus allowing good contact with the tank reference pins.

A third duminum piece including screws was manufactured to hold
the silicon tank; it alows a mechanical contact between the stripped mask
and the four tank reference pins.

Curing Procedure

Experience shows that curing of CR-39 by UV radiation is not possible
in ar and requires an atmosphere of nitrogen (30). In this study, we put
a 3-pl drop of the monomer—photoinitiator mixture on the center of the
silicon tank and then closed the polymerizing mold by applying a BK7
glass window on the silicon wafer aigned with the reference tank pins.
The mixture spreads in the mold and becomes hermetically sandwiched
between the mold and the window. This design alows CR-39 polymer-
ization in air. The plastic foil was cured for 2 h in a SUNTEST CPS
Heraeus cell. In this device, the samples were irradiated using a xenon
arc lamp equipped with filters and reflectors for the selection of UV-
visible radiation (300 nm < \ < 800 nm) emitted by the lamp (31). This
irradiation cell was also equipped with ventilation, thus allowing poly-
merization of the CR-39 at an almost constant temperature of 44 = 2°C
under an average light energy density of 85 = 5 W m~2 (31).

Measurements of Polymer Thickness

After the curing process, the polymer foil was removed from the mold
and placed on a glass plate to obtain a step. Two-dimensiona profile
measurements were performed on the thin CR-39 foils by using a DEK-
TAK I1A ““profilometer” which has a Z-axis resolution of about 5 nm
for the smoothest surfaces. For this study, the system was used as a linear
profile recorder; a 12.5-pm-radius diamond-tipped probe starts in contact
with the polymer surface and is driven as far as the reference sample
glass support. In this way, the thickness of the samples was determined
by taking the average height between the altitudes. The homogeneity of
the thickness was estimated by probing different areas of each foil.

Chemical Analysis of the Polymer

Attenuated total reflection Fourier transform infrared spectroscopy (FT-
IR/ATR) was employed for chemical analyses of both the solid and liquid
samples. In this study, a NICOLET PC FT-IR spectrometer was used.
The ATR crystal was KRS-5 with a refractive index of 2.37. The spectra
were obtained using 100 scans with a resolution of 4 cm~. The sample
was positioned in contact with the totally reflecting surface of the ATR
crystal, and the resulting evanescent wave was attenuated in the infrared
regions of the spectrum where the sample absorbs energy.

Alpha-Particle Irradiation and Spectrometry

The response of the CR-39 samples after a-particle irradiation was
characterized prior to use for radiobiological studies. The thin CR-39 foils
were irradiated with o particles from an 22Am (5.48 MeV) source
(AM241-EATC12 «-particle source calibrated by CERCA framatome
ANR electrolytic deposit thickness 0.5 mm, activity 34 kBq). Different
thicknesses of aluminum foils were inserted between the «-particle source
and the thin CR-39 polymer to decrease the energy of the a-particle
beam. The projected range and the electronic energy loss were calculated
using the SRIM 2000 computer code (32). It should be noted that the
majority of the uncertainties on the experimental transmitted energy are
due to the degradation of theinitial beam energy by these aluminum foils;
the uncertainties on the thickness of these foil can reach 15% (as men-
tioned by Goodfellow). Irradiations were performed (under primary vac-
uum and using 21-pm-thick aluminum foil on the source) at 3.5 MeV,
which corresponds to the 28Pu a-particle energy used for radiobiological
experiments at the Medical Research Council (MRC). The different en-
ergy spectra of the o particles were obtained using a silicon barrier de-
tector (Tennelec, type CM, active area 25 mm?) connected to a Tennelec
multichannel analyzer (spectra were obtained over 1024 channels). Trans-
mitted energy spectra were determined by inserting CR-39 samples in
front of the silicon barrier detector.

