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Abstract: The use of alpha particles irradiation in clinical practice has gained interest in the past
years, for example with the advance of radionuclide therapy. The lack of affordable and easily
accessible irradiation systems to study the cell biological impact of alpha particles hampers broad
investigation. Here we present a novel alpha particle irradiation set-up for uniform irradiation
of cell cultures. By combining a small alpha emitting source and a computer-directed movement
stage, we established a new alpha particle irradiation method allowing more advanced biological
assays, including large-field local alpha particle irradiation and cell survival assays. In addition,
this protocol uses cell culture on glass cover-slips which allows more advanced microscopy, such
as super-resolution imaging, for in-depth analysis of the DNA damage caused by alpha particles.
This novel irradiation set-up provides the possibility to perform reproducible, uniform and directed
alpha particle irradiation to investigate the impact of alpha radiation on the cellular level.

Keywords: alpha particle; irradiation; microscopy; DSB; 53BP1; DNA damage; FNTD; dosimetry;
external irradiation; clonogenic survival

1. Introduction

Understanding the impact of alpha particles on biological material, such as DNA, is of utmost
importance to verify and optimize future radionuclide therapy. Current studies in radiobiology focus
on different radiation types with respect to the biological harm that different isotopes can induce in
cellular systems. However, the exact biological effects of alpha particles, in the context of DNA damage,
is still poorly understood. The high linear energy transfer (LET) of alpha particles, compared to beta-
and gamma- irradiation, induces more cell death, which results in high relative biological effectiveness
(RBE) [1]. This effectiveness is due to the short distance between individual ionization caused by
alpha particles [2,3]. In addition, the highly ionizing path of alpha particles induces clusters of double
stranded breaks (DSBs) in the DNA along a straight track (10−20 DSBs per 10 µm track length) [4].
Therefore, the use of alpha particle emitting radionuclides, conjugated to antibodies or peptides shows
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great promise improving radiotherapy in the clinic, through specific targeting and by exploiting the
short path length to limit damage of healthy tissue [5–8].

The development of experimental alpha particle irradiation has seen a lot of attention in the
past [9–17]. These studies mainly focused on dosimetry and bystander effects. More recent setups show
increased complexity in radiation procedures but great promise in experimental radiobiology [18–22].
However, the active surface of commercially available alpha particle sources (e.g., from Eckert and
Ziegler) are often smaller in diameter than culture dishes, thereby precluding quantitative cell colony
formation assays, and require optimized protocols for alpha-track irradiation [22,23]. To allow an
uniform alpha irradiation of large fields of cells using a small source a novel irradiation setup was
developed [24]. Here we describe the procedure for large field irradiation using a relatively small
alpha particle emitting 241Am source. In addition, this procedure was used for a novel method
for alpha radiation (micro-) dosimetry using fluorescent nuclear track detectors (FNTDs) [16,24,25].
Using computer directed irradiation on cell populations cultured in Mylar dishes allows elaborate
cell population assays, compared to previously reported methods [4,9–15,17–23,26,27]. Moreover, the
irradiation procedure has been adjusted for cell culture on glass-coverslips, allowing to avoid the
Mylar-based culture conditions and the possibility for super-resolution imaging. With the use of glass
coverslips, repair proteins of several DSB-repair pathways can be studied in high resolution using
techniques such as stochastic optical reconstruction microscopy (STORM) or structured illumination
microscopy (SIM) [28]. With the use of the right materials and conditions this protocol could yield fast
and reliable answers to biological questions regarding alpha particle induced DSBs or cell survival after
irradiation with alpha particles. The setup was validated using immunofluorescence in combination
with the use of SIM as super resolution technique and clonogenic survival assays were carried out,
which demonstrate the effective irradiation of larger areas of cells.

2. Experimental Design

This protocol was developed in need of biological assays using alpha particle irradiation. In this
study we used U2OS cells as model cell culture and irradiated the cells using alpha particles emitted
by a 241Am source. The active surface of the source was controlled by an in house built automated
stage for precise dosimetry during irradiation (Figure 1). By culturing cells on Mylar, a very thin foil,
the alpha particles were able to reach the cells, allowing the cells to be irradiated from beneath whilst
in their normal culture medium. In addition, this protocol describes a procedure to irradiate U2OS
cells cultured on glass coverslips by alpha particles. This technique allowed super resolution imaging
on irradiated cells.
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coverslips. Third, the irradiation procedure for both a large field of cells or only a specific area on the 

Figure 1. Overview of the automated external alpha particle irradiation set-up. (A) Two motorized
linear stages connected to the Motion controller and the PC. (B) Aluminum frame as frame for the
device (Design S1). (C) Culture dish holder (Design S2). (D) Radioactive source collimator (Design S3).

This protocol is divided in several steps required to achieve the goals stated above. First,
the preparation of custom-made Mylar dishes. Second, culturing U2OS cells using Mylar dishes
or glass coverslips. Third, the irradiation procedure for both a large field of cells or only a specific
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area on the coverslip. Irradiated cells can be used for conventional clonogenic survival assays
or immunohistochemistry.

2.1. Materials

• Acetone (Sigma-Aldrich, Zwijndrecht, The Netherlands, Cat. No. 154598-1L)
• Ethanol absolute (VWR Chemicals, Paris, France, Cat. No. 83813.360)
• Sterile Distilled Water
• Dulbecco’s Phosphate-buffered saline, pH 7.4 (PBS, Sigma-Aldrich, Cat. No. D8537-500ML)
• Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Thermo Fisher, Waltham, MA, USA, Cat.

