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SUMMARY:  34 
Here, we present a protocol for single particle tracking image analysis that allows quantitative 35 
evaluation of diffusion coefficients, types of motion and cluster sizes of single particles detected 36 
by fluorescence microscopy. 37 
 38 
ABSTRACT:  39 
Particle tracking on a video sequence and the posterior analysis of their trajectories is nowadays 40 
a common operation in many biological studies. Using the analysis of cell membrane receptor 41 
clusters as a model, we present a detailed protocol for this image analysis task using Fiji (ImageJ) 42 
and Matlab routines to: 1) define regions of interest and design masks adapted to these regions; 43 
2) track the particles in fluorescence microscopy videos; 3) analyze the diffusion and intensity 44 
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characteristics of selected tracks. The quantitative analysis of the diffusion coefficients, types of 45 
motion, and cluster size obtained by fluorescence microscopy and image processing provides a 46 
valuable tool to objectively determine particle dynamics and the consequences of modifying 47 
environmental conditions. In this article we present detailed protocols for the analysis of these 48 
features. The method described here not only allows single-molecule tracking detection, but also 49 
automates the estimation of lateral diffusion parameters at the cell membrane, classifies the type 50 
of trajectory and allows complete analysis thus overcoming the difficulties in quantifying spot 51 
size over its entire trajectory at the cell membrane.  52 
 53 
INTRODUCTION:  54 
Membrane proteins embedded in the lipid bilayer are in continuous movement due to thermal 55 
diffusion. Their dynamics are essential to regulate cell responses, as intermolecular interactions 56 
allow formation of complexes that vary in size from monomers to oligomers and influence the 57 
stability of signaling complexes. Elucidating the mechanisms controlling protein dynamics is thus 58 
a new challenge in cell biology, necessary to understand signal transduction pathways and to 59 
identify unanticipated cell functions.  60 
 61 
Some optical methods have been developed to study these interactions in living cells1. Among 62 
these, total internal reflection fluorescence (TIRF) microscopy, developed in the early 1980s, 63 
allows the study of molecular interactions at or very near the cell membrane2. To study dynamic 64 
parameters of membrane protein trajectories obtained from TIRF data in living cells, a single 65 
particle tracking method (SPT) is required. Although several algorithms are available for this, we 66 
currently use those published by Jaqaman et al.3 that address particle motion heterogeneity in a 67 
dense particle field by linking particles between consecutive frames to connect the resulting track 68 
segments into complete trajectories (temporary particle disappearance). The software captures 69 
the particle merging and splitting that result from aggregation and dissociation events3. One of 70 
the output data of this software is detection of the particles along the entire trajectory by 71 
defining their X and Y positions in each frame. 72 
 73 
Once particles are detected, we apply different algorithms to determine the short timelag 74 
diffusion coefficient (D1-4)4,5. By applying the Moment Scaling Spectrum (MSS)6-8 analysis or by 75 
fitting the ‘alpha’ value by adjustment of the Mean Square Displacement (MSD) to the curve9, we 76 
also classify the particles according to the type of trajectory.  77 
 78 
Analysis of spot intensity in fluorescence images is a shared objective for scientists in the field10,11. 79 
The most common algorithm used is the so-called Number and Brightness. This method 80 
nonetheless does not allow correct frame-by-frame intensity detection in particles in the mobile 81 
fraction. We have, thus, generated a new algorithm to evaluate these particle intensities frame-82 
by-frame and to determine their aggregation state. Once the coordinates of each particle are 83 
detected using U-Track2 software3, we define its intensity in each frame over the complete 84 
trajectory, also taking into account the cell background in each frame. This software offers 85 
different possibilities to determine the spot intensity and the cell background and, using known 86 
monomeric and dimeric proteins as references, calculates the approximate number of proteins 87 
in the particle detected (cluster size). 88 
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 89 
In this article, we describe a careful guide to perform these three steps: 1) detecting and tracking 90 
single particles along a video of fluorescence microscopy using U-track; 2) analyzing the 91 
instantaneous diffusion coefficient (D1-4) of those particles and the type of movement (confined, 92 
free, or directed) of particles with long trajectories by MSS; 3) measuring the spot intensity along 93 
the video corrected by the estimated background fluorescence for each spot. This allows cluster 94 
size estimation and identification of the photobleaching steps. 95 
 96 
The use of this protocol does not require specialized skills and can be performed in any laboratory 97 
with cell culture, flow cytometry and microscopy facilities. The protocol uses ImageJ or Fiji (a 98 
distribution of ImageJ12), U-track3, and some ad hoc made routines 99 
(http://i2pc.es/coss/Programs/protocolScripts.zip). U-track and ad hoc routines run over Matlab 100 
that can be installed in any compatible computer. 101 
 102 
PROTOCOL:  103 
 104 
1. Preparation of biological samples 105 
 106 
1.1 Grow Jurkat cells in RPMI 1640 medium supplemented with 10% FCS, NaPyr and L-107 
glutamine (complete RPMI). Electroporate Jurkat cells (20 x 106 cells/400 µL of RPMI 1640 with 108 

