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Abstract

The zebrafish larva is an important model organism for both developmental biology and wound healing. Further, the zebrafish larva is a
valuable system for live high-resolution microscopic imaging of dynamic biological phenomena in space and time with cellular resolution.
However, the traditional method of agarose encapsulation for live imaging can impede larval development and tissue regrowth. Therefore, this
manuscript describes the zWEDGI (zebrafish Wounding and Entrapment Device for Growth and Imaging), which was designed and fabricated
as a functionally compartmentalized device to orient larvae for high-resolution microscopy while permitting caudal fin transection within the
device and subsequent unrestrained tail development and re-growth. This device allows for wounding and long-term imaging while maintaining
viability. Given that the zWEDGI mold is 3D printed, the customizability of its geometries make it easily modified for diverse zebrafish imaging
applications. Furthermore, the zWEDGI offers numerous benefits, such as access to the larva during experimentation for wounding or for the
application of reagents, paralleled orientation of multiple larvae for streamlined imaging, and reusability of the device.

Video Link

The video component of this article can be found at https://www.jove.com/video/56340/

Introduction

The regenerative capacity of zebrafish larvae Danio rerio make them an ideal model organism for examining wound response as well as healing
and regrowth1,2,3,4. Access to an array of transgenic zebrafish lines and zebrafish's anatomical transparency further enhance their utility for in
vivo studies of wound response events as well as longer-term regenerative processes4. Study of these biological processes using high-resolution
time-lapse fluorescence microscopy therefore demands a live imaging zebrafish device that allows for high stability and minimal movement of the
zebrafish larva while maintaining viability. It is key that the device allows for effective wounding while healing and regeneration occur unaffected
by the device.

The standard live imaging stabilization method of embedding the larva in agarose during live imaging restricts growth and wound regeneration5

and may increase death rates since larvae begin to show sign of cardiac stress and tissue necrosis after four hours4. Therefore, removal of
agarose from regions of interest is often necessary to allow normal development and regeneration6, exposing the larvae to potential damage
as the agarose is cut away. Furthermore, with the agarose embedding technique, the user must orient the larvae in the short time before the
agarose solidifies5,6,7. Rapidly manipulating the larva not only requires skill of the user, it also risks damage to the larva. Although methods to
stabilize the larva for live imaging have been described to circumvent these drawbacks, such as ridged agar wells3 or divets8, the use of silicone
vacuum grease to create an imaging chamber with PVC piping or other materials6, and rotational tubing9, many of these methods are labor
intensive, messy, often non-reusable and don't allow for environmental manipulation (drug treatments, wounding etc.) after the fish has been
mounted.

Therefore, the zWEDGI device (Figure 1) was designed to overcome some of the drawbacks of agar mounting for long-term live imaging
of zebrafish larvae while permitting manipulation of the specimen. The zWEDGI consists of three semi-open compartmentalized chambers
(Figure 1A) to allow for loading, restraint, wounding and imaging of 2 to 4 days post-fertilization zebrafish larvae. The device is fabricated from
Polydimethylsiloxane (PDMS) and placed onto the cover slip of a 60 mm glass bottom imaging dish. The design presented here was intended
for wound healing studies, however the use of a modular design and standard fabrication technologies make the zWEDGI design modifiable and
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amenable to a variety of experimental procedures, especially for procedures that require minimal restraint with experimental manipulation and
long-term imaging.

Protocol

Note: The base zWEDGI design was formulated for zebrafish larvae that are 2 to 4 days post-fertilization (dpf) and follow the guidelines of the
University of Wisconsin-Madison Research Animals Resource Center.

1. Design and 3D Printing of Molds

1. Model the PDMS component of the device with desired geometries and attributes in a 3D modeling software5. Create an assembly of a blank
mold and the PDMS part and generate a negative mold for the PDMS part by creating a cavity in the mold corresponding to the PDSM part.
Save the mold as an .stl file for 3D printing (Figure 2, Step 1.1).
 

NOTE: A stereolithography format (.stl) file of the mold design presented here (Figure 1) is available for download at https://morgridge.org/
designs/.

2. Print molds using a photopolymer 3D printer (Figure 2, Step 1.2). Make multiple molds in a single printing, if possible, so more than one
device can be molded with a single batch of PDMS.
 