No. 11965092)
• Fetal Bovine Serum (Capricorn Scientific, Ebsdorfergrund, Germany, Cat. No. FBS-12A)
• Penicillin/streptomycin (Gibco, Thermo Fisher, Cat. No. 15140122)
• 0.05% (w/v) Trypsin 0.53 EDTA solution (Sigma-Aldrich, Cat. No. T3924-500ML
• Vectashield with DAPI (Vector Laboratories, Burlingame, CA, USA, Cat. No. H-1200)
• HEPES Buffer (Lonza, Portsmouth, NH, USA, Cat. No. 17-737E, pH: 6.98 – 7.3, Counter ion: NaCl)

2.2. Equipment

• Pipette 1 mL (Gilson, Den Haag, The Netherlands, Cat. No. F123602)
• Laboratory tweezers (Fine Science Tools, Heidelberg, Germany, Cat. No. 11252-00)
• Alpha particle emitting 241Am source of 1.1 cm in diameter with an activity of 409.6 kBq (Czech

Metrological Institute, Jihlava, The Czech Republic)
• Polyster plain film (Mylar), 1.9 µm thickness (Birkelbach Kondensatortechnik, Erndtebrueck,

Germany, Cat. No. PTPL)
• Cardboard (any type will suffice, dimensions at least: 50 × 50 cm)
• Adhesive tape (any type will suffice)
• Lumox 35 dishes (Sarstedt, Nümbrecht, Germany, Cat. No. 94.6077.333)
• 10 cm culture dishes (Greiner Bio-One, Alphen aan den Rijn, The Netherlands, Cat. No. 664160)
• Sandpaper (any type will suffice)
• Sanyo MCO-17AIC Copper Alloy CO2 Incubator (Marshall Scientific, Hampton, NH, United

States, Cat. No. SANYOMCO)
• Microscope slide coverslips with 10 mm ø or smaller (Thermo Fisher Scientific, Cat.

No. CB00100RA020MNT0)
• Disposable Scalpels - Sterile (Swann-Morton, Sheffield, United Kingdom, Cat. No. 0503)
• UV-irradiation set-up (Erasmus MC, Rotterdam, The Netherlands, Homemade)
• 2×Motorized linear stages, resolution: 0.625 µm (Optics-Focus, Beijing, China, Cat. No. MOX-02-50)
• Manual laboratory jack, resolution: 0.01 mm (Optics-Focus, Cat. No. 8MAJ60)
• Motion Controller (Optics-Focus, Cat. No. MOC-01-1-220)
• Metal frame (TU Delft, Delft, The Netherlands, Homemade, Design S1)
• 3-D printed Dish holder of ABS plastic(TU Delft, Homemade, Design S2)
• 3-D printed Collimator of ABS plastic (TU Delft, Homemade, Design S3)
• Large Polymethyl Methacrylate box to case the whole set-up and for heating, volume of 0.22 m3

(TU Delft, Homemade)
• Thin washers (Modelfixings.co.uk, Nottingham, United Kingdom, Cat. No. MF-SHW71301)
• Computer running MatLab (MathWorks, Natick, MA, USA)
• Compact Hairdryer (BaByliss, Paris, France, Cat. No. D212E)
• ThermoControl 2 (Lucky Reptile, Waldkirch, Germany, Cat. No. LR62121)
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3. Procedure

3.1. Calibration of the Irradiation Stage (Recalibrate This Once a Month). Time for Completion: 30 min

1. Bolt the culture dish holder and the collimator on the aluminum frame (Figure 1B, Design S1-3).
2. Align the centers of the collimator and the dish holder. The alignment can be judged visually

when the collimator is raised to the level of the culture dish holder. Store the x, y-coordinates of
the linear stages (Figure 1A) in the control software after alignment.

3. Adjust the gap between upper rim (e.g., the bottom of the culture dish, Figure 1C) and the top of
the collimator to the appropriate size (2.8 mm) using the laboratory jack and a caliper (Figure 1D).
Measure the gap size near each leg of the culture dish holder to check for a possible tilt. Remove
this tilt by raising the legs using thin non-corroding washers so that the measured gaps near the
legs are equal.
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5. Cover the whole set-up with the large Perspex box and place the Compact Hairdryer inside
connected to the ThermoControl 2 for temperature control. Set the ThermoControl 2 to 37 ◦C.

3.2. Mylar Dish Preparation. Time for Completion: 3 h

1. Stretch the Mylar on the piece of cardboard, fix edges using tape. Make sure there are no apparent
damages on the Mylar surface before use.

2. Remove the factory applied foil and scour the bottom of the Lumox dishes using sandpaper.
Wash both the scoured dish and lid of the Lumox dish and dry before the next step.

3. Pour a small volume of acetone into a glass dish. Dip the scoured and cleaned Lumox ring in
the acetone and keep in place for 10 s. Remove the ring from the acetone and move over to the
stretched Mylar. Press the ring firmly on the, undamaged, Mylar and hold for 30 s. Let dry for at
least 2 h.
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4. Add 1 mL 70% ethanol to the dish to check for possible leaking spots. Aspirate the Ethanol if the
Mylar dish is not leaking.

5. Carefully cut the Mylar around the Mylar dish (minimum of 0.5 cm away from the edge) and
store the Mylar dishes in 10 cm tissue culture dishes (2 per 10 cm dish).

6. Sterilization of Mylar Dishes can be done by UV (~140 J/m2) irradiation or 70% ethanol wash
(minimum 3 times). Always wash with sterile PBS or sterile MQ water.

Methods and Protoc. 2019, 2, 75 5 of 11 

Figure 2. Top view of the irradiation set-up. Panel 1: (A) Top view with dish and source collimator in 
place. The source is aligned in the middle of the culture dish holder (Design S2). Panel 2: (B) 
Radioactive surface protected by gold inside the source collimator. (C) 3-D printed source collimator 
(Design S3). 

3.2. Mylar Dish Preparation. Time for Completion: 3 h 

1. Stretch the Mylar on the piece of cardboard, fix edges using tape. Make sure there are 
no apparent damages on the Mylar surface before use.

2. Remove the factory applied foil and scour the bottom of the Lumox dishes using 
sandpaper. Wash both the scoured dish and lid of the Lumox dish and dry before the 
next step.