Track Etching and Morphological Analyses

CR-39 foils were glued to the base of 2-cm-diameter glass rings to
make dishes suitable for use in radiobiological studies. Prior to etching,
3 ml of culture medium was added to improve the mechanical resistance
of the detector during the etching step. The latent particle tracks were
etched for the required time (between 2 and 5 h) at 37°C by partialy
submerging the CR-39-based dish in 10 M KOH. Therefore, only one
face of the detector was etched. The etched tracks in CR-39 foils were
analyzed under an optica BH2 Olympus microscope coupled with an
RGB ColorView 8 camera and an anaySIS Soft Imaging System by
Olympus. This device can be used to obtain different morphological pa-
rameters of the etched tracks (diameter, area, shape factor, etc.).

Irradiation of Human Fibroblast Cells

Initial studies were carried out to show that cells could be grown suc-
cessfully in CR-39-based dishes, irradiated, etched and subsequently
viewed and merged with images of pits revealing the positions of o-
particle traversals with respect to the cells. HF19 human diploid fibro-
blasts were grown in Eagle’'s minimal essential medium containing 1 mM
glutamine supplemented with 10% fetal bovine serum and antibiotics at
37°C in 5% CO,/95% air. A total of 2 X 10° cells in 2 ml of medium
were seeded into the CR-39 base of the irradiation dishes (18-mm internal
diameter glass rings glued using Araldite Precision, Bostik). To aid at-
tachment, the CR-39 dish was pretreated with Cell-Tak cell adhesive
(Becton Dickinson, Bedford, MA) at adensity of 3 ng cm~2 of the surface
areain 0.1 M sodium bicarbonate buffer and was left for 30 min before
washing three times with sterile distilled water. The cells were subse-
quently left for ~40 h to grow in the dish prior to irradiation. The CR-
39 dishes were exposed to an essentially parallel beam of « particles
using the MRC 2#Pu «-particle irradiator as described previously (33).
The pesk incident energy of the a particles on the CR-39 dish was 3.6
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FIG. 3. FT-IR/ATR spectra of UV-radiation-cured CR-39, commercial
CR-39 (Tastrak), and CR-39 monomer.

MeV with a 0.22 MeV haf-width at half-height. The incident a-particle
fluence was determined from previous CR-39 (Tastrak) measurements,
alowing for the subsequent decay in activity with time (t,, = 87.7 years).

In these initial studies, HF19 cells grown in the CR-39-based dishes
were exposed to 0.5 Gy of « particles (2.6 X 10° cm~2) and subsequently
incubated for 8 min. The cells were then washed with 1 ml Eagle’'s min-
imum essential medium before fixing in 1 ml 2% paraformaldehyde for
30 min and were subsequently washed three times with 1 ml of PBS.
The bases of the CR-39 dishes containing 2 ml of PBS were then etched
in 10 M KOH at 37°C for 2 h. After removal from the dish, the CR-39
base was washed by dipping it in distilled water, and the cells were
washed three more times with PBS, permeabilized using 1 ml of meth-
anol:acetone at —20°C for 10 min, and washed again in 3X 1 ml PBS.
Cells were blocked with 5% horse serum in PBS, washed in 4X 1 ml
PBS, and then covered with the anti-fading agent Vectashield mounting
medium containing propidium iodide (PI) (Vector Laboratories, Burlin-
game, CA). The cells and etched pits were first viewed with the CR-39
base still attached to the dish. To view it with an oil immersion lens, the
CR-39 base was cut out and mounted onto a cover dlip with the cellsin
contact with the cover dlip. To help keep the CR-39 flat and help the
manipulation, a 15-mm-diameter brass ring was glued to the base of the
dish prior to cutting out. This is necessary since oil on the CR-39 base
would make the etched pits very difficult to see. The cells and CR-39
base were then viewed through the cover dlip.

RESULTS AND DISCUSSION
Polymer Characterization

To compare the thin cured polymer with the commercial
CR-39 (Tastrak, University of Bristol, UK), we analyzed
them using attenuated total reflection Fourier transform in-
frared spectroscopy (FT-IR/ATR). Figure 3 shows the FT-
IR/ATR spectra of CR-39 monomer [diethylene glycol
bis(allyl carbonate)], thin UV-radiation-cured CR-39, and 1
mm commercial CR-39 (Tastrak). These spectra present
seven main peaks which are assigned to different chemical
bands as shown in the Table 1.

