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A charged-particle microbeam: I. Development of an experimental
system for targeting cells individually with counted particles
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Abstract. Charged -particle m icrobeam s provide a unique is timely, as modern facilities w ill bene® t considerably
opportunity to control precisely, the dose to individual cells and from some of the technological advances that have
the localization of dose within the cell. The Gray Laboratory is occurred in recent years (for example, the use of
now routinely operating a charged -partic le m icrobeam capable

computers in imaging, control of instrumentationof delivering targeted and counted partic les to individual cells,
and data acquisition systems). Furthermore, aat a dose-rate suæ cient to perm it a number of single-cell assays

of radiation damage to be implem ented. By this means, it is number of recently developed or established biolo-
possible to study a number of important radiobiological processes gical assays of radiation damage are now sensitive
in ways that cannot be achieved using conventional method s. enough to be used at low doses, where microbeams
This report describes the rationa le, development and current

will have a critical role.capabilities of the Gray Laboratory m icrobeam .
This publication is the ® rst of a series to report on

the design, implementation and use of the Gray
1. Introduction Laboratory charged-particle microbeam. Part I dis-

cusses the rationale for developing a microbeam facil-A microbeam is a source of focused or collimated
ity, the required speci® cations to usefully addressradiation localized to a micron-sized area (or there-
questions that arise from the rationale and the strategiesabouts) of the specim en. Charged-particle micro-
used to meet these speci® cations. Part II will considerbeams are most often used for high spatial reso-
the development of the partic le collimation and detec-lution quantitative analysis of geological, historical
tion system , and future publications will report theor biological samples. The development and use of
results of targeted cell experiments using themicrobeams as an analytical probe is described in
microbeam and single-cell assays of radiation damage.detail by Watt and Grime (1987). Until recently,

there has been very little active research using
microbeams of ionizing radiation for radiobiological 2. Rationale for the m icrobeam
applications, although it is interesting to note that

The use of a charged-particle microbeam providesone of the ® rst applications of a charged-particle
a unique opportunity to control precisely, the numbermicrobeam was to study the ® delity of cell division
of particles traversing individual cells and the localiz-follow ing the irradiation of cells in metaphase (Zirkle
ation of dose within the cell. This approach is nowand Bloom, 1953, Bloom, 1959).
seen as one of the primary experimental strategiesIn recent years there has been a resurgence of
for investigating the cellu lar basis of hazards associ-interest in the use of microbeams in radiation biology.
ated with occupational and environmental exposureSeveral groups in Europe, the USA and Japan are
to low doses of charged particles. For example, thedeveloping, or planning to develop an installation for
exposure to low levels of naturally occurring radioact-the micro-irradiation of cells in vitro using charged-
ive radon gas (and its daughters) amongst the generalparticles (Geard et al. 1991, Braby 1992, Folkard et al.
population is known to be widespread (Brenner et al.1995, Nelson et al. 1996). These groups have recog-
1995). A t the levels of dose that generally apply innized that it is possible to study a number of import-
these circumstances, virtually no cell receives moreant radiobiological processes in ways that cannot be
than one charged-particle traversal in its lifetim e andachieved using conventional `broad-® eld ’ exposures.
neither epidemiological studies of high risk groupsThe current interest in micro-irradiation techniques
such as Japanese bomb survivors and uranium
miners, nor conventional in vitro cell experiments (i.e.

*Author for correspondence.
using an un-collimated `broad-® eld ’ irradiator, seeGray Laboratory Cancer Research Trust, PO Box 100, Mount
Folkard et al. 1996) can readily address this point. ByVernon Hospital, Northw ood, Middlesex, HA6 2JR, UK.

² King’ s College London, Strand , London WC2R 2LS, UK. contrast, the charged-particle microbeam is ideally
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376 M . F olkard et al.

suited to developing an in vitro experimental model the only criter ion is for the particle to traverse the
for reproducing the levels of exposure that occur nucleus, then the overall spatial accuracy can be of
in vivo . the order of ~5 mm (for instance, if the target is the

