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INtroDuCtIoN
understanding how cells maintain genome integrity when challenged with 
Dna double-strand breaks (Dsbs) is of major importance, particularly since 
the discovery of multiple links of Dsbs with genome instability and cancer-
predisposition disorders1,2. ionizing radiation is the agent of choice to produce 
Dsbs in cells3; however, targeting Dsbs and monitoring changes in their 
position over time can be difficult. Here we describe a procedure for induction 
of easily recognizable linear arrays of Dsbs in nuclei of adherent eukaryotic 
cells by exposing the cells to α-particles from a small americium source (box 1).
each α particle traversing the cell nucleus induces a linear array of Dsbs, 
typically 10–20 Dsbs per 10 μm track length4. because α-particles cannot 
penetrate cell-culture plastic or coverslips, it is necessary to irradiate cells 
through a Mylar membrane. We describe setup and irradiation procedures 
for two types of experiments: immunodetection of Dsb response proteins in 
fixed cells grown in Mylarbottom culture dishes (option a) and detection of 
fluorescently labeled Dsb-response proteins in living cells irradiated through a 
Mylar membrane placed on top of the cells (option b). using immunodetection, 
recruitment of repair proteins to individual Dsb sites as early as 30 s after 
irradiation can be detected. Furthermore, combined with fluorescence live-
cell microscopy of fluorescently tagged Dsb-response proteins, this technique 
allows spatiotemporal analysis of the Dsb repair response in living cells. 
although the procedures might seem a bit intimidating, in our experience, 
once the source and the setup are ready, it is easy to obtain results. because 
the live-cell procedure requires more hands-on experience, we recommend 
starting with the fixed-cell application.

materIaLS
reagents
appropriate cell-culture reagents
Phosphate-buffered saline, pH 7.4 (Pbs; gibco)
20% paraformaldehyde (electron Microscopy sciences)

equipment
americium (am-241) source (Supplementary methods and Supplementary 
Figs. 1–3 online)
Polyester film (Mylar), 1.8 μm thickness (birkelbach kondensatortechnik or 
other suppliers)
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silicone adhesive, ‘medical grade’ (general electric silicones)
adhesive tape (scotch Magic tape; 3M)
incubator capable of reaching 100 °c
glass rings, custom-made (option a: can be cut from tubes, 50-mm diameter, 
2-cm height and 2-mm thickness; option b: custom-made, the outer diameter 
must be at least 2 mm smaller than the inner diameter of the glass-bottom cell 
culture dish, 2-mm  height)
cell-culture dish lids, 60-mm diameter
Table with a cutaway (for example, a microscope stage; Fig. 1, Supplementary 
methods and Supplementary Fig. 1)
glass-bottom culture dishes (nunc, Mat Tek or Fluoro Dish) or a metal holder 
for round coverslips (okolab or custom-made)
Wide-field fluorescence or confocal microscope
inverted live-cell wide-field fluorescence or confocal microscope equipped 
with a 37 °c incubator

Box 1 uNIque ProPertIeS oF α-PartICLeS
energy dissipation by α-particles shows a number of specific characteristics that 
render these particles uniquely suitable for application in studies of repair dynamics 
and motility of Dsbs in nuclei of mammalian cells. The 1.5 MeV dissipated in a 
nucleus of 500 µm3 is equivalent to about 0.5 gy12. The particles produce tracks 
with a linear energy transfer of 100–150 keV/µm in the cells after traversing the 
Mylar. every time a particle passes through a double-stranded Dna helix it deposits 
a large amount of energy, in the range of 300–500 eV, in or very near the Dna. 
This energy is sufficient to cause a Dsb with a high probability, of 0.8–1.0. about 
20 Dsbs are produced in a 10 µm track. an attractive feature for this application 
is that α-particles produce very few γ-rays with ranges in excess of 0.1 µm. as a 
consequence, the Dsbs produced are aligned along remarkably straight tracks that 
coincide with the paths of the particles with few breaks outside the tracks, as indeed 
has been observed experimentally13.
ionizing radiation induces single-strand Dna breaks as well as Dsbs. using 
α-particles, the ratio of single to double-stranded breaks has been reported to be 
6:1 (using X-rays the ratio is 25:1)14. The presence of single-strand Dna breaks does 
not hamper the monitoring of Dsbs because the response markers do not detect 
single-strand breaks.
a disadvantage of these particles is that their range in tissue is only about 40 
µm. Therefore, special measures, as described in this protocol, are required to 
limit absorbing material between the source and the cells. nevertheless, with our 
procedure, 1–2 MeV is lost before entering the cells, but sufficient range is available 
to penetrate the cell nucleus.
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ProCeDure