The UV-radiation-cured polymer and Tastrak CR-39
have smilar spectra. The spectrum for the monomer has
higher peak intensities around 1650, 1400 and 980-1000
cm-1, corresponding to alyl functions. Quantification of

TABLE 1
Characteristic Infrared Peaks of CR-39 and their
Relative Chemical Functions

Position of the

peaks (cm-2) Chemical functions
1140 C-O ether
1260 C-O carbonate
1400-1460 —CH,~(bending)
1750 C=0 carbonate=
2900-3000 —CH_—(stretching)

both polymer and monomer allyl group signals was done
after determination of the peak area ratios between the peak
at 1400 cm~* and an interna reference (1260 cm=1). A
difference of about 60% was observed when comparing the
monomer and the UV-radiation-cured polymer, confirming
the polymerization process.

Polymer foils cured in the 10.9 = 0.2-pm-deep silicon
tank had a mean thickness of 10.5 + 0.3 pum (averages +
six different samples with four independent measurements
made on each sample). These values confirm the uniformity
of the polymer thickness, which is an advantage for both
cell and etched-track observation under a confocal micro-
scope. Moreover, the thinness of the polymer facilitates the
traversal of low-energy o particles emitted from radioiso-
tope sources but is thick enough to provide sufficient me-
chanical resistance.

Nuclear Track Detector Properties

The energy spectra of « particles incident on and trans-
mitted through the thin CR-39 are shown in Fig. 4. These
spectra are centered at 3.45 MeV and 1.85 MeV, respec-
tively. The measured transmitted energy is similar to the
theoretical value of 1.82 MeV calculated using the SRIM
2000 computer code (32) and corresponds to a residua
range of 11.7 pm in equivaent tissue medium. The cal-
culated mean scattering angle is at about 1.2°, correspond-
ing to a lateral deflection around 0.22 um after the 10-pm
traversal of the CR-39.

After the irradiation step, thin CR-39 foils were tested
under medium weight during the etching step to validate

200 -
- - transmitted energy

180 Lo
—initial energy

160

140 | A
2 120 "‘N Y,
3 ’ N
3 100 / \

80 ] ‘\

60 / 3

40 / \
20

e \.

0

0 500 1000 1500 2000 2500 3000 3500 4000
energy (keV)

FIG. 4. Measured energy spectra of « particles before (initial energy)
and after (transmitted energy) 10 wm CR-39 traversal with 20° asincident
angle range.
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FIG. 5. Etched tracks in UV-radiation-cured CR-39 generated by 3.5
MeV « particles. Etching conditions. 10 M KOH, 37°C, 4 h.

their exploitation for radiobiological studies. The major
constraint is to obtain visible etched tracks in a limited
etching time to keep enough resistant residual thickness of
the detector to support cell culture and prevent etched-track
traversal. The bulk etch rate V,; at about 1 wm h=t was
estimated at 37°C by measuring the loss of detector thick-
ness as a function of etching time, t. Experience shows that
CR-39 foils resist under medium weight during the first 5
h of etching time.

To have a complete characterization of the etched tracks
in UV-radiation-cured CR-39, the track diameters and
lengths are both of interest. Track diameters were measured
directly on CR-39 surface, whereas longitudinal sections of
etched pits were observed in cut edges of the colorless de-
tector. Figure 5 shows a photograph of etched tracksin CR-
39 after 3.5 MeV perpendicular a-particle irradiation and a
4-h etching time. The molded CR-39 maintains a high-qual-
ity surface, which alows an easy track observation. Under
these conditions, etched tracks are circular with a mean
diameter of 2.76 = 0.2 um. Figure 6 shows a photograph
of alongitudinal section of an etched pit in CR-39 after an
etching time of 4 h. The track cross profile is well defined

FIG. 6. Longitudinal section of an etch pit in UV-radiation-cured CR-
39 generated by a 3.5 MeV « particle. Etching conditions: 10 M KOH,
37°C, 4 h.
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FIG. 7. Track diameter, d, and track length, L, as a function of etching
time, t, in UV-radiation-cured CR-39 irradiated with 3.5 MeV « particles.

