Submission ID #: 50524
Editor Name: Michael Linnes
Videographer name: Danae Mauro
Film Date: 3/18/2013
Authors and Affiliations: Marco Travagliati1,2, Richie Shilton1, Fabio Beltram2 and Marco Cecchini2,*
1 NEST Center for Nanotechnology Innovation, Istituto Italiano di Tecnologia, 2NEST, Scuola Normale Superiore and Istituto Nanoscienze-CNR, Piazza San Silvestro 12, I-56127 Pisa, Italy.

Title: Fabrication, operation and flow visualization in surface-acoustic-wave-driven acoustic-counterflow microfluidics.
Corresponding Author: 

Marco Cecchini, Ph.D.

NEST, Istituto Nanoscienze-CNR and Scuola Normale Superiore

Pisa, Pisa ITALY

marco.cecchini@nano.cnr.it

Additional Contacts: 

marco.travagliati@sns.it 

richard.shilton@iit.it 
Authors, please fill out the brief questionnaire below.   
A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? Yes, we use two microscopes, one for device alignment, and one for flow visualization If yes, please list make and model of your microscope: Leica MZ16 and Nikon Ti Eclipse
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? No, but it does include a small amount of on screen work
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps; Device Fabrication, 2.7-2.12, RF testing, 3.2-3.3, Operation 4.4,4.9
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success? Keeping the components meticulously clean throughout the device fabrication and preparation. To ensure success we carry out all fabrication and preparation in a Class ISO 7 (Class 10,000) clean room, and then move the completed devices to standard laboratory conditions for testing. 
NB. Some of the filming will be in the Clean room. We will provide the required gowns/protection for the crew to wear. 

1. Introduction (Schematic Overview and Interview)
A. Schematic Overview (read by voice talent at JoVE):
Conceptual Narrative:
The overall goal of the following experiment is to show device fabrication, operation, and subsequent flow visualization of a surface acoustic wave driven microfluidic counterflow device.
This is achieved by first fabricating the two layer device, comprised of a gold patterned lithium niobate surface acoustic wave layer and a polydimethylsiloxane microchannel layer. (P1: Start with the device joined together, then separate them and highlighting the bottom layer, and the top layer when mentioned by the text.)
As a second step, the device is tested with a network analyzer to ensure the proper functioning of the interdigital transducer, as well as to find the resonant frequency at which to run the counterflow device. (P2: Bring the device in P1 back together as it appears in P3 and add the RF Signal to the device, but don’t show the 100 MHz label.  Then add the two graphs on the screen and flash the ~ wave in the circle as the two graphs are drawn in from left to right. )  

Next, the inlet of the device is loaded with microsphere-seeded fluid, and an RF signal is applied to the interdigital transducer at the outlet. The resulting channel flow is recorded with a high-speed microscope for analysis. (P3: Next, add microspheres to the chamber (use a pipette to inject a fluid into the circle on top right of the slide) and then add the microscope, and its label, under the slide.  Then turn on the voltage by adding the ~ symbol back into the open current, this time with the 100 MHz label.  With the last sentence, add a light coming from the microscope lens that illuminates an area on the slide above it.)
Results are obtained to show various flow schemes, which are primarily dependent on the device geometries and applied power. (P4: Show all of P4 at once.) 
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B.  Interview: (Said by you on camera. Don’t forget to smile!)
1.1.  Marco Travagliati: Though this method is targeted towards the fabrication and operation of an acoustic counterflow device, procedures from this video can also be applied to the fabrication and operation of other surface acoustic wave driven microfluidic systems such as microfluidic mixers, pumps, and atomizers.
1.2. Richie Shilton: Generally, individuals new to this method will struggle because there are many different aspects of fabrication, experimental operation, and analysis that all need to be mastered to carry out investigations in acoustically driven microfluidics. 
Protocol (read by voice talent at JoVE):

2. Device fabrication 
2.1. To begin, create a microfluidic device as described in the accompanying written protocol using two separate photomasks. One for the surface acoustic wave layer, shown in pink, and a second for the microchannel mold, shown in yellow.

2.1.1. MED: Talent working in the clean room performing the photomask steps.
2.1.2. LABMEDIA: Mask_2_layer.ai (Video Editor: Insert the image into the video in a free corner.)
2.2. Once the basic device has been fabricated, add a negative photoresist such as AR-N-4340 and expose the microchannel area using optical lithographic techniques.  
2.2.1. CU: Talent microspins photoresist onto the exposed microchannel area.
2.2.2. MED: Talent exposes the photoresist using the mask.
2.3. Then, activate the exposed sample surface using 2 minutes of oxygen plasma at 0.14 mbar and 100 W to give a bias voltage of approximately 450 V.
2.3.1. MED: Talent activates the surface in the plasma chamber.
2.4. Next, mix 35 mL Hexadecane, 15 mL carbon tetrachloride, and 20 µL Octadecyltrichlorosilane into a beaker inside a fume hood. Place the device into the solution to silanize the surface and make it hydrophobic.  
2.4.1. MED: Talent mixes together the components in the fume hood.

