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selection of the cover films used for enclosing the animals is very important for successful long-
term immobilization, we conducted the selection of the suitable cover films and showed a
recommended one among some films. As an application example of the chip, we introduced
imaging observation of muscular activities of animals enclosing the microfluidic channel of the
worm sheet, as well as the microbeam irradiation. These examples indicate that the worm sheets
have greatly expanded the possibilities for biological experiments.

INTRODUCTION:

Radiation, including X-rays, gamma rays, and heavy-ion beam, is widely used for biological
applications such as in cancer diagnosis and treatment, and for ion-beam breeding. Numerous
studies and technical developments are currently focusing on the effects of radiation'=.
Microbeam irradiation is a powerful means of identifying radiosensitive sites in living organisms®.
The Takasaki Advanced Radiation Research Institute of National Institutes for Quantum and
Radiological Science and Technology (QST-Takasaki) has been developing a technology to
irradiate individual cells under microscopic observation using heavy-ion microbeams®, and has
established methods to enable targeted microbeam irradiation of several model animals, such as
the nematode Caenorhabditis elegans*®, silkworms’, and Oryzias latipes (Japanese medaka)?.
Targeted microbeam irradiation of the nematode C. elegans allows the effective knockdown of
specific regions, such as the nerve ring in the head region, thus helping to identify the roles of
these systems in processes such as locomotion.

A method for on-chip immobilization of C. elegans individuals without the need for anesthesia
has been developed to allow for microbeam irradiation®. In addition, to improve microfluidic
chips used in the previous study?, we have recently developed wettable, ion-penetrable,
polydimethylsiloxane (PDMS) microfluidic chips, referred to as worm sheets (see Table of
Materials), for immobilizing C. elegans individuals®. These comprise of ultra-thin soft sheets
(thickness = 300 um; width = 15 mm; length = 15 mm) with multiple (20 or 25) straight
microfluidic channels (depth = 70 um; width = 60 um or 50 um; length = 8 mm) at the surface
(Figure 1A-D). The microfluidic channels are open and allow multiple animals to be enclosed in
them simultaneously (Figure 1E). The sheets are resilient to allow the microfluidic channels to be
expanded (by ~10%, Figure 1F), and the elasticity allows animals to be enveloped gently. Also,
owing to the self-adsorption capacity of the PDMS, animals can be sealed in the channels by
covering the surface of the worm sheet with a thin cover film, in which animals are not pushed
into the channels for enclosure. By turning the cover film over, we can easily collect the worms.

The channels do not hurt the worms when they are being enclosed or when they are collected.
Furthermore, the sheets are made from PDMS, which is essentially hydrophobic, but water
retention can be achieved by imparting hydrophilicity to the material. The water retention and
thickness are favorable characteristics of the worm sheets. The water-retention capacity
prevents dehydration of the animals after prolonged immobilization and enables long-term
observations to be carried out.

In addition, as described previously®, the sheets are only 300 um thick, allowing heavy ions such
as carbon ions (with a range of about 1 mm in water) to pass through the sheet enclosing the
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animals. This allows the ion particles to be detected and the applied radiation dose to be
measured accurately. Moreover, the worm sheets can be reused and are thus economical. With
the conventional injection method, the animals enclosed are sometimes dead and they cannot
be taken out of the channel; their eggs can also clog the channels. This makes the chip unusable.
Chips are, therefore, basically disposable and the cost-benefit ratio is poor.

In the present paper, we describe in detail a series of methods for on-chip immobilization of live
C. elegans individuals using these worm sheets. Thorough locomotion assays of animals 3 h after
on-chip immobilization, we evaluated the suitable cover film. In addition, we showed the
examples of on-chip immobilization for both imaging observations and microbeam irradiation.