NOTE: The example shown was printed in Hi-Res mode with a 0.075 mm beam diameter and 0.05 mm layer thickness, using photopolymer
resin5.

1. Clean molds using a fine brush, denatured alcohol in a spray bottle, and compressed air to gently scrub and remove uncured resin.
Remove any material from the microchannel regions.

2. Post-cure the molds in a UV post cure apparatus for 60 min on each side as uncured resign is toxic to zebrafish larvae10.

3. Sand the cavity side of the mold with 200 grit sandpaper on a flat surface until all the sealing surfaces are in contact with the sandpaper
(loading channel geometries and mold perimeter). Lightly sand with 400 and 600 grit sand paper, progressively, to produce smooth flush
surfaces across all geometry facings (Figure 2, Step 1.3). Measure the depth of the cavity after sanding with a dial indicator to verify that it is
close to the designed depth.

1. Clean molds and cover discs (1 ¾ inch diameter x ¼ inch thick borosilicate glass or acrylic; one glass cover per mold) by placing in an
ultrasonic cleaner filled with water for 30 min or by flushing under running water.

2. Blow dry with compressed air and clean both the molds and covers with isopropyl alcohol and filtered compressed air. Use a clean
bench as a place to fabricate the devices to minimize contamination from airborne debris. Leave the cleaned molds and glass covers in
the clean bench or a covered petri dish until needed.

2. PDMS Fabrication of zWEDGI Device

1. Make the PDMS by pouring 184 silicone elastomer polydimethylsiloxane (PDMS) at a ratio of 5:1 (base to activator) into a plastic cup.
Mix well for 2 min with a wooden craft stick, stirring the gel over onto itself, like kneading bread. For 5 molds, use 10 g of base and 2 g of
activator.

1. De-gas mixture in a vacuum desiccator for 25 - 45 min until all bubbles are gone.
2. Fill the cavity of each of the 3D printed molds with approximately 0.75 mL of PDMS using a 10mL syringe until the mold slightly

overflows with a meniscus (Figure 2, Step 2.1).
3. De-gas the filled molds for 45 min to remove additional bubbles that may have formed when filling.

2. Apply a glass cover disc on top of the PDMS-filled mold, pressing the disc down at an angle to prevent bubbles from being trapped (Figure 2,
Step 2.2). Allow excess PDMS to be expelled as the glass disc cover is applied.

3. Use small ratchet clamp to hold the cover disc tightly to the mold.
 

NOTE: This creates a flat surface once the PDMS is cured and produces through holes where the 3D printed geometries are flush with the
glass cover slip. Alternatively, to increase the number of devices that can be cured at one time, build a multi-clamp device (e.g. Figure 2,
Step 2.3).

4. Cure the PDMS device in the clamped molds at 100 oC in an oven for 90 min (Figure 2, Step 2.4). Remove the molds from oven and allow to
cool until they can be easily handled. If the clamping device is metal, remove the mold and cover disc assembly from the clamp to prevent the
metal from continuing to cure the PDMS due to residual heat.
 

NOTE: The device is easiest to remove from the mold while still slightly warm and not fully cured. However, once the mold is removed from
the oven and the cover disc is removed, the device can sit for a couple of days before proceeding to demolding. If the device is demolded
shortly after removing from the curing oven, place it in a covered petri dish to minimize contaminants while allowing it to fully cure.

3. Plasma-bonding zWEDGI to Glass Dish

1. Clamp the mold containing the PDMS device in a bench vice so that the mold's geometries are facing up, parallel to the working station
bench.

1. Start to remove the PDMS device by releasing the PDMS pull tab from the mold using flat-tipped tweezers. Work around the perimeter
of the mold with the tweezers (like removing a cake out of a pan (Figure 2, Step 3.1)).

2. Use filtered compressed air and tweezers to gently pull the device out of the mold by holding onto the pull tab and blowing air under the
device. Work slowly, allowing the air to help separate the PDMS from the mold, taking special care with the tips of the tweezers around
the thin tunnel sections.
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2. Place the PDMS device upside down onto the inside of the cover of a glass bottomed dish so that the restraining tunnel wedges are touching
the plastic (Figure 2, Step 3.2).

