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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? (Y/N) 
Y
 If yes, please list make and model of your microscope: 
Nikon Eclipse Ti
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)

Y 
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps
2.2, 2.6, 4.1, 4.5, 4.6 
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  
The most difficult aspect is ensuring the quality of collected force curves. The key is to use a slow enough scan speed to avoid hydrodynamic effects, and a large enough force distance that the tip completely detaches from the cell each time. A good quality force curve is characterized by a reasonably flat pre-contact region, followed by a distinctive increase in the slope.
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 measure the elastic modulus of living cells using an atomic force microscope. (Intro)
This is achieved by first performing AFM force spectroscopy measurements at various locations on the cell. (P1: Begin with a straight cantilever tip (a straight black line with the triangular tip) above the cell.  Lower it down onto the cell and the tip’s arm flexes (as shown), and the cell indents as is show in the P1 image, then release it back to the starting position.  Then, move the stage under the cell to a different location and repeat the motion in a new location. The red and black arrows can be removed.)
As a second step, every force-distance curve is analyzed to determine the point where the AFM tip initially makes contact with the cell. (P2:Move  P1 to the left half of the screen. The P1 actions will repeat here to match adding the lines to the graph as described here: On the right half of the screen, start with the axes for the graph shown in P2.  As the tip is lowered, start drawing the blue line from left to right on the graph.  When the tip touches the cell, the line should be at the (zo,do) spot.  Then as the tip presses into the cell and the arm flex, add the slanted upward part of the blue line.  When it looks as it does in the original P1 image, slowly reverse the direction of the tip and begin to show the red line on the graph (this time from right to left.) As the tip is about to leave the cell it should “stick” to the cell as it’s being pulled away from it.  This is represented in the graph by the low spot in the red line.  The point where the tip is released from the cell is the spot where the red line flatlines.)  
Next, starting at the point of contact, the first 200-300 nm of indentation data are fitted to the Hertz model in order to extract the elastic modulus. (P3: Show the graph in P3, then zoom in on the region pointed out by the Hertz model fit label and add the label.  Then, zoom back out and add the E=1205 Pa.)
The results yield a 2D map of the cell stiffness obtained by using the force-mapping mode, where each pixel represents a single force-distance curve. (P4: Shrink the Graph from P3 into one of the blue pixels in the image for P4.  Then simply show P4.)
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B.  Interview: (Said by you on camera. Don’t forget to smile!)   
1.1. Qi Wen: Demonstrating the procedure will be Gawain Thomas a graduate student from my laboratory.  
1.1.1. Interview style: Author saying the above 

1.1.2. The named technician, post doc, student looks up from workbench or desk or microscope and acknowledges the camera.
Protocol (read by voice talent at JoVE):

2. Calibrate the spring constant of cantilever

2.1. To begin this procedure, clean the cantilever holder with 70% ethanol and allow it to dry.  Then, load a Bruker DNP10 cantilever into the AFM according to the manufacturer’s instructions.
2.1.1. MED: Talent approaches the AFM, and cleans off the cantilever holder.

2.1.2. CU: Talent loads the cantilever tip.
2.2. Next, calibrate the inverse optical lever sensitivity. This parameter describes the amount of photodiode response, in volts, per nanometer of cantilever deflection. 
2.2.1. MED: Talent connects the laser to the AFM and sets it up for use.
2.3. To accomplish this, first load a clean glass slide onto the sample stage, install the AFM head, and adjust the laser beam and alignment according to the manufacturer’s instructions. 
2.3.1. CU: Talent loads the glass slide.

2.3.2. MED: Talent adjusts the laser beam.

2.4. Once aligned, engage the AFM tip on the glass slide.  With the piezo withdrawn, realign the mirror to a photodiode reading of -2 volts. Then, perform a force spectroscopy measurement with a maximum photodiode response, or trigger point, of +2 volts. 
2.4.1. CU: Talent lowers the AFM Tip onto the glass slide.  *Show the tip lowering to make contact with the glass slide.

2.4.2. MED Over the Shoulder: Talent realigns the mirror *Show the photodiode reading in the background as it’s aligned.

2.4.3. MED Over the Shoulder: Talent takes a single measurement to obtain +2 volts.
2.5. After data acquisition is complete, zoom into the firm-contact region of the force curve and perform a linear fit to this region to find the slope in volts/nm. Then, reset the mirror alignment to a free deflection of 0 volts.
2.5.1. MED Over the Shoulder: Talent zooms in to the firm-contact region of the force curve and perform a linear fit.