option a. Immunodetection of DSB response proteins
1| stretch a piece of Mylar film on the cardboard (~25 × 40 cm), fixing its edges 
to the cardboard using scotch tape.
2| apply a thin layer of silicone to one edge of the glass rings and place them, 
edge with glue facing down, on the stretched Mylar. Press the glass ring firmly, 
without turning it.
Prepare two types of rings (see Equipment list for dimensions) with Mylar 
membrane. For immunodetction in fixed cells (Option A, Steps 7–15), use the 
large rings with Mylar bottom as culture dishes and irradiate the cells from 
below. For live-cell experiments (Option B, Steps 16–23), grow cells in glass-
bottom culture dishes or on coverslips, place the small rings containing a Mylar 
membrane on top of cell cultures and irradiate from above through the Mylar 
membrane.
3| cut the Mylar glued to the glass rings using a scalpel, following the edge of 
the rings, and remove the glass rings with Mylar from the cardboard. The Mylar 
membrane will be somewhat wrinkled.
4| leave the rings to cure at room temperature for 24 h to allow the toxic 
solvent in silicone to evaporate.
5| incubate the rings for about 5 min at 100 °c to shrink the Mylar, resulting in 
rings with a stretched membrane.
Upon completion of the experiment, the entire ring with Mylar membrane used 
for live-cell imaging (Option B) can be reused, after cleaning it with distilled 
water and sterilizing with 70% ethanol. For the immunodetection experiments 
(Option A), the glass rings can be reused by removing the membrane and the 
silicone using a sharp knife and a scourer. It is easier to remove the silicone if 
the silicone is hardened by incubating the rings for a few minutes at 450 °C.
6| use 70% ethanol to sterilize the rings. remove the ethanol by washing 3 
times with sterile distilled water. check for leakage. 
The Mylar rings are now ready for use to detect DSBs in fixed cells (Option A, 
Steps 7–15) or in live-cell experiments (Option B, Steps 14–23).

 trouBLeShootING
 PauSe PoINt 

glass rings containing a Mylar membrane can be stored at room temperature 
for at least 2 months.
7| Mark the spot(s) where the americium source will touch the Mylar bottom of 
the culture dish using a felt-tip pen.
Irradiating multiple areas in one dish at different time points allows temporal 
analysis of DSB repair response.
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8| Plate the cells at a concentration of 600,000–1,000,000 cells per Mylar dish 
in about 10 ml of medium. The exact culture conditions depend on the type 
of cells being investigated. Live cells cultured on Mylar can be observed using 
an inverted phase-contrast microscope; however, note that the image quality is 
deteriorated by  the presence of the Mylar.

 trouBLeShootING

9| incubate the cells for 24–72 h. use lids from disposable cell culture dishes 
(60 mm diameter) as a cover.
Cell cultures should be nearly confluent at the time of irradiation to yield a 
sufficient number of cells that can be analyzed.
10| Place the Mylar dishes on the table above the americium source (Fig. 1 and 
Supplementary Fig. 1). The source should just touch the Mylar. irradiate for 
0.5–2 min, depending on the required dose (see Supplementary methods for 
guidelines). it is convenient if, after irradiation, 70% of the cells in the irradiated 
area show a track of Dsbs.
After immunostaining, the irradiated cells will be a few millimetres away from 
the spot(s) marked in Step 7 where the Americium source touched the Mylar.

 trouBLeShootING

Cell fixation
11| remove culture medium and wash the cells 3 times with 5 ml of Pbs (do not 
allow the cells to dry out).
12| add 5 ml of fixative (2% paraformaldehyde in Pbs) and incubate for 15 min 
at room temperature
(15–25 °c).
13| Wash the cells 3 times with Pbs.