3. Place the dish cover with upside-down zWEDGI and the corresponding glass bottomed dish into a plasma cleaner with the inner glass facing
upward (Figure 2, Step 3.3).

1. Evacuate the plasma cleaning chamber until the pressure reaches 500 mTorr.
2. Set radio frequency (RF) power to high. Expose the device and the dish to RF frequency for approximately 2 min. Slowly de-pressurize

the chamber and return the device and the dish to a clean room hood.

4. Remove the PDMS device from dish cover. Flip over the PDMS zWEDGI to the correct orientation on the glass by positioning it carefully onto
the center well of the glass bottom dish (Figure 2, Step 3.4)

1. Using the back end of the tweezers, lightly press down on the PDMS device to ensure air bubbles are not trapped beneath. Apply
pressure around the minute geometries of the micro channels and smooth the PDMS out to the edges (Figure 5C).
 

NOTE: Complete contact between the PDMS and the glass ensures better adherence from plasma bonding. The zWEDGI device can
be plasma bonded onto other glass bottomed dish formats, such as a glass bottomed 6-well plate (Figure 2C).

2. Place a cover over the device dish before removing from the clean room hood.
 

NOTE: Once the devices have been fixed to glass, the protocol can be paused until they are ready for use.

4. Channel Preparation and Loading Larvae

Note: General zebrafish husbandry was conducted per The Zebrafish Book, available online at http://zfin.org/zf_info/zfbook/zfbk.html. Adult
zebrafish and embryos were maintained as described previously1. The wild type AB strain was used. Follow the institution’s Animal Care
Protocol for specifics regarding requirements for imaging live larvae.

1. Rinse the channels with a minimum of 100 µL 70% ethanol per channel, using a micropipette to rinse through the restraining tunnel. Remove
ethanol and rinse 2 or 3 times with double distilled water. Allow to air dry.

2. Fill the channels with skim milk (at a concentration of 1% diluted in water) for 10 min at room temperature to minimize adherence of larvae to
the glass coverslip of the dish. Then, gently submerge the device several times in double distilled water to rinse. Allow to air dry upside down.
 

NOTE: Protocol can be paused here. This preparation of zWEDGI device can be done several days prior to use. Store covered at room
temperature.

3. Prepare 1% low melting point (LMP) agarose by combining 100 µL 2% melted LMP agarose with 100 µL 2x Tricaine (0.4 mg/mL Tricaine
- ethyl 3-aminobenzoate) in E3 buffer11 pre-warmed to 38 oC. Maintain the 1% agarose/tricaine solution at 38 oC in a hot block to prevent
gelling.
 

NOTE: For multiphoton microscopy 11, use either un-pigmented zebrafish variants (such as casper12) or maintain larvae in E3 containing 0.2
mM N-phenylthiourea to prevent pigment formation11to minimize absorption of the near infrared wavelengths by the pigment.
 

Caution: N-phenylthiourea is toxic. Follow the institution's rules for disposal.
4. Anesthetize larvae in E3 buffer containing 0.2 mg/mL tricaine (Tricaine/E3)11. Wait until larvae are motionless and non-responsive to a touch

stimulus.
5. Pre-wet the channels with a few microliters of Tricaine/E3.

1. Pick up a single larva using a wide orifice pipette tip. Deposit the larvae into the loading channel (Figure 3A). Using a pipette tip or
similar tool, orient the larva in the loading chamber such that the dorsal side faces the straighter edge of the loading chamber and the
tail faces toward the restraining tunnel (Figure 3B).

2. Carefully withdraw fluid from the wounding chamber, allowing the larva to flow into the restraining tunnel (Figure 3C). Remove most of
the liquid while maintaining moisture around the larva (Figure 3D). This process can be assisted by tilting the dish slightly toward the
wounding chamber.

6. Place 1% LMP agarose in Tricaine/E3 (~38 oC) over the larva's head, filling the loading chamber (Figure 3E). Allow agarose to solidify with
the larva in the proper position. Add Tricaine/E3 to the wounding chamber as needed to maintain hydration. Repeat this loading process for
the remaining 2 channels.