The microbeam will be useful in addressing obser- nucleus of a V79 cell). If however, one wishes to
vations related to cellu lar spatial sensitiv ity. For target the cytoplasm, or localize dose (as far as
example, it is known that an average of about 2 ± 5 possible) to the nuclear membrane, then more strin-
a-particle traversals are required to kill a cell. Each gent demands apply; an accuracy approaching 1 mm
particle crossing the nucleus w ill (in theory) intersect is appropriate in these circumstances. To fully exploit
the DNA many times and it is unclear how some the collimator performance, the sample alignment
cells are able to survive this. In a study by Raju and accuracy, the particle beam `aiming’ accuracy and
colleagues (Raju et al. 1991), it was shown that a- sample image spatial resolution should match the
particles which completely traverse the nucleus are collimator resolution. An eæ cient particle detection
more e å ective per unit average dose, than those and beam shuttering arrangement is necessary to
term inating within it. This ® nding di å ers from the study the e å ects of single-particle or pre-selected
earlier work of Cole and co workers (Cole et al. 1980) multiple-particle traversals. The delivery of the cor-
who showed that the DNA close to the nuclear rect number of particles in <95% of individual
membrane is the most easily damaged by ionizing exposures was considered necessary . Finally, it is
radiation. A microbeam with suæ cient resolution important that the process of target identi® cation,
could be used to gain further insight into the true alignment and irradiation are both automated and
nature of cellu lar spatial sensitiv ity. rapid, so that the time to irradiate a statistically

There have been several reports that radiation signi® cant number of cells is not unduly long. A cell
e å ects may be transmitted from irradiated cells to throughput (during the irradiation phase) of about 1
neighbouring un-irradiated cells. Nagasawa and Little cell s Õ 1 is desirable.
(1992) found an unexpectedly high frequency of sister
chromatid exchanges following exposure to doses of

3.2. Particle delive rypartic les low enough that only a fraction of the cells
are hit. A similar ® nding is reported by Deshpande A general view of the installation is depicted in
et al. (1996) who demonstrated that a-particles, can Figure 1. The microbeam utilized the Gray
induce sister-chromatid exchanges without directly Laboratory 4 MV Van de Graa å accelerator, which
traversing cell nuclei. H ickman et al. (1994) reported could accelerate singly- or doubly-charged particles,
the expression of wild type p53 protein (believed to generated using a radio-frequency ion source.
have a critical role in maintaining genome integrity Accelerated partic les of the desired mass and energy
following radiation damage) greater than would were selected using an analysing magnet which bends
be expected following low doses of particles. A the vertical particle beam into a 4 m horizontal section
microbeam facility can be used to selectively irradiate of beam line. Along the beamline was an arrangement
individual cells which can be subsequently re-visited of slits, quadrupole magnets and electros tatic steerers,
to ascertain what changes have occurred to that cell, used to de® ne the beam pro® le and trajectory. The
and to its un-irrad iated neighbours. horizontal beam line transported the partic les into an

Although the action of ionizing radiations has been experimental room used routinely for a variety of
closely linked to the way it damages DNA, there is charged-partic le and neutron-related studies. The
increasing interest in other pathways of damage and microbeam facility was installed in a room directly
cell death. It has been proposed that apoptotic cell above this area by extending the charged-particle
death can be triggered by mechanisms other than beam line 3 m vertically upward. As a consequence,
damage to the DNA, for example, by damage to the the existing experimental area remained relatively
cellu lar membranes (Haimovitz-Friedman et al. 1994). undisturbed and the microbeam was in the optimum
Using the microprobe, this study proposes to look orientation for ease of use (i.e. vertically upward).
for pathways, other than DNA damage, that may Another bene® t was that the ¯ oor of the microbeam
trigger apoptosis. room (through which the beam line passes) was formed

from 1´5 m thick concrete and was an excellent plat-
form on which to support the microbeam , such that3. M ethods
no special measures were required to isolate the

3.1. D esign criteria irradiation stage against vibration.
Once in the microbeam room, the particle beamOutlined below are a number of basic operational

passed through an isolating vacuum gate valve, intocriter ia for the microbeam that were, at the tim e of

a 1 m long by 16 mm diameter section that incorpor-inception, considered to be both necessary and achiev-
able using current technology. For experiments where ated two sets of micro-adjustable slits (arranged
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377C harged- particle m icrob eam

Figure 1. The Gray Laboratory Van de Graa å beam line.

orthogonally) and a mechanical shutter. Finally the Brie¯ y, the current collimator was made from 245 mm
beamline passed through the centre of a 1´25 m by diameter by 1 mm long glass capillary w ith either a
1 m optical tab le at bench height and was term inated 5 mm, 1´5 mm or 1´0 mm diameter bore. This was
by the micro-collimator. The optical tab le was used `capped ’ at the exit by a 3 mm M ylar vacuum window
to support the sample irradiation stage, and the and an 18 mm thick scintillating ® lm through which
imaging system . The micro-adjustable slits pre- the particles passed. During the irradiation sequence,
collimated the beam to an area of a 1 ± 3 mm 2 and a photomultiplier (PM ) tube, above the cell dish,
served primarily as an indication that the beam was detected photons that were generated in the
correctly aligned. Each slit jaw was connected to an scintillator by the passage of a charged-particle.
electrometer, such that the current readings could be
used to centre the beam.