Figure 1 | schematic representation of the setup to irradiate cells for immunostaining 
(option a). cell culture dishes are placed on a table with a cutaway, adjustable in x, y and 
z directions (for example, a microscope stage), to position the cells above the americium 
source.
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14| add 8–10 ml of Pbs.
(Optional) Apply Vaseline to the edge of the dish to prevent evaporation of 
PBS.
 PauSe PoINt Fixed cells can be stored at 4 °c for at least 2 weeks.

15| immunostain and image the cells (see Supplementary methods for the 
immunostaining procedure and Box 2 for guidelines on imaging the stained 
cells).

option B. Detection of DSB response proteins in living cells
16| Plate cells in glass-bottom culture dishes or on coverslips placed in a metal 
holder.
17| incubate the cells at least 24 h to allow for attachment and accommodation 
of cells. cell cultures should be 80–90% confluent at the time of irradiation to 
obtain a sufficient number of irradiated cells. 
The exact cell culture conditions are dictated by the type of cells that are being 
investigated.

Irradiation
18| Fix the culture dish on the microscope stage of an inverted microscope 
and select cells to be irradiated (Fig. 2). imaging may start before, during or 

Box 2 CeLL ImaGING
For imaging immunostained cells we recommend acquiring three-dimensional stacks 
of images with a confocal microscope. However, as laser scanning of immunostained 
cells fixed on Mylar might generate a large amount of scatter light, a good alternative 
is to acquire stacks of images using a wide-field fluorescence microscope equipped 
with a z-axis motor drive and a light-sensitive cooled charge-coupled device (ccD) 
camera. We recommend acquiring stacks of 40 images at intervals of 200 nm in the 
z direction that can then be reconstructed using appropriate software (for example, 
Huygens, scientific Volume imaging; Fig. 3).
To image live cells the microscope should be equipped with a 37 ºc incubator. 
if the co2 concentration cannot be controlled, consider culturing the cells in a 
co2-independent medium or incubate the cells at 10% co2 for about 1 h before 
irradiation to saturate the medium with co2.
illuminate cells for as short a time as possible to minimize phototoxicity. For detailed 
analysis, we recommend capturing three-dimensional stacks of images, covering 
the entire volume of the cell nucleus. a confocal microscope has the advantage 
of a better z-dimension resolution; however, compared to excitation under a wide-
field fluorescence microscope, more phototoxicity is induced by the laser scanning. 
recent findings demonstrate that phototoxicity and bleaching can be considerably 
reduced using a modified confocal microscope15.
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after irradiation (Box 2). Depending on the fluorescently tagged protein used 
for detection, accumulation of the Dsb response proteins can be observed 
immediately or a few minutes after irradiation (Box 3). 
In this setup, the cells can be irradiated from above and imaged from below at 
the same time.
19| remove all medium using a 1-ml micropipette, and place the Mylar 
irradiation membrane carefully on top of the cells using a pair of tweezers.
The cells are irradiated through the Mylar membrane, which allows you to 
position the source very close to the cells without contaminating the source 
with culture medium. Also, it prevents the cells from drying out.
20| lower the source, so that it rests on the Mylar (Fig. 2 and Supplementary 
Fig. 3). The tip of the source should be 2–10 mm away from the optical axis 
of the objective. The pressure of the source on the Mylar will push away some 
of the culture medium, increasing the number of α-particles entering the cells. 
cells 2–10 mm away from the source are irradiated.
21| irradiate up to 2 min to obtain a sufficient number of cells containing arrays 
of Dsbs. it is convenient if at least 70% of the cells in the irradiated area contain 
one or more tracks of Dsbs.

 trouBLeShootING

22| lift the source by gently pushing on the end of the arm opposite to the 
source.
23|   CrItICaL SteP 
Very slowly add 1 ml of culture medium between the glass ring and the side of 
the culture dish. This will lift the Mylar membrane, which may be left floating. 
if phase-contrast imaging is required, the membrane should be removed using 
a pair of tweezers.