7. Using a syringe needle, carefully remove any agarose that seeped through the restraining tunnel into the wounding chamber (Figure
3F). Add additional tricaine/E3 either just over the agarose (for wounding, short term imaging, or wound treatment isolation) or to fill the
culture dish (for long-term imaging). Replace the culture dish lid to prevent evaporation. Larvae can be imaged at this point (unwounded) or
wounded.

5. Wounding and Imaging Larvae

1. Using a sterile scalpel blade, transect the tail fin posterior to the notochord11 in the wounding chamber (Figure 3G, H). Add additional tricaine/
E3 if needed and replace the culture dish lid.
 

NOTE: Alternatively, depending of the developmental time window of interest, larvae can be wounded, permitted to recover in E3 and
maintained in an incubator (28.5 oC) until the desired imaging time, at which point they can be loaded into channels as described above.

2. Install the zWEDGI device with anesthetized larvae onto an inverted microscope in a stage insert that will accommodate the 60 mm glass
bottom dish. Locate the tail of the larva in the upper-most channel, rotating the dish as needed to get the tail in the desired position. Image as
required for the specific experiment.
 

Note: The zWEDGI is broadly applicable for high-resolution light microscopy, including widefield fluorescence and laser scanning microscopy.
There are a number of parameter considerations when imaging zebrafish larvae, but specific imaging parameters are instrument, sample and
experiment dependent. Here, the larval tail was imaged on a custom build multiphoton microscope5,11 utilizing the following parameters: 40X
long working distance water immersion objective, 890 nm laser excitation, 445/20 nm emission filter and 512 x 512 resolution.
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6. End of Experiment

1. Remove the zWEDGI dish from microscope. Euthanize the larvae by placing the zWEDGI either on an ice water bath or at 4 oC for at least 20
min and assess for absence of heartbeat and circulation.
 

NOTE: Because the larvae are maintained in separate compartments, the larvae can be individually recovered by gently pulling on the agar
with forceps or pipette. The agar can be removed from the head region and the larva used for additional procedures, such as fixation for
antibody staining or processed for RNA or protein extraction.

2. Following removal of the larvae and agar, clean the zWEDGI with ethanol and distilled water, as described in step 4.1 and set upside down to
air dry. Store covered in a cool, dry location. Re-coat with skim milk (step 4.2) as needed prior to next use.
 

NOTE: zWEDGIs can be re-used multiple times, until the PDMS begins to come away from the glass.

Representative Results

The zWEDGI PDMS microfluidic device is a functionally compartmentalized device designed to accommodate four main functions (listed below)
associated with live imaging of caudal fin wounding healing and regrowth in the zebrafish larvae. PDMS was chosen for zWEDGI fabrication
because it is not only readily available and an industry standard for biocompatibility, but also works well in molds. Additionally, PDMS makes the
device reusable and void of hard or sharp edges once the device is formed. The zWEDGI specifically permits 1) the loading of the larvae into the
device, 2) restraint at proper orientation for imaging, 3) wounding of the caudal fin, and 4) microscopic imaging, described in detail below.

Loading

The zWEDGI design consists of 3 channels, each designed to restrain one larva (Figure 1B). For the loading and initial orientation of the larva,
the open loading chamber is 3 mm wide (Figure 1A) to accommodate a large orifice pipette tip for depositing a larva (Figure 3A). Further, the
length and width provide sufficient room to permit subsequent manipulation of the larva into the correct orientation, with tail toward the restraining
tunnel and dorsal side toward the top (Figure 3B).

Restraint

Once the larva has been loaded into the channel, it can be drawn tail-first into the restraining tunnel by removal of fluid from the wounding
chamber or gently nudge into place with a pipette tip or similar tool (Figure 3C). The funnel-shaped geometry of the loading chamber (Figure
1A), from 3 mm to 0.45 mm, guides the larva into desired lateral orientation (Figure 3C). The orientation of the larva on its side restrains the
tail approximately in parallel with the glass bottom of the dish for improved imaging. Unlike microfluidic devices made using silicon wafers, the
geometries of the 3D printed molds need not be consistent in the z-direction. Therefore, the restraining tunnel is covered and tapered in the z-
axis such that the entry height is larger than the exit, from 0.5 mm to 0.3 mm height (Figure 1B, isometric view of tunnel). This tapering facilitates
guidance of the larva and flattening of the tail toward the cover glass imaging surface. This functionality eliminates the need for the user to orient
the specimen while agarose is hardening.