3.4. T he sample irradiation stage

3.3. T he co llimation and dete ction sy stem A schematic diagram of the sample irradiation
stage is shown in Figure 2. The system was designedDetails of the particle collimation and detection

system are considered in detail in a separate paper. to irradiate mammalian cells (in the ® rst instance,
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378 M . F olkard et al.

Figure 2. The sample irradiation stage showing the arrangement for aligning the cells and the collim ator, and for imaging the cells.

In
t J

 R
ad

ia
t B

io
l D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
T

he
 K

ee
pe

r 
of

 S
ci

en
tif

ic
 B

oo
ks

 o
n 

04
/2

7/
10

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



379C harged- particle m icrob eam

V79-379A Chinese hamster cells ) attached to a thin sequence, the collimator could be lowered a further
20 mm to allow access for inserting or removing themembrane that formed the base of a cell dish (see

section 3´7). The dish was supported on a motorized cell dish.
X ± Y microscope stage (MaÈ rzhaÈ user, Wetzlar,
Germany) that was positioned using a stepper-m otor 3.5. T he m icro- im aging sy stem
coupled leadscrew (with a resolution of
250 nm /motor microstep) on each axis. The cells For the majority of planned experiments, it was

essential that the cell nucleus was clearly visualized.could be viewed in situ using an epi-¯ uorescent
microscope (Olympus, type BH2), either through the For this reason, an in situ epi-illuminating (either UV

or visible light) micro-imaging system arranged toeyepiece, or more usually, w ith a charge-coupled
device (CCD) imaging system (see section 3.5). The view both the cells and the particle collimator was

used. To identify the cell nuclei, cells were stainedsample stage was supported by the focusing mechan-
ism of the microscope, which was also motorized. w ith a UV-¯ uorescent dye, such as the DNA-binding

dye, Hoechst 33258. There are a number of consid-The action of this mechanism was to move the whole
stage vertically (i.e. in the Z-direction) w ith respect erations that arose from this approach; Hoechst

33258 (and other nuclear stains) is known to beto the collimator and the static objective lens. The
microscope was coupled to the optical tab le by a radio-modifying at typical working concentrations.

A lso, viewing the cells under UV illumination canmanually driven X ± Y micropositioning stage, which
was used to position the whole microscope such that cause unwanted , non-ionizing damage to the cells .

To counter these undesirab le e å ects, an imagingthe objective lens was directly above the collimator
(so that the collimator exit can be viewed). The system was installed that has a high light sensitiv ity,

w ithout compromising the optical spatial resolution,procedure for irradiating cells required that the
vertical position of the collimator was precisely con- so that both the dye concentration and the UV dose

could be minimized. This system was based on atrolled . To do this, vacuum bellows were installed in
the ® nal section of beamline to allow up to 20 mm Xillix M icroimager 1400 (Xillix Technologies

Corporation , Richmond, Vancouver, Canada) thatof vertical movement of the collimator assembly.
This was supported by a substantial precision linear used a 1´4 M pixel, uncooled, integrating CCD array

(Kodak KAF 1400). A feature of this particular CCDball-s lide, that permitted the collimator to be moved
vertically up (against atmospheric pressure which is is that the individual pixels are con¯ uent (i.e. no

`dead-space’ between pixels, which maximises sensit-acting to `squash’ the bellows) or down by an action
of a DC-motorized lead-screw . The vertical position ivity ) and are small (7 mm Ö 7 mm). This permits the

use of a low power, Ö 10 objective but reta ins goodof the collimator was set precisely by driving the
collimator assembly upward until an `arm ’ on the side spatial resolution without the need for further optics

(which would reduce sensitiv ity). Under good illu -of this assembly came into contact w ith the adjustab le
end of a micrometer (this is sensed electronically). m ination conditions, and using a Ö 10 power object-

ive lens, the resolution of the imaging system wasThe micro-irradiation of cells required that each
cell was aligned, one-by-one, so that the target was ~1 mm.