and has a conical shape. The etching time dependences of
both track diameters and track lengths are shown in Fig. 7
with 3.5 MeV incident energy at perpendicular incidence.
This graph shows that the tracks have a diameter suitable
for radiobiological studies (larger than 1.5 pum) after 2 h of
etching time. Tracks lengths are less than 1.5 wm for this
etching time range. Based on the V, value and the initia
detector thickness, this suggests that the cell culture and the
bottom of the etched tracks are separated by at least 5 pm
of latent track, thus preventing contact between the etching
bath and the dish inside. The measurement of both track
diameters and track lengths as a function of etching time
allows the mean aperture angle 6 to be determined for the
conical-shaped tracks according to

d
6=2X arctan(ZL). D
Such calculations have been made for 3.5 MeV irradiation
a an incidence of 90° and 10 M KOH at 37°C as etching
conditions. The results are presented in Table 2 and show
that tracks are conical-shaped and keep a constant aperture
angle of about 89.7 = 1.5° during the etching process. This
suggests that, under these conditions, track etching follows
a conica model (34).

The «a-particle fluence, ®, was determined as a function
of irradiation time (t). Statistical analyses were performed
on 35 observation fields for each irradiation time. The re-

TABLE 2
Aperture Angle of Etched Tracks as a Function of
Etching Time, t, Generated by 3.5 MeV « Particles
at Perpendicular Incidence

T (h) 6 (degrees)
2 89.8
25 90.2
3 91.9
35 87.9
4 88.8

Note. Etching conditions: 10 M KOH, 37°C, 2-4 h.
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FIG. 8. Alpha-particle fluence, ®, as a function of irradiation time, t;,
in UV-radiation-cured CR-39 irradiated with 3.5 MeV « particles and
etched 4 hin KOH 10 M at 37°C.

sults are presented in Fig. 8, where the dependence of track
density on the irradiation time can be fitted by the linear
expression

® = ¢ X t (R = 0.9986), )

with the fluence rate, ¢ = 39920 tracks cm=2 min—t, cor-
responding to the mean number of incident « particles cm=2
per minute. This result confirms the good registration effi-
ciency of UV-radiation-cured CR-39 which can be used un-
der low a-particle fluence for radiobiological experiments.
Moreover, extrapolation of this linear function at t;, = 0
confirms the presumed very low background of thin CR-
39 cured in the laboratory (see Eq. 2). To verify this last
property, some detectors were partially masked during the
irradiation step, etched during 4 h in KOH solution at 37°C,
and then observed under the optical microscope. Figure 9
shows a photograph of the irradiation border obtained after
5 min of irradiation. No track was observed on the masked
zone of these detectors. This last result validates the use of
UV-radiation-cured CR-39 for bystander experiments.

Alpha-Particle Tracks through Human Fibroblast Cells

The cells and pits marking the positions of «-particle
traversals were viewed using a confocal laser scanning mi-
croscope (Biorad-L asersharp MRC600 on a Nikon Diaphot
inverted microscope, with a Nikon Plan-Apochromat
63XN.A.1.4 oil-immersion objective lens and an ion argon
laser operated at 488-nm wavelength). Figure 10 shows the
experimental configuration of the etched CR-39 layer with
a stained fibroblast monolayer during observations with a
confocal microscope. Confocal images of the Pl-stained
cell nuclei were obtained, followed by a differential inter-
ference contract (DIC) image of the pits produced in the
CR-39 after etching. This was achieved using a transmis-
sion detector attached to the confocal microscope with the
light from the argon laser. Images were taken of the same
field of view with only the depth of focus changed. The
resulting images were then merged to revea the positions
of the a-particle traversals with respect to the cell nuclei.
An example of an image obtained is shown in Fig. 11,
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FIG. 9. Photograph of UV-radiation-cured irradiated (right) and unir-
radiated (left) zones CR-39 obtained after 5 min of masked exposure to
3.5 MeV « particles and 4 h of etching time. Note that the three faint

spots in black circles are artifacts that should not be confused with a-
particle tracks.

which shows the position of «-particle traversals relative to
the cell nuclel.

