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SUMMARY: 23 
A series of immobilization methods has been established to allow the targeted irradiation of live 24 
Caenorhabditis elegans individuals using a recently developed ultra-thin polydimethylsiloxane 25 
microfluidic chip with water retention. This novel on-chip immobilization is also adequate for 26 
imaging observations. The detailed treatment and application examples of the chip are explained. 27 
 28 
ABSTRACT: 29 
Radiation is widely used for biological applications and for ion-beam breeding, and among these 30 
methods, microbeam irradiation represents a powerful means of identifying radiosensitive sites 31 
in living organisms. This paper describes a series of on-chip immobilization methods developed 32 
for the targeted microbeam irradiation of live individuals of Caenorhabditis elegans. Notably, the 33 
treatment of the polydimethylsiloxane (PDMS) microfluidic chips that we previously developed 34 
to immobilize C. elegans individuals without the need for anesthesia is explained in detail. This 35 
chip, referred to as a worm sheet, is resilient to allow the microfluidic channels to be expanded, 36 
and the elasticity allows animals to be enveloped gently. Also, owing to the self-adsorption 37 
capacity of the PDMS, animals can be sealed in the channels by covering the surface of the worm 38 
sheet with a thin cover film, in which animals are not pushed into the channels for enclosure. By 39 
turning the cover film over, we can easily collect the worms. Furthermore, the worm sheet shows 40 
water retention and allows C. elegans individuals to be subjected to microscopic observation for 41 
long periods under live conditions. In addition, the sheet is only 300 µm thick, allowing heavy 42 
ions such as carbon ions to pass through the sheet enclosing the animals, thus allowing the ion 43 
particles to be detected and the applied radiation dose to be measured accurately. Because 44 
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selection of the cover films used for enclosing the animals is very important for successful long-45 
term immobilization, we conducted the selection of the suitable cover films and showed a 46 
recommended one among some films. As an application example of the chip, we introduced 47 
imaging observation of muscular activities of animals enclosing the microfluidic channel of the 48 
worm sheet, as well as the microbeam irradiation. These examples indicate that the worm sheets 49 
have greatly expanded the possibilities for biological experiments.  50 
 51 
INTRODUCTION:  52 
Radiation, including X-rays, gamma rays, and heavy-ion beam, is widely used for biological 53 
applications such as in cancer diagnosis and treatment, and for ion-beam breeding. Numerous 54 
studies and technical developments are currently focusing on the effects of radiation1–3. 55 
Microbeam irradiation is a powerful means of identifying radiosensitive sites in living organisms4. 56 
The Takasaki Advanced Radiation Research Institute of National Institutes for Quantum and 57 
Radiological Science and Technology (QST-Takasaki) has been developing a technology to 58 
irradiate individual cells under microscopic observation using heavy-ion microbeams5, and has 59 
established methods to enable targeted microbeam irradiation of several model animals, such as 60 
the nematode Caenorhabditis elegans4,6, silkworms7, and Oryzias latipes (Japanese medaka)8. 61 
Targeted microbeam irradiation of the nematode C. elegans allows the effective knockdown of 62 
specific regions, such as the nerve ring in the head region, thus helping to identify the roles of 63 
these systems in processes such as locomotion.  64 
 65 
A method for on-chip immobilization of C. elegans individuals without the need for anesthesia 66 
has been developed to allow for microbeam irradiation4. In addition, to improve microfluidic 67 
chips used in the previous study4, we have recently developed wettable, ion-penetrable, 68 
polydimethylsiloxane (PDMS) microfluidic chips, referred to as worm sheets (see Table of 69 
Materials), for immobilizing C. elegans individuals9. These comprise of ultra-thin soft sheets 70 
(thickness = 300 µm; width = 15 mm; length = 15 mm) with multiple (20 or 25) straight 71 
microfluidic channels (depth = 70 μm; width = 60 μm or 50 μm; length = 8 mm) at the surface 72 
(Figure 1A-D). The microfluidic channels are open and allow multiple animals to be enclosed in 73 
them simultaneously (Figure 1E). The sheets are resilient to allow the microfluidic channels to be 74 
expanded (by ~10%, Figure 1F), and the elasticity allows animals to be enveloped gently. Also, 75 
owing to the self-adsorption capacity of the PDMS, animals can be sealed in the channels by 76 
covering the surface of the worm sheet with a thin cover film, in which animals are not pushed 77 
into the channels for enclosure. By turning the cover film over, we can easily collect the worms. 78 
 79 
The channels do not hurt the worms when they are being enclosed or when they are collected. 80 
Furthermore, the sheets are made from PDMS, which is essentially hydrophobic, but water 81 
retention can be achieved by imparting hydrophilicity to the material. The water retention and 82 
thickness are favorable characteristics of the worm sheets. The water-retention capacity 83 
prevents dehydration of the animals after prolonged immobilization and enables long-term 84 
observations to be carried out.  85 
 86 
In addition, as described previously9, the sheets are only 300 µm thick, allowing heavy ions such 87 
as carbon ions (with a range of about 1 mm in water) to pass through the sheet enclosing the 88 



   

