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A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)____No_____  

Can you record movies/images using your own microscope camera? (Y/N)_________  

If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope: _____________________________________________

B.   Software Usage: Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)____No____ 

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. (Please do not list entire sections.) ___2.7, 2.8, 2.12, 3.5, 3.10________________________________________

D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.) ____2.8_______________________

E.  Will the filming need to take place in multiple locations? (Y/N) __Yes_____ If yes, how far apart are the locations? ___The filming will take place in three labs situated in our group. They are located next to each other. _

1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 
A. Experimental Goal: (read by voice talent at JoVE)
The overall goal of this video is to show how to fabricate and use microfluidic chips with integrated electrodes for transendothelial or transepithelial electrical resistance measurements, or “TEER” (pronounced as one word) measurements. This is demonstrated using a blood-brain barrier in a microfluidic chip. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Marinke: This method can help answer key questions in the field of organs-on-chips by directly measuring the barrier function of, for example, blood-brain barrier tissue using electrodes integrated in a microfluidic chip. 
1.2. Loes: The main advantage of this technique is that the electrodes are easy to introduce into organs-on-chips, and that the resulting TEER values can be compared among different systems.   

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Andries: The implications of this technique extend toward understanding the blood-brain barrier function in health and disease, drug development and personalized medicine.  

1.4. Andries: Though this method can provide insight into blood-brain barrier function, it can also be applied to other organ-on-chip systems, such as gut-on-chip or lung-on-chip.

Protocol: (read by voice talent at JoVE)
2. Fabrication of the organ-on-chip device
2.1. To begin this procedure, mix 27 g of PDMS base agent and 2.7 g of curing agent thoroughly [1-MED-over the shoulder-TXT]. Then, degas the mixture in a desiccator for approximately 45 minutes to remove air bubbles [2-MED-TXT].
2.1.1. *Film as written. Text: PDMS: polydimethylsiloxane
2.1.2. Talent places the mixture in the desiccator. Text: 45 min
2.2. Meanwhile, prepare the mold for the liquid PDMS mixture by sticking clear tape around the mold or place the mold in a suitable wafer holder [1-MED-over the shoulder]. Pour the degassed PDMS mixture onto the mold [2-CU]. [3-MED-TXT].

2.2.1. Talent sticks clear tape around the mold or places the mold in a suitable wafer holder
2.2.2. CU the PDMS mixture as it is poured onto the mold 
2.2.3. Talent degases the PDMS by placing the mixture in the desiccator. Text: 30 min
2.3. Next, cure the PDMS mixture in an oven at 60 °C for 4 hours and allow it to cool down afterward [1-MED-TXT]. In a cross-flow hood, pull the cured PDMS from the mold [2-CU]. Cut the PDMS replica into separate top and bottom chip parts using cutting lines in the PDMS [3-CU]. 
2.3.1. Talent places the PDMS mixture in an oven. Text: 60 °C, 4 h
2.3.2. CU the cured PDMS as it is pulled from the mold
2.3.3. *Film as written
2.4. Following that, punch four holes in the top parts using a sharp biopsy punch with 1 mm diameter to form inlets and outlets [1-MED-over the shoulder]. Punch from inside to outside to prevent PDMS debris from collecting in the chip [2-CU]. Then, cover the chip parts with clear tape to protect them against dust [3-CU].
2.4.1. Talent punching the first 2 holes 
2.4.2. CU the PDMS as the third and fourth holes are shown to be punched from inside to outside Use 2.4.1 take 2
2.4.3. CU the chip parts as they are covered with clear tape
2.5. Subsequently, cut the polycarbonate membranes from Transwell inserts into squares of approximately 3×3 mm2 [1-MED-over the shoulder-TXT]. After that, assemble a porous membrane leakage-free in between two PDMS parts in order to assemble a two-layer device interfaced with a porous membrane [2-MED-over the shoulder]. 
2.5.1. *Film as written. Text: 3×3 mm2 squares
2.5.2. *Film as written Author note: “As this voice-over text summarizes the steps to come (2.6 – 2.8), the materials used in these steps are shown in shot 2.5.2.” – Editor, I’m not 100% sure what this means. This MAY mean that 2.6 to 2.8 are included in this shot. If they are simply showing the materials, please give a brief kind of overview shot.
2.6. To that end, prepare a PDMS/toluene mortar using 0.7 g of PDMS base agent, 0.07 g of curing agent and 540 µL of toluene [1-MED]. Vortex the mortar thoroughly [2-CU]. Then, spin-coat 200 µL of mortar onto a glass coverslip at 1500 rpm for 60 seconds to acquire a thin, uniform layer of mortar [3-CU-TXT].
2.6.1. Talent mixes PDMS base agent, curing agent and toluene
2.6.2. *Film as written