3. Pour a small volume of acetone into a glass dish. Dip the scoured and cleaned Lumox 
ring in the acetone and keep in place for 10 s. Remove the ring from the acetone and 
move over to the stretched Mylar. Press the ring firmly on the, undamaged, Mylar and 
hold for 30 s. Let dry for at least 2 h.
CRITICAL STEP: Do not move the ring while pressing on the Mylar, this could cause 
leakage later on. Make sure the Mylar surface inside the Lumox ring is damage free.

4. Add 1 mL 70% ethanol to the dish to check for possible leaking spots. Aspirate the 
Ethanol if the Mylar dish is not leaking.

5. Carefully cut the Mylar around the Mylar dish (minimum of 0.5 cm away from the edge) 
and store the Mylar dishes in 10 cm tissue culture dishes (2 per 10 cm dish).

6. Sterilization of Mylar Dishes can be done by UV (~ 140 J/m2) irradiation or 70% ethanol 
wash (minimum 3 times). Always wash with sterile PBS or sterile MQ water.
A 

3.3. Cell Culture. Time for Completion: 30 min 

Depending on the type of experiment, seeding of cells should be done by either procedure 3.3.1 
or 3.3.2. For field irradiation (e.g., for clonogenic survival) procedure 3.3.1 should be used. For 
immunofluorescence or experiments where coverslips are a requirement procedure 3.3.2 should be 
used. 

CRITICAL STEP: Culture should be near 90% confluence to yield sufficient number of 
irradiated cells. 

3.3.1. Seed The U2OS Cells at A Concentration of 100,000−200,000 Cells in A Mylar Dish in 2 mL of 
Medium. Culture Cells Overnight, Covering the Mylar Dishes Using the Lids of The LUMOX 
Dishes. 

CRITICAL STEP: Growing other types of cells on Mylar could provide difficulty in 
attachment. Solutions to possible attachment problems are coating with laminin, gelatin or 

PAUSE STEP: The protocol can be paused here for a maximum of 3 days. Store the Mylar
dishes at 4 ◦C and keep moist with PBS.

3.3. Cell Culture. Time for Completion: 30 min

Depending on the type of experiment, seeding of cells should be done by either procedure
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ThermoControl 2 to 37 °C. 

CRITICAL STEP: Culture should be near 90% confluence to yield sufficient number of
irradiated cells.

3.3.1. Seed The U2OS Cells at A Concentration of 100,000−200,000 Cells in A Mylar Dish in 2 mL of
Medium. Culture Cells Overnight, Covering the Mylar Dishes Using the Lids of The LUMOX Dishes.
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Design S1-3). 

2. Align the centers of the collimator and the dish holder. The alignment can be judged 
visually when the collimator is raised to the level of the culture dish holder. Store the x, 
y-coordinates of the linear stages (Figure 1A) in the control software after alignment. 

3. Adjust the gap between upper rim (e.g., the bottom of the culture dish, Figure 1C) and 
the top of the collimator to the appropriate size (2.8 mm) using the laboratory jack and 
a caliper (Figure 1D). Measure the gap size near each leg of the culture dish holder to 
check for a possible tilt. Remove this tilt by raising the legs using thin non-corroding 
washers so that the measured gaps near the legs are equal. 

CRITICAL STEP: When the dish holder has not been removed, steps 2 and 3 can be 
skipped. A monthly check of the gap size and culture dish holder tilt is in this case 
sufficient. 

4. Place the circular 241Am source in the holder with collimator and bolt the assembly on 
the laboratory jack on the linear stages (Figure 2). 

5. Cover the whole set-up with the large Perspex box and place the Compact Hairdryer 
inside connected to the ThermoControl 2 for temperature control. Set the 
ThermoControl 2 to 37 °C. 

CRITICAL STEP: Growing other types of cells on Mylar could provide difficulty in attachment.
Solutions to possible attachment problems are coating with laminin, gelatin or polylysine. In case of
severe attachment problems, users could consider glow-discharged carbon coating [29].

3.3.2. Seed U2OS Cells in a 6-wells Plate with Glass Coverslips (10 mm ø or smaller) in the Wells.
Culture Cells for 24 h in the 6-wells Plate.
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2. Align the centers of the collimator and the dish holder. The alignment can be judged 
visually when the collimator is raised to the level of the culture dish holder. Store the x, 
y-coordinates of the linear stages (Figure 1A) in the control software after alignment. 

3. Adjust the gap between upper rim (e.g., the bottom of the culture dish, Figure 1C) and 
the top of the collimator to the appropriate size (2.8 mm) using the laboratory jack and 
a caliper (Figure 1D). Measure the gap size near each leg of the culture dish holder to 
check for a possible tilt. Remove this tilt by raising the legs using thin non-corroding 
washers so that the measured gaps near the legs are equal. 

CRITICAL STEP: When the dish holder has not been removed, steps 2 and 3 can be 
skipped. A monthly check of the gap size and culture dish holder tilt is in this case 
sufficient. 

4. Place the circular 241Am source in the holder with collimator and bolt the assembly on 
the laboratory jack on the linear stages (Figure 2). 

5. Cover the whole set-up with the large Perspex box and place the Compact Hairdryer 
inside connected to the ThermoControl 2 for temperature control. Set the 
ThermoControl 2 to 37 °C. 

CRITICAL STEP: Be sure that the used coverslips are 10 mm ø or smaller.

3.4. Irradiation Procedure

Time of Completion: Depends on the required dose. For example: 2 Gray on a Mylar dish is
02:30 h and 2 Gray on a coverslip is 8 min. Workflow: The script is used to cover 19 positions under the
Mylar dish for complete irradiation coverage of the dish. The timing of each position is entered in the
program by the user and determines the dose deposited at that position. After each position has been
irradiation (e.g., for 240.1 s) the collimator is redirected back to its original position and the irradiation
is complete. Depending on the type of experiment, irradiation of cells should be done by either
procedure 3.4.1. or 3.4.2. For field irradiation (e.g., for clonogenic survival) procedure 3.4.1. should be
used. For immunofluorescence or experiments where cover slips are a requirement procedure 3.4.2.
should be used. Figure 3 shows a schematic overview of the irradiation procedures.