2.4.2. CU: Talent places the device in the solution.

2.5. Leave the device in the solution, covered for two hours and then rinse it with isopropanol and dry it under nitrogen.  

2.5.1. MED: Talent removes the sample from the silane solution and rinses it with isopropanol.

2.5.2. CU: Talent dries the sample with nitrogen.

2.6. Once dried, check that the contact angle of water on the surface is above 90º. If the contact angle is insufficient, clean the sample and re-silanize the surface again. Otherwise, remove the residual photoresist with acetone, then rinse in isopropanol, and dry with a nitrogen gun.
2.6.1. CU: Talent places a drop of water on the surface and measures surface contact angle.

2.6.2. MED: Talent cleans the sample through acetone, isopropanol, and then dries it with nitrogen. SCREEN: Value displayed
2.7. Next, after mounting the sample on a printed circuit board with radio frequency waveguides and standard coaxial connectors, put an acoustic absorber polymer on the sample edges and connect the interdigital transducers by wire bonding or using pogo connectors as shown here.
2.7.1. CU: Talent mounts the sample on a printed circuit board.
2.7.2. CU: Talent places the acoustic absorbing polymer on the sample edges and connects the pogo connectors.
2.8. Next, prepare the patterned PDMS layer containing a channel with the desired dimensions as described in the accompanying text protocol.   
2.8.1. MED: Talent pours the degassed PDMS over the mold.

2.9. Once cured, cut around the channel using a surgical blade, being careful not to damage the master mold, and peel it off.
2.9.1. CU: Talent cuts around the channel with a blade.

2.9.2. MED: Talent peels off the PDMS layer.

2.10. Then, refine and straighten the replica edges using a razor blade.  Make sure to leave at least 2 mm clearance on lateral side of the channel and no clearance at the channel outlet by cutting right through the sample. 

2.10.1. CU: Talent cleans up the sample edges with a razor blade.
2.10.2. CU: Talent cuts through the outlet end of the sample to create an open channel.

2.11. Next, punch a hole in the microchamber using a Harris Unicore puncher to form the fluid-loading inlet and take off the cylinder.
2.11.1. CU: Talent punches a hole through the PDMS.

2.11.2. CU: Talent takes off the cylinder

2.12. Then, bond the PDMS channel with the lithium niobate substrate by simple conformal bonding using a microscope for alignment. In this way the bond will hold throughout the fluid testing stage while remaining reversible. 
2.12.1.  MED: Talent places the slide on the microscope stage and begins to line up the PDMS layer while looking through the optics.
2.12.2. SCOPE: Talent aligns the slide and PDMS later.

3. RF device testing 
3.1. Test the RF device by first connecting the surface acoustic wave delay line to the ports of a spectrum analyzer and measure the scattering matrix of the device.
3.1.1. MED: Talent connects the RF device to the spectrum analyzer and begins measuring the output.
3.2. The transmission for a pair of single-electrode transducers will resemble the absolute value of a sinc function centered at the operating frequency of the interdigital transducer. 
3.2.1. MED: Talent measures the transmission output.

3.2.2. CU: Show the output of the spectrum analyzer.
3.3. Next, observe the reflection spectrum.  A dip in the reflection spectrum occurs at the same frequency as the peak in the transmission. In devices operating at 100 MHz along the major axis, typical values are -8 dB for S11 and S22 and -20 dB for S12 without PDMS channels.
3.3.1. MED Over the Shoulder: Talent observes the reflection spectrum.
3.3.2. CU: Talent points to the -8 or -20 dB line on the graph.

4. Microfluidics and particle flow dynamics visualization and analysis 
4.1. In order to best visualize the flow dynamics, place the sample under a microscope. The specific optical setup depends on the surface acoustic wave microfluidics phenomena to be observed. 
4.1.1. MED: Talent places the sample under the microscope and adjusts the stage to get the right sample area into view. 

4.2. To study fluid filling dynamics, use a simple reflection microscope equipped with a 4x objective and a 30 frames per second video camera.

4.2.1. MED: Talent points out the 4x objective and points to the video camera.

4.2.2. CU: Show video camera close up to display connection/brand/ect..
4.3. However, to investigate more complex microparticle dynamics, use a 20x objective and a 100 fps or higher video camera. It is important that both the objective and frame rate are high enough to capture any spatially and temporally important flow features.
4.3.1. CU: Talent switches the objective to 20x and refocuses on the sample
4.3.2. MED: Talent refocuses on the sample

4.4. Next, connect the interdigital transducers in front of the channel outlet to an RF signal generator and amplifier, and operate it at the resonant frequency observed in the scattering matrix measurements. 
4.4.1. MED: Talent connects the wires to the IDT in front of the channel outlet.

