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Abstract

:

Cluster ion beams have unique features in energy deposition, but their biological effects are yet to be examined. In this study, we employed bacterial spores as a model organism, established an irradiation method, and examined the lethal effect of 2 MeV C, 4 MeV C2, and 6 MeV C3 ion beams. The lethal effect per particle (per number of molecular ions) was not significantly different between cluster and monomer ion beams. The relative biological effectiveness and inactivation cross section as a function of linear energy transfer (LET) suggested that the single atoms of 2 MeV C deposited enough energy to kill the spores, and, therefore, there was no significant difference between the cluster and monomer ion beams in the cell killing effect under this experimental condition. We also considered the behavior of the atoms of cluster ions in the spores after the dissociation of cluster ions into monomer ions by losing bonding electrons through inelastic collisions with atoms on the surface. To the best of our knowledge, this is the first report to provide a basis for examining the biological effect of cluster ions.
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1. Introduction


Cluster ion beams are composed of accelerated molecular ion particles consisting of more than two atoms. The nonlinear effects of swift cluster ion beams, for instance, the nonlinear increase of secondary particle emission arising from a very high energy density deposited at the surface of the target, have been of interest in the area of beams interacting with matter [1,2]. The 3-MV tandem accelerator at the Takasaki Ion Accelerator for Advanced Radiation Application (TIARA) is one of the facilities in which studies on the generation of cluster ion beams and their application have been most actively carried out [3,4,5]. For instance, studies on the nonlinear cluster effect in inorganic materials [6], interaction with solids [7,8], and surface analytical techniques have been carried out [9], and recently, the very efficient negative fullerene ion source was successfully developed [10]. However, to the best of our knowledge, no research has been performed on the irradiation effect of cluster ions on cells or tissues. The primary reason for this is the limitation of the penetration depth. Because the cluster ions have a high mass to charge ratio (10–1000), they cannot be accelerated by the existing high-energy circular accelerators, such as cyclotrons and synchrotrons. The currently available cluster ions are in the energy range from KeV to MeV, which are produced by linear electrostatic accelerators. In addition, the cluster ions dissociate into monomer ions by losing bonding electrons through inelastic collision with the target atoms. Due to the Coulomb repulsion between the monomer ions, the interatomic distance between them increases as they travel in the target [11], and hence, the spatial energy deposition profile differs greatly between the surface and inside of the target. Therefore, at present, the irradiation target of cluster ions has been confined to very thin materials that can be installed in a vacuum chamber.



Recently, Takayama et al. reported that giant cluster ions can be accelerated up to the GeV energy range with a novel circular accelerator employing an induction acceleration system [12]. Therefore, high energy cluster ion beams may soon become available and the unique energy deposition profile can be applied to various biological materials in the future. Therefore, in this study, we employed bacterial spores as a model organism to consider the biological effect of cluster ions. The Bacillus subtilis is a model organism for Gram-positive bacterium, and is also used for industrial enzyme production. The spore of B. subtilis is known to have a higher tolerance to various abiotic stresses, including a vacuum environment [13,14]. The thickness of B. subtilis spores has been reported to be 0.48 µm [15], which is sufficiently thin for irradiation with the currently available MeV-energy cluster ions. To consider the biological effect of cluster ion beams, here, we establish an irradiation method for B. subtilis spores and compare the cell killing effect of cluster and monomer ion beams. We also consider the behavior of the atoms of cluster ions while passing through the spores. To the best of our knowledge, this is the first report to provide a basis for examining the biological effect of cluster ions.




2. Materials and Methods


2.1. Sample Preparation for Cluster Ion Irradiation


A spore suspension solution of B. subtilis (strain 168) was prepared in sterile water by a conventional procedure with a slight modification [16]. The vegetative cells cultured in Luria-Bertani (LB) broth were collected and washed with 10 mM sodium phosphate buffer (PB, pH 7.0), and then cultured on Schaeffer’s sporulation medium agar plates at 37 °C for 4 days. The cultured cells were subjected to cell wall digestion with 100 mg/mL lysozyme in 150 mM·NaCl/10 mM EDTA (pH 8.0) at 37 °C for 1 h, protein denaturation with 1% sodium dodecyl sulfate at 37 °C for 30 min, followed by rinsing with sterile water several times. Freshly prepared spores were used, within at least 1 week after preparation, for the irradiation experiments.