   
 

animals. This allows the ion particles to be detected and the applied radiation dose to be 89 
measured accurately. Moreover, the worm sheets can be reused and are thus economical. With 90 
the conventional injection method, the animals enclosed are sometimes dead and they cannot 91 
be taken out of the channel; their eggs can also clog the channels. This makes the chip unusable. 92 
Chips are, therefore, basically disposable and the cost-benefit ratio is poor.  93 
 94 
In the present paper, we describe in detail a series of methods for on-chip immobilization of live 95 
C. elegans individuals using these worm sheets. Thorough locomotion assays of animals 3 h after 96 
on-chip immobilization, we evaluated the suitable cover film. In addition, we showed the 97 
examples of on-chip immobilization for both imaging observations and microbeam irradiation.  98 
 99 
PROTOCOL:  100 
 101 
1. Strains and maintenance 102 
 103 
1.1. Select a suitable strain of C. elegans and Escherichia coli (food) depending on the purpose of 104 
the experiment.  105 
 106 
NOTE: In the present paper, wild-type N210 C. elegans (Figure 2A) is generally used, and 107 

HBR4:goeIs3[pmyo-3::GCamP3.35::unc-54–3’utr, unc-119(+)]V11 is only employed for imaging 108 
assay. E. coli OP50 was used as food for C. elegans. Some mutants with abnormal body shape, 109 
such as the unc-119(e2498) III mutant with a coiled shape (Figure 2B), also can be enclosed in the 110 
straight microfluidic channels (Figure 2C). 111 
 112 
1.2. Maintain the C. elegans at 20 °C on 6 cm Petri dishes containing 10 mL of nematode growth 113 
medium (NGM) spread with overnight-incubated (37 °C) E. coli as described previously10. If 114 
possible, synchronize the developmental stages of C. elegans from the embryo stage.  115 
 116 
1.3. Use well-fed adult animals, approximately 3–4 days after hatching with a width of about 50–117 
60 µm, which are optimally suited to the size of the microfluidic channels in the worm sheets.  118 
 119 
2. Selection of buffer solution for on-chip immobilization 120 
 121 
2.1. For wettable worm sheets, use any buffer solution depending on the purpose of the 122 
experiments.  123 
 124 
NOTE: Suitable buffer solutions for on-chip immobilization on PDMS microfluidic chips have been 125 
defined previously9 and the following buffer solutions were shown to have no effect on the 126 
motility of the animals after immobilization: S basal buffer solution (5.85 g of NaCl, 1 mL of 127 
cholesterol (5 mg/mL in ethanol), 50 mL of 1 M pH 6.0 potassium phosphate, H2O to 1 L; sterilized 128 
by autoclaving)10 containing a large amount of NaCl, M9 phosphate buffer solution (5 g of NaCl, 129 
3 g of KH2PO4, 6 g of Na2HPO4, 1 mL of 1 M MgSO4, H2O to 1 L; sterilized by autoclaving)10, wash 130 
buffer solution (5 mL of 1 M pH 6.0 potassium phosphate, 1 mL of 1 M CaCl2, 1 mL of 1 M MgSO4, 131 
0.5 g pf gelatin, H2O to 1 L; sterilized by autoclaving)12 containing gelatin, and ultrapure water9. 132 



   

   
 

In the present paper, wash buffer solution is typically used, and S basal buffer solution is only 133 
employed for evaluating on-chip immobilization using different cover films in the section 3. 134 
 135 
2.2. For conventional microfluidic chips without wettability, use a wash buffer solution, which 136 
provides the most effective means of maintaining moisture in the microfluidic channels of the 137 
chip and thus prevents drying of C. elegans individuals (regardless of the wettability of the 138 
microfluidic chips).  139 
 140 
3. Selection of suitable cover film for on-chip immobilization 141 
 142 
3.1. Prepare different cover films as follows. Based on the ease of handling, cut the following 143 
transparent, biocompatible cover films to a suitable size (i.e., width of 10–15 mm and length of 144 
30–50 mm): 130–170 µm thick cover glass, 125 µm thick polyester (PET) film, and ~130 µm thick 145 
polystyrene (PS) film. 146 
 147 
3.2. Perform 3 h on-chip immobilization using different cover films as follows. Based on steps 148 
4.1–4.6, enclose ≥10 washed adult worms (3.5 days after hatching) in the worm sheet using each 149 
cover film, respectively, and leave for 3 h.  150 
 151 
3.3. Allow 3 h of free movement as follows. For comparison purposes, place ≥10 washed adult 152 
worms on a 3.5 cm plate containing 3 mL fresh NGM, cover with a lid, and leave for 3 h. 153 
 154 
3.4. Collect animals immediately after 3 h of on-chip immobilization. Remove the cover film from 155 
the worm sheet and add a drop of buffer solution to each animal, according to steps 5.1–5.3.  156 
 157 
3.5. Collect animals after 3 h of free movement. Pick up animals swimming in the droplet using a 158 
platina picker and transfer them to a 3.5 cm plate containing 3 mL fresh NGM without food (assay 159 
plate). Add a drop of buffer solution to each animal. Pick up animals swimming in the droplet on 160 
the NGM plate and transfer them to an assay plate using a platina picker.  161 
 162 
3.6. Evaluate the effects of cover film on motility (locomotion assay).  163 
 164 
3.6.1. At least 5 min after transfer to the assay plate, count ‘body bends’ (defined as the number 165 
of bends in the anterior body region at 20-s intervals) manually under a microscope13.  166 
 167 
3.6.2. Carry out locomotion assays five times independently for each cover film.  168 
 169 
NOTE: In the experiments shown in the representative results, 10 animals were evaluated for 170 
each experiment in which multiple animals were enclosed simultaneously, compared with only 171 
five animals counted in the previous study13.  172 
 173 
3.6.3. Calculate the average number of body bends for the 10 animals in each group for each 174 
experiment. Then average the values from five independent experiments to evaluate the effects 175 