Fluid is removed from the loading chamber (Figure 3D) and is replaced with low melting point agarose to stabilize the head within the channel
while the tail is maintained unrestrained in buffer in the wounding chamber (Figure 3E). The minimal agarose that may leak through the
restraining tunnel can easily be removed from the wounding chamber (Figure 3F). The lack of agarose in the wounding chamber permits
unrestrained regrowth and development of the caudal fin5.

Wounding

Once the larva has been loaded through the tunnel and the head restrained by agarose, the caudal fin is available for transection because it juts
out into the wounding chamber. The semi-circle wounding chamber is offset 1.9 mm from horizontal symmetry. This permits the scalpel blade
to be inserted just above the caudal fin, allowing sufficient space for the blade to be drawn downward across the tail, transecting the caudal fin
(Figure 3G). The widest portion of the 7 mm diameter semi-circle occurs where the tail is wounded to accommodate this motion. In addition to
allowing the user to wound the larva, this compartmentalized design provides the opportunity for regional application of compounds to the tail
region5. This unique feature of semi-isolation would allow for localized testing of the effects of various drugs, chemicals, or biological agents on
the wound healing process.

Imaging

The goal of the zWEDGI device is to permit high resolution light microscopy imaging of the zebrafish caudal fin, unimpeded by agarose
embedding. For this reason, the PDMS device is bonded to a commercially available glass bottom dish, to provide an optical quality surface
for microscopy using high NA lenses. Here we present images using multiphoton microscopy for second harmonic (SHG) imaging of collagen
fibers in the caudal fin to illustrate the imaging capabilities of the zWEDGI. However, the zWEDGI can be applied to other light microscopy
methods, such as confocal microscopy, utilizing an inverted microscope stage configuration. With the zWEDGI, unlike the method of agarose
embedding with subsequent removal, the caudal fin can easily be imaged in the device prior to wounding (Figure 4A), wounded within the
device, then immediately returned to the microscope for post-wound imaging (Figure 4B-E). Previous work identified changes in the collagen
fiber organization during the wound healing process using SHG.13 SHG can be used to detect certain types of ordered structures, including
fibrillar collagen, without the use of exogenous labels.14 Image quality of the living caudal fins imaged in the zWEDGI was similar to that
obtained in fixed tissue5 but the zWEDGI provides a number of advantages. Most importantly, the caudal fin healing and regrowth can proceed
unhindered by agarose embedding with larval survival similar to that of larvae grown unrestrained5. Further, because the wounding can be
performed while the larva is in the device, pre- and post-wounding images can be collected on the same caudal fin (Figure 4A). The zWEDGI
permits the collection of 3 dimensional data over time, providing a more complete view of the dynamic changes occurring in the structure of the
extracellular matrix (Figure 4B). Illustrated here is the SHG fiber wound relaxation, in 3 dimensions, following wounding within the zWEDGI.
Prior to wounding, the SHG detected collagen fibers radiate outward from the notochord to the fin tip, (Figure 4A). Shortly after wounding the
distance between tip of the contracted fin and the center of the fin increases with wound relaxation. The 3D nature of the data collection permits
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the spatial reconstruction, using rendering software such as Imaris. These reconstructions, and the subsequent rotation options, illustrate the
contraction and relaxation of the fin occurs not only in the x y plane of the image collection (Figure 4 B, C, D), but also in the z axis (Figure 4 G-
J, L-O, Q-T; Supplemental Movies 1, 2) as the tail flattens from the upward curl of the contracted state. The zWEDGI can be used with other
imaging modalities over longer time periods, such as the use of confocal microscopy to image neurons during caudal fin development over 24
h5. Because the device's restraining units are lined up parallel, thus eliminating the need to rotate the device when locating the larvae, setting
up the microscope and moving between multiple specimen for imaging is straightforward and can be automated to collect time-lapse image data
of multiple larvae. To extend the number of samples that can be imaged, the PDMS zWEDGI device can be placed into other glass bottomed
formats, such as a 6-well plate (Figure 2C).