PROTOCOL:
1. Strains and maintenance

1.1. Select a suitable strain of C. elegans and Escherichia coli (food) depending on the purpose of
the experiment.

NOTE: In the present paper, wild-type N2 C. elegans (Figure 2A) is generally used, and
HBR4:goels3[pmyo-3::GCamP3.35::unc-54 -3’utr, unc-119(+)JV*! is only employed for imaging
assay. E. coli OP50 was used as food for C. elegans. Some mutants with abnormal body shape,
such as the unc-119(e2498) Il mutant with a coiled shape (Figure 2B), also can be enclosed in the
straight microfluidic channels (Figure 2C).

1.2. Maintain the C. elegans at 20 °C on 6 cm Petri dishes containing 10 mL of nematode growth
medium (NGM) spread with overnight-incubated (37 °C) E. coli as described previously®. If
possible, synchronize the developmental stages of C. elegans from the embryo stage.

1.3. Use well-fed adult animals, approximately 3—4 days after hatching with a width of about 50—
60 um, which are optimally suited to the size of the microfluidic channels in the worm sheets.

2. Selection of buffer solution for on-chip immobilization

2.1. For wettable worm sheets, use any buffer solution depending on the purpose of the
experiments.

NOTE: Suitable buffer solutions for on-chip immobilization on PDMS microfluidic chips have been
defined previously® and the following buffer solutions were shown to have no effect on the
motility of the animals after immobilization: S basal buffer solution (5.85 g of NaCl, 1 mL of
cholesterol (5 mg/mL in ethanol), 50 mL of 1 M pH 6.0 potassium phosphate, H,0 to 1 L; sterilized
by autoclaving)!© containing a large amount of NaCl, M9 phosphate buffer solution (5 g of NaCl,
3 g of KH2POy4, 6 g of Na;HPO4, 1 mL of 1 M MgSQs, H20 to 1 L; sterilized by autoclaving)'?, wash
buffer solution (5 mL of 1 M pH 6.0 potassium phosphate, 1 mL of 1 M CaClz, 1 mL of 1 M MgSOQa,
0.5 g pf gelatin, H,0 to 1 L; sterilized by autoclaving)!? containing gelatin, and ultrapure water®.
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In the present paper, wash buffer solution is typically used, and S basal buffer solution is only
employed for evaluating on-chip immobilization using different cover films in the section 3.

2.2. For conventional microfluidic chips without wettability, use a wash buffer solution, which
provides the most effective means of maintaining moisture in the microfluidic channels of the
chip and thus prevents drying of C. elegans individuals (regardless of the wettability of the
microfluidic chips).

3. Selection of suitable cover film for on-chip immobilization

3.1. Prepare different cover films as follows. Based on the ease of handling, cut the following
transparent, biocompatible cover films to a suitable size (i.e., width of 10-15 mm and length of
30-50 mm): 130-170 um thick cover glass, 125 um thick polyester (PET) film, and ~130 um thick
polystyrene (PS) film.

3.2. Perform 3 h on-chip immobilization using different cover films as follows. Based on steps
4.1-4.6, enclose 210 washed adult worms (3.5 days after hatching) in the worm sheet using each
cover film, respectively, and leave for 3 h.

3.3. Allow 3 h of free movement as follows. For comparison purposes, place 210 washed adult
worms on a 3.5 cm plate containing 3 mL fresh NGM, cover with a lid, and leave for 3 h.

3.4. Collect animals immediately after 3 h of on-chip immobilization. Remove the cover film from
the worm sheet and add a drop of buffer solution to each animal, according to steps 5.1-5.3.

3.5. Collect animals after 3 h of free movement. Pick up animals swimming in the droplet using a
platina picker and transfer them to a 3.5 cm plate containing 3 mL fresh NGM without food (assay
plate). Add a drop of buffer solution to each animal. Pick up animals swimming in the droplet on
the NGM plate and transfer them to an assay plate using a platina picker.

3.6. Evaluate the effects of cover film on motility (locomotion assay).

3.6.1. At least 5 min after transfer to the assay plate, count ‘body bends’ (defined as the number
of bends in the anterior body region at 20-s intervals) manually under a microscope®3.