4.4.2. MED: Talent connects the wires to the RF signal generator and amplifier.
4.4.3. CU: for RF output

4.5. If necessary, use a high-power UHF amplifier. Here we are using a minicircuits ZW5 amplifier with a maximum output of 37 dBm and a gain of 40 dB. It is important that the total output power can reach at least 25 dBm for investigating acoustic counterflow.
4.5.1. CU: Talent turns on the amplifier and adjusts it from the low to the high end.  Finally gets set to -20 dBm.
4.6. Observe acoustic-streaming and atomization phenomena without acoustic counterflow while running the device at lower power.  Typically, acoustic-streaming recirculation begins at 0 dBm and atomization occurs above 14 dBm.
4.6.1. SCOPE: Example of acoustic-streaming (TEXT: Acoustic-Streaming, 0 < 14 dBm)

4.6.2. SCOPE: Example of atomization phenomena (TEXT: Atomization, < 14 dBm)
4.7. Next, prepare the microbead loading fluid for visualization by adding 500 nm microbeads at 1010 particles/mL and vortexing the solution for 15 minutes prior to the experiments.

4.7.1. MED: Talent mixes the microbead solution, covers it, places it into the vortex, and turns on the vortex.

4.7.2. CU: Shake the vortex and remove it

4.8. Then, load 60 microliters of the microbead suspension into the chamber slowly using a micropipette. Fluid will passively diffuse into the microchamber. To avoid possible particle adhesion on the substrate apply a -40 dBm signal to the device while loading.
4.8.1. MED: Talent removes the bead solution from the sonicator.

4.8.2. CU: Talent loads 60 microliters of the microbead suspension into the chamber.
4.8.3. MED Over the Shoulder: Talent sets the signal to -40 dBm.
4.9. Start recording the video through the microscope and increase the operating power in order to observe acoustic counterflow. Different flow schemes will be determined by input power, chip design, and particle diameter.
4.9.1. MED: Talent observes the flow through the microscope. (Videographer: Leave space on the bottom 1/3 of the video to overlay the video already submitted.)

4.9.2. LABMEDIA: 400fps_4_15x_7_93591.mov (Video Editor: Overlay this image on the bottom of the screen during 4.9.1.)

4.10. In order to qualitatively capture the dynamics, record the fluid flow in proximity of the meniscus and inlet at different stages of channel filling using markers as a spatial reference.
4.10.1. SCOPE: Show fluid flow in proximity of the inlet (TEXT: Initial Stage: Two Vortices at Inlet) (Video Editor: Show 4.10.1 full screen, then shrink it back to the top left corner and show the remaining scope shots in this section in a 4-panel graphic with the words “Different stages”.)
4.10.2. SCOPE: Show fluid flow in the proximity of the meniscus (TEXT: Liquid 1mm from Inlet: Separation of Vortices at Meniscus)

4.10.3. SCOPE: Show Inlet with channel ½ full. (TEXT: Channel ½ Full: Uni-directional Laminar Flow at Inlet)

4.10.4. SCOPE: Show Inlet with channel full. (TEXT: Channel Full: Uni-directional Laminar Flow at Inlet)
4.11. Then, quantitatively measure the particle dynamics by micro particle image velocimetry or spatial temporal image correlation spectroscopy as referenced in the accompanying text protocol. 

4.11.1. MED Over the Shoulder: Talent works at computer performing these measurements.
4.12. For accurate results, record the fluid flow at the point of interest with a fixed field of view for at least 100 frames at a frame rate imposed by the particle dynamics.
4.12.1. SCOPE: Imaging of a small spot at 20x magnification during flow.

4.13. Analyze the video with image processing software. To quantify the size distribution of atomized droplets, spatial periodicity of particle accumulation, or manual tracking of diluted particles, simple freeware image analysis software such as Fiji is suitable.