2.6.3. *Film as written. Text: 1500 rpm, 60 s Author note: “At the end of this scene the result from the spin-coating is shown. The middle part (spin-coating itself) is not very interesting.” – Editor, maybe show a clip of the process and then the final spin-coated product.
2.7. Next, transfer a thin layer of mortar from the coverslip onto the bottom part of the chip with an ink roller [1-MED-over the shoulder]. Put the bottom part in an oven-safe dish and then transfer mortar onto the top part of the chip [2-MED-over the shoulder]. With a set of tweezers, dip the edges of a membrane into the spin-coated mortar and place it carefully in the middle of the bottom part [3-CU].
2.7.1. *Film as written

2.7.2. *Film as written included in 2.7.1
2.7.3. CU the membrane as its edges are dipped into the spin-coated mortar and placed in the middle of the bottom part please use 2.7.3 tk 2 (filmed after 2.8.2 tk 1)
2.8. Following that, carefully place the top part on the bottom part while paying attention to the alignment [1-MED-over the shoulder]. Cover the chips inlets with clear tape to prevent dust from entering the chip [2-MED-over the shoulder] and bake them at 60 °C for 3 hours [3-MED-TXT].
2.8.1. *Film as written Please use 2.8.1 take 2
2.8.2. *Film as written

2.8.3. Talent places the chips in the oven. Text: 60 °C, 3 h
2.9. Marinke: Being careful is very important in this step. Do not exert pressure onto the chip and do not slide the top part over the bottom part to prevent mortar from entering the channels and clogging the membrane [1-MED].
2.9.1. Interview style
2.10. To integrate electrodes into the side channels, cut a platinum wire into pieces of 2 cm long [1-MED-over the shoulder]. Next, submerge them in acetone for 30 minutes [2-CU-TXT]. Then, rinse them with water and ethanol, and allow them to dry [3-MED].
2.10.1. *Film as written

2.10.2. CU the platinum wire pieces as they are submerged in acetone. Text: 30 min
2.10.3. Talent rinses the platinum wire pieces with water and ethanol
2.11. In a cross-flow hood, put a chip on a plastic dish [1-MED]. Insert four platinum wires into the electrode channels of a chip using a pair of tweezers and bend them down onto the plastic dish to enable fixation to the dish in the next step. Then, insert the wires of 0.7-1 mm into the culture channel, past the T-shaped channel junction [2-CU]. [3-CU].
2.11.1. *Film as written

2.11.2. *Film as written

2.11.3. *Film as written

2.12. Subsequently, apply a drop of UV-curable glue at the electrode channel entrance and allow the glue to fill the channel around the electrode by capillary forces [1-CU]. Then, switch on the UV and cure the glue when it reaches the end of the electrode channel [2-MED]. 
2.12.1. *Film as written Author note: “In addition to this scene (2.12.1 and .2), a movie will be provided of what is seen through the microscope. This can be used (in split screen?) in addition to the medium shot of 2.12.2.” – Editor, please use it as an inset if this looks good.
2.12.2. *Film as written

2.13. Fixate the four integrated electrodes to the plastic dish with a two-component epoxy adhesive [1-MED]. Following this, cover the chips with clear tape and bake them at 60 °C for 2 hours [2-MED-TXT]. Allow them to cool down and store dust-free until use [3-CU]. 
2.13.1. *Film as written

2.13.2. Talent places the chips in the oven. Text: 60 °C, 2 h
2.13.3. CU the chips as they are taken out of the oven
3. On-chip culture of brain-derived endothelial cells 