3.6.2. Carry out locomotion assays five times independently for each cover film.
NOTE: In the experiments shown in the representative results, 10 animals were evaluated for
each experiment in which multiple animals were enclosed simultaneously, compared with only

five animals counted in the previous study®3.

3.6.3. Calculate the average number of body bends for the 10 animals in each group for each
experiment. Then average the values from five independent experiments to evaluate the effects
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of on-chip immobilization. Analyze the data statistically using a one-way analysis of variance
(ANOVA) test in a spreadsheet software at significance levels of 0.01 and 0.05.

NOTE: Based on these experiments, a PS film with high oxygen permeability was deemed suitable
(see the representative results). These PS cover films are included with the worm sheets, but
other PS coverslips are also suitable. PET film, which has low oxygen permeability, was not
deemed suitable because the animals tended to suffocate if covered with it during long-term
immobilization on the worm sheets. It is also important that the cover film does not break during
a series of procedures; glass covers with water repellency were therefore also unsuitable (see
the representative results).

4. On-chip immobilization
NOTE: Disposable, sterile gloves should be worn to avoid contaminating the worm sheets.

4.1. Place a thin transparent sheet such as a PS or glass cover film which has no autofluorescence,
for use as a bottom cover film, onto the experimental desk or bench. Place a worm sheet gently
onto the bottom cover film using flat tweezers.

NOTE: In addition to the worm sheets with 60 um-wide microfluidic channels (suitable for adults
3—-4 days after hatching), sheets with 50 um-wide channels (suitable for young adults 3 days after
hatching and mutants with small body in adult stage) can also be employed. Select a suitable
sheet based on the size of the animals to be used.

4.2. To collect animals, pick up an individual adult C. elegans from the culture plate under a
stereomicroscope using a platina picker. Repeat the process if multiple animals are needed.

4.3. Wash animals to remove food (bacteria).

4.3.1. Place at least three droplets (5 pL drops) of buffer solution on the surface of a 6 cm non-
treated (water-repellent) Petri plate.

4.3.2. Transfer the animals to a droplet using a platina picker and allow them to remove any food
by swimming. Wash them twice in two separate droplets, and then rinse the animals in another
droplet.

NOTE: It is necessary to practice this procedure to be able to perform it quickly before carrying
out any experiments.

4.4. Drop 2-3 L of buffer solution onto the surface of a worm sheet. Pick up the washed animals
from the droplet on the Petri dish and transfer them to the droplet on the worm sheet.
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4.5. Enclose animals in microfluidic channels as follow. Place a PS cover film over the worm sheet
using flat tweezers and press gently over the channels from one end of the sheet to the other to
maintain humidity (as described previously*?).

NOTE: Animals are randomly enclosed in the channels. Droplets containing animals are spread
across the worm sheet by covering the sheet, resulting in droplets being widely extended over
several channels. Each animal can be enclosed in any one of these channels. The important point
regarding the use of the worm sheet for on-chip immobilization is that multiple channels are
available over a wide area.

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

4.7. Record animal’s position, at the same time as carrying out step 4.6 and note the following
on a dedicated sheet of paper (Supplementary File 1): number of the channel in which the animal
is enclosed; position of each animal in the channel (left/center/right); and direction of the head.

4.8. Draw an arrow to mark the position of each animal in the channel, with the direction of the
arrow corresponding to the animal’s head.

NOTE: The channel numbers (e.g., 1, 5, 10, 15, 20, 25) are engraved on the surface of the worm
sheet near the left and right edges of the microfluidic channels (Figure 1B). This information on
the dedicated sheet allows animals to be located quickly, making the process more efficient, and
also helps to prevent radiation leakage during subsequent steps.

5. Collection of animals from a worm sheet

5.1. Immediately after immobilization, remove the cover film from the worm sheet using flat
tweezers.

5.2. Drop 10-15 puL buffer solution onto the microfluidic channels enclosing the animals and
observe the animals starting to swim in the droplets under a stereomicroscope.