Further measures were introduced to reduce theimmediately above the collimator exit. The micro-
scope was central to this part of the procedure. UV dose to the cells . A fast mechanical shutter was

installed in the UV-excitation light path to operateBefore each dish of cells was irradiated, the collimator
exit was brought into focus (viewed through the in unison with a similar device that was part of the

micro-imager, such that the sample was illuminatedmedia in the cell dish) using the micrometer arrange-
ment described above, and its X ± Y co-ordinates were only during the image integration cycle of the micro-

imager . Furthermore, the sensitiv ity of the CCDrecorded . The same micrometer was now used to
lower the collimator by a small, but known amount ampli ® er was increased by a factor of Ö 3 greater

than its factory setting; although this degraded the(say, 10 mm) such that if a cell was in focus at the
recorded collimator position, the collimator would dynamic range and black level stability performance

to some extent, the imager performance was foundbe directly below that cell, just touching the underside
of the cell dish. An infrared optical sensor was to be acceptable and clearly reduced the UV excita-

tion dose by the same extent. Where possible, imagesarranged to detect the collimator position 0´5 mm
lower than the irradiation position. The collimator were acquired as a single `snapshot’ of approximately

50 ms duration. For `dynamic’ imaging, (for example,was lowered to this position whenever the stage was
moved (i.e. when the next cell is positioned) so that when focusing ) successive images were acquired at a

rate of about 2 ± 4 Hz. Normally, only cells outsidethe moving cell dish did not interfere w ith the
collimator. A t the beginning and end of an irradiation the experimental area will be viewed dynamically.
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380 M . F olkard et al.

3.6. E xperim ental control to communicate w ith a number of custom-built
experimental control modules, installed within aVirtually all operational features of the microbeam
single 48 cm rack. One module was ded icated towere controlled using a 66 M Hz, 486 PC. The PC
sensing and moving the collimator to one of threewas supplied in the ® rst instance by Xillix (it has
possible positions in response to commands, eitherbeen recently upgraded), complete w ith software for
from the PC, or from a manual control. Otherprocessing images from the micro-imager, and to
modules provided pulse-shaped ampli ® cation, pulse-control the movement of the sample stage in all three
height discrim ination and (if required) coincidenceplanes (via the RS232 port). This software was used
for two independent charge pre-am pli® er detectoras a `platform ’ for implementing the image analysis
signals. As an aid to beam alignment, a simpleprogram and experimental automation procedures,
ratemeter module can be used to display the intensityand for controlling additional peripheral devices.
of `continuous’ beams. A 3-digit display shows accu-Figure 3 shows the principle connections between the
mulate counts from the detector, and could be pre-microbeam and its PC-based controller.
set to term inate the exposure of each cell when theThe CCD image was digitized (12 bit) and trans-
desired counts were reached. Irradiations are term in-ferred to a M atrox 1280 image processing board
ated by the action of two shutters , controlled byinstalled within the PC and was displayed on a
another module w ithin the rack. Rapid exposure1280 Ö 1024 pixel monitor. The same board also
term ination was achieved using an electrostatic shut-generated signals to energize the leaf-shutters on the
ter sited midway between the two 90 ß bendingimager and the UV excitation lamp. The PC supports

a card with an IEEE 488 interface, which was used magnets to de¯ ect the beam. This de¯ ector power

Figure 3. The principle connec tions between the m icrobeam and its PC-based controller.
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381C harged- particle m icrob eam

supply generated 250 V mm Õ 1 in a few microseconds, 1. Sample preparation;
2. M icrobeam initialization;but was sustainable for only 50 ms. Within the brief

period that the beam was de¯ ected out of alignment, 3. Cell ® nding;
4. Irradiating the cells ; anda solenoid operated mechanical shutter was energized

to provide a sustained `beam-o å ’ condition. Finally, 5. Assaying for radiation damage.
there was a module that monitored and displayed

Each aspect of the irradiation sequence is discussedthe current on the micro-adjustable slits. This
in detail below.information (and other relevant data) was relayed to

the Van de Graa å accelerato r control console during
the experiment.