3.1. To coat the chips to promote cell attachment, first fill both channels with PBS before introducing reagents [1-MED-over the shoulder]. Check under a microscope if there are any air bubbles in the channels [2-CU]. If so, remove them by flushing with extra PBS [3-MED].
3.1.1. *Film as written

3.1.2. CU a chip as it is placed under the microscope for checking bubbles  
3.1.3. *Film as written
3.2. Next, fill both channels with 30 µL of 20 µg/mL human fibronectin in PBS [1-MED-over the shoulder]. Incubate them at 37 °C for 3 hours [2-MED-TXT]. 
3.2.1. *Film as written Author note: “Please cut this scene between 0:49 and 0:53”
3.2.2. Talent places the sample in the incubator. Text: 37 °C, 3 h
3.3. [1-MED]. Then, flush the chips with endothelial growth medium [2-MED-over the shoulder] and incubate them at 37 °C for 2 hours [3-MED-over the shoulder-TXT]. 
3.3.1. Talent flushes the channels with PBS and refills with fibronectin solution
3.3.2. *Film as written
3.3.3. Talent places the chips in the incubator. Text: 37 °C, 2 h
3.4. Afterward, measure TEER of the blank chips to ensure that all of the electrodes are in direct contact with fluid in the channels. To do so, take a chip from the incubator and allow it to reach room temperature for at least 10 minutes [1-MED-TXT]. Remove any fluid from the plastic dish around the electrodes to prevent electrode bridging outside of the chip [2-MED-over the shoulder].
3.4.1. Talent takes a chip from the incubator and place it on the bench. Text: TEER: transendothelial or transepithelial electrical resistance, 10 min
3.4.2. *Film as written

3.5. Next, take the impedance spectrum from 200 Hz to 1 MHz for each combination of two electrodes, resulting in 6 impedance spectra per chip in 5-10 minutes from which the TEER can be directly determined [1-MED-over the shoulder]. Check if the impedance spectra have the expected magnitudes and shapes to validate the TEER measurement [2-MED-over the shoulder].
3.5.1. Talent connects the lock-in amplifier to the electrodes in a chip.
3.5.2. Talent shows the impedance spectrum being recorded on the screen of the laptop connected to the lock-in amplifier.
3.6. Author name: Using these 6 impedance measurements, the TEER can be directly determined [1-MED].

3.6.1. Interview style

3.7. Now, prepare a cell suspension to be seeded into the top channel by removing the culture medium from a culture flask with a confluent monolayer of hCMEC/D3 cells [1-MED-over the shoulder-TXT]. After that, wash the cells with PBS [2-CU]. 
3.7.1. *Film as written. Text: hCMEC/D3: human cerebral microvascular endothelial cell line
3.7.2. CU the cells as they are washed with PBS
3.8. Remove the PBS and then add 2 mL of 0.05% trypsin-EDTA [1-MED] and incubate at 37 °C for 2-5 minutes until the cells have detached from the culture flask [2-MED-TXT]. Then, deactivate trypsin with the culture medium supplemented with 20% FBS [3-CU-TXT]. Count the cells and calculate their total number in suspension [4-CU].
3.8.1. *Film as written

3.8.2. Talent places the cells in the incubator. Text: 37 °C, 5% CO2, 2-5 min
3.8.3. CU the cells as the culture medium is added. Text: FBS: fetal bovine serum
3.8.4. CU the cell suspension as it is added on a cell counting slide 
3.9. Meanwhile, centrifuge the hCMEC/D3 cells at 390 x g for 5 minutes [1-MED-TXT]. Afterward, remove the supernatant and resuspend the cell pellet in the appropriate volume of endothelial growth medium to result in a concentration of 5 x 106 cells/mL, corresponding to a seeding density of 2 x 105 cells/cm2 in the chip [2-MED].
3.9.1. Talent places the hCMEC/D3 cells in the centrifuge. Text: 390 x g, 5 min
3.9.2. Talent removes the supernatant and resuspends the cell pellet
3.10. Next, slowly pipette 30 µL of the well-mixed cell suspension into the top channel [1-MED-over the shoulder] and remove the pipette from the inlet in a fluent motion while still exerting pressure [2-MED-over the shoulder].
3.10.1. *Film as written