3.4.1. Irradiation of Cells Grown in the Mylar Dish

1. Turn on the computer and stage controller. Open MatLab script “Automated irradiation stage.m”
in MatLab and press run.

2. Turn on the heating in the irradiation box and wait for it to reach to 37 ◦C. Add 20 µL/mL HEPES
(20 mm) buffer to each Mylar dish.

3. Carefully place the Mylar dish in the dish holder. All Mylar dishes should have their lids on at
all times.
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a caliper (Figure 1D). Measure the gap size near each leg of the culture dish holder to 
check for a possible tilt. Remove this tilt by raising the legs using thin non-corroding 
washers so that the measured gaps near the legs are equal. 

CRITICAL STEP: When the dish holder has not been removed, steps 2 and 3 can be 
skipped. A monthly check of the gap size and culture dish holder tilt is in this case 
sufficient. 

4. Place the circular 241Am source in the holder with collimator and bolt the assembly on 
the laboratory jack on the linear stages (Figure 2). 

5. Cover the whole set-up with the large Perspex box and place the Compact Hairdryer 
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ThermoControl 2 to 37 °C. 

CRITICAL STEP: make sure the dish is level in the holder. A skewed positioning will affect
the dose on the cells.
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4. Start the irradiation sequence in the controller software. Use Table 1 to calculate the irradiation
time (in seconds) to fill in your time per irradiation point. Example: 1 Gy requires 240.1 s (4 min)
of irradiation per position.
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Figure 3. Schematic side views of both irradiation procedures. (A) Procedure 3.4.1 is meant for large
field irradiation. Cells are grown in Mylar dishes. During the irradiation the active surface is mobile
and irradiates the whole area covered with cells. (B). Procedure 3.4.2 is meant for coverslip irradiation.
In this procedure the active surface is stationary and irradiates the coverslip.

Table 1. Characteristics of the described 241Am source and current setup. Adapted from [24]. Used for
calculating the irradiation time.

Characteristic Value

Area of active surface (mm2) 11
Source fluence at cell position (particles/s /cm2) 15966

Half-life (days) 157800
Distance between the active surface and mylar (mm) 5.0 (± 0.1)

Distance between collimator and Culture dish holder (mm) 2.8 (± 0.1)
Irradiation time per point (s/Gy) 1 240.1 (± 5.9%)

1 Calculated in an 8 µm layer of water above a 1.4 µm Mylar sheet, irradiated in 2017 using the described
241Am source.

5. Once the irradiation sequence is completed, carefully remove the Mylar dish from the irradiation
setup. Depending on the type of sequential experiments, cells can now be trypsinized for
further experimentation.
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• ThermoControl 2 (Lucky Reptile, Waldkirch, Germany, Cat. No. LR62121) 

3. Procedure 

3.1. Calibration of the Irradiation Stage (Recalibrate This Once a Month). Time for Completion: 30 min 

1. Bolt the culture dish holder and the collimator on the aluminum frame (Figure 1B, 
Design S1-3). 

2. Align the centers of the collimator and the dish holder. The alignment can be judged 
visually when the collimator is raised to the level of the culture dish holder. Store the x, 
y-coordinates of the linear stages (Figure 1A) in the control software after alignment. 

3. Adjust the gap between upper rim (e.g., the bottom of the culture dish, Figure 1C) and 
the top of the collimator to the appropriate size (2.8 mm) using the laboratory jack and 
a caliper (Figure 1D). Measure the gap size near each leg of the culture dish holder to 
check for a possible tilt. Remove this tilt by raising the legs using thin non-corroding 
washers so that the measured gaps near the legs are equal. 

CRITICAL STEP: When the dish holder has not been removed, steps 2 and 3 can be 
skipped. A monthly check of the gap size and culture dish holder tilt is in this case 
sufficient. 

4. Place the circular 241Am source in the holder with collimator and bolt the assembly on 
the laboratory jack on the linear stages (Figure 2). 

5. Cover the whole set-up with the large Perspex box and place the Compact Hairdryer 
inside connected to the ThermoControl 2 for temperature control. Set the 
ThermoControl 2 to 37 °C. 

CRITICAL STEP: Cells have been in a variable temperature and non-buffered area for multiple
h due to the irradiation time. This can affect the robustness of cells in general. Use control samples
which undergo the same conditions as the experimental samples.

3.4.2. Irradiation of Cells Grown on A Glass Cover Slip

1. Turn on the computer and stage controller. Open MatLab script “Automated irradiation stage.m”
in MatLab and press run.

2. Turn on the heating in the irradiation box and wait for it to reach to 37 ◦C.
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3. Remove the cover slip from the medium and wash with PBS. Try to remove as much as PBS as
possible using paper tissues and put the cover slip up-side-down exactly in the center of the
Mylar dish.
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ThermoControl 2 to 37 °C. 
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5. Calculate your irradiation time using Table 1 and click on ‘Move to center’ in the MatLab

irradiation window.
6. Start timing using a stopwatch when the movement stage stops in the center and click on ‘Move

to corner’ when the appropriate amount of minutes have passed to stop irradiation.
7. Once the irradiation is completed, carefully remove the Mylar dish from the irradiation setup.

Add 500 µL PBS in the Mylar dish to ‘lift’ the coverslip from the Mylar dish and carefully remove
the coverslip.

8. Return the coverslip back to the medium. The coverslip can now be used for further experimentation.

4. Expected Results

The described protocol has been validated using both clonogenic survival (whole dish irradiation)
and super resolution microscopy (coverslip irradiation). By irradiating U2OS cells with alpha-particle
and X-ray irradiation we compared the differences in cell survival and the differences in 53BP1
immunohistochemistry labeling.

