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9. Progress report of the single particle irradiation system to cell (SPICE)

Outline of Research Career:Dr. Imaseki received the Ph.D. from Tohoku University in 2005 on development of the droplet PIXE analyze system. He has been developing accelerator techniques for biological and environmental sciences, and working as the manager of the radiation facility and shared units in NIRS. Now, he is also the manager head of SPICE developing group consisted of three teams, accelerator development, radiation detection, and biological research. 
Hitoshi Imaseki, Ph.D.Director of Department of Technical Support and Development
Objectives:At National Institute of Radiological Sciences (NIRS), we constructed a microbeam system in 2003, named Single Particle Irradiation to Cell, SPICE. From the beginning of 2005, we redesigned it to improve the stability of the optical alignment of the system, and obtained an ensured reduction rate of the beam size proportional to the openness of the objective slit in the vertical line. As a result, SPICE is now capable of producing a beam size of approximately 10 micron in diameter, and the numbers of particles are controllable to intensity as low as single particles per second, and single particle irradiation has been succeeded. Moreover, these conditions can be easily reproduced with a routine everyday procedure. We describe in detail the modifications of the beam line and results indicating the improvements. In addition, the result of our first biological experiments is shown. 
 

Progress of Research:Single cell microbeam irradiation systems are of increasing interest, and have become a significant tool in the field of radiation biology. The major characteristics of microbeam irradiation systems are a very narrow beam of radiation, micron or submicron size, corresponding to cellular of sub-cellular dimensions. This is one of the advantages compared to conventional irradiation, such as broad beam irradiation, which enabled one to solve the problems of conventional irradiation with low dose, where targets are traversed by a Poisson-distributed number of particles.Over 10 years has passed from the first development of proton and alpha particle microbeam irradiation systems by the Gray laboratory, and by Columbia University. Recently many microbeam systems with different types of radiation have been developed. These include soft X-ray of Gray laboratory, heavy charged particles of SNAKES, and heavier charged particles of GSI and electron microbeam of PNNL. Also, in Japan a monochromatic X ray microbeam of PF-KEK and a heavy charged particle microbeam of TIARA are currently available for biological experiments.The single particle irradiation system to cell (SPICE) of National Institute of Radiological Sciences (NIRS) generates 3.4 MeV proton and 5.1 MeV alpha particle, and is the only microbeam irradiation system in Japan with low-LET particles irradiation. There are two defining characteristic of SPICE: one is that the particles are irradiated vertically from beneath the cells, and therefore biological samples can be placed on the sample stage horizontally, like those under the conventional culturing condition. Another is that the SPICE 
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focuses its beam by mono-bloc triplet quadrupole lens to produce a beam with a very sharp energy spectrum, which cannot be obtained with collimated micro beam system. For these specifications, SPICE may become the standard microbeam irradiation system for biological research in Japan, which enables to compare with those preceding studies of proton and alpha particle irradiation held in other microbeam facilities.
2. Modified specifications and current resultsa. Improvements of beam lineThe previous design concept of SPICE was to construct a vertical beam line with the same optical configuration of the scanning micro PIXE beam line and to isolate the beam line from environmental vibration by four air suspensions installed between the inner and outer frames, which consist of the vertical beam line. With this configuration, we were only able to minimize the beam diameter to several hundred micrometers, and its proportional relation with the openness of the objective slits was not seen at below several hundred micrometers. Therefore, further improvements in the mechanical alignments and the structure were considered to be necessary. The modifications of the beam line are shown in figure 21. To begin with, the four air suspensions were removed, because of their flexibility affected the alignments of the beam ducts, Q-triplet lens, and microscope. Instead of these suspensions, four spacers equipped with vibration-removing rubbers installed (Fig 21A). In this way, high-frequency vibrations were inhibited, and the beam line was 

kept practically stable. Secondly, fixation apparatuses were installed at three different sections of the beam line at the position of the object and the emittance slits, and a bellows duct, as shown in figure 21B. This apparatuses have adjustable bolts that push the beam duct from three different angles to the center, which enabled us to fixate the beam duct with an inner frame. Thirdly, the inner frame was also fixated at two different sections of the outer frame by adjustable bolts as shown in Fig 21C. Finally, the beam exit duct and Q lens were separated and reconstructed to be independently controllable, which made beam alignment easy (Fig 21D). These four modifications stabilized the beam line to approximately less than 1 µm range at the beam exit. The current results are described as follows.
b. Beam measurementsTo obtain a microbeam, mainly three parts of the vertical beam line were adjusted: objective slits, emittance slits, and Q lens. During these adjustments, the beam size at the sample position was confirmed by observing the scintillation from the 100 mm thick plastic scintillator. This plastic scintillator was attached to the metal cell dish, which enables us to determine the beam size at the sample position. This scintillation image of the beam was captured by a microscope system. The size of the single image (1344×1024 pixels) was captured with 100× magnifications. 

The actual beam size was determined by irradiating a plastic track detector, CR-39 (HARTZLAS TD-1, Fukuvi chemical industry). CR-39 of 5 mm×5 mm size and 1 mm thick was attached to the metal cell dish and set on the XY-stage. The beam intensity was controlled to approximately 1500 protons per second by adjusting 
Fig 21. Schematic drawing of the SPICE beamline and its modifications. A is the vibration-removing rubber. B is the three apparatus for fixation of inner frame and the beam duct. C is the adjustable bolts to fixate the inner and outer frames.