NOTE: The animals start swimming in the new droplet on their own without any additional
pressure, help, or push. Just dropping some buffer on top of them is enough to make them swim
out of the channel. An animal may be unable to swim in a droplet if it has been vitally damaged
by irradiation in step 7.9 or by the immobilization process in steps 4.2—4.5, though this is rare. In
addition, if the animal remains attached to the cover film when it is removed, add the droplets
onto the cover film instead of into the channels.

5.3. Pick up the animals swimming in the droplet using a platina picker and place them on an
assay plate.

6. Application of worm sheets for imaging observations
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NOTE: Worm sheets can be widely used in microscopic observations. The chip can retain water
and does not affect the motility of C. elegans individuals after 3 h of on-chip immobilization®. In
addition, the chip itself has no autofluorescence, making it suitable for use in fluorescence
imaging assays. A sample application for fluorescence imaging assay is given below.

6.1. Select a fluorescence microscope and mount a digital camera or digital video camera on the
microscope to capture images or videos, respectively (Figure 3A).

NOTE: The working distance (WD) of microscope is more than 0.2 mm depending on objective
lens specification (see Figure 3B,C). The specification of the fluorescence microscope system used
in this paper is shown in the Table of Materials. However, the specification is not limited to our
example because it depends on the purpose of observation or/and users.

6.2. Select any fluorescent strain of C. elegans and maintain as described in section 1.

NOTE: If it is necessary to observe the body-wall muscular contraction (see representative
results), use young adult HBR4! C. elegans, in which a reporter gene is used to express the
calcium indicator GCaMP3.35 in all body-wall muscle cells. It is important to use young adults (<3
days after hatching) that are thinner than the width of the microfluidic channels (50 or 60 um) of
the worm sheet. The small degree of clearance means that the animals can bend slightly, making
it possible to observe the muscular contraction and extension during crawling, using a calcium-
ion indicator.

6.3. Carry out enclosure of animals according to the immobilization procedure in section 4.

6.4. Observe fluorescent spots of animals (e.g., green fluorescent protein-labeled strains) using a
fluorescence microscope, and capture images using a digital camera mounted on the microscope.

NOTE: Follow the previously established methods!*¢, since the microscope observation
methods (including fluorescence observation) and the specification of the microscope system
depends on the purpose of the observation.

6.5. Image calcium-ion wave propagation using video acquisition to observe dynamic activities,
such as the body-wall muscular contraction and extension in the HBR4 worms (Video 1).

7. Application of worm sheets for microbeam irradiation

NOTE: The collimating microbeam irradiation system® can use several heavy-ion particles
accelerated from the azimuthally varying field cyclotron installed at the Takasaki lon Accelerators
for Advanced Radiation Application (TIARA) facility of QST-Takasaki (Figure 4A). There is an
automatic stage for irradiation under the beam exit (Figure 4B). The procedure for heavy-ion
microbeam irradiation of C. elegans using this system is as follows.
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7.1. Locate the worm sheet enclosing multiple animals on an aluminum frame custom-made for
the microbeam-irradiation facility and set it on the automatic stage for irradiation (Figure 4C).

7.2. Raise the irradiation sample (i.e., animals enclosed in a worm sheet on a frame), to
immediately under (~2 mm) the beam exit based on the monitor image from a microscope
located under the automatic stage (Figure 4D).

7.3. After vertical positioning, locate each animal to target with the microbeam irradiation using
the custom-made software for targeted irradiation of animals and cell cultures. To locate each
animal enclosed in the microfluidic channel, refer to the dedicated sheet described in step 4.7
(see Supplement 1) and confirm the channel number near the left and right edges of the channels.

7.4. Control the automatic stage in the X and Y directions to position the animals just under the
beam exit using a remote-control system and a laser mouse operated with the irradiation
software.

7.5. Roughly tune the irradiation area by watching the projection from the microscope located
under the automatic stage of the sample and moving the cursor to the irradiation position of the
animal to be targeted.

7.6. After rough positioning, exit and close the irradiation room and move to the adjacent control
room to avoid irradiating the operators.