4.1. Mylar Dish Irradiation for Clonogenic Survival

Using point-source irradiation allows in-depth analysis of DSBs induced by alpha particles while
field-irradiation will allow experiments on larger number of cells for colony survival or immuno-
blotting. A great difficulty for alpha particle irradiation is to assure that every cell has received the same
dose. Our field-irradiation set up has been designed to possibly counter this problem. For validation
of the Mylar dish irradiation a comparison of survival was made between X-ray or alpha particle
irradiated samples. Alpha particle irradiated was done as described in this protocol. X-ray irradiation
was done using the RS320 (Xstrahl Life Sciences, Surrey, United Kingdom), a self-contained cabinet,
with a dose rate of 1.6554 Gy/min. Alpha particle irradiated cells showed severe decreased survival
compared to X-ray irradiation cells (Figure 4). This severe effect confirms the effectiveness of the alpha
particle irradiation protocol on cells growing on Mylar. In addition, assays showed low variation
between three independent experiments.

4.2. Coverslip Irradiation for Super Resolution Microscopy

The imaging of cells affected by alpha particle irradiation can be done by conventional
epi-fluorescent microscopes, but advanced confocal and super-resolution imaging techniques could
provide more information. Due to the fact that DSBs induced by alpha particles could be present
in multiple focus planes, we recommend acquiring 3D-images of affected cells to fully grasp the
biological impact of alpha particles. Due to the possibility to use glass cover-slips, super resolution
microscopy can be realized. To validate the irradiation of cells grown on glass coverslips, the DSB
marker 53BP1 was used to investigate the differences between alpha particle and X-ray induced DSBs.
After irradiation 53BP1 was marked using immunofluorescence and samples were imaged using SIM
for detailed analysis (Figure 5). SIM imaging was performed on a Zeiss Elyra PS1 microscopy with an
Andor iXon DU 885 EMCCD camera (Carl Zeiss AG, Oberkochen, Germany). The raw images were
reconstructed into a high-resolution 3D-dataset using the Zeiss 2012 PS1 ZEN software. Reconstruction
was done using default settings. 53BP1 foci showed similar structures in both alpha particle (Figure 5A)
and X-ray irradiated samples (Figure 5B). In addition, quantification of the foci area revealed larger
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53BP1 foci in alpha particle irradiated cells compared to X-ray irradiated cells (Figure 5C). These results
show confirmation of cells irradiated by alpha-particles using the described protocol.Methods and Protoc. 2019, 2, 75 8 of 11 

 

 
Figure 4. Clonogenic survival curve for U2OS cells irradiated using the alpha particle irradiation or 
X-rays. U2OS cells were seeded in Mylar dishes and treated with 1, 2 or 3 Gy of irradiation using both 
alpha particles or X-ray. Cells were trypsinized and seeded in triplicate. Colonies allowed to grow for 
7 days (n = 3). 

Using point-source irradiation allows in-depth analysis of DSBs induced by alpha particles while 
field-irradiation will allow experiments on larger number of cells for colony survival or immuno- 
blotting. A great difficulty for alpha particle irradiation is to assure that every cell has received the 
same dose. Our field-irradiation set up has been designed to possibly counter this problem. For 
validation of the Mylar dish irradiation a comparison of survival was made between X-ray or alpha 
particle irradiated samples. Alpha particle irradiated was done as described in this protocol. X-ray 
irradiation was done using the RS320 (Xstrahl Life Sciences, Surrey, United Kingdom), a self-
contained cabinet, with a dose rate of 1.6554 Gy/min. Alpha particle irradiated cells showed severe 
decreased survival compared to X-ray irradiation cells (Figure 4). This severe effect confirms the 
effectiveness of the alpha particle irradiation protocol on cells growing on Mylar. In addition, assays 
showed low variation between three independent experiments. 

4.2. Coverslip Irradiation for Super Resolution Microscopy 

The imaging of cells affected by alpha particle irradiation can be done by conventional epi-
fluorescent microscopes, but advanced confocal and super-resolution imaging techniques could 
provide more information. Due to the fact that DSBs induced by alpha particles could be present in 
multiple focus planes, we recommend acquiring 3D-images of affected cells to fully grasp the 
biological impact of alpha particles. Due to the possibility to use glass cover-slips, super resolution 
microscopy can be realized. To validate the irradiation of cells grown on glass coverslips, the DSB 
marker 53BP1 was used to investigate the differences between alpha particle and X-ray induced 
DSBs. After irradiation 53BP1 was marked using immunofluorescence and samples were imaged 
using SIM for detailed analysis (Figure 5). SIM imaging was performed on a Zeiss Elyra PS1 
microscopy with an Andor iXon DU 885 EMCCD camera (Carl Zeiss AG, Oberkochen, Germany). 
The raw images were reconstructed into a high-resolution 3D-dataset using the Zeiss 2012 PS1 ZEN 
software. Reconstruction was done using default settings. 53BP1 foci showed similar structures in 
both alpha particle (Figure 5A) and X-ray irradiated samples (Figure 5B). In addition, quantification 
of the foci area revealed larger 53BP1 foci in alpha particle irradiated cells compared to X-ray 
irradiated cells (Figure 5C). These results show confirmation of cells irradiated by alpha-particles 
using the described protocol. 

Figure 4. Clonogenic survival curve for U2OS cells irradiated using the alpha particle irradiation or
X-rays. U2OS cells were seeded in Mylar dishes and treated with 1, 2 or 3 Gy of irradiation using both
alpha particles or X-ray. Cells were trypsinized and seeded in triplicate. Colonies allowed to grow for
7 days (n = 3).Methods and Protoc. 2019, 2, 75 9 of 11 

 

 
Figure 5. Nanoscopic analysis of DSBs in U2OS cells. U2OS are irradiated using external alpha particle 
irradiation (A) or X-ray (B), fixed after 1 h and stained for 53BP1 as DSB marker. SIM imaging was 
used for nanoscopic analysis of 53BP1 foci. Foci were quantified using ImageJ (C). Enlarged figures 
show 53BP1 foci in close up. 