A silicon wafer (SI-500452, The Nilaco Corporation, Tokyo, Japan) was broken into small pieces (approximately 8 mm square), washed with 70% and 99.5% ethanol, and placed in a sterile 12-well culture plate. A 3-μL aliquot of spore suspension solution containing 2 × 105 spores was dropped onto the small pieces of wafer. After freezing at −80 °C for more than 30 min, the samples were freeze-dried for about 30 min using a freeze drier (FDU-2200, EYELA, Tokyo, Japan). To spread the spores into almost a monolayer, the 12-well plates were put on ice for 3 to 5 min until water vapor began to condense on the surface. Then, the samples were air-dried and kept in a humidified box at room temperature until irradiation. The diameter of the spore spots was less than 4.5 mm. All samples were prepared on the day before irradiation.




2.2. Cluster Ion Irradiation


The spore samples were irradiated with 2 MeV C, 4 MeV C2, and 6 MeV C3 ions with a charge state of 1+ using the irradiation chamber connected to the TC beam line from the TIARA 3-MV tandem accelerator at the Takasaki Advanced Radiation Research Institute, National Institutes for Quantum and Radiological Science and Technology (QST-Takasaki, Takasaki, Gunma, Japan) (Figure 1). The samples were attached to a sample holder and introduced into the vacuum chamber. Irradiation was conducted under high vacuum (<1 × 10−5 Pa). The beam size was Ф 5 mm. The beam current was adjusted to around 1.0 pA by monitoring using a non-suppressed deep Faraday cup (aperture size Ф 20 mm, length 300 mm). Manipulation of the sample holder and the irradiation using a beam shutter were performed using specially designed operating software. The irradiation time (approximately 3 to 60 s for 1 × 108 to 2 × 109 particles/cm2) was determined from the beam current just before starting irradiation. The samples were kept under high vacuum for approximately 3 h during the whole irradiation process. The irradiated samples were detached from the sample holder, placed in a 12-well culture plate, and stored in a humidified box at room temperature.




2.3. Survival Assay


On the next day after irradiation, the spores on each silicon wafer were corrected in 1 mL of PBT buffer (PB containing 0.01% Tween 20) under a stereomicroscope by pipetting several times. The colony forming units (CFUs), i.e., the number of viable spores in a sample, were determined by the dilution plate method. The serial dilutions (10-, 100-, and 1000-fold) of the spore solution were prepared and 100 µL of them were spread on LB plates (LB broth solidified with 1.5% agar, ɸ 90-mm plastic petri dish). After an overnight incubation at 37 °C, the number of colonies was counted using a plate with a countable number of colonies (generally in the range of 30 to 300). The CFU was determined with the observed number of colonies and its dilution factor. The collection rate from the silicon wafer (CFU of mock-irradiated control/CFU of the 3-μL original spore suspension solution) was around 80%. The surviving fraction (SF) was shown as a ratio of the CFU of irradiated samples to the CFU of the mock-irradiated control. We performed three independent irradiation experiments. More than five silicon wafers were used for each fluence.




2.4. Measurement of Particle Fluence


The accuracy of the measurement of the beam current was confirmed using a solid-state track detector (Baryotrack, Nagase Landauer, Ltd., Tsukuba, Ibaraki, Japan). A rotating disk device with a 250-µm laser-processed micro slit was installed into the vacuum chamber and rotated at 50 Hz to attenuate the beam. A small piece of the track detector (10 × 14 × 0.9 mm thickness) was irradiated with a fluence of 1 × 106 particles/cm2. After etching with 6 M potassium hydroxide at 60 °C for 50 min, the etch pit images were captured by a CCD camera (Wraycam G-200, Wraymer Inc., Osaka, Japan) under a microscope. Five areas (0.169 × 0.225 mm each) across the horizontal line on the center of the irradiated spot (ɸ 5 mm) were captured. The number of etch pits per captured area was counted using the Image J software package [17]. Six irradiated spots or more (total of 30 areas or more) were examined for each ion species.




2.5. Calculation of Physical Parameters


The penetration range, LET, and lateral straggling of ion particles in the spores were calculated using the SRIM code [18] or IRAC M code [19]. The density and thickness of spores was assumed to be 1.52 g/cm3 and 0.48 µm, respectively [15,20]. Because, to the best of our knowledge, the elemental composition of B. subtilis spores has not been reported, the elemental composition of dry yeast (C40.14, H75.24, O21.16, N4.72, K0.50, P0.46, Mg0.12, S0.02) was used in the calculations [21].