The accuracy with which the a-particle track can be po-
sitioned with respect to the cell or cell nucleus depends not
only on the accuracy with which the center of the etched
pit can be imaged along with any potential scatter through
the CR-39 fail but also on the degree of cell movement
between irradiation and the time at which the cells are
fixed. Therefore, it is important for any studies using this
system that the degree of cell movement is assessed. This
will depend on cell type and cell density; for example, it
is expected that cell movement will be greater for non-
confluent compared to confluent cells.

CONCLUSION
Unlike LR-115, the commercia thickness of CR-39 does

not allow its use for direct observation and registration of

O-particle trajectories
/] \

/  etched tacks \

etched CR-39

stained cells

+— cover slip

==

| \Y |

oil immersion lens

FIG. 10. Schematic of simultaneous observation of stained cells and
etched tracks with a confocal microscope. This cross-section view to scale
shows two configurations after 3.5 MeV «a-particle irradiation: part A
(Ieft), nuclear hit and an etching time of 2 h; part B (right), cytoplasmic
hit and an etching time of 4 h.



FIG. 11. HF19 human fibroblasts grown in thin CR-39-based dishes
and exposed to 0.5 Gy of « particles, with the CR-39 subsequently etched
for 2 hin KOH at 37°C. Merged image showing propidium iodide-stained
nuclel (red); the locations of the a-particle traversals are shown by pits
(small black circles) in the CR-39 (green).

both the number and position of «-particle traversals
through biologica cells. However, CR-39 has several ad-
vantages for radiobiological experiments. biological com-
patibility, easy sterilization using ethanol, good ability to
register light ions, essentially no false-positives, and easy
characterization of etched tracks.

In this study, a detailed method using micrometric etched
silica tank and UV-radiation curing of diethylene glycol
bis(allyl carbonate) monomer was used to obtain 10-pum-
thick CR-39 foils which met the requirements for radiobi-
ological studies. FT-IR/ATR analyses confirmed the curing
process which showed a similar chemical structure between
UV-radiation-cured CR-39 and commercial CR-39. Despite
its controlled thickness, which is thin enough for cell irra
diation by isotope-produced o particles, the molded poly-
mer, if carefully treated, keeps sufficient mechanical stabil-
ity. The quality of the molded polymer surfaces is good
with a high flatness that makes both cell and etched-track
observation easier. The etching conditions used in this work
allow us to obtain etched tracks in irradiated UV-cured CR-
39 with a usable diameter, d (larger than 1.5 uwm), after 2
h of etching time. Moreover, the measurement of track
lengths after perpendicular irradiation and the bulk etch
rate, Vg, alows us to identify tracks with the minimum
latent track thickness (around 5 wm after 4 h of etching
time), which prevents any contact between high basic etch-
ing solution and cell culture. It was observed that etched
tracks are conical-shaped with a quasi-constant aperture an-
gle of approximately 90° during the etching process. No
tracks were found in the nonirradiated zones of masked
detectors. This essentially zero background is due to the
short time between the production and use of the polymer,
which keeps this detector from being exposed to « particles
from radon and radon daughters. Human HF19 fibroblasts

cells have been grown successfully in dishes with bases
made from the new CR-39 films and used for a-particle
irradiation. With subsequent etching of the CR-39 base, the
positions of «-particle traversals with respect to the cell
nuclei were successfully imaged.

ACKNOWLEDGMENTS

The authors wish to thank Mr. J. P Sabatier from the Laboratoire
d’ Optique PM. Duffieux of Besangon and Mr. P. Blind from the Cetehor
of Besancon for their expert technical assistance in manufacturing the
aluminum support and etching silica tanks, respectively. The authors
would also like to thank C. Ross, D. L. Stevens and K. M. S. Townsend
at the MRC for their help with the radiobiological experiments.