Supplemental Materials: The following are available online; Design S1: Metal frame, Design S2: Culture dish 
holder, Design S3: Collimator and the MatLab script 

Author Contributions: Conceptualization, S.J.R., J.E.; Methodology, S.J.R., J.J.M.K. and J.E.; Software, J.J.M.K; 
Validation, S.J.R. and J.J.M.K.; Formal analysis, S.J.R. and J.J.M.K.; Investigation, S.J.R. and J.J.M.K.; Resources, 
S.J.R. and J.J.M.K.; Data curation, S.J.R.; Writing—original draft preparation, S.J.R.; Writing—review and editing, 
S.J.R., J.J.M.K., J.E., R.K. and A.G.D.; Visualization, S.J.R.; Supervision, J.E., R.K. and A.G.D. 

Funding: This research was funded by STW, grant number: 13577. 

Acknowledgments: We would like to thank Pim van den Bersselaar and Irene van den Bent for their 
help validating this protocol. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

 
1. Task Group on Radiation Quality Effects in Radiological Protection, C.o.R.E.I.C.o.R.P. Relative 

biological effectiveness (RBE), quality factor (Q), and radiation weighting factor (w(R)). A 
report of the International Commission on Radiological Protection. Ann. ICRP. 2003, 33, 1–
117. 

2. Pouget, J.P.; Navarro-Teulon, I.; Bardiès, M.; Chouin, N.; Cartron, G.; Pèlegrin, A.; Azria, D. 
Clinical radioimmunotherapy--the role of radiobiology. Nat. Rev. Clin. Oncol. 2011, 8, 720–
734. 

3. Willers, H.; Allen, A.; Grosshans, D.; McMahon, S.J.; von Neubeck, C.; Wiese, C.; Vikram, B. 
Toward A variable RBE for proton beam therapy. Radiother. Oncol. 2018, 128, 68–75. 

4. Aten, J.A.; Stap, J.; Krawczyk, P.M.; van Oven, C.H.; Hoebe, R.A.; Essers, J.; Kanaar, R. 
Dynamics of DNA double-strand breaks revealed by clustering of damaged chromosome 
domains. Science, 2004, 303, 92–95. 

5. de Kruijff, R.; Wolterbeek, H.; Denkova, A. A Critical Review of Alpha Radionuclide Therapy-
How to Deal with Recoiling Daughters? Pharmaceuticals, 2015, 8, 321–336. 

6. Dekempeneer, Y.; Keyaerts, M.; Krasniqi, A.; Puttemans, J.; Muyldermans, S.; Lahoutte, T.; 
D'huyvetter, M.; Devoogdt, N. Targeted alpha therapy using short-lived alpha-particles and 
the promise of nanobodies as targeting vehicle. Expert. Opin. Biol. Ther. 2016, 16, 1035–1047. 

7. Kratochwil, C.; Bruchertseifer, F.; Giesel, F.L.; Weis, M.; Verburg, F.A.; Mottaghy, F.; Kopka, 
K.; Apostolidis, C.; Haberkorn, U.; Morgenstern, A. 225Ac-PSMA-617 for PSMA-Targeted 
alpha-Radiation Therapy of Metastatic Castration-Resistant Prostate Cancer. J Nucl Med, 
2016, 57, 1941–1944. 

Figure 5. Nanoscopic analysis of DSBs in U2OS cells. U2OS are irradiated using external alpha particle
irradiation (A) or X-ray (B), fixed after 1 h and stained for 53BP1 as DSB marker. SIM imaging was
used for nanoscopic analysis of 53BP1 foci. Foci were quantified using ImageJ (C). Enlarged figures
show 53BP1 foci in close up.

Supplementary Materials: The following are available online at http://www.mdpi.com/2409-9279/2/3/75/s1;
Design S1: Metal frame, Design S2: Culture dish holder, Design S3: Collimator and the MatLab script.

Author Contributions: Conceptualization, S.J.R., J.E.; Methodology, S.J.R., J.J.M.K. and J.E.; Software, J.J.M.K.;
Validation, S.J.R. and J.J.M.K.; Formal analysis, S.J.R. and J.J.M.K.; Investigation, S.J.R. and J.J.M.K.; Resources,
S.J.R. and J.J.M.K.; Data curation, S.J.R.; Writing—original draft preparation, S.J.R.; Writing—review and editing,
S.J.R., J.J.M.K., J.E., R.K. and A.G.D.; Visualization, S.J.R.; Supervision, J.E., R.K. and A.G.D.

Funding: This research was funded by STW, grant number: 13577.

Acknowledgments: We would like to thank Pim van den Bersselaar and Irene van den Bent for their help
validating this protocol.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2409-9279/2/3/75/s1


Methods Protoc. 2019, 2, 75 9 of 10

References

1. Task Group on Radiation Quality Effects in Radiological Protection; Committee 1 on Radiation Effects;
International Commission on Radiological Protection. Relative biological effectiveness (RBE), quality factor
(Q), and radiation weighting factor (w(R)). A report of the International Commission on Radiological
Protection. Ann. ICRP. 2003, 33, 1–117.