   

   
 

of on-chip immobilization. Analyze the data statistically using a one-way analysis of variance 176 
(ANOVA) test in a spreadsheet software at significance levels of 0.01 and 0.05. 177 
 178 
NOTE: Based on these experiments, a PS film with high oxygen permeability was deemed suitable 179 
(see the representative results). These PS cover films are included with the worm sheets, but 180 
other PS coverslips are also suitable. PET film, which has low oxygen permeability, was not 181 
deemed suitable because the animals tended to suffocate if covered with it during long-term 182 
immobilization on the worm sheets. It is also important that the cover film does not break during 183 
a series of procedures; glass covers with water repellency were therefore also unsuitable (see 184 
the representative results). 185 
 186 
4. On-chip immobilization 187 
 188 
NOTE: Disposable, sterile gloves should be worn to avoid contaminating the worm sheets. 189 
 190 
4.1. Place a thin transparent sheet such as a PS or glass cover film which has no autofluorescence, 191 
for use as a bottom cover film, onto the experimental desk or bench. Place a worm sheet gently 192 
onto the bottom cover film using flat tweezers. 193 
 194 
NOTE: In addition to the worm sheets with 60 µm-wide microfluidic channels (suitable for adults 195 
3–4 days after hatching), sheets with 50 µm-wide channels (suitable for young adults 3 days after 196 
hatching and mutants with small body in adult stage) can also be employed. Select a suitable 197 
sheet based on the size of the animals to be used. 198 
 199 
4.2. To collect animals, pick up an individual adult C. elegans from the culture plate under a 200 
stereomicroscope using a platina picker. Repeat the process if multiple animals are needed. 201 
 202 
4.3. Wash animals to remove food (bacteria).  203 
 204 
4.3.1. Place at least three droplets (5 µL drops) of buffer solution on the surface of a 6 cm non-205 
treated (water-repellent) Petri plate.  206 
 207 
4.3.2. Transfer the animals to a droplet using a platina picker and allow them to remove any food 208 
by swimming. Wash them twice in two separate droplets, and then rinse the animals in another 209 
droplet. 210 
 211 
NOTE: It is necessary to practice this procedure to be able to perform it quickly before carrying 212 
out any experiments. 213 
 214 
4.4. Drop 2–3 µL of buffer solution onto the surface of a worm sheet. Pick up the washed animals 215 
from the droplet on the Petri dish and transfer them to the droplet on the worm sheet. 216 
 217 



   

   
 

4.5. Enclose animals in microfluidic channels as follow. Place a PS cover film over the worm sheet 218 
using flat tweezers and press gently over the channels from one end of the sheet to the other to 219 
maintain humidity (as described previously4,9).  220 
 221 
NOTE: Animals are randomly enclosed in the channels. Droplets containing animals are spread 222 
across the worm sheet by covering the sheet, resulting in droplets being widely extended over 223 
several channels. Each animal can be enclosed in any one of these channels. The important point 224 
regarding the use of the worm sheet for on-chip immobilization is that multiple channels are 225 
available over a wide area. 226 

 227 
4.6. Immediately after enclosing the animals in the microfluidic channels, confirm that they are 228 
alive by checking for movement of the head under a microscope (e.g., 1x or 2x magnification). 229 

 230 
4.7. Record animal’s position, at the same time as carrying out step 4.6 and note the following 231 
on a dedicated sheet of paper (Supplementary File 1): number of the channel in which the animal 232 
is enclosed; position of each animal in the channel (left/center/right); and direction of the head.  233 
 234 
4.8. Draw an arrow to mark the position of each animal in the channel, with the direction of the 235 
arrow corresponding to the animal’s head. 236 
 237 
NOTE: The channel numbers (e.g., 1, 5, 10, 15, 20, 25) are engraved on the surface of the worm 238 
sheet near the left and right edges of the microfluidic channels (Figure 1B). This information on 239 
the dedicated sheet allows animals to be located quickly, making the process more efficient, and 240 
also helps to prevent radiation leakage during subsequent steps. 241 
 242 
5. Collection of animals from a worm sheet 243 
 244 
5.1. Immediately after immobilization, remove the cover film from the worm sheet using flat 245 
tweezers.  246 
 247 
5.2. Drop 10–15 µL buffer solution onto the microfluidic channels enclosing the animals and 248 
observe the animals starting to swim in the droplets under a stereomicroscope.  249 
 250 
NOTE: The animals start swimming in the new droplet on their own without any additional 251 
pressure, help, or push. Just dropping some buffer on top of them is enough to make them swim 252 
out of the channel. An animal may be unable to swim in a droplet if it has been vitally damaged 253 
by irradiation in step 7.9 or by the immobilization process in steps 4.2–4.5, though this is rare. In 254 
addition, if the animal remains attached to the cover film when it is removed, add the droplets 255 
onto the cover film instead of into the channels. 256 
 257 
5.3. Pick up the animals swimming in the droplet using a platina picker and place them on an 258 
assay plate. 259 
 260 
6. Application of worm sheets for imaging observations 261 



   

   
 