REFERENCES

1. United Nations Scientific Committee on the Effects of Atomic Ra-
diation, Sources and Effects of 1onizing Radiation. Report to the Gen-
eral Assembly, with scientific annexes. United Nations, New York,
1993.

2. D. T. Goodhead, Initial events in the cellular effects of ionizing-
radiations—clustered damage in DNA. Int. J. Radiat. Biol. 65, 7-17
(1994).

3. H. Nagasawa, J. B. Little, W. C. Inkret, S. Carpenter, K. Thompson,
M. R. Raju, D. J. Chen and G. FE Strniste, Cytogenetic effects of
extremely low doses of plutonium-238 apha-particle irradiation in
CHO K-1 cells. Mutat. Res. 244, 233-238 (1990).

4. H. Nagasawaand J. B. Little, Induction of sister chromatid exchanges
by extremely low doses of apha particles. Cancer Res. 52, 6394—
6396 (1992).

5. G. E. Deshpande, S. M. Bailey, B. Marrone and B. E. Lehnert, Alpha-
particle-induced sister chromatid exchange in norma human lung
fibroblasts: Evidence for an extranuclear target. Radiat. Res. 145,
260267 (1996).

6. K. M. Prise, O. V. Belyakov, M. Folkard and B. D. Michael, Studies
of bystander effects in human fibroblast using a charged particle mi-
crobeam. Int. J. Radiat. Biol. 74, 793-798 (1998).

7. O. V. Bdyakov, A. M. Mdcolmson, M. Folkard, K. M. Prise and B. D.
Michael, Direct evidence for a bystander effect of ionising radiation in
primary human fibroblasts. Br. J. Cancer 84, 674—679 (2001).

8. J. R. Hickman, J. Lechner and N. Johnson, Alpha particle induced
p53 protein expression in arat lung epithelial cell strain. Cancer Res.
54, 5797-5800 (1994).

9. E. Azzam, S. M. Toledo, T. Gooding and J. B. Little, Intercellular
communication is involved in the bystander regulation of gene ex-
pression in human cells exposed to very low fluences of apha par-
ticles. Radiat. Res. 150, 497-504 (1998).

10. H. Zhou, G. Randers-Pehrson, C. A. Waldren, D. Vannais, E. J. Hall
and T. K. Hel, Induction of a bystander effect of apha particles in
mammalian cells. Proc. Natl. Acad. Sci. USA 97, 2099-2104 (2000).

11. S. G. Sawant, G. Randers-Pehrson, C. R. Geard, D. J. Brenner and
E. J. Hall, The bystander effect in radiation oncogenesis. |. Trans-
formation in C3H 10T% cellsin vitro can be initiated in unirradiated
neighbors of irradiated cells. Radiat. Res. 155, 397-401 (2001).

12. S. A. Lorimore, M. A. Kadhim, D. Pocock, D. L. Papworth, D. L.
Stevens, D. T. Goodhead and E. G. Wright, Chromosomal instability
in descendants of unirradiated surviving cells after a-particle irradi-
ation. Proc. Natl. Acad. Sci. USA 95, 5730-5733 (1998).

13. M. A. Kadhim, S. J. Marsden, A. Malcolmson, M. Folkard, D. T.
Goodhead, K. M. Prise and B. D. Michael, Long-term genomic in-
stability in human lymphocytes induced by single-particle irradiation.
Radiat. Res. 155, 122-126 (2001).



14

15.

16.

17.

18.

19.

20.

21

22.

23.

24

. R. lyer and B. E. Lehnert, Effects of ionising radiation in targeted
and non targeted cells. Arch. Biochem. Biophys. 376, 14-25 (2000).

C. Mothersill and C. Seymour, Radiation-induced bystander effects:
Past history and future directions. Radiat. Res. 155, 759—767 (2001).

W. FE Morgan, Non-targeted and delayed effects of exposure to ion-
izing radiation: |. Radiation-induced genomic instability and bystand-
er effects in vitro. Radiat. Res. 159, 567-580 (2003).
F. Balarini, M. Biaggi, A. Ottolenghi and O. Sapora, Cellular com-
munication and bystander effects: A critical review for modeling low
dose radiation action. Mutat. Res. 501, 1-12 (2002).