4.1. S ample preparation

Before each experiment, fully assembled cell dishes
3.7. D esign of the ce ll dish

were sterilized by c-irrad iation (2´5 days at
~10 Gy/min) in sealed containers. Cell dishes eitherThe design of the dish for supporting the cells had

to satisfy the particular requirements of the had bases of 3 mm thick M ylar or 4 mm thick polypro-
pylene. For polypropylene-based dishes, Cell-Takmicrobeam ; in particular, cells had to be attached to

a thin membrane (optically transparent, and non-UV adhesive (Becton-Dickinson, Bedford, M A, USA) was
added to these dishes at a ® nal concentration of¯ uorescent), such that there was good access from

both sides of the dish for the collimator, the detector 2 ± 3 mg/ml for 30 min followed by several washes in
sterile water. For M ylar based dishes, these were pre-and for viewing. Another consideration was the ease

of construction, since it was usual to use each mem- treated by incubation with cell culture medium for
12 h prior to use. For all cell manipulations, freshlybrane once only. Figure 4 dep icts a section through

an assembled cell dish. The dishes were machined ® ltered Eagles complete minimal Essential medium
(CM EM) supplemented with 10% (v/v) foetal calffrom medical-grade stainless steel. The 115 mm

square dish base was designed to register positively serum and penicillin (100 IU /ml) and streptomycin
(100 mg/ml) were used. On the day of the experiment,w ith a clamping arrangement on the micro-

positioning stage. A 34 mm diameter thin membrane freshly harvested V79-379A Chinese hamster cells
were seeded into the dishes at a concentration ofcell support (made from 3 mm thick M ylar, or 4 mm

thick polypropylene) was `sandwiched’ between the around 3 Ö 103 cells /dish to give a ® nal concentration
of 50 ± 200 cells per 25 mm 2 area. Around 1 h beforebase and an annular piece that tensioned the mem-

brane as it was located. A 0´5 mm thick silicon rubber the start of the cell irradiation, Hoechst 33258 was
added to a ® nal concentration of 1 mm and incubationgasket provided a water-tight seal. Note that the

membrane was the lowest part of the dish, which continued at 37 ß C. At the time of irradiation the cell
culture medium was removed and gently washed andallowed unimpeded access to position the collimator

close to any part of the underside of the membrane. rep laced with HEPES-bu å ered CM EM to a depth
of 0´5 mm in the dish (approximately 0´5 ml). In this
arrangement the cells could be viewed from above

4. The experim ental procedure
without the microscope objective dipping into the
solution. Cells were imaged using a Ö 10 objectiveThe routine for micro-irradiating cells can be

divided into ® ve distinct phases: and UV ® lter cube giving excitation of 365 nm and

Figure 4. A section through an assembled cell dish.
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382 M . F olkard et al.

em ission of 420 nm with a typical integration time of exposure step. To locate the cells , an automated
procedure viewed each region in turn as a series of50 ms. Scanning of the dish for cell location, irradi-

ation and rev isiting took place at room temperature. 80 slightly overlapping `frames’ , where each frame
was the ® eld -of-view of the microscope (0´85 mm byAfter scanning and irradiation, cell dishes were

removed from the microscope, fresh CM EM added 0´75 mm, using a Ö 10 objective). The computer took
a `snapshot’ of each frame and conventional imageand rep laced in the incubator. Cells were then

incubated for various periods of time, depending on analysis techniques were used to establish the centre
of each ¯ uorescent object found. The co-ordinatesthe endpoint being scored, before being rev isited.
of each object were logged, along with 17 other
parameters (such as perimeter, area, elongation etc.)

4.2. M icrob eam initializ ation used to distinguish the cells from other ¯ uorescent
objects.A t the start of each experimental day, the collim -

ator was aligned by locating a silicon surface-barrier As the cell dish was moved, it was crucial that the
cells in the vicinity of the collimator stayed accuratelydetector above the collimator and tilting the collim -

ator on a gimballing arrangement until the dose-ra te in the focal plane of the microscope objective, both
during the cell ® nding and the irradiation phase. Towas maximized. At the same time, the energy spec-

trum measured by this detector was viewed on a achieve this, the computer selected three points close
to, but outside each region. At each point, the stagecalibrated multi-channel analyser to con® rm that the

collimated particles were near-monoenergetic and of X , Y and Z-drives were used to bring a nearby cell
into focus over the collimator, and the `XYZ’the desired energy. An abnormal spectrum usually

indicates that the collimator is mis-aligned or partially co-ordinate was logged. The computer used the three
sets of co-ordinates to establish the inclination of theblocked (in which case it w ill be rep laced). Once

aligned, the particle ¯ uence was adjusted so that dish, so that as the stage was moved in its X and
Y directions, it could make the appropriateabout 1 ± 10 particles s Õ 1 passed through the collim -

ator. Experience showed that the system will remain Z-ad justment to keep the cells directly above the
collimator in the focal plane.aligned for the duration of the experiment, provided

that monitor current readings on the micro-
adjustab le slits (see section 3.2) were maintained. 4.4. C e ll irradiation