Figure 2 | schematic representation of the setup to irradiate cells for live cell imaging.
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trouBLeShootING
Step 6 Mylar dishes are leaky. 
repair punctured Mylar by sticking a piece of scotch tape under the damaged 
Mylar. note that α-particles cannot penetrate tape.
Step 8 cells plated on Mylar are not attaching and proliferating.
Most cell types attach and spread well on Mylar. However, for some cell types 
this is a relatively slow process, requiring more than 10 h. We suggest coating 
the Mylar dishes with glow-discharged carbon to promote rapid cell attachment 
and spreading5. alternatively, other coatings such as gelatin, fibronectin or 
polylysin can be tested for this purpose.
Step 10 There are not enough cells containing long arrays of Dsbs.
increasing the irradiation time will increase the number of cells containing 
arrays of Dsbs and the number of Dsb arrays per nucleus. it is important that 
the source touches the Mylar. also the α-particles should enter the cells at an 
angle of about 30°. if the angle is too large, the Dsbs will not be detected in 
long arrays, but in big clusters.
Step 21 There are not enough cells containing long arrays of Dsbs.
increasing the irradiation time will increase the number of cells containing Dsb 
arrays and the number of horizontal Dsb arrays per nucleus. increasing the 
distance between the source and the objective may also be helpful, because 
if the source is too close to the objective, the tracks will appear as compacted 
clusters instead of linear arrays.

Box 3 DeteCtIoN oF DSBs IN VIVO
a cell line expressing a fluorescently tagged Dna damage marker is required for 
visualization of Dna damage in vivo. of many Dna repair-related proteins reported 
thus far, a subset is known to form irradiation-induced foci (iriFs) at the sites of 
Dsbs16. This subset includes rad51, p53bP1, MDc1, Wrn, nbs1 and others. We 
found gFP-tagged p53bP1 and MDc1 proteins most suitable as Dsb response 
markers for in vivo imaging. They are recruited to the Dna damage sites within 
minutes, both are active throughout the entire cell cycle and both accumulate as 
relatively bright foci, easily detectable in the context of unbound fraction. stable 
cell lines are preferred for live-cell imaging because they can provide higher 
percentages of cells expressing the transfected proteins. ideally cells should express 
the fluorescently tagged protein at moderate to low levels so that a large proportion 
of the tagged molecules accumulates at the damaged site resulting in an optimal 
signal-to-noise ratio.
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 CrItICaL SteP 
Step 23 check whether cells are still in focus before beginning imaging 
because the pressure of the alpha source on the Mylar may push the coverslip 
a little toward the objective, causing cells to go out of focus. one wide-field 
fluorescence image or one confocal laser scan may be sufficient to collect all 
the decorated Dsbs. However, because the α-particles will enter the cells at 
an angle, it is a good strategy to acquire a three-dimensional stack of 5–10 
images, 300 nm apart in the z direction to enhance the chance of capturing an 
entire array of Dsbs.

CommeNtS
The method described here is devoid of several drawbacks associated with 
other protocols used to locally induce Dsbs. a laser microbeam in a confocal 
microscope is often used to analyze recruitment of Dna repair proteins 
to a predefined damaged area in the nucleus. although this method allows 
almost instant visualization of accumulation of gFP-tagged repair proteins 
in a predefined nuclear area6, it also induces several types of Dna damage. 
The damage spectrum of multiphoton lasers and laser scissors is largely 
uncharacterized, making it difficult to determine whether repair proteins are 
attracted to Dsbs or to other types of damage3,7. in addition, laser beam irradiation 
requires a higher local damage dose compared to α-particle irradiation, which 
may trigger unexpected side-effects. similarly, presensitization of cells with 
Hoechst8, a technique used in combination 
with laser microbeam irradiation to direct 
energy to Dna, may cause unwanted side 
effects7,9. These may be the reason for a 
discrepancy in recent findings regarding the 
role of human telomere protein TrF-2, which 
had been observed to accumulate at sites of 
dualphoton laser beam induced damage10. 
The authors of this study therefore concluded 
that TrF-2 is recruited to Dsbs. in contrast, 
when we used the α-particle assay described 
here to induce Dsbs, we did not observe any 
accumulation of TrF2 at Dsbs11. another way 
to irradiate cells locally is with high-energy 
helium ions in an accelerator, a technique 
that requires a specialized laboratory. The 
americium source, in contrast, can be 

Figure 3 | rko cell, fixed 15 
min after irradiation, containing 
an α-particle–induced distribu-
tion of γH2aX (red) and rad51 
foci (green). Dna is stained with 
Hoechst 33342 (blue). scale bar, 
10 μm.