 262 
NOTE: Worm sheets can be widely used in microscopic observations. The chip can retain water 263 
and does not affect the motility of C. elegans individuals after 3 h of on-chip immobilization9. In 264 
addition, the chip itself has no autofluorescence, making it suitable for use in fluorescence 265 
imaging assays. A sample application for fluorescence imaging assay is given below. 266 
 267 
6.1. Select a fluorescence microscope and mount a digital camera or digital video camera on the 268 
microscope to capture images or videos, respectively (Figure 3A).  269 
 270 
NOTE: The working distance (WD) of microscope is more than 0.2 mm depending on objective 271 
lens specification (see Figure 3B,C). The specification of the fluorescence microscope system used 272 
in this paper is shown in the Table of Materials. However, the specification is not limited to our 273 
example because it depends on the purpose of observation or/and users. 274 
 275 
6.2. Select any fluorescent strain of C. elegans and maintain as described in section 1. 276 
 277 
NOTE: If it is necessary to observe the body-wall muscular contraction (see representative 278 
results), use young adult HBR411 C. elegans, in which a reporter gene is used to express the 279 
calcium indicator GCaMP3.35 in all body-wall muscle cells. It is important to use young adults (≤3 280 
days after hatching) that are thinner than the width of the microfluidic channels (50 or 60 µm) of 281 
the worm sheet. The small degree of clearance means that the animals can bend slightly, making 282 
it possible to observe the muscular contraction and extension during crawling, using a calcium-283 
ion indicator. 284 
 285 
6.3. Carry out enclosure of animals according to the immobilization procedure in section 4.  286 
 287 
6.4. Observe fluorescent spots of animals (e.g., green fluorescent protein-labeled strains) using a 288 
fluorescence microscope, and capture images using a digital camera mounted on the microscope.  289 
 290 
NOTE: Follow the previously established methods14–16, since the microscope observation 291 
methods (including fluorescence observation) and the specification of the microscope system 292 
depends on the purpose of the observation. 293 
 294 
6.5. Image calcium-ion wave propagation using video acquisition to observe dynamic activities, 295 
such as the body-wall muscular contraction and extension in the HBR4 worms (Video 1).  296 
 297 
7. Application of worm sheets for microbeam irradiation 298 
 299 
NOTE: The collimating microbeam irradiation system5 can use several heavy-ion particles 300 
accelerated from the azimuthally varying field cyclotron installed at the Takasaki Ion Accelerators 301 
for Advanced Radiation Application (TIARA) facility of QST-Takasaki (Figure 4A). There is an 302 
automatic stage for irradiation under the beam exit (Figure 4B). The procedure for heavy-ion 303 
microbeam irradiation of C. elegans using this system is as follows. 304 
 305 



   

   
 

7.1. Locate the worm sheet enclosing multiple animals on an aluminum frame custom-made for 306 
the microbeam-irradiation facility and set it on the automatic stage for irradiation (Figure 4C). 307 
 308 
7.2. Raise the irradiation sample (i.e., animals enclosed in a worm sheet on a frame), to 309 
immediately under (~2 mm) the beam exit based on the monitor image from a microscope 310 
located under the automatic stage (Figure 4D). 311 
 312 
7.3. After vertical positioning, locate each animal to target with the microbeam irradiation using 313 
the custom-made software for targeted irradiation of animals and cell cultures. To locate each 314 
animal enclosed in the microfluidic channel, refer to the dedicated sheet described in step 4.7 315 
(see Supplement 1) and confirm the channel number near the left and right edges of the channels.  316 
 317 
7.4. Control the automatic stage in the X and Y directions to position the animals just under the 318 
beam exit using a remote-control system and a laser mouse operated with the irradiation 319 
software.  320 
 321 
7.5. Roughly tune the irradiation area by watching the projection from the microscope located 322 
under the automatic stage of the sample and moving the cursor to the irradiation position of the 323 
animal to be targeted. 324 
 325 
7.6. After rough positioning, exit and close the irradiation room and move to the adjacent control 326 
room to avoid irradiating the operators. 327 
 328 
7.7. Set the desired number of ion particles for one irradiation procedure, corresponding to 329 
irradiation of a specific region of the animal, using the console linked to an ion-counter system.  330 
 331 
NOTE: This consists of a plastic scintillator and a photoelectron multiplier in the collimating 332 
microbeam irradiation system.  333 
 334 
7.8. From the irradiation-control room, fine-tune the position of the animals based on the 335 
monitor image from the microscope located under the automatic stage, which is the same image 336 
projected on the monitor in the irradiation room (Figure 4E).  337 
 338 
7.9. Target the microbeam irradiation by click the irradiation button of the software for 339 
irradiation.  340 
 341 
NOTE: In the example shown in Figure 4F, we target the pharynx in the head region and irradiate 342 
with the appropriate number of microbeam carbon ions. Because the number of ion particles 343 
passing through the sample is counted using an ion-counter system linked to the console and the 344 
irradiation software, the irradiation is stopped after delivery of the desired number of ion 345 
particles. 346 
 347 
7.10. Locate each animal recorded on the dedicated sheet and carry out targeted irradiation to 348 
each animal. Repeat steps 7.8 and 7.9 until all animals have been irradiated. 349 



   

   
 