2.5.2. MED Over the Shoulder: Talent resets the mirror alignment.
2.6. Next, calibrate the cantilever spring constant using the thermal-tune method described by Levy and Maaloum. 
2.6.1. MED Over the Shoulder: Talent enters the spring constant into the AFM program. (TEXT: Levy, R. & Maaloum, M. Nanotechnology 13, 33-37, (2002).)
2.7. To begin, raise the scanner away from the sample stage so that there are no interactions between the tip and the sample.
2.7.1. CU: Talent lifts the scanner away from the sample.
2.8. Then, capture the thermal data by recording the thermal vibration of the cantilever beam. The AFM software analyzes a power spectrum of such a thermal vibration and plots it in a data window. 
2.8.1. CU: Show the cantilever during the thermal capture Both 2.8.1 and 2.9.1 are combined as a single shot #2.9.1
2.8.2. MED Over the Shoulder: Talent works at the computer with the data being plotted in the background. 
2.9. Next, perform a fit to the data segment centered at the lowest-frequency, also known as the fundamental resonance peak, to determine the spring constant.

2.9.1. MED Over the Shoulder: Show the cantilever during the thermal capture and perform a fit to the data to determine the spring constant. [Video Editor: as the authors added the 2.8.1 shot into this one, you may want to start this shot while some of the 2.8 VO is being said]
3. AFM / Cell Culture Preparation
3.1. In order to prepare the AFM for the culture plates, install a dish heater accessory on the AFM stage and set the temperature to 37°C.  Wait 20 minutes for the system to reach a stable thermal equilibrium.
3.1.1. MED: Talent installs the dish heater accessory on the AFM.
3.1.2. CU: Talent sets the temperature to 37°C.  

3.1.3. MED: Talent checks on the temperature of the system by placing their hand on the hot plate.
3.2. Once preheated, place a culture dish on the AFM stage and secure it using the clamp provided with the dish heater. For measurements longer than 30 minutes, CO2 independent medium should be used to replace the normal culture medium. 
3.2.1. MED: Talent places the culture dish on the AFM stage
3.2.2. CU: Talent clips the dish into place.
3.3. Next, apply a small drop of 37 °C culture medium to the tip of the AFM cantilever, and lower the AFM head until the tip is just submerged in liquid.
3.3.1. CU: Talent applies a drop of culture medium to the AFM tip.

3.3.2. CU: Talent lowers AFM Tip into the liquid.

3.4. Using a top-view CCD camera, realign the laser beam on the cantilever. The alignment in liquid will be different than in air, because of the change in refractive index of the medium.
3.4.1. MED Over the Shoulder: Talent aligns the laser beam by looking into the screen showing the CCD camera footage.
3.5. Once aligned, engage the AFM tip on a cell free area of the culture dish and perform calibration of the inverse optical lever sensitivity in the liquid environment.
3.5.1. CU: Talent engages the AFM tip onto one of the cell free areas.

3.5.2. MED Over the Shoulder: Talent looks at output on the screen during the calibration.
4. Collecting Force Curves of Cell Indentation

4.1. To begin mechanical property measurements of cells, position the cantilever tip above the peri-nuclei region of a cell with the aid of an optical microscope.  Precise adjustments of the cantilever’s position are accomplished by applying offsets to the X and Y scanners.
4.1.1. SCOPE: Talent positions the cantilever over the peri-nuclear region of one of the cells.

4.1.2. CU: Talent points out the X and Y scanners.
4.2. Then, switch the AFM into force spectroscopy mode and set the indentation rate at 5 μm/s, which is low enough to avoid hydrodynamic effects.
4.2.1. MED Over the Shoulder: Talent switches the AFM in to force spectroscopy mode.
4.3. Next, set the deflection trigger point to 2 nano-Newtons in order to avoid damaging the cells. Adjust this value according to the sample stiffness. Additionally, select the relative triggering option, which will correct for any drift in the deflection signal. 
4.3.1. MED Over the Shoulder: Talent sets the deflection trigger point and then points to the value on the screen.  They then select the relative triggering option and points to that.
4.4. Then, set the force distance at 5 μm to ensure that the tip will be fully detached from the cell between force measurements. 
4.4.1. MED Over the Shoulder: Talent sets the force distance.
4.5. Collect 3 force curves at different locations in the peri-nuclei region of at least 30 cells for each condition. Although it is beneficial to take multiple curves on each cell for reliable statistical data, taking too many can lead to changes in cell stiffness due to stress from the AFM probe.
4.5.1. CU: AFM Tip lowers into a culture dish to take a measurement.

4.5.2. SCREEN: Talent measures 1 sample.  Show the force curve on the screen as it is being captured.
4.6. Further characterize the distribution of mechanical properties throughout a single cell using force-map mode. In force-map mode set the scan size to 30 µm, the resolution to 32 by 32, and the indentation parameters are the same as those selected for single force curves. 
4.6.1. MED Over the Shoulder: Talent switches the parameters in order to take measurements in force map mode.