35

C
H

A
PTE

R
 2

α
-PA

R
TIC

LE
 IR

R
A

D
IA

TIO
N



obtained at low cost and can, under strict conditions, be used in a general 
laboratory. although it is not possible to induce the Dsbs in a predefined area, 
linear arrays of Dsbs are very easy to recognize. We used the α-particle assay 
to study the dynamics of Dsbs; by analyzing changes in the spatial distribution 
of immunolabeled Dsbs at various time intervals after irradiation, we observed 
clustering of Dsb containing chromatin domains4. as another example of the 
procedure (option a) described here, we analyzed rko cells irradiated with 
α-particles and immunostained for rad51 and γH2aX (Fig. 3). We also recorded 
accumulation of p53bP1-gFP at an α-particle–induced array of Dsbs in a living 
u2os cell (Supplementary Video 1 online).

Note: Supplementary information is available on the Nature Methods website 
(http://www.nature.com/naturemethods/).
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SuPPLemeNtary FIGureS aND text:

Supplementary Fig. 1 Picture of the set-up to irradiate cells for immunostaining. The 
Americium source (1), on top of a pole (2), is placed underneath a microscope stage (3), 
from a microscope that is no longer in use. A culture dish containing a Mylar bottom (4) 
is placed next to the source. To irradiate cells the dish should be positioned above the 
source, the source touching the Mylar. 

Supplementary Fig. 1 Picture of the set-up 
to irradiate cells for immunostaining. The 
americium source (1), on top of a pole (2), 
is placed underneath a microscope stage 
(3), from a microscope that is no longer 
in use. a culture dish containing a Mylar 
bottom (4) is placed next to the source. 
To irradiate cells the dish should be po-
sitioned above the source, the source 
touching the Mylar.

37

C
H

A
PTE

R
 2

α
-PA

R
TIC

LE
 IR

R
A

D
IA

TIO
N



Supplementary Fig. 2 Drawing of the Americium source in its holder.

Supplementary Fig. 2 Drawing of the 
americium source in its holder.

Supplementary Fig. 3 Picture of the set-up to irradiate cells for live cell imaging. 
Irradiation takes place on a microscope stage of an inverted microscope. Cells are 
cultured on a coverslip, which is placed in a holder (1). The Americium source (2) is 
touching the Mylar irradiation membrane (3), that is covering the cells. In this position 
the cells are being irradiated. A second Mylar irradiation membrane (4) can be seen next 
to the culture dish. 

Supplementary Fig. 3 Picture of the set-up to irradiate cells for live cell imaging. irradia-
tion takes place on a microscope stage of an inverted microscope. cells are cultured on a 
coverslip, which is placed in a holder (1). The americium source (2) is touching the Mylar 
irradiation membrane (3), that is covering the cells. in this position the cells are being 
irradiated. a second Mylar irradiation membrane (4) can be seen next to the culture dish.
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SuPPLemeNtary methoDS

alpha source. americium (am-241) is a suitable source of α-particles because of the long 
half-life time of 433 years. We obtained good results using a custom made source with 
an activity of 140 kbq. consult your local safety officer for safety regulations before com-
missioning a company to manufacture a source. americium foil can be supplied by aea 
Technology, braunschweig, germany. This foil retains the americium safely between two 
protective layers in order to prevent the release of americium in the environment in case 
of damage. We recommend fixing the americium in a holder with the following dimen-
sions: diameter 3.5 mm, total length 10mm including a screw thread (diameter 2 mm) of 
4 mm. it is important that the americium foil is fitted as close as possible to the surface 
of the holder, because α-particles can only travel a limited distance (less than 5 cm) in air 
(Supplementary Fig. 2). The source can be fitted in a holder by: canberra benelux nV, 
Zelik, belgium.

To obtain long arrays of Dsbs, cells should be irradiated from below, at an angle of 
about 30° with the horizontal plane. For experiments in which cells are fixed and immu-
nostained, this can be achieved by placing the source on a pole using the screw thread 
of the holder. Place the pole underneath a small table, preferably adjustable in X, Y and Z 
direction, with a cut-away; for example a microscope stage. cell culture dishes are placed 
on this stage (Fig. 1 and Supplementary Fig. 1).