4.13.1. MED Over the Shoulder: Talent loads image processing software.

4.13.2. MED Over the Shoulder: Talent uses software to track the beads.

4.14. For more complicated analysis to obtain streamlines and velocity field measurements, use customized micro particle image velocimetry or spatial temporal image correlation spectroscopy code. 
4.14.1. MED Over the Shoulder: Talent shows an example of their customized micro particle image velocimetry software code in action.
5. Results: Measuring the surface-acoustic-wave-driven acoustic-counterflow in liquids
5.1. Shown here are typical S11 and S12 spectra taken prior to bonding of the lithium niobate layer. The resonance frequency in the two spectra can be seen at 95 MHz. 
5.1.1. LABMEDIA: Figure 2 (Video Editor: Add a vertical line at 95 MHz for both spectra when mentioned)
5.2. The depth of the valley at central frequency in the S11 spectrum is related to the efficiency of conversion of RF power in surface acoustic wave mechanical power. Hence, a reduction in the valley minimum will result in a reduction of the ​power required to operate the device.
5.2.1. LABMEDIA: Figure 2a (Video Editor: Draw a line at the minimum of Figure 2a to the y-axis to highlight the depth of the valley.)
5.3. The maximum of the S12 spectrum is related to the efficiency of conversion of RF power and surface acoustic wave mechanical power and the attenuation of wave along the delay line. Reduction of this value can stem from defects such as misalignment of the wave delay line, or cracks.
5.3.1. LABMEDIA: Figure 2b (Video Editor: Draw a line at the max of Figure 2b to the y-axis then add an arrow pointing up from its peak starting with the second sentence.)

5.4. Shown here are four different characteristic flow patterns observed using 500-nm latex beads.
5.4.1. LABMEDIA: Figure 3

5.5. The top 2 images show different results at the channel inlet.  On the left, 2 symmetrical vortices are observed due to the acoustic-streaming phenomena at the beginning of the channel filling. After some time, when the channel is partially filled, laminar flow is achieved.

5.5.1. LABMEDIA: Figure 3a-b (Video Editor: Highlight the left image with the 2nd sentence and the right image with the 3rd sentence.)

5.6. The images shown here are from the proximity of the meniscus when the channel is partially filled. On the left, particles are observed accumulating in lines and moving at the same speed as the meniscus. This occurs when particle dynamics is dominated by the acoustic radiation force. 
5.6.1. LABMEDIA: Figure 3c-d (Video Editor: Highlight the left image with the 2nd sentence through the end.)

5.7. On the right, the dominance of drag force and acoustic streaming are observed.  Here particles follow two vortices and accumulate only in bands within 300 microns from the meniscus and are located close to the substrate surface.
5.7.1. LABMEDIA: Figure 3c-d (Video Editor: Highlight the right image)
INSTRUCTIONS FOR AUTHORS:

Please ensure that the representative results narration is appropriate and correctly describes your images, movies, or figures.  Our editors have ensured that the results are written in our format.   

We consider this section a critical aspect of the video, because here is where you provide validation for your experiments.  For example, if this is a cell culture preparation, this section is where the video will show your cells at various time points following culturing.  If this is an imaging prep, then this part is where you will show examples of your imaging experiments.  

Please limit the extent of narration to no more than 2-3 lines of text per image or movie file being described.   Figures with multiple panels submitted with the original protocol should be broken up so that each panel is a separate image.   Like the schematic, each image or movie file supplied in the results should be referenced by annotation in parenthesis, however for the results, the specific filename should be given in parenthesis.  

Below is an example of results text:

EXAMPLE REPRESENTATIVE RESULTS

5.  Evaluation of Morpholino Injection and Knockdown
5.1   Representative results of both morpholino injection and mRNA injection are shown here. The    

        uninjected control at 48 hours post fertilization looks normal, as expected 

        -LAB MEDIA: 0123_PIname_Figure1.tif  (Replace 0123 with your jove video #)

5.2   However, embryos injected with the morpholino heg_e3i3_egfr1, which knocks down Heg isoforms

                     containing the first of two EGF-like repeats, exhibit brain edema.


        -LAB MEDIA: 0123_PIname_Figure2.tif


5.3   Injection of heart of glass mRNA also produced an obvious phenotype. At 24 hours post fertilization, 

        the heads of the uninjected controls look normal 

        -LAB MEDIA: 0123_PIname_Figure3.tif

5.4   Conversely, some of the embryos injected with the mRNA exhibit cyclopia     

                     -LAB MEDIA: 0123_PIname_Figure4.jpg

Please visit the following URL to see an example of how the results will look when complete:

http://www.jove.com/video/1597/results-example-mably?access=ksw0bprj
6. Conclusion (said by authors on camera) 
6.1. Marco Travagliati: While attempting this procedure, it’s important to remember to keep all devices meticulously clean during all stages of the experiment, from fabrication through to operation.
6.2. Richie Shilton: After watching this video, you should have a good understanding of how to fabricate and test surface acoustic wave devices, work with PDMS microfluidics, visualize microchannel flows, and analyze the results.
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

Insert your media filenames here.
Schematic for section 01 – “JoveScriptSchematic.ai” (and “JoveScriptSchematic.pdf”)
2.1, pdf of masks – “Mask_2_layer.ai” (and “Mask_2_layer.pdf”)
4.9, Video of flows within microchannel (note that it has been slowed from 400fps to 30 fps) – “400fps_4_15x_7_93591.mov” 
General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.
You will receive more detailed preparation instructions, as well as an introduction to your videographer, closer to your filming date.
( 2012, Journal of Visualized Experiments