2. Pouget, J.P.; Navarro-Teulon, I.; Bardiès, M.; Chouin, N.; Cartron, G.; Pèlegrin, A.; Azria, D. Clinical
radioimmunotherapy—The role of radiobiology. Nat. Rev. Clin. Oncol. 2011, 8, 720–734. [CrossRef]
[PubMed]

3. Willers, H.; Allen, A.; Grosshans, D.; McMahon, S.J.; von Neubeck, C.; Wiese, C.; Vikram, B. Toward A
variable RBE for proton beam therapy. Radiother. Oncol. 2018, 128, 68–75. [CrossRef] [PubMed]

4. Aten, J.A.; Stap, J.; Krawczyk, P.M.; van Oven, C.H.; Hoebe, R.A.; Essers, J.; Kanaar, R. Dynamics of DNA
double-strand breaks revealed by clustering of damaged chromosome domains. Science 2004, 303, 92–95.
[CrossRef] [PubMed]

5. de Kruijff, R.; Wolterbeek, H.; Denkova, A. A Critical Review of Alpha Radionuclide Therapy-How to Deal
with Recoiling Daughters? Pharmaceuticals 2015, 8, 321–336. [CrossRef] [PubMed]

6. Dekempeneer, Y.; Keyaerts, M.; Krasniqi, A.; Puttemans, J.; Muyldermans, S.; Lahoutte, T.; D’huyvetter, M.;
Devoogdt, N. Targeted alpha therapy using short-lived alpha-particles and the promise of nanobodies as
targeting vehicle. Expert. Opin. Biol. Ther. 2016, 16, 1035–1047. [CrossRef] [PubMed]

7. Kratochwil, C.; Bruchertseifer, F.; Giesel, F.L.; Weis, M.; Verburg, F.A.; Mottaghy, F.; Kopka, K.; Apostolidis, C.;
Haberkorn, U.; Morgenstern, A. 225Ac-PSMA-617 for PSMA-Targeted alpha-Radiation Therapy of Metastatic
Castration-Resistant Prostate Cancer. J. Nucl. Med. 2016, 57, 1941–1944. [CrossRef] [PubMed]

8. Pandya, D.N.; Hantgan, R.; Budzevich, M.M.; Kock, N.D.; Morse, D.L.; Batista, I.; Mintz, A.; Li, K.C.;
Wadas, T.J. Preliminary Therapy Evaluation of (225)Ac-DOTA-c(RGDyK) Demonstrates that Cerenkov
Radiation Derived from (225)Ac Daughter Decay Can Be Detected by Optical Imaging for In Vivo Tumor
Visualization. Theranostics 2016, 6, 698–709. [CrossRef]

9. Inkret, W.C.; Eisen, Y.; Harvey, W.F.; Koehler, A.M.; Raju, M.R. Radiobiology of alpha particles. I. Exposure
system and dosimetry. Radiat. Res. 1990, 123, 304–310. [CrossRef]

10. Goodhead, D.T.; Bance, D.A.; Stretch, A.; Wilkinson, R.E. A versatile plutonium-238 irradiator for
radiobiological studies with alpha-particles. Int. J. Radiat. Biol. 1991, 59, 195–210. [CrossRef]

11. Metting, N.F.; Koehler, A.M.; Nagasawa, H.; Nelson, J.M.; Little, J.B. Design of a benchtop alpha particle
irradiator. Health. Phys. 1995, 68, 710–715. [CrossRef] [PubMed]

12. Zarris, G.; Georgakilas, A.G.; Sakelliou, L.; Sarigiannis, K.; Sideris, E.G. alpha and gamma-irradiation of
aqueous DNA solutions. Radiat. Meas. 1998, 29, 611–617. [CrossRef]

13. Soyland, C.; Hassfjell, S.P. A novel 210Po-based alpha-particle irradiator for radiobiological experiments with
retrospective alpha-particle hit per cell determination. Radiat. Environ. Biophys. 2000, 39, 125–130. [PubMed]

14. Søyland, C.; Hassfjell, S.P.; Steen, H.B. A new alpha-particle irradiator with absolute dosimetric determination.
Radiat. Res. 2000, 153, 9–15. [CrossRef]

15. Neti, P.V.S.V.; De Toledo, S.M.; Perumal, V.; Azzam, E.I.; Howell, R.W. A multi-port low-fluence alpha-particle
irradiator: Fabrication, testing and benchmark radiobiological studies. Radiat. Res. 2004, 161, 732–738.
[CrossRef] [PubMed]

16. Gaillard, S.; Pusset, D.; De Toledo, S.M.; Fromm, M.; Azzam, E.I. Propagation distance of the
alpha-particle-induced bystander effect: The role of nuclear traversal and gap junction communication.
Radiat. Res. 2009, 171, 513–520. [CrossRef] [PubMed]

17. Esposito, G.; Antonelli, F.; Belli, M.; Campa, A.; Simone, G.; Sorrentino, E.; Tabocchini, M.A. An alpha-particle
irradiator for radiobiological research and its implementation for bystander effect studies. Radiat. Res. 2009,
172, 632–642. [CrossRef]

18. Seideman, J.H.; Stancevic, B.; Rotolo, J.A.; McDevitt, M.R.; Howell, R.W.; Kolesnick, R.N.; Scheinberg, D.A.
Alpha Particles Induce Apoptosis through the Sphingomyelin Pathway. Radiat. Res. 2011, 176, 434–446.
[CrossRef]

19. Babu, J.; Shinde, S.G.; Kumar, S.; Ali, M.; Vasumathy, R.; Kumar, A.; Kolekar, R.V.; Kumar, M.; Nema, P.K.;
Bhagwat, P.V.; et al. Dosimetry and radiobiological studies of automated alpha-particle irradiator. J. Environ.
Pathol. Toxicol. Oncol. 2013, 32, 263–273.