 350 
7.11. Immediately after irradiation, enter the irradiation room and lower the automatic 351 
irradiation stage. Remove the sample on the custom-made frame located on the automatic stage. 352 
 353 
7.12. Immediately after irradiation, collect the animals as described in steps 5.1–5.3. 354 
 355 
7.13. Carry out behavioral and/or molecular analyses as required to evaluate the effects of the 356 
targeted irradiation, depending on the purpose of the study. 357 
 358 
NOTE: The locomotion assay described in step 3.6 is an effective method for evaluating the 359 
effects of irradiation on motility4,9.  360 
 361 
8. Treatment of worm sheets for repeated use 362 
 363 
NOTE: Worm sheets can be used repeatedly at least 10 times9 with no adverse effects on the 364 
animals if cleaned and sterilized properly after use as follows. 365 
 366 
8.1. Cleaning 367 
 368 
8.1.1. Place the used worm sheet on a 6 cm Petri dish and drop about 100 µL of sterilized 369 
ultrapure water onto the whole sheet.  370 
 371 
8.1.2. Paddle the water on the surface of the sheet using gloved fingers to wash off dirt such as 372 
dust, bacterial food, and any eggs laid in the channels.  373 
 374 
8.1.3. Wipe the moisture off the worm sheet thoroughly using disposable wipes. 375 

 376 
8.2. Sterilization 377 
 378 
8.2.1. Inject about 5 mL of 70% ethanol into the Petri dish containing the worm sheet and paddle 379 
the surface of the sheet using gloved fingers to wash off the dirt.  380 
 381 
8.3. Drying 382 
 383 
8.3.1. Remove the chips from the Petri dish filled with 70% ethanol and allow to dry naturally. 384 
 385 
8.4. Storage 386 
 387 
8.4.1. After drying, place the worm sheet on a sterile Petri dish and cover it. Sheets can also be 388 
stored on Petri plates filled with 70% ethanol. 389 
 390 
NOTE: It is better to dispose of the cover films after use, but if they are to be re-used, clean them 391 
as done for the worm sheet. However, if folds develop on the cover film after use it will no longer 392 
adhere to the chip, resulting in dehydration of the animals, and it should therefore be replaced. 393 



   

   
 

 394 
REPRESENTATIVE RESULTS:  395 
Active C. elegans individuals could be immobilized successfully using an ultra-thin, wettable 396 
PDMS, microfluidic chip (worm sheet). We investigated the suitability of different cover films for 397 
sealing the worm sheet, as described in protocol section 3. To evaluate the sealing effects of the 398 
cover films, we determined the motility of animals 3 h after on-chip immobilization using cover 399 
glass (thickness: 130–170 µm), PET film (thickness: 125 µm), and PS film (thickness: ~130 µm), 400 
respectively. As shown in Figure 5, there was no significant difference in motility (body bends) 401 
between control animals allowed to move freely for 3 h and animals enclosed in the worm sheet 402 
with PS film. In contrast, motility was significantly reduced in animals enclosed under a cover 403 
glass. Some animals appeared to have dried out, suggesting that the water repellency of the 404 
cover glass repelled the droplet, preventing a close seal and allowing the animals to partially dry 405 
out, resulting in reduced motility. The motility of animals enclosed using a PET film was also 406 
significantly decreased; although no drying was observed, the animals’ motility tended to 407 
decrease uniformly, suggesting that the low oxygen transmission rate (~30 mL/[24 h·m²·MPa]), 408 
which is about 100 times lower than that of PS, caused the animals to suffocate. These results 409 
suggest that PS cover films should be used to enclose worms in the worm sheet. 410 
 411 
We also applied the worm sheet technique for imaging observations and to perform region-412 
specific microbeam irradiation. On-chip immobilization using a worm sheet with water retention 413 
and no autofluorescence was suitable for microscopic observation under live conditions. For 414 
example, we applied the technique to the HBR4 strain11 of C. elegans, in which a reporter gene 415 
expressed the calcium indicator GCaMP3.35 in all body-wall muscle cells. We observed the 416 
activities of all body-wall muscle cells in young adult worms at ≤3 days post-hatching in worm 417 
sheets with 50 µm-wide microfluidic channels, which allowed the animals space to bend slightly. 418 
The GCaMP3.35 signal intensity in the HBR4 strain corresponds to the contraction of the body-419 
wall muscle cells. The Ca2+ wave propagation corresponding to the muscular activity was clearly 420 
observed (Video 1). Additionally, we confirmed that the worm sheet had no autofluorescence as 421 
shown in the last stage (last ~10 s) of Video 1. In this way, the lack of need for anesthesia allowed 422 
the physiological activities of the muscle cells to be observed under live conditions. 423 
 424 
Furthermore, we applied the worm sheet for region-specific microbeam irradiation of C. elegans 425 
individuals. The multiple straight microfluidic channels on the worm sheet allowed multiple 426 
animals to be immobilized simultaneously, without the need for anesthesia, thus allowing 427 
sequential irradiation of ≥20 animals (enough for a group assay) in a short time (30 min for 20 428 
individuals).  429 
 430 
FIGURE LEGENDS: 431 
 432 
Figure 1: Schematic of a worm sheet. (A) Overview of a worm sheet with an American 1 cent 433 
coin for scale. The worm sheet was 300 µm thick, 15 mm wide, and 15 mm long. (B) The surface 434 
of the worm sheet contained 25 straight microfluidic channels (depth = 70 μm; width = 60 μm; 435 
length = 8 mm). (C) Schematic of the samples consisting of the bottom cover film, the worm sheet, 436 
and the cover film. (D) The worm sheet is a soft, ultra-thin sheet made from PDMS, and can be 437 



   