The sample stage was now initialized and `regis-
tered ’ . The registration step established the imaging Once all the cells w ithin a region had been identi-

® ed, and their positions logged, the irradiationsystem magni® cation and the stage co-ordinate
system relativ e to the imager and ensured that cells sequence for that region was initiated. The collimator

was viewed through the dish of cells and its heightcould be correctly positioned and re-visited at a
future date, irrespective of any re-alignment of the adjusted so that it was a few microns below the focal

plane in its highest position (see section 3.4). Thestage and the imager . This was achieved by installing
and viewing a calibration jig that comprised an objective lens was now rep laced with the PM tube

(mounted on the microscope turret) used for particleopaque rectangle (a microscope reticu le) over a
¯ uorescent screen. The collimator position was now detection and the sample area was enclosed so that

it was in darkness. Note that it is not necessary toestablished by simply imaging the top of the collim -
ator and using the mouse pointer on the computer observe the cells during irradiation, although there

is a option to do this if required (i.e. to check thatscreen to place a marker at the collimator exit. This
marker remained logged and `on-screen’ for the the system is functioning normally). Clearly , the

detector was not operational in the arrangementduration of the experiment.
where cells were viewed.

A single computer command commences the irra-4.3. C e ll ® nding
diation sequence. The logged co-ordinates of the
cells were recalled and used to position each cell, inTo locate the cells (and to log their co-ordinates),

the cell dish was divided into two, or more regions, turn, over the collimator (whose position is also
logged). For each cell, the collimator Z-drive moveddepending upon the experiment. Usually, four

regions were selected, each 5 mm Ö 5 mm, arranged the collimator 0´5 mm upward to the irradiation
position, the shutter was opened until the requiredover a 11 Ö 11 mm square area. A ll cells w ithin two

of the regions were irradiated, while the remaining number of particles were delivered, when it was
closed and the collimator returned to its lower posi-regions served as controls. The control regions were

subject to the same experimental protocol as the tion so that the next cell could be manoeuvred over
the collimator. When all the cells in a region hadirradiated regions, apart from the actual particle

In
t J

 R
ad

ia
t B

io
l D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
T

he
 K

ee
pe

r 
of

 S
ci

en
tif

ic
 B

oo
ks

 o
n 

04
/2

7/
10

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



383C harged- particle m icrob eam

been irradiated, the facility was con® gured for cell- means operating in a situation where cells are just
visible. Increasing the camera light detection eæ ci-® nding and the next region on the dish was processed.

When all four regions had been completed , the dish ency makes it possible to lower the UV dose (either
by inserting neutral density ® lters , or by reducing theof cells was removed and prepared for incubation,

or other long-term treatment. camera integration time). For this reason, the gain
of the CCD camera was increased above the manu-
facturer’ s setting to optim ize the overall signal-to-5. D iscussion
noise in the image.

5.1. C ol limator res olution Reducing sources of `noise’ allows the dye concen-
tration to be reduced. Electronic noise can beM uch e å ort has gone into developing a collimation
reduced by using a cooled CCD, though for shortsystem that can deliver the `best possible’ accuracy.
integration times (<1 second) this is of lim itedThese are described in a separate publication. Brie¯ y,
advantage. The primary source of `noise’ inherent inthe current collimator design can con® ne 96% of
the image is unwanted ¯ uorescence from the mem-particles to w ithin 5 mm radius and 90% of particles
brane to which the cells are attached. M ylar, althoughto within a 2 mm radius.
an excellen t mater ial in other respects, is signi® cantly
¯ uorescent. Polypropylene (which we now use rou-