To estimate the strength of the radioactive source required to produce a desired 
number of tracks in a cell in a specific time interval, a simple calculation can be made. 
assume that the distance between the source and the cell is equal to 10 mm. because of 
the isotropic emission a source strength of 1 Mbq (106 particles per second) yields at this 
distance a number of tracks equal to 106 / 4 × π × 102) = 806 tracks per mm2 per second. 
assume that the cell nucleus has a diameter of 10 μm and a thickness of 4 μm and the 
particles travel at an angle of 30º relative to the dish bottom, the cell area exposed to 
the source is approximately (8 × 10) μm2. Thus the number of particles passing through 
the area of about 80 μm2 is equal to 806 × 80 × 10-6 = 64 × 10-3 per second or about 4 
particles per minute. With a source of 140 kbq an average of 1 track per cell is expected 
in about 0.5 to 1 minute. This value depends of course strongly on the distance between 
the cell and the source. at a distance of 5 mm, commonly used in our studies, an average 
number of about 2 particle tracks are expected per minute.

This is close to the observed number in our experiments. because of the statistics an 
average of one track implies that 37% of the cells experience no track and 37% one track.

safety is of course an important aspect and guidelines of the manufacturer as well as 
local safety regulations should be taken into account. using the source in a general cell 
culture laboratory should not be a problem, because the source is sealed with a protec-
tive layer (this type of source is also used in ionizing smoke detectors).

Fig. 2 and Supplementary Fig. 3 show the set up necessary to irradiate cells under an 
inverted live cell microscope. in these experiments cells are irradiated from above and 
imaged at the same time. attach the alpha source to a steel wire using the screw thread. 
The wire should be attached to hinges at a distance from the source. This set up allows 
you to carefully place the source on the Mylar irradiation membrane.
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Immunochemical staining. Here we describe the detection of phosphorylated histone 
H2a (γH2aX), because it is a good example of an early response marker of Dsbs1. it also 
serves to illustrate the handling of the Mylar dishes after fixation of the cells. simultane-
ous detection of γH2aX and another Dna repair-related protein can be performed by 
combining primary antibodies in the same incubation solution. secondary antibodies 
(preferably “multi labelling grade”) can also be combined.

reagents. γH2aX detection: Mouse anti-phospho Histone H2a.X (ser139), clone JbW301 
(upstate biotechnology); secondary antibody: goat anti-mouse cy3 (Jackson); counter 
stain Dna with Hoechst 33342 (sigma), 100 x stock solution of 500 μg/ml; Tnbs: Pbs 
containing 0.1% Triton-X 100 and 1% Foetal calf serum; Vectashield (Vector)

Procedure

(a) remove Pbs, add 4 ml of Tnbs and incubate 30 min at rT.

(b) remove Tnbs. Do not allow the part of the Mylar with the irradiated cells to fall dry, 
but remove the Pbs from the rest of the Mylar using a paper tissue.

(c) add 40-60 μl of Tnbs supplemented with mouse anti-γH2aX on top of the irradiated

cells. carefully cover cells with a coverslip and incubate for 90 min at rT.

(d) slowly add 4 ml of Tnbs next to the coverslip. remove the coverslip using a pair of 
coverslip-tweezers. Take care not to damage the Mylar.

(e) Wash 3 times with Tnbs for about 5 min.

(f) repeat step b.

(g) add 40-60 μl of Tnbs supplemented with goat anti-mouse cy3. incubate under a 
coverslip for 30 min at rT.

(h) repeat step d.

(i) oPTional remove Tnbs and add 2 ml of Tnbs containing Hoechst 33342 to coun-
terstain the Dna and incubate for 15 min at rT.

(j) repeat step e.

(k) repeat step b.

(l) add about 10 μl of Vectashield on top of the stained cells and cover them with a 
coverslip.

(m) add 10 μl of distilled water on a slide before placing the dish on top of it, to prevent 
wrinkling of the Mylar. Place the Mylar dish on top of the slide. cut out the part of the 
mylar covered with the coverslip and seal the Mylar + coverslip using rubber cement.

(n) slides can be stored for about two weeks at 4 ºc.

reference
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