http://dx.doi.org/10.1038/nrclinonc.2011.160
http://www.ncbi.nlm.nih.gov/pubmed/22064461
http://dx.doi.org/10.1016/j.radonc.2018.05.019
http://www.ncbi.nlm.nih.gov/pubmed/29910006
http://dx.doi.org/10.1126/science.1088845
http://www.ncbi.nlm.nih.gov/pubmed/14704429
http://dx.doi.org/10.3390/ph8020321
http://www.ncbi.nlm.nih.gov/pubmed/26066613
http://dx.doi.org/10.1080/14712598.2016.1185412
http://www.ncbi.nlm.nih.gov/pubmed/27145158
http://dx.doi.org/10.2967/jnumed.116.178673
http://www.ncbi.nlm.nih.gov/pubmed/27390158
http://dx.doi.org/10.7150/thno.14338
http://dx.doi.org/10.2307/3577737
http://dx.doi.org/10.1080/09553009114550181
http://dx.doi.org/10.1097/00004032-199505000-00012
http://www.ncbi.nlm.nih.gov/pubmed/7730069
http://dx.doi.org/10.1016/S1350-4487(98)00077-8
http://www.ncbi.nlm.nih.gov/pubmed/10929381
http://dx.doi.org/10.1667/0033-7587(2000)153[0009:ANAPIW]2.0.CO;2
http://dx.doi.org/10.1667/RR3181
http://www.ncbi.nlm.nih.gov/pubmed/15161346
http://dx.doi.org/10.1667/RR1658.1
http://www.ncbi.nlm.nih.gov/pubmed/19580486
http://dx.doi.org/10.1667/RR1697.1
http://dx.doi.org/10.1667/RR2472.1


Methods Protoc. 2019, 2, 75 10 of 10

20. Lee, K.M.; Lee, U.S.; Kim, E.H. A practical alpha particle irradiator for studying internal alpha particle
exposure. Appl. Radiat. Isot. 2016, 115, 304–311. [CrossRef]

21. Nawrocki, T.; Tritt, T.C.; Neti, P.V.; Rosen, A.S.; Dondapati, A.R.; Howell, R.W. Design and testing of a
microcontroller that enables alpha particle irradiators to deliver complex dose rate patterns. Phys. Med. Biol.
2018, 63, 245022. [CrossRef] [PubMed]

22. Thompson, J.M.; Elliott, A.; D’Abrantes, S.; Sawakuchi, G.O.; Hill, M.A. Tracking down Alpha-Particles:
The Design, Characterisation and Testing of a Shallow-Angled Alpha-Particle Irradiator. Radiat. Prot. Dosim.
2019, 183, 264–269. [CrossRef] [PubMed]

23. Stap, J.; Krawczyk, P.M.; Van Oven, C.H.; Barendsen, G.W.; Essers, J.; Kanaar, R.; Aten, J.A. Induction of
linear tracks of DNA double-strand breaks by alpha-particle irradiation of cells. Nat. Methods. 2008, 5,
261–266. [CrossRef] [PubMed]

24. Kouwenberg, J.J.M.; de Pooter, J.A.; Wolterbeek, H.T.; Denkova, A.G.; Bos, A.J.J. Alpha radiation dosimetry
using Fluorescent Nuclear Track Detectors. Radiat. Meas. 2018, 113, 25–32. [CrossRef]

25. Kouwenberg, J.J.M.; Wolterbeek, H.T.; Denkova, A.G.; Bos, A.J.J. Fluorescent nuclear track detectors for
alpha radiation microdosimetry. Radiat. Oncol. 2018, 13, 107. [CrossRef]

26. Krawczyk, P.M.; Eppink, B.; Essers, J.; Stap, J.; Rodermond, H.; Odijk, H.; Zelensky, A.; Bree, C.V.; Stalpers, L.J.;
Buist, M.R. Mild hyperthermia inhibits homologous recombination, induces BRCA2 degradation, and
sensitizes cancer cells to poly (ADP-ribose) polymerase-1 inhibition. Proc. Natl. Acad. Sci. USA 2011, 108,
9851–9856. [CrossRef]

27. Nilsson, J.; Bauden, M.P.; Nilsson, J.M.; Strand, S.E.; Elgqvist, J. Cancer Cell Radiobiological Studies Using
In-House-Developed alpha-Particle Irradiator. Cancer. Biother. Radiopharm. 2015, 30, 386–394. [CrossRef]

28. Sigal, Y.M.; Zhou, R.; Zhuang, X. Visualizing and discovering cellular structures with super-resolution
microscopy. Science 2018, 361, 880–887. [CrossRef]

29. Stap, J.; Van Marle, J.; Van Veen, H.A.; Aten, J.A. Coating of coverslips with glow-discharged carbon promotes
cell attachment and spreading probably due to carboxylic groups. Cytometry 2000, 39, 295–299. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.apradiso.2016.06.023
http://dx.doi.org/10.1088/1361-6560/aaf269
http://www.ncbi.nlm.nih.gov/pubmed/30524061
http://dx.doi.org/10.1093/rpd/ncy300
http://www.ncbi.nlm.nih.gov/pubmed/30726978
http://dx.doi.org/10.1038/nmeth.f.206
http://www.ncbi.nlm.nih.gov/pubmed/18309310
http://dx.doi.org/10.1016/j.radmeas.2018.04.009
http://dx.doi.org/10.1186/s13014-018-1034-x
http://dx.doi.org/10.1073/pnas.1101053108
http://dx.doi.org/10.1089/cbr.2015.1895
http://dx.doi.org/10.1126/science.aau1044
http://dx.doi.org/10.1002/(SICI)1097-0320(20000401)39:4&lt;295::AID-CYTO7&gt;3.0.CO;2-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Design 
	Materials 
	Equipment 

	Procedure 
	Calibration of the Irradiation Stage (Recalibrate This Once a Month). Time for Completion: 30 min 
	Mylar Dish Preparation. Time for Completion: 3 h 
	Cell Culture. Time for Completion: 30 min 
	Seed The U2OS Cells at A Concentration of 100,000-200,000 Cells in A Mylar Dish in 2 mL of Medium. Culture Cells Overnight, Covering the Mylar Dishes Using the Lids of The LUMOX Dishes. 
	Seed U2OS Cells in a 6-wells Plate with Glass Coverslips (10 mm ø or smaller) in the Wells. Culture Cells for 24 h in the 6-wells Plate. 

	Irradiation Procedure 
	Irradiation of Cells Grown in the Mylar Dish 
	Irradiation of Cells Grown on A Glass Cover Slip 


	Expected Results 
	Mylar Dish Irradiation for Clonogenic Survival 
	Coverslip Irradiation for Super Resolution Microscopy 

	References