5.2. C ounted particl e accuracy tinely), is much better in this respect, but requires
further treatment before cells attach to its surface.The ability to deliver a single or pre-set number
Curren tly, the system has been optim ized such thatof particles to each cell depends critically on two
no cells are `missed ’ . Cells are visible using a dyefactors: the detector eæ ciency and the term ination
concentration of 1 mm of Hoechst 33258. The UVof exposures w ith suæ cient speed. Using a 18 mm
dose has not been quanti® ed, but corresponds to thatthick scintillator, >99% detection eæ ciency was
from a standard mercury lamp, w ith a 50% neutralobserved (see accompanying publication for a full
density ® lter and a 50 ± 100 ms camera integrationtreatment of the detector characteristics). Cells can
time (which is also the total UV-exposure time).also receive unwanted extra particles if the shutter

fails to term inate the exposure quickly enough. The
response time of the electrostatic de¯ ector used to 5.4. C e ll positioning and re- visiting accuracy
end the irradiation of each cell was about 200 ms. For

The accuracy to which cells can be positioneda count-rate of 10 counts s Õ 1, the probability of
over the collimator should at least match the spatialdelivering an extra particle was ~1%. This is higher
resolution of the collimator. In the horizontal plane,than might be expected, indicating that the arrival
the stage stepper motors move in 0´25 mm steps suchof particles is not random (i.e. there is a tendency
that the precis ion of the stage is about 0´25 ± 0´5 mm.for particles to be `bunched ’ in time).
The positioning accuracy however, is about 1 mm due
to the mechanical tolerance of the lead-screw . For

5.3. C e ll ® nding eæciency
the purposes of re-positioning cells to their logged
co-ordinates, it is predominately the precis ion thatIt is the task of the automated cell ® nding routine

to locate and log the positions of all cells (currently , determ ines ability to locate cells . Note that anti-
backlash measures are applied (i.e. always positioningthe cell nuclei) in a pre-selected region. The cell

® nding eæ ciency is the fraction of cells correctly objects from the same direction) to ensure that this
does not adversely a å ect the stage performance.identi® ed in this way. Just as important is the eæ ci-

ency with which found objects that are not cells , are Overall (considering also, the accuracy to which the
cell ® nding routine assigns co-ordinates to each foundexcluded .

In practice, there are two reasons why the system object), the measured current positioning accuracy
of the stage is ~1 ± 2 mm in the X and Y directions.may fail to identify a cell correctly ; either because it

is too faint, or because two or more cells are touching In the vertical direction, the positioning accuracy is
slightly worse (around 2 ± 3 mm), primarily because(such that the cells are counted as one object). There

are several factors that in¯ uence the visibility of a the cell-d ish membrane is not perfectly ¯ at over the
experimental region.cell: the UV-excitation dose, the ¯ uorescent dye

concentration (and uptake), the camera eæ ciency, It is usually necessary to re-visit cells after an
extended period to assess the biological e å ects of theelectronic (thermal) noise in the camera and a `noisy’

background in the object. As explained in section 3.5, irradiation. By using the registration plate to ascerta in
the relativ e positions of the stage and the CCDit is important that the UV dose and the dye

concentration be minimized as far as possible. This imager , it is possible to ® nd cells using the
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co-ordinates established during the cell-® nding phase, 6. Conclusions
even if the system has been disassembled and re-built

A facility for targeting cells in vitro individually
in a di å erent alignment. In fact, the greates t source

with counted particles has been developed at the
of inaccuracy is the re-location of the cell dish onto

Gray Laboratory. In the ® rst instance, the system
the stage. If the cell dish is removed from the stage, has been con® gured to irradiate the nuclei of V79
an error of about 10 mm is introduced when sub-

mammalian cells using monoenergetic protons
sequently re-located. In practice, this is acceptable

<3´5 M eV. The arrangement for locating, aligning
for assaying purposes, where it is suæ cient just to

and irradiating cells has been optim ized for a rapid
unambiguously identify each cell (cells are normally

throughput of cells . Curren tly, it is possible to irradi-
separated by distances greater than this). Note that

ate (or sham irradiate) cells individually at a rate ofthe cell dish was not removed from the stage bet-
about 1200 ± 1500 cells h Õ 1, which is suæ cient to

ween the cell ® nding and irradiation phases, where
permit a number of single-cell assays of radiation

alignment is critical.
damage to be implemented. Initial studies are using
a single-cell clonogenic assay to measure cell survival
and the micronucleu s assay as an indicator of chro-5.5. T hroughput of ce lls

mosome damage, w ith the emphasis on e å ect atIt is the ability to identify, align and irradiate cells
low doses.

quickly that distinguishes a well speci® ed modern
microbeam from its historical counterpart. It is clear
that the nature and frequency of radiobiological
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