C. Mothersill and C. Seymour, Medium from irradiated human epi-
thelial cells but not human fibroblasts reduces the clonogenic survival
of unirradiated cells. Int. J. Radiat. Biol. 71, 421-427 (1997).

H. Zhou, M. Suzuki, C. R. Geard and T. K. Hei, Effects of irradiated
medium with or without cells on bystander cell responses. Mutat.
Res. 499, 135-141 (2002).

M. A. Hill, J. R. Ford, P. Clapham, S. J. Marsden, D. L. Stevens,
K. M. S. Townsend and D. T. Goodhead, Bound PCNA in nuclei
of primary rat tracheal epithelial cells after exposure to very low
doses of plutonium-239 particles. Radiat. Res. 163, 36—44 (2005).

M. Folkard, B. Vojnovic, K. M. Prise, A. G. Bowey, R. J. Locke, G.
Schettino and B. D. Michael, A charged-particle microbeam. Part |.
Development of an experimental system for targeting cells individ-
ually with counted particles. Int. J. Radiat. Biol. 72, 375-385 (1997).

M. Folkard, B. Vojnovic, K. J. Hollis, A. G. Bowey, S. J. Watts, G.
Schettino, K. M. Prise and B. D. Michael, A charged-particle micro-
beam. Part 1. A single-particle micro-collimation and detection sys-
tem. Int. J. Radiat. Biol. 72, 387-395 (1997).

G. Randers-Pehrson, C. R. Geard, G. Johnson, C. D. Elliston and D. J.
Brenner, The Columbia University single-ion microbeam. Radiat. Res.
156, 210-214 (2001).

. M. Durante, G. F Grossi, M. Pugliese, L. Manti, M. Nappo and G.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gidanella, Single charged-particle damage to living cells: A new
method based on track-etch detectors. Nucl. Instrum. Methods B 94,
251-258 (1994).

M. Durante, G. FE Grossi, M. Pugliese and G. Gialanella, Nuclear
track detectors in cellular radiation biology. Radiat. Meas. 26, 179—
186 (1996).

C. Soyland and S. P Hassfjell, A novel 2°Po-based a-particle irra-
diator for radiobiological experiments with retrospective a-particle
hit per cell determination. Radiat. Environ. Biophys. 39, 125-130
(2000).

R. L. Fleischer, P B. Price and R. M. Walker, Tracks of charged
particles in solids. Science 149, 383-393 (1965).

B. Dorschel, D. Hermsdorf, S. Pieck, S. Starke, H. Thiele and F
Weickert, Studies of SSNTDs made from LR-115 in view of their
applicability in radiobiological experiments with apha particles.
Nucl. Instrum. Methods B 207, 154-164 (2003).

B. Dorschel, D. Hermsdorf, S. Pieck, S. Starke and H. Thiele, Thick-
ness measurements on cell monolayers using CR-39 detectors. Nucl.
Instrum. Methods B 187, 525-534 (2002).

J. Stejny, J. Carrell and M. J. Palmer, Polymerization, structure and
track recording properties of CR-39 cured with UV photoinitiators.
Radiat. Meas. 32, 299-305 (2000).

L. Guillot, C. Dubois and A. Chambaudet, Testing of organic matrix
durability in photochemical ageing using ablation measurements.
Polymer Degradation Stability 72, 209-215 (2001).

J. Ziegler, J. Biersack and D. Marwick, SRIM-2000: The Sopping
and Range of lons in Matters. IBM Corporation, New York, 2000.
D. T. Goodhead, D. A. Bance, A. Stretch and R. E. Wilkinson, A
versatile plutonium-238 irradiator for radiobiological studies with -
particles. Int. J. Radiat. Biol. 59, 195-210 (1991).

. G. Somogyi and S. A. Szalay, Track diameter kinetics in dielectric

track detector. Nucl. Instrum. Methods 109, 211-232 (1973).