2.6. LET-RBE Relationship on Lethal Effect


Spores of B. subtilis (strain RM125) prepared in sterile water, as described above, were re-suspended in PB containing 1.0% skim milk and 1.5% sodium glutamate. Aliquots of the spore suspension containing 1 × 108 spores were dropped onto mixed cellulose ester membranes (ɸ 25 mm, pore size 0.025 µm, Merck Millipore Ltd., Tokyo, Japan), and freeze-dried as described above. We confirmed that there was no significant difference of the radiation sensitivity between the RM125 and 168 strains (data not shown). The spores were irradiated with five kinds of ion beams (48 MeV He (LET; 24 keV/µm), 311 MeV C [111], 208 MeV C [156], 316 MeV Ne [468], 310 MeV Ar [2,214]) from the AVF cyclotron or 60Co gamma rays at QST-Takasaki. On the day after irradiation, the irradiated spores were harvested in PB and the SFs were determined as described above. Survival curves were fitted to the SFs by the least-squares method using the linear-quadratic (LQ) formulation:


SF=e−(αD+βD2),








where D is the dose in Gy, α is the cell kill per Gy of the linear component, and β is the cell kill per Gy2 of the quadratic component of the survival curve [22]. The relative biological effectiveness (RBE) was determined based on the dose required to reduce the SF to 0.1 (D10), using a gamma ray as the standard radiation:


RBE = D10 of gamma ray/D10 of ion beam of interest.











The inactivation cross-section was obtained from the formula:


Inactivation cross-section = LET (keV/µm) × 0.16/D0,








where D0 is the dose required to reduce the SF to 0.37 [23].





3. Results and Discussion


3.1. Sample Preparation for Homogeneous Irradiation of B. Subtilis Spores


In this study, we compared the lethal effect of 6 MeV C3, 4 MeV C2, and 2 MeV C as a combination of cluster and monomer ion beams having the same energy per atom (2 MeV/atom). The calculated penetration range of 2 MeV C in spores was 2.86 µm, and this was approximately six times that of the reported thickness of B. subtilis spores; 0.48 ± 0.03 µm [15]. Because a mono-layered sample is preferable to achieve homogeneous irradiation and reliable comparison, we developed a novel sample preparation method. Small pieces of silicon wafer (approximately 8 mm square) were used as basal plates, since they are clean, flat, and can avoid electrostatic charge during the irradiation process. First, we tested freeze drying an aliquot of the spore suspension dropped on the wafer. However, many small lumps were formed and they were far from a monolayer (Figure 2A). Finally, as described in the methods section, we observed that the dew condensation treatment of the freeze-dried samples helped the spores to spread. The lumps of spores were gradually spread over the surface of dew drops as they became larger, and then the wafers were air-dried on a clean bench. After the dew condensation treatment, the spores were spread to almost a monolayer (Figure 2B). The diameter of the spore spot was 4.0 to 4.5 mm (Figure 2C). We confirmed that the freeze drying and dew condensation process, and also the high vacuum environment during the irradiation process, had no detectable effect on the colony forming efficiency (data not shown).




3.2. Lethal Effect: Cluster Ions Versus Monomer Ions


We carried out three independent experiments to compare the lethal effect of the cluster and monomer ion beams. The surviving fraction linearly decreased as the particle fluence increased on a semi-logarithmic scale (Figure 3A). Contrary to our expectations, no significant difference was observed between the cluster and monomer ion beams per particle. In other words, the 4 MeV C2 and 6 MeV C3 were two times and three times less effective per atom, compared with 2 MeV C, respectively (Figure 3B). Irrespective of the ion species, no colony was observed at the fluence of 5 × 109 particles/cm2. This also indicated that the samples were properly prepared in almost a monolayer.




3.3. Accuracy of Irradiation Fluence


The cluster ion impacts are known to result in a high emission of secondary charged particles [24,25], and this may affect the measurement of the beam current by the Faraday cup. To confirm the accuracy of the irradiation fluence, we confirmed the particle fluence using a solid-state track detector. In the case of the spore irradiation, the beam current was always adjusted to around 1.0 pA. The beam current should be attenuated by 1/100 or less for counting the number of etch pits using the track detector, although this is within the undetectable range with the existing picoammeter. In a preliminary experiment using a 1/100 mesh attenuator equipped in the tandem accelerator, we failed to obtain reproducible results. This was probably a result of the attenuation rate having a certain error depending on the ion species and/or the beam trajectory on different experimental days. To attain an accurate attenuation for the measurement of particle fluence, a rotating disk device with a 250-µm laser-processed micro slit was fabricated (Figure 4A). The actual measured attenuation rate was 1/914. A track detector was irradiated with the fluence of 1 × 106 particles/cm2 and the etch pit image was analyzed. The representative etch pit image and the results of the measurement are shown in Figure 4B,C, respectively. The observed fluence was the same as the expected value irrespective of the ion species. This result indicated that the measurement of the beam current was accurate, and the lethal effect on B. subtilis spores observed in this study was reliable.