   
 

bent by pinching with flat tweezers. (E) Example of multiple animals enclosed in multiple channels. 438 
(F) Expansion of a microfluidic channel by pushing with a platina picker. The elasticity of the 439 
channel allows animals to be enveloped gently.  440 
 441 
Figure 2: Body form of C. elegans. (A) Wild-type (N2) C. elegans on an NGM plate. (B) An unc-442 
119 mutant with abnormal shape on an NGM plate. (C) The unc-119 mutants enclosed in the 443 
microfluidic channels of the worm sheet. 444 
 445 
Figure 3: Schematics of microscope observation of live C. elegans individuals enclosed in the 446 
worm sheet. (A) Schematic of the stereomicroscope system for imaging observations. (B) 447 
Schematic of microscope observation of the worm sheet enclosing live C. elegans individuals. (C) 448 
Sectional view of the worm sheet enclosing live C. elegans individuals placed on the microscope 449 
stage. W.D. indicates the working distance of microscope. 450 
 451 
Figure 4: Schematic of collimating microbeam system at QST-Takasaki and targeted microbeam 452 
irradiation procedure for live C. elegans individuals. (A) Overview of the collimating microbeam 453 
irradiation system5, which can use several heavy-ion particles accelerated from the azimuthally 454 
varying field cyclotron installed at the TIARA of QST-Takasaki. (B) Overview of the beam exit and 455 
the automatic stage for irradiation. (C) Sample setting on the automatic stage of the collimating 456 
microbeam system. (D) Vertical positioning of the irradiation sample conducted in the irradiation 457 
room. (E) Fine-tuning of irradiation area conducted in the irradiation-control room. (F) Targeted 458 
microbeam irradiation of live C. elegans. The pharynx was clicked-on as the targeted position and 459 
irradiated by pushing the irradiation button. 460 
 461 
Figure 5: Motility of C. elegans after on-chip immobilization using cover glass, polyester (PET) 462 
film, and polystyrene (PS) film. Bars indicate mean body bends of animals 3 h after on-chip 463 
immobilization or after free movement for 3 h on an NGM plate (control). Ten animals were 464 
examined and body bends were averaged among each group. Finally, data from five independent 465 
experiments were averaged for each group. Error bars represent standard error of the mean of 466 
five independent experiments. All data were analyzed using one-way ANOVA at the 0.05 (*) or 467 
0.01 (**) significance level.  468 
 469 
Video 1: Examples of imaging observations of muscular activities in C. elegans enclosed in a 470 
worm sheet. Calcium-ion wave propagation corresponding to contraction of the body-wall 471 
muscle cells during crawling in HBR4 C. elegans individuals enclosed in a worm sheet. The last 472 
~10 s were observed under bright-field illumination.  473 
 474 
Supplementary File 1: Example of dedicated sheet of paper (microbeam irradiation version). 475 
Draw an arrow to indicate the position of each animal in the channel. The direction of the arrow 476 
corresponds to the head. 477 
 478 
DISCUSSION:  479 
On-chip immobilization of C. elegans under live conditions using a wettable PDMS microfluidic 480 
chip enables the efficient targeted microbeam irradiation of multiple animals. The ease of 481 



   

   
 

handling and features to prevent drying make this system suitable for applications not only in 482 
microbeam irradiation, but also in several behavioral assays. These worm sheets have already 483 
been commercialized and can be easily obtained. Conventional microfluidic chips, such as 484 
olfactory chips, are associated with problems including clogging of animals and eggs in the closed 485 
microfluidic channels making it difficult to collect the animals, and thus such chips have tended 486 
to be disposable, thereby increasing the cost. In contrast, the microfluidic channels in the current 487 
worm sheet are open, making it easier to collect the animals. These worm sheets can therefore 488 
be used repeatedly, making them more economical. 489 
 490 
Recent technological innovations in PDMS microfluidic chips have shown an increasing trend in 491 
structural complexity and multifunctionality16, 18–23. However, we believe that it is important to 492 
make the system simple and easy to use. Indeed, in contrast to the use of conventional large 493 
microfluidic chips19–23 that require the attachment of a vacuum pump, the small size and simple 494 
design of the worm sheets allow procedures to be conducted easily within a limited space.  495 
 496 
The water retention performance of the worm sheets enables long-term observations to be 497 
carried out. In addition, the thickness of the sheet allows ion particles to pass through the 498 
samples, thus enabling targeted irradiation to be applied to active C. elegans individuals with a 499 
precise number of ion particles. These advantages of the worm sheets have greatly expanded the 500 
possibilities for biological experiments. 501 
 502 
We believe that it is important for biologists to develop new equipment and methods in order to 503 
improve the efficiency of their experiments and analyses. The worm sheets and microbeam 504 
irradiation software have been developed with this aim in mind, and have the potential to 505 
contribute to the success of future innovative experiments beyond their original objectives. 506 
 507 
To the best of our knowledge, our group is the first to develop this technology worldwide. 508 
However, its standardized use in the future will facilitate the application of targeted microbeam 509 
irradiation to animals under live conditions, thus helping to identify the roles of specific 510 
cells/tissues in internal processes. 511 
 512 
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mutant strain
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Gene Frames 25 µl (1.0 x 1.0 cm)
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IWAKI 60 mm/non-treated dish
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USA)

IWAKI 35 mm/non-treated dish MATSUNAMI GLASS IND. LTD.