4.7. The AFM will then take single force curves at each pixel in the sample region and provide a stiffness map of the entire region.
4.7.1. CU: Show AFM in action.
4.7.2. LABMEDIA: Figure 3b (Video Editor: Overlay this image onto a small part of the screen during the 2nd half of the statement starting with “each pixel”)
5. AFM Force Curve Analysis

5.1. Next, analyze the recorded force curves using MATLAB to calculate the cell stiffness.  Begin by adopting an algorithm first published by Lin et al. which computes both a linear fit and a Hertz fit from each point. 
5.1.1. MED Over the Shoulder: Talent works in MATLAB Program to calculate the cell stiffness. (TEXT: Lin, D. C., Dimitriadis, E. K. & Horkay, F. J. Biomechanical Engineering 129, 430-440, (2007))
5.1.2. LABMEDIA: nfig.tif (Video Editor: Show with the 2nd sentence. Highlight the Hertz fit and linear fit labels when mentioned.)
5.2. Using MATLAB, calculate the relative RMS error of both fits and sum these values at each point.  The point which attains the minimum total fitting error is selected as the initial point of contact. Locating this point is crucial for accurate measurement of the cell’s Young’s Modulus. 
5.2.1. SCREEN: Talent works to combine the two fits to form a single graph, points at the location of the initial point of contact and then adjusts the graph

5.2.2. MED Over the Shoulder: Talent points at the location of the initial point of contact and then adjusts the graph.

5.3. Next, calculate the sample deformation, δ, using the following equations where the deformation is equal to 0 prior to cell contact where z is less than z0,  and is equal to the difference between the cantilever deflection, d, and total distance, z, past the contact point.
5.3.1. LABMEDIA: Figure 1a , Equation:[image: image2.emf]
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 (Video Editor: Begin showing the equation on the left half of the screen and Figure 1a (graph and diagram as shown here) on the right half of the screen. Highlight the terms in the figures and equation when mentioned by the text.) 
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5.4. Then, calculate the indenting force, F, using the following equations where the force is equal to 0 prior to cell contact where z is less than z0 and is equal to the spring constant, k, of the cantilever multiplied by the cantilever deflection past the point of contact.

5.4.1. LABMEDIA: Figure 1a, Equation: [image: image4.emf]
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(Video Editor: Switch out the equation from 5.3.1 with the new equation and remove the equation from underneath Figure 1a. Highlight “k” in the equation with the word spring constant and “d-do“ along with the d and do from Figure 1a with the words cantilever deflection.)  

5.5. A least squares fit is then applied to the sample deformation vs. indenting force data in the post-contact region of the Hertz model in order to extract the Young’s modulus of the cell based on the shape of tip used.

5.5.1. LABMEDIA: Equation:[image: image5.emf]
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6. Results: AFM Measurement of Cell Stiffness
6.1. Shown here are representative force curves taken from 3T3 fibroblasts cells cultured on 3 different surfaces.  As you can see here, different surfaces can greatly influence the stiffness of the cell cytoskeleton.
6.1.1. LABMEDIA: Figure 2a

6.2. The average deformation of cells cultured on a hard plastic surface are shown in red, those grown on a stiff polyacrylamide gel are shown in purple, and those grown on an elastic polyacrylamide gel are shown in blue. 
6.2.1. LABMEDIA: Figure 2a (Video Editor: Highlight each line as it is mentioned)
6.3. After carefully identifying the contact points in the curves, the indenting forces as a function of cell deformation can be accurately shown. Additionally, their Young’s Moduli can accurately be calculated from the first 300 nm of indentation after contact.  

6.3.1. LABMEDIA: Figure 2a and 2b (Video Editor: Move Figure 2a to the left and insert Figure 2b on the right part of the screen.  With the start of the second sentence add the insert of figure 2b showing the close-up of the first 300 nm.)

6.4. Shown here is a fibroblast that has been transfected with green fluorescent protein tagged vimentin, a type of intermediate filament.  The brighter the image, the more vimentin is in that region.  This can be related to the stiffness of the cell’s cytoskeleton. 
6.4.1.1. LABMEDIA: Figure 3a
6.5. Using the AFM force-mapping technique presented here, it is possible to show a similar stiffness map of a fibroblast with a resolution of 32 x 32 pixels, where each pixel represents 2.5 x 2.5 microns of cell surface area.
6.5.1. LABMEDIA: Figure 3a and 3b (Video Editor: Move Figure 3a to the left and insert Figure 3b on the right part of the screen.
    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
7. Conclusion (said by authors on camera) 
7.1. Qi Wen: After watching this video, you should have a good understanding of how to use AFM force spectroscopy to measure the elasticity of living cells.
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