 

Figure 1: Final Design Schematic (A) Schematic showing general layout and measurements of the zWEDGI device, highlighting terminology
of the functionally compartmentalized chambers. (B) Isometric view of PDMS device as removed from mold. (C) Inset shows tunnel, highlighting
the change in entrance and exit heights. (D) Model of larva restrained in device. Figure modified from a previously publish article5 with reprint
permission from Zebrafish Journal. Please click here to view a larger version of this figure.
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Figure 2: Fabrication Schematic (A) Step 1 begins with design of the device mold in a 3D modeling software (1.1) which is then 3D printed
(1.2). The molds are UV light cured and then sanded and cleaned so the raised geometries have even height (1.3). Step 2 involves filling the
molds with mixed and degassed PDMS (2.1) and applying a glass disc over the mold at a slant to prevent trapping air bubbles in the device
PDMS (2.2). The glass and mold are clamped together (2.3) for curing in an oven at 100oC for at least an hour (2.4). Step 3 uses filtered air and
flat-tipped tweezers to remove the PDMS device from the mold (3.1). The device is then placed on the top of the imaging dish lid (3.2) and is
plasma treated (3.3), along with the glass bottom, to allow the PDMS to adhere to the glass bottom dish (3.4). (B) The finished zWEDGI device
bonded in a glass bottom dish and ready for imaging use. (C) Multiple zWEDGI devices can be placed in a glass bottom 6-well plate in order to
image many larvae in the same experiment. Figure modified from a previously publish article5 with reprint permission from Zebrafish Journal.
Please click here to view a larger version of this figure.

https://www.jove.com
https://www.jove.com
https://www.jove.com
//ecsource.jove.com/files/ftp_upload/56340/56340fig2large.jpg


Journal of Visualized Experiments www.jove.com

Copyright © 2017  Journal of Visualized Experiments October 2017 |  128  | e56340 | Page 7 of 12

 

Figure 3: Loading and Wounding of Larva in zWEDGI (A) A larva is loaded into the loading chamber using a wide-orifice pipette. (B) The
larva is oriented with the dorsal side up against the flat portion of the loading chamber funnel and tail toward the restraining tunnel. (C) Using
suction from the pipette tip held at the entrance to the wounding chamber, the larva is drawn into the tunnel, placing it in proper orientation for
imaging. (D) Fluid is removed from the loading chamber to allow for (E) the addition of agarose around the head region to stabilize the larva.
Agarose is colored red here for demonstration purposes only. Minimal agarose leaks into the wounding chamber and can be easily removed as
shown in (F). (G) To wound once the larva is restrained in the channel, a scalpel blade is inserted above the larva and sliced down across the
caudal fin, posterior to the notochord. (H) The larva is now ready for post-wound imaging. Scale bar (A-H) = 1 mm; Scale bar (F) = 1 mm; Scale
bar (G) = 1 mm. Figure modified from a previously publish article5 with reprint permission from Zebrafish Journal. Please click here to view a
larger version of this figure.
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Figure 4: 3D multiphoton time lapse imaging of SHG fibers in the zebrafish caudal fin, pre- and post-wounding, in the zWEDGI. The
zWEDGI design provides the ability for high resolution imaging, in this case of SHG fiber organization preceding (pre-wound) and following
caudal fin transection (post-wound). Data were collected as z-stacks at 4 min intervals. (A-E) shows the SHG of fibers in the caudal fin as a
projection of the z-stacks, prior to and at four intervals post-transection. Z-projection was performed using ImageJ software.15 t = 0 was the
start of imaging, approximately 20 min post-transection. The double arrows indicate the increase in distance of the tip of the wound edge
(short white line) relative to the location of the notochord (long white line) during relaxation of the wound following the initial contraction. (F-J).
Tilted 3D reconstruction of the original data. (K-O). Surface rendering of the tilted 3D reconstruction shown in F-J. (P-T). Side views of the 3D
reconstruction surface rendering, illustrating how the contraction and relaxation occur in 3-dimensional space, which can be assessed with this
data collected using the zWEDGI where the caudal fin is not constrained by agarose. Scale bar (A-E) = 100 microns; Scale bar (F-T) = 100
microns. 3D renderings were performed using imaging software. See also Supplemental Movies 1 and 2. Figure modified from a previously
publish article5 with reprint permission from Zebrafish Journal. Please click here to view a larger version of this figure.
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Figure 5: Critical Steps of zWEDGI Fabrication (A) To ensure no bubbles form or get trapped in the device when clamping on the glass disc,
degas after PDMS has been filled into the molds and slant the clamping glass when applying it to the PDMS in the mold. In addition, to prevent
PDMS from "flashing" over the loading and wounding chambers, make sure to sand the top of the device thoroughly to ensure the surfaces of the
geometries are flush when clamping on the glass. (B) When the device is sufficiently cured in the oven, air pockets between the PDMS and mold
indicate that the device will be easy to remove. If the device does not remove easily, it is most likely due to insufficient cure time or temperature
or the mold itself was not adequately UV-cured, resulting in residual resin contamination of the PDMS. (C) When applying the device to the
glass bottom dish after plasma treatment, apply light pressure with the back end of tweezers, starting at the tunnel regions and working outward
towards the edge of the device. If the device does not bond well, as indicated by air pockets between the device and the glass, lengthen the
amount of time in the plasma bonder and ensure that there is no dust between the PDMS and glass surface. Please click here to view a larger
version of this figure.
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Supplemental Movie 1: Tilted 3D surface rendering of multiphoton time lapse images of SHG fibers in the caudal fin during relaxation
post-wounding. The SHG of fibers in the caudal fin imaged as zstacks over time after wounding (start of movie is approximately 20 min after
wounding) in the zWEDGI. Z-stacks were reconstructed and surface rendered using imaging software. Tail tilted to show three dimensionality.
Anterior is to the left. Movie corresponds to still images in Figure 4 (K-O). Scale bar = 50 microns. Please click here to download the movie.