7.7. Set the desired number of ion particles for one irradiation procedure, corresponding to
irradiation of a specific region of the animal, using the console linked to an ion-counter system.

NOTE: This consists of a plastic scintillator and a photoelectron multiplier in the collimating
microbeam irradiation system.

7.8. From the irradiation-control room, fine-tune the position of the animals based on the
monitor image from the microscope located under the automatic stage, which is the same image
projected on the monitor in the irradiation room (Figure 4E).

7.9. Target the microbeam irradiation by click the irradiation button of the software for
irradiation.

NOTE: In the example shown in Figure 4F, we target the pharynx in the head region and irradiate
with the appropriate number of microbeam carbon ions. Because the number of ion particles
passing through the sample is counted using an ion-counter system linked to the console and the
irradiation software, the irradiation is stopped after delivery of the desired number of ion
particles.

7.10. Locate each animal recorded on the dedicated sheet and carry out targeted irradiation to
each animal. Repeat steps 7.8 and 7.9 until all animals have been irradiated.
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7.11. Immediately after irradiation, enter the irradiation room and lower the automatic
irradiation stage. Remove the sample on the custom-made frame located on the automatic stage.

7.12. Immediately after irradiation, collect the animals as described in steps 5.1-5.3.

7.13. Carry out behavioral and/or molecular analyses as required to evaluate the effects of the
targeted irradiation, depending on the purpose of the study.

NOTE: The locomotion assay described in step 3.6 is an effective method for evaluating the
effects of irradiation on motility*°.

8. Treatment of worm sheets for repeated use

NOTE: Worm sheets can be used repeatedly at least 10 times® with no adverse effects on the
animals if cleaned and sterilized properly after use as follows.

8.1. Cleaning

8.1.1. Place the used worm sheet on a 6 cm Petri dish and drop about 100 pL of sterilized
ultrapure water onto the whole sheet.

8.1.2. Paddle the water on the surface of the sheet using gloved fingers to wash off dirt such as
dust, bacterial food, and any eggs laid in the channels.

8.1.3. Wipe the moisture off the worm sheet thoroughly using disposable wipes.
8.2. Sterilization

8.2.1. Inject about 5 mL of 70% ethanol into the Petri dish containing the worm sheet and paddle
the surface of the sheet using gloved fingers to wash off the dirt.

8.3. Drying
8.3.1. Remove the chips from the Petri dish filled with 70% ethanol and allow to dry naturally.
8.4. Storage

8.4.1. After drying, place the worm sheet on a sterile Petri dish and cover it. Sheets can also be
stored on Petri plates filled with 70% ethanol.

NOTE: It is better to dispose of the cover films after use, but if they are to be re-used, clean them
as done for the worm sheet. However, if folds develop on the cover film after use it will no longer
adhere to the chip, resulting in dehydration of the animals, and it should therefore be replaced.
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REPRESENTATIVE RESULTS:

Active C. elegans individuals could be immobilized successfully using an ultra-thin, wettable
PDMS, microfluidic chip (worm sheet). We investigated the suitability of different cover films for
sealing the worm sheet, as described in protocol section 3. To evaluate the sealing effects of the
cover films, we determined the motility of animals 3 h after on-chip immobilization using cover
glass (thickness: 130-170 um), PET film (thickness: 125 um), and PS film (thickness: ~130 um),
respectively. As shown in Figure 5, there was no significant difference in motility (body bends)
between control animals allowed to move freely for 3 h and animals enclosed in the worm sheet
with PS film. In contrast, motility was significantly reduced in animals enclosed under a cover
glass. Some animals appeared to have dried out, suggesting that the water repellency of the
cover glass repelled the droplet, preventing a close seal and allowing the animals to partially dry
out, resulting in reduced motility. The motility of animals enclosed using a PET film was also
significantly decreased; although no drying was observed, the animals’ motility tended to
decrease uniformly, suggesting that the low oxygen transmission rate (~30 mL/[24 h-m?-MPa]),
which is about 100 times lower than that of PS, caused the animals to suffocate. These results
suggest that PS cover films should be used to enclose worms in the worm sheet.