3.4. LET-RBE Relationship


The calculated LET of 2 MeV C was 1141 keV/µm on the spore surface. This high LET value may be the reason why there was no difference in the lethal effect between the monomer and cluster ion beams examined here. To gain insights on this point, the lethal effect of gamma rays and five kinds of ion beams with wide ranges of LETs were examined. Figure 5A shows the dose response for the surviving fraction. The 208 MeV C (156 keV/µm) was the most effective radiation for cell killing per dose. The RBE based on D10 peaked at 156 keV/µm and the maximal RBE was 1.9 (Figure 5B). The RBE dropped below 1.0 for 2 MeV C and 310 MeV Ar, which had high LET values. This result was interpreted as an overkill effect, which arose from a greater ionization density being deposited on the ion track than the energy that was required to inactivate the target. The inactivation cross-section determined from the survival curves increased with increasing LET and reached a plateau at approximately 0.2 to 0.3 µm2 (Figure 5C). This area was comparable to the core area of the B. subtilis spores (0.25 µm2) observed by electron microscopy [13]. These results suggested that a single particle of 2 MeV C deposited enough energy to kill the B. subtilis spore, and therefore, the 4 MeV C2 and 6 MeV C3 showed the same cell killing effect as the 2 MeV C.




3.5. Behavior of the Atoms of Cluster Ions Bombarded into B. Subtilis Spores


The unique energy deposition profile of cluster ions was attributed to the fact that more than two atoms within nanometer distance from one another were incident on a target simultaneously. The cluster ions dissociated into monomer ions by losing bonding electrons through inelastic collision with atoms on the surface of the target. Accordingly, the unique feature of cluster ions in energy deposition may become less prominent depending on the incident energy and the thickness of the target. We considered here the internuclear distance of two carbon atoms of a 4 MeV C2 ion during passing through a spore of a 0.48-µm thickness (Figure 6). The equilibrium mean charge state of a 2 MeV C ion in amorphous carbon was reported to be 3.19 [26]. Therefore, we assumed the 4 MeV C2 ion dissociated into a couple of 2 MeV C ions with a three-plus charge on the surface. When a couple of 2 MeV C3+ ions travel 0.48 µm in a vacuum, the initial internuclear distance of 0.127 nm broadens to 4.6 nm by Coulomb repulsion [11]. The actual internuclear distance was thought to be less than 4.6 nm, because the Coulomb repulsion between two carbon atoms is shielded to some extent in the spores. Another point that needs to be considered is the multiple scattering. The horizontal deviation from the center of the trajectory of the 2 MeV C ions at the bottom surface of the target was calculated to be 5.5 ± 7.2 nm (mean ± standard deviation) by the SRIM code. Therefore, given the Coulomb repulsion and multiple scattering, the internuclear distance of two carbon atoms of a 4 MeV C2 ion was thought to be broadened to several to tens of nanometers on average during the passing through the spore.



The doses around D10 have been proposed to result in a high mutation frequency and are often used for the improvement of microorganisms for industrial use [27]. For example, the D10 of B. subtilis spores for 48 MeV He, 208 MeV C, and 310 MeV Ar ions were 1505, 696, and 2803 Gy, respectively (Figure 5A). The particle fluence at these doses was 4.0 × 1010, 2.8 × 109, and 7.9 × 108 particles/cm2, and the mean distance between the particles was 50, 189, and 356 nm, respectively. The irradiation with ion beams from the AVF cyclotron at the TIARA facility usually takes 10 to 100 s per sample. Therefore, in the conventional (i.e., monomer) ion beam irradiation, two particles hardly pass through the target simultaneously within a distance of less than several tens of nanometers.



We also need to consider the radial dose distribution around the trajectory of each ion particle. In recent years, the spatial distribution of the energy deposited by heavy ion beams was simulated in detail by taking into account the effect of the track potential on the motion and energy flow of secondary electrons [28,29]. These studies suggest that the secondary electrons are captured by the electric field formed by the incident ionization events near the ion path, and thus, the energy deposited by heavy ion beams is more highly focused than previously thought within a distance of ~1 nm from the center of the ion path.