 

Supplemental Movie 2: Side view of 3D surface rendering of multiphoton time lapse images of SHG fibers in the caudal fin during
relaxation post-wounding. The SHG of fibers in the caudal fin imaged as zstacks over time after wounding (start of movie is approximately 20
min after wounding) in the zWEDGI. Z-stacks were reconstructed and surface rendered using imaging software. Side view shown to emphasize
the capture of dynamic changes in the z-axis. Anterior is to the left. Movie corresponds to still images in Figure 4 (P-T). Scale bar = 40 microns.
Please click here to download the movie.

Discussion

The purpose of the zWEDGI device is to capture 3D time lapse imaging by stabilizing and orienting the fish within the small working distance
of a high-resolution microscope objective. While meeting these design specifications, it is also an improvement over traditional agar-based
preparation for live imaging. There are three critical steps (below) in the fabrication of the zWEDGI, which, if not done correctly, can result in
defective devices:

PDMS preparation (Figure 5A)

To prevent bubbles, degas the molds after PDMS has been added. Check that all bubbles have been eliminated after degassing and pay careful
attention to the application of the glass disc. The glass disc must be applied at a slant to ensure that air is not being trapped beneath and within
the PDMS. Dust can be a problem during most steps of the process. To prevent dust, complete each cleaning step thoroughly and store parts in
a clean hood between steps. Check molds for excess resin that may create a rough surface prior to UV-curing. When sanding, make sure that
the sand paper contacts all geometries to ensure that all surfaces are flush (Figure 2, Step 1.3). Always clean with isopropyl alcohol and air right
before filling the molds with PDMS. When squeezing the extra PDMS out of the mold, ensure the clamps tightly hold the mold and glass cover
together (Figure 2, Step 2.3).

Removing device from mold (Figure 5B)

https://www.jove.com
https://www.jove.com
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//ecsource.jove.com/files/ftp_upload/56340/Suppl_movie_1_SHG_tilt.mov
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Ensure the oven is at least 100  oC and the cure time is at least 1 - 1.5 h. If the PDMS is not sufficiently cured, it can be difficult to remove from
the mold. Other possibilities for failure to remove include not mixing the PDMS reagents long enough, using incorrect ratios of base and hardener
or leftover resin remaining in the mold after 3D printing which then contaminates the PDMS. Upon removal from the oven, air pockets between
the device and mold (Figure 5B) indicate that the device will be easily removed.