We also applied the worm sheet technique for imaging observations and to perform region-
specific microbeam irradiation. On-chip immobilization using a worm sheet with water retention
and no autofluorescence was suitable for microscopic observation under live conditions. For
example, we applied the technique to the HBR4 strain'? of C. elegans, in which a reporter gene
expressed the calcium indicator GCaMP3.35 in all body-wall muscle cells. We observed the
activities of all body-wall muscle cells in young adult worms at <3 days post-hatching in worm
sheets with 50 um-wide microfluidic channels, which allowed the animals space to bend slightly.
The GCaMP3.35 signal intensity in the HBR4 strain corresponds to the contraction of the body-
wall muscle cells. The Ca?* wave propagation corresponding to the muscular activity was clearly
observed (Video 1). Additionally, we confirmed that the worm sheet had no autofluorescence as
shown in the last stage (last ~10 s) of Video 1. In this way, the lack of need for anesthesia allowed
the physiological activities of the muscle cells to be observed under live conditions.

Furthermore, we applied the worm sheet for region-specific microbeam irradiation of C. elegans
individuals. The multiple straight microfluidic channels on the worm sheet allowed multiple
animals to be immobilized simultaneously, without the need for anesthesia, thus allowing
sequential irradiation of 220 animals (enough for a group assay) in a short time (30 min for 20
individuals).

FIGURE LEGENDS:

Figure 1: Schematic of a worm sheet. (A) Overview of a worm sheet with an American 1 cent
coin for scale. The worm sheet was 300 um thick, 15 mm wide, and 15 mm long. (B) The surface
of the worm sheet contained 25 straight microfluidic channels (depth = 70 um; width = 60 um;
length =8 mm). (C) Schematic of the samples consisting of the bottom cover film, the worm sheet,
and the cover film. (D) The worm sheet is a soft, ultra-thin sheet made from PDMS, and can be
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bent by pinching with flat tweezers. (E) Example of multiple animals enclosed in multiple channels.
(F) Expansion of a microfluidic channel by pushing with a platina picker. The elasticity of the
channel allows animals to be enveloped gently.

Figure 2: Body form of C. elegans. (A) Wild-type (N2) C. elegans on an NGM plate. (B) An unc-
119 mutant with abnormal shape on an NGM plate. (C) The unc-119 mutants enclosed in the
microfluidic channels of the worm sheet.

Figure 3: Schematics of microscope observation of live C. elegans individuals enclosed in the
worm sheet. (A) Schematic of the stereomicroscope system for imaging observations. (B)
Schematic of microscope observation of the worm sheet enclosing live C. elegans individuals. (C)
Sectional view of the worm sheet enclosing live C. elegans individuals placed on the microscope
stage. W.D. indicates the working distance of microscope.

Figure 4: Schematic of collimating microbeam system at QST-Takasaki and targeted microbeam
irradiation procedure for live C. elegans individuals. (A) Overview of the collimating microbeam
irradiation system®, which can use several heavy-ion particles accelerated from the azimuthally
varying field cyclotron installed at the TIARA of QST-Takasaki. (B) Overview of the beam exit and
the automatic stage for irradiation. (C) Sample setting on the automatic stage of the collimating
microbeam system. (D) Vertical positioning of the irradiation sample conducted in the irradiation
room. (E) Fine-tuning of irradiation area conducted in the irradiation-control room. (F) Targeted
microbeam irradiation of live C. elegans. The pharynx was clicked-on as the targeted position and
irradiated by pushing the irradiation button.

Figure 5: Motility of C. elegans after on-chip immobilization using cover glass, polyester (PET)
film, and polystyrene (PS) film. Bars indicate mean body bends of animals 3 h after on-chip
immobilization or after free movement for 3 h on an NGM plate (control). Ten animals were
examined and body bends were averaged among each group. Finally, data from five independent
experiments were averaged for 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.