All of these facts support that the spatial energy deposition profile by cluster ions is unique and cannot be achieved by monomer ion beams. DNA damage and also the resulting mutations induced by energetic quantum beams is attributed to the interaction between the spatial energy deposition profile and the target. Given that the nucleoid of Escherichia coli was reported to have a fibrous structure with a diameter of tens of nanometers [30], the unique spatial energy deposition profile of cluster ions may exert specific biological effects, as long as the deposited energy is not too high for the irradiated cells to survive.





4. Conclusions


In this study, we established the sample preparation and irradiation method, and examined the lethal effect of cluster ions on bacterial spores. We also considered the internuclear distance after the dissociation of cluster ions into monomer ions on the sample surface. Although the ‘cluster effect’ was not observed in this experimental condition, owing to the very high LET value, this study provides a basis to examine the biological effect of cluster ions. We will further examine the biological effect in the LET range less than 150 keV/µm using a lighter ion species (proton or lithium). The ion species and LET are so far, the major parameters determining the biological effect of heavy ion beams. However, the cluster size and internuclear distance might be added as new parameters in the future.
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Figure 1. Outline of the irradiation system. (A) A magnified view of the irradiation samples attached to a sample holder. (B) A sample holder attached to the bottom of the sample manipulator. (C,D) Photo and setup of the irradiation chamber. The ion beams from the 3-MV tandem accelerator were collimated by a ɸ 5 mm aperture. The beam current was monitored by the Faraday cup. The irradiation was performed using a beam shutter operated by specially designed operating software. The sample manipulator had two stepping motors to move the sample holder vertically and horizontally. The angle of the sample holder against the beam was adjusted using a rotating dial. pA indicates the picoammeter. 






Figure 1. Outline of the irradiation system. (A) A magnified view of the irradiation samples attached to a sample holder. (B) A sample holder attached to the bottom of the sample manipulator. (C,D) Photo and setup of the irradiation chamber. The ion beams from the 3-MV tandem accelerator were collimated by a ɸ 5 mm aperture. The beam current was monitored by the Faraday cup. The irradiation was performed using a beam shutter operated by specially designed operating software. The sample manipulator had two stepping motors to move the sample holder vertically and horizontally. The angle of the sample holder against the beam was adjusted using a rotating dial. pA indicates the picoammeter.



[image: Qubs 03 00008 g001]







[image: Qubs 03 00008 g002 550]





Figure 2. Preparation of B. subtilis spore samples for cluster ion irradiation. (A) The freeze-dried spores on a silicon wafer. (B) The spores spread in almost a monolayer after dew condensation treatment. (C) A prepared sample. The diameter of spot is less than 4.5 mm. 
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Figure 3. Survival rate of B. subtilis spores irradiated with 2 MeV C, 4 MeV C2, and 6 MeV C3. Surviving fraction of irradiated spores relative to that of mock irradiated spores are shown as a function of particle/cm2 (A) and atoms/cm2 (B). 
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Figure 4. Measurement of particle fluence using a solid-state track detector. (A) A rotating disk device used to attenuate the beam current. A disk having a 250-µm laser-processed micro slit was rotated at 50 Hz. The actual measured attenuation rate was 1/914 (from 640.0 pA into 0.7 pA). (B) Representative etch pit image. (C) The observed particle fluence for 2 MeV C, 4 MeV C2, and 6 MeV C3. 
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Figure 5. Effect of LET on the lethal effect, RBE, and inactivation cross section in B. subtilis spores. (A) Dose response for surviving fraction. (B) LET-RBE relationship based on D10. (C) Inactivation cross section as a function of LET. Values in parentheses represent the LET (keV/µm) for each ion species. 
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Figure 6. Estimation of the internuclear distance between the atoms of a cluster ion during passing through the B. subtilis spore. This figure assumes a 4 MeV C2 ion with an initial internuclear distance of 0.127 nm incident into the spore of a 0.48-µm thickness. Then, the 4 MeV C2 ion dissociates into a couple of 2 MeV C ions with a three plus charge at the surface by losing bonding electrons through inelastic collision with atoms. The internuclear distance broadens to 4.6 nm or less by Coulomb repulsion. Also, the trajectory of the 2 MeV C ion deviates by multiple scattering from the center of the trajectory by 5.5 ± 7.2 nm (mean ± standard deviation) while passing through the spore. The graph on the right indicates the distribution of horizontal deviation from the center of the trajectory of 2 MeV C ions at the bottom surface of the target calculated by the SRIM code. 
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