Fig 22. Typical example for the energy spectrum of the proton microbeam at the beam exit.
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the objective slits installed in the horizontal line. The beam deflector installed upstream of the 90-degree bending magnet was controlled to give a pulse width of 50 msec for the beam to be irradiated. The number of protons irradiated to the CR-39 was estimated to be nearly 70, and 70% of the protons were in this 10 µm×10µm area. The energy spectrum of protons at the beam exit showed a clear proton peak of FWH=145 keV as shown in Fig 22 and the detection efficiency of our proton counting system showed an accuracy over 90% as shown in Fig 23.

c. Design of Cell DishFigure 24A shows a schematic drawing of the cell dish. A Si3N4 plate consisted of 7.5×7.5 mm frame of 200 mm thick with 2.5×2.5 mm area of extremely thin portion of 1 mm thick at the center. This Si3N4 plate was attached to the metal dish with Vaseline at the center of the dish, where there is a 3mm diameter hole. Therefore, particles from the beam exit will travel through a 1.2 mm air gap, 1 mm thick Si3N4, cells, 2 mm thick polypropylene film, and finally to enter the scintillation counter. Image of the Si3N4 plate attached cell dish is shown in Fig 24B. The edge of the Si3N4 plate (Fig 24C), a boundary of thick and thin portions, can be seen very clearly, and the upper left edge was used as a datum point to accord with the beam position for a latter experimental procedure with irradiated cells. Two hamster cell lines (V79, CHO-K1) and three human cell lines (HSG, HeLa, AG1522) were cultured on the Si3N4 plates and there were no significant differences with the conventional plastic dish. 

3. Preliminary biological resultThe purpose of this preliminary experiment was to determine whether the targeted cell is actually irradiated by protons. We visualized the DNA double-strand breaks (DSBs) induced by the traversals of protons through the cell nucleus using phosphorlylated histone H2AX (γ-H2AX) as a marker for DNA DSBs. CHO-K1 cells were cultured in α-MEM (supplemented with 10% FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin) and incubated under 37 degrees with 5%CO2/95% air until the irradiation and prepared on Si3N4 plates. Cell suspensions of 20 ml containing approximately 1×104 cells were inoculated on the Si3N4 plate for 5 hours before irradiation. Approximately 30 minutes previous to irradiation the cell nuclei were fluorescent stained by incubating in media containing 1 mM Hoechst33258. Just before irradiation, 2.5 ml of media containing 10 mM Hepes buffer to prevent a variation of the pH, and 6 mm thick polypropylene films was floated on the surface of the media. The solution was removed slowly, so that the polypropylene film would cover the cell-attached area to prevent the cells from drying. For irradiation, the beam intensity was reduced to approximately 103 per second by slits installed in the horizontal line, which can control the amount of protons supplied to beam exit without changing the beam profile. The number of protons to be irradiated to the targeted cells was preset at 500. Cell images of the targeted cell were captured by a microscope system just before irradiation, and the 

Fig 23. Counting accuracy of the single particle irradiation system measured by CR-39 detector at the cases of preset value (number of protons to be irradiated) N=1 and arbitrary number N (N>1). At N=1, 95.1 +4.9 –8.1 %, and At N>1 90.1 ±5.1%.
Fig 24. A is a diagram of a cell dish especially designed for SPICE and B is a photograph of the cell dish. B shows the boundary of 200 µm and a 1 µm thick portion of the Si3N4 plate. The upper left edge is defined as the datum point
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coordinates of the sample stage were recorded to define the targeted cell for a latter observation after an immuno -fluorescence assay. Up to now, the automatic recognition of cell nuclei is not complete. Therefore, cells were identified from its fluorescence, moved to the beam position by controlling the X-Y stage, and then finally irradiated. This so called “move and shoot” procedure is laborious and protracts the time and also affects the cell conditions by the massive dose of hazardous UV-light exposed to cells during the procedure. Therefore, an automatic cell recognition system is necessary and will be developed and installed in SPICE by the end of 2006.After irradiation, the cells were incubated at 37℃ with 5% CO2 /95% air for 30 minutes for the phosphorylation of H2AX to reach its maximum and then the cells were fixed with 4% paraformaldehyde. An immuno-fluorescent assay was held using anti-γ-H2AX antibody and secondary anti-rabbit Alexa 488 antibodies. Fig 25 represents the cell image captured by the microscope system. Fig 25A is an image of cell nuclei stained with Hoechst 33258 and B is the fluorescence of Alexa 488 secondary antibody, which indicates induced DNA double strand breaks. As can be seen in B, the cells in the targeted position showed fluorescence of γ-H2AX, and unfortunately only one neighbored cell also showed γ-H2AX fluorescence. Smaller beam size is required for single cell (nucleus) irradiation.
 

Major Publications: 1） H. Imaseki, et al., “Progress report of the single particle irradiation system to cell” Nuclear Instruments and Methods in Physics Research B, (2006) accepted. 2） H. Imaseki, et al, “Development of a Droplet-PIXE system for Environmental Monitoring Samples” International Journal of PIXE, 15, Nos. 3 & 4 293-299 (2005) 3） H. Imaseki, and M. Yukawa, “Introduction of PIXE analysis system in NIRS,” International Journal of PIXE, 10, Nos. 3 & 4 77-90 (2000).

Fig 25. A represents the image of cell nuclei stained by Hoecst 33258, and B is a fluorescent image of γ-H2AX. The targeted positions indicated in + were irradiated by 500 protons. Bar size, 20 mm