Adherence of PDMS to glass-bottomed dish (Figure 5C)

Poor adherence to the glass dish may result from dust, misalignment, or insufficient length of plasma treatment. When placing the device onto
the glass, tip the dish at an angle and center the PDMS onto the glass circle making sure it does not touch the edges of the well. If device does
not adhere, carefully press the device onto the glass slip with the back end of the tweezers, beginning at the delicate tunnel region and pressing
outward to the edges. If the device still does not adhere, experiment by increasing the time in the plasma cleaner in increments of one minute.

While the larvae can be imaged in the device for brief periods of time (minutes) without the use of agar, for the purpose of long-term live-imaging
the caudal fin region, agar is placed on the head in the loading chamber after the fish has been loaded. Although this application of agar does
not appear to affect the wound healing response or viability of the larvae5, this could impact the study of more anterior regions of the larvae.
Although we have been able to image larvae for up to 60 h we have not examined whether viability would be impacted with longer imaging
times. Additionally, the particular design presented here was optimized for age 2 to 4 days post fertilization (dpf) larvae lying on their sides for
tail transection and wound healing imaging. Other developmental stages, orientations and experimental protocols may require alterations to the
design. However, the intentional functional modularity of the design makes it readily amenable to such alterations.

In addition, fabrication of this device requires access to a 3D printer and other microfluidic materials and equipment, such as PDMS and a
plasma cleaner, potentially limiting the accessibility of the device to some users. However, this method of mold fabrication was chosen since 3D
printing capabilities, along with microfluidics fabrication, are becoming more prevalent on academic campuses. Additionally, there are service
providers for 3D printing available, as the technology rapidly develops and the cost of printers decreases.

Given its compartmentalized design and functionality, the zWEDGI offers improvements over the current technique for time lapse image
collection using agar embedding. First, agarose does not surround the tail region in the zWEDGI, permitting wound healing and regeneration
to progress uninhibited while survival of larvae in the zWEDGI is comparable to embedded and unembedded controls5. Secondly, the use of
high-resolution 3D printing to fabricate the molds allows the zWEDGI to have unique sloping geometries to orient the larva in three dimensions
with respect to the imaging plane. This removes the time dependency of manipulating the larvae to a proper orientation as the agar hardens.
A third important benefit of the zWEDGI design is the open chamber design that permits the tail and head regions to be accessible for
experimental manipulation. This is of specific interest for wound healing studies, but this also makes the zWEDGI a potentially useful tool for
other manipulations. The compartmental design of the device, furthermore, provides the opportunity for regional application of compounds during
experimentation. The device semi-isolates the head from the tail because of the diffusion differential of buffer (in the wounding chamber) and
agarose (in the loading chamber)5, allowing application of compounds while studying wound healing or other biological processes. In addition,
because the larvae are mounted in separate channels, individual larva can be identified and retrieved post-imaging for additional processing
such as RNA or protein purification or antibody labeling. And finally, because the device is made of PDMS that has been bonded to the glass
bottomed dish, the device is reusable once the larvae have been removed.

In moving forward, the modular design and ease of fabrication of the zWEDGI will lend itself well to modification for altered functionality.
Currently, the compartmental geometries are built specifically for the wounding and imaging experiments described, giving it broad application for
live imaging of wound healing. However, the larva lies directly on the glass, such that no material (i.e. PDMS), which might interfere with imaging,
exists between the larva and the imaging surface. Therefore, other regions of the larvae, such as the trunk, would be accessible for imaging.
In addition, the design of the 3D printed mold of the zWEDGI can readily be modified to accommodate other developmental stages, different
orientations of the larva and varied treatments. These attributes therefore make it a valuable tool for capturing time lapse microscopy of events
over a variety of time scales. The use of other glass bottom dish formats could allow for larger PDMS devices and space for more channels.
Given the increasing accessibility to 3D printing fabrication techniques and the subsequent ease of modification for a variety of experimental
protocols, the zWEDGI may prove to be a powerful tool in the realm of high resolution live imaging microscopy.
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