Milli-Q Merck, France

Kimwipe S-200

Microsoft Co. Ltd, Redmond, WA, 
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WormStuff Worm Pick

Nippon Paper Crecia Co., Ltd., 

Tokyo, Japan

Research Stereo Microscope System

OLYMPUS CORPORATION, Tokyo, 
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Motorized Focus Stand for SZX16

OLYMPUS CORPORATION, Tokyo, 

Japan

Objective Lens (×1)

OLYMPUS CORPORATION, Tokyo, 

Japan

Objective Lens (×2)

OLYMPUS CORPORATION, Tokyo, 

Japan

Mercury Light Source

OLYMPUS CORPORATION, Tokyo, 

Japan

Table of Materials Click here to access/download;Table of Materials;Table of
Materials_R2.xlsx

http://www.editorialmanager.com/jove/download.aspx?id=919410&guid=f35bac26-8299-4285-ae65-236343b9c997&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=919410&guid=f35bac26-8299-4285-ae65-236343b9c997&scheme=1


SZX16 Fluorescent filter unit (High 

performance for CFP)

OLYMPUS CORPORATION, Tokyo, 

Japan

Digital Camera High Speet EXILIM

Thermo Fisher Scientific Inc., MA, 

USA) 

Offce 2013 

TORAY INDUSTRIES, INC., Tokyo, 

Japan



Catalog Number

1010-060

1010-035

BCM17-0001

BCM18-0001

BCM18-0002

Lumirror T60 (t 125 µm)

N2

CB4845

HBR4

OP50

EX-F1

59-AWP

C030401

EXCEL

62020

SZX16

SZX2-ILLB

SDFPLAPO1×PF

SDFPLAPO2XPFC

U-LH100HG



SZX2-FCFPHQ

AB-0576

BCM18-0001/ BCM18-0002



Comments/Description

Non-treated dish used in incuvation of C. elegans  in Protocol 1

Non-treated dish used in locomotion assays in Protocol 3

Microfluidic chip with 25 straight 50/60-µm width channels used in all 

experiments and observation in this paper 

Microfluidic chip with 20 straight 60 µm-width channels. This is sitable for 

adults 3-5 days after hatching at 20°C. 

Microfluidic chip with 20 straight 50 µm-width channels. This is sitable for 

youg adults ~3 days after hatching at 20°C. 

PET filim (thickness: 125 µm) used in locomotion assays in Protocol 3

Wild-type C. elegans strain generally used in this study

C. elegans strain only employed as an example of mutants with 

abnormal body shape 
The genotype of this transgenic C. elegans  strain is HBR4:goeIs3[pmyo-

3::GCamP3.35::unc-54–3’utr, unc-119(+)]V . This strain was only 

E. coli strain used as food for C. elegans .

Figure 1B, 1E, 1F, Figure 2A-C, and Video 1 were obtained by using this digital 

camera.

Platina picker specilized for picking up C. elegans

Cover glass (thickness: 130-170 µm) used in locomotion assays in Protocol 3

Ultrapure water

Software used for statistical analyses

120 mm x 215 mm; 200 sheets/ box

Micriscope used in all experiments and observation in this paper

This was used for bright field observation in Protocol 3-8.

NA: 0.15; W.D.: 60 mm. This lends was used for bright field observation in 

Protocol 3-8.

NA: 0.3; W.D.: 20 mm. This  lends was used for imaging observations.

The broad emission spectrum enables a range of fluorescence imaging 

experiments to be conducted using all common fluorophores. 



Ex: 425–445 nm; Em: 460–510. This was used for imaging observation of 

HBR4 strain.

100 frames and polystyrene coverslips (thickness:~130 µm)

Bundled items of Worm Sheets. PS filim (thickness: 130 µm) used in 

locomotion assays in Protocol 3. 
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JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 





Reply to Editor 

Thank you for the valuable suggestions and constructive comments regarding our manuscript. We 

have revised the manuscript in accordance with your suggestions and comments. We have included 

our point-by-point responses to your comments below in red. In addition, changes in the revised 

manuscript in response to the comments are written in red. 

 

Editorial comments: 

Changes to be made by the author(s) regarding the written manuscript: 

Editorial comments: 

 

1) Please see the attached word document. In-text comments have been made; these require your 

attention. Please address the comments by editing your manuscript/figures. Please maintain the 

current format and track all your edits.  

 

Line 100: PROTOCOL 

Some steps were edited for language and structure to meet JoVE’s requirements. 

Thank you for editing. 

 

Line 107: N210 

Add all worm strains to the materials table. 

We have added three worm strains to the material table. 

 

Line 114: NGM 

Add to the table of materials 

The nematode growth medium (NGM) is not a product. As referred in this sentence, the NGM is 

prepared based on the previous established method (ref #10). The “NGM” is the well-known term 

for worm researchers, we think that the additional information is not required. 

 

Line 114: E. coli 

Add the strain to the table of materials 

We have a bacterial strain to the material table. 

 

Line 159: platina picker 

Add to the table of materials. 

The platina picker has been already included in the material table. 

 

Line 191: pick up 
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Is this done under a microscope? 

Yes, this is done under a microscope. We have added this information. 

 

Line 215: ≤3 µL 

The range is a bit open ended. Can you provide an upper limit? 

The droplet is approximately 2-3 µL. We have revised the description. 

 

Line 229: microscope 

Mention magnification 

As an example of the possible microscopes using for this purpose, we have already included a 

stereomicroscope in the material table. 

 

Line 232: a dedicated sheet 

Spreadsheet? Sheet of paper? Since you talk about worm sheets, this is a bit confusing. 

This is a sheet of paper. In accordance with your comments, we have changed the term “sheet” to 

“sheet of paper”.   

 

Line 232: (Supplement 1) 

Not provided with submission files. 

We are so sorry. We have provided the file. 

 

Line 248: ≥10 µL 

The range is a bit open ended. Can you provide an upper limit? 