3.10.2. *Film as written
3.11. Check the seeding density under a microscope [1-MED]. A uniform distribution of cells throughout the top channel should be achieved [2-LM]. Then, incubate the chips at 37 °C and 5% CO2 for at least 1 hour [3-MED-TXT]. 
3.11.1. Talent places the sample under the microscope

3.11.2. *To be submitted by authors. An image showing a uniform distribution of cells throughout the top channel
3.11.3. Talent places the chips in the incubator. Text: 37 °C, 5% CO2, > 1 h

3.12. Afterward, flush out any non-attached cells with endothelial culture medium [1-MED]. Keep in mind that TEER is monitored during the culture period [2-MED-over the shoulder].
3.12.1. Talent flushes out any non-attached cells with endothelial culture medium
3.12.2.  Talent connects the lock-in amplifier to the chip.
4. Results: Representative impedance data, TEER determination and development of BBB-on-chip 
4.1. These are the typical schematic impedance spectrum showing impedance magnitude and phase shift versus frequency for electrical impedance spectroscopy on chips without cells and with cells [1-LM]. There are four main regions, which are dominated by the double layer capacitance at the electrodes, the culture medium resistance, the cell barrier resistance or the cell membrane capacitance [2-LM]. The “region of interest” indicates where the contribution of the cell layer can be quantified [3-LM].  

4.1.1. Fig2A.eps: Show the figure (without red arrow, text “Region of interest”, “Double layer capacitance”, “TEER resistance Medium resistance”, “Cell capacitance Medium resistance”, and “Medium resistance”) 
4.1.2. Fig2A.eps: Add the text “Double layer capacitance”, then “Medium resistance”, followed by “Double layer capacitance” and “TEER resistance Medium resistance”

4.1.3. Fig2A.eps: Add red arrow and text “Region of interest”
4.2. And this is the formula to calculate TEER from the measured resistances between all six combinations of four electrodes
4.2.1. Fig2G.eps: Show the formula
4.3. Shown here is the average TEER of four BBBs-on-chips during a culture period of three days, reaching a plateau at 22 ± 1.3 Ω cm2 [1-LM]. For comparison, data of blank chips is included, showing marginal variation and deviation from 0 Ω cm2 in the same period compared to the variation and TEER value of chips with cells [2-LM]. 
4.3.1. Fig3A.eps: Show the graph, then add text “Average BBB ± SEM (n=4)”
4.3.2. Fig3A.eps: Add text “Average blank ± SEM (n=4)”

4.4. The fluorescence microscopy of stained nuclei revealed a continuous monolayer of endothelium [1-LM], both on PDMS and the membrane at the location indicated in the inset [2-LM]. 
4.4.1. Fig3B.eps: Show the black and white image
4.4.2. Fig3B.eps: Add the colored inset

4.5. Immunofluorescence revealed the presence of tight junction protein Zonula Occludens-1, indicating that BBB-specific tight junctions between the cells give rise to the measured TEER [1-LM].
4.5.1. Fig3C.eps: Show the image
5. Conclusion (said by authors on camera)

5.1. Marinke: After watching this video, you should have a good understanding of how to fabricate and use chips with integrated electrodes for TEER measurements in organs-on-chips.
5.2. Loes: This technique paves the way for researchers in the field of blood-brain barrier research to explore disease characteristics and drug delivery in, for example, Alzheimer’s disease.

5.3. Andries: Following this procedure, the barrier function of brain endothelium differentiated from patient-derived induced pluripotent stem cells can also be monitored for the applications in personalized medicine.
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, .eps, 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.

4.1 - Fig2A.eps – Typical impedance spectra for measurements without and with cells.
4.2 - Fig2G.eps – Formula used to derive TEER from six measured resistances.
4.3 - Fig3A.eps – Average TEER of 4 BBBs-on-chips.
4.4 - Fig3B.eps – Fluorescence microscopy, showing continuous endothelial monolayer.
4.5 - Fig3C.eps – Fluorescence microscopy, showing the presence of a tight junction protein.
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 are included in the email accompanying the finalized script.
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