Video 1: Examples of imaging observations of muscular activities in C. elegans enclosed in a
worm sheet. Calcium-ion wave propagation corresponding to contraction of the body-wall
muscle cells during crawling in HBR4 C. elegans individuals enclosed in a worm sheet. The last
~10 s were observed under bright-field illumination.

Supplementary File 1: Example of dedicated sheet of paper (microbeam irradiation version).
Draw an arrow to indicate the position of each animal in the channel. The direction of the arrow
corresponds to the head.

DISCUSSION:
On-chip immobilization of C. elegans under live conditions using a wettable PDMS microfluidic
chip enables the efficient targeted microbeam irradiation of multiple animals. The ease of
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handling and features to prevent drying make this system suitable for applications not only in
microbeam irradiation, but also in several behavioral assays. These worm sheets have already
been commercialized and can be easily obtained. Conventional microfluidic chips, such as
olfactory chips, are associated with problems including clogging of animals and eggs in the closed
microfluidic channels making it difficult to collect the animals, and thus such chips have tended
to be disposable, thereby increasing the cost. In contrast, the microfluidic channels in the current
worm sheet are open, making it easier to collect the animals. These worm sheets can therefore
be used repeatedly, making them more economical.

Recent technological innovations in PDMS microfluidic chips have shown an increasing trend in
structural complexity and multifunctionality® 1823, However, we believe that it is important to
make the system simple and easy to use. Indeed, in contrast to the use of conventional large
microfluidic chips'®23 that require the attachment of a vacuum pump, the small size and simple
design of the worm sheets allow procedures to be conducted easily within a limited space.

The water retention performance of the worm sheets enables long-term observations to be
carried out. In addition, the thickness of the sheet allows ion particles to pass through the
samples, thus enabling targeted irradiation to be applied to active C. elegans individuals with a
precise number of ion particles. These advantages of the worm sheets have greatly expanded the
possibilities for biological experiments.

We believe that it is important for biologists to develop new equipment and methods in order to
improve the efficiency of their experiments and analyses. The worm sheets and microbeam
irradiation software have been developed with this aim in mind, and have the potential to
contribute to the success of future innovative experiments beyond their original objectives.

To the best of our knowledge, our group is the first to develop this technology worldwide.
However, its standardized use in the future will facilitate the application of targeted microbeam
irradiation to animals under live conditions, thus helping to identify the roles of specific
cells/tissues in internal processes.
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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-um width channels used in all
experiments and observation in this paper

Microfluidic chip with 20 straight 60 um-width channels. This is sitable for
adults 3-5 days after hatching at 20°C.

Microfluidic chip with 20 straight 50 um-width channels. This is sitable for
youg adults ~3 days after hatching at 20°C.

PET filim (thickness: 125 um) 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:goels3[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 um) 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 pum)
Bundled items of Worm Sheets. PS filim (thickness: 130 um) used in
locomotion assays in Protocol 3.
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provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
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

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.



discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12, Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a USS$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR

Name: Michiyo Suzuki

Department: Department of Radiation-Applied Biology Research

It National Institutes for Quantum and Radiological Science and Technology
Title: Dr.

Signature: WW Date: W 28th , 2008

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140

612542.6

For questions, please contact us at submissions@jove.com or +1.617.945.9051.



Response letter_R2 Click here to access/download;Rebuttal Letter;Response
letter_R2.pdf

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


http://www.editorialmanager.com/jove/download.aspx?id=919121&guid=486144d2-b639-4a53-840a-6837a6ac5e92&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=919121&guid=486144d2-b639-4a53-840a-6837a6ac5e92&scheme=1

Is this done under a microscope?

Yes, this is done under a microscope. We have added this information.
Line 215: <3 uL

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

The droplet is approximately 2-3 pL. 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 uL

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

The droplet is approximately 10—15 pL. 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. Selecta ---
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 HBR4!!

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 methods!'4!6
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:

14-16

Follow the previously established methods'*'°, 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-m?-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.



Supplement 1

Click here to access/download;Supplemental File (Figures,
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