The droplet is approximately 10–15 µL. We have revised the description.  

In concern with this, we have newly selected this section (Protocol 5) for filming. 

 

Line 248: observe 

Is a microscope needed? If so mention the magnification. 

Yes, this is done under a microscope. We have revised the description. 

As an example of the possible microscopes using for this purpose, we have already included a 

stereomicroscope in the material table. 

 

Line 254: irradiation 

Please reference the step number. 

We have revised to refer to Protocol 7.9. 

 



Line 254: immobilization 

Please reference the step number. 

We have revised to refer to Protocol 4.2–4.5. 

In concern with this, we have moved Protocol 4.3 to before Protocol 4.1. 

 

Line 268: 6.1. Select a …  

Nothing to film so I have unhighlighted. 

We agree with your suggested changes. 

 

Line 268: fluorescence microscope 

Please provide additional specifications, e.g. excitation light source intensity and wavelength. 

Emission filter wavelength, lens magnification and N.A. 

The specification of the fluorescence microscope system used for in Protocol 3 is as follows: 

Excitation filter wavelength: 425-445 nm 

Emission filter wavelength: 460-510 nm 

Lens magnification: x2 

N.A.: 0.3 

However, the needed specification of the system depends on both users and/or the purpose of 

observations, and our system shown in this paper is only an example of possible systems.  

Therefore, we did not describe the specification in the main text and only referred to the material 

table.  

We have updated the material table and have added the description in Note of Protocol 6.1 as 

follows: 

The specification of the fluorescence microscope system used for in this paper is shown in Table of 

Materials. However, the needed specification is not limited to our example because it depends on 

the purpose of observation or/and users. 

 

Line 269: (Figure 3A) 

Add the microscope, optical components and camera to the table of materials. 

We have updated the material table.  

 

Line 271: objective lens 

Magnification and N.A? 

As described above, the lens magnification is x2, and N.A. is 0.3.  

However, the needed specification of the system depends on users and/or the purpose of 

observations, and our system shown in this paper is only an example of possible systems.  

Therefore, we did not describe the specification in the main text and only referred to the material 

table.  



 

Line 274: section 1 

I added this for clarity. Please verify that this is okay. I have unhighlighted this as it lacks filmable 

content. 

Thank you for this revision. We agree with this revision. 

 

Line 277: adult HBR411 

Please add the strains to the table of materials. 

We have added the strain to the material table. 

 

Line 287: microscope 

Please provide additional specifications, e.g. excitation light source intensity and wavelength. 

Emission filter wavelength, lens magnification and N.A. 

As described above, we have updated the material table and have referred to it. 

 

Line 289: established methods14–16 

I made this a note and unhighlighted it. Anything you wish to film must be described in the current 

manuscript. 

We agree with your revision. There is no additional information to be filmed. 

 

Line 290: … present study are in general use. 

Unclear what is meant. 

We have revised the description as follows: 

Follow the previously established methods14–16, since the microscope observation methods 

(including fluorescence observation) and the specification of the microscope system depend on the 

purpose of observation. 

 

Line 292: Image 

This step lacks details. What is the dye concentration? 

We have no evidence on the dye concentration and don’t intend to add descriptions. 

 

Line 292: calcium-ion 

A calcium dye was not used so far. Please add a step to describe this. 

We have no evidence on the dye concentration and don’t intend to add descriptions. 

 

Line 300: microbeam 

What kind of radiation beam is used? Gamma-photons? 



We used heavy ions such as carbon ions.  

We have added the information. 

 

Line 405: (~30 mL/(24 h·m²·MPa) 

Reference? Please double check that the units are correct 

It is well-known that PET has low oxygen transmission, which is about 100 times lower than that of 

PS. However, the value depends on the product (thickness, fabrication method, etc.).  

We have removed the value from this sentence, and instead of this, we have referred to the catalog 

(ref. new #17) regarding to PET film (TORAY Lumirror) used in the Protocol 3. The data shown in 

the catalog indicates the oxygen transmission rate of PET films is about 100 times lower than that of 

PS films. 

 

Line 406: 100 times lower than that of PS 

Reference? 

As described above, we have referred to the catalog of PET film (ref. new #17) in this sentence. 

 

Line 422: microbeam irradiation 

Are any results available to demonstrate the outcomes of the irradiation? This can be cited as a 

reference to a previous publication. 

We are sorry, but we have no data to be included in this paper.  

Actually, we have submitted another paper regarding this microbeam irradiation of C. elegans, and 

we may refer to it here if it was published before this paper.   

 

Line 463: each group. Error bars represent standard error of the mean of five independent 

experiments. All data were analyzed using one-way ANOVA at the 0.05 (*) or 0.01 (**) significance 

level. From the data no significant differences were observed? Correct? 

We forgot to indicate asterisks (* and **) on the graph. 

We have revised the graph and provided the revised Figure 5. 

 

Line 472: Supplement 1 

File missing 

We are so sorry. We have provided the file. 

 

 

2) If you are re-using figures from a previous publication, please obtain explicit permission to re-use 

the figure from the previous publisher (this can be in the form of a letter from an editor or a link to 

the editorial policies that allows you to re-publish the figure). Please upload the text of the re-print 

permission (may be copied and pasted from an email/website) as a Word document to the Editorial 



Manager site in the "Supplemental files (as requested by JoVE)" section. Please also cite the figure 

appropriately in the figure legend, i.e. "This figure has been modified from [citation]."  

There are no figures in the manuscript in need of copyright permission. 
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