10% FCS) with a monomeric GFP-labelled chemokine receptor vector (CXCR4-AcGFP, 20 g) to 109 
allow its detection using fluorescence microscopy.  110 
 111 
NOTE: It is possible to use other monomeric fluorescent proteins such as mCherry, mScarlet, etc. 112 
 113 
1.2 24 hours after transfection analyze cells in a flow cytometer to determine both cell 114 
viability and CXCR4-AcGFP expression. 115 
 116 
1.3 Select cells expressing low CXCR4-AcGFP levels by cell sorting of GFPlow positive cells 117 
(Figure 1), as low expression of transfected receptor is required in TIRFM experiments in order 118 
to ensure single particle tracking for tracing individual trajectories9. 119 
 120 
1.4 Quantify the number of receptors in the cell surface.  121 
 122 
NOTE: As an example13, ~ 8,500 – 22,000 AcGFP-labeled receptors/cell, correspond to ~ 2 - 4.5 123 

particles/m2.  124 
 125 
1.5 Resuspend sorted cells in complete RPMI and incubate for at least 2 h at 37 °C, 5% CO2. 126 
Centrifuge cells (300 x g, 5 min), and resuspended them in TIRF buffer (HBSS, 25 mM HEPES, 2% 127 
FCS, pH 7.3).  128 
 129 
1.5.1 Plate on 35 mm glass-bottomed microwell dishes (2-3x105 cell/dish) coated with 130 

fibronectin (20 g/mL, 1 h, 37 °C) in the presence or absence of appropriate ligand (i.e., CXCL12, 131 
100 nM, 1 h, 37 °C). Incubate cells (20 min at 37 °C, 5% CO2) prior to image acquisition.  132 

http://i2pc.es/coss/Programs/protocolScripts.zip
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 133 
1.6 Perform experiments using a TIRF microscope, equipped with an EM-CCD camera, a 100x 134 
oil-immersion objective (HCX PL APO 100x/1.46 NA) and a 488-nm diode laser. The microscope 135 
allows temperature control and incubation with CO2. Locate and focus cells with the coarse and 136 
fine focus knobs, using bright field to minimize photobleaching effects. For fine focus adjustment 137 
in TIRF mode use a low laser intensity, insufficient for single-particle detection or to induce 138 

photobleaching effects (5% laser power, 28 W).  139 
 140 
1.7 Acquire movies (image sequences) of approximately 50 s minimizing the time interval 141 
between frames. Penetration of the evanescent field should be 70-90 nm of depth. Save the 142 
acquired movies for each experimental condition as “.lif” (video.lif). 143 
 144 
NOTE: Movies in the described example were acquired at 49% at laser power (2 mW) with an 145 
exposure time of 90 ms, and a time interval of 98 ms, for 49 s (500 frames). Penetration of the 146 
selected evanescent wave was 90 nm.  147 
 148 
2. Selection of images and creation of masks 149 
 150 
2.1 For each experimental condition (video.lif), create a new folder (VideoName) that must 151 
contain different folders for every series. Each folder will contain a “videoSeq” folder for the 152 
video images and a “results” folder for the results of the analysis. Make sure that the file structure 153 
at this moment is the following: 154 

VideoName/video.lif 155 
VideoName/Series1/videoSeq 156 
VideoName/Series1/results 157 

 158 
NOTE: From the microscope different .lif files are obtained with several videos for every 159 
treatment condition (i.e. FN, FN+SDF). “video.lif” corresponds to the input.lif video file with all 160 
TIRF movies acquisitions (Series) performed at the microscope. “videoSeq” folder will contain 161 
the 500 frames of the movie that we are analyzing. The “results” folder will contain all files 162 
resulting from the analysis performed. Accurate nomenclature and localization of the different 163 
folders are essential for the correct function of the algorithms. Names in bold in the list above 164 
are fixed (i.e., they have to be called in this way because these are the names sought by the 165 
scripts). Names not in bold can change to reflect the experiment performed. 166 
 167 
2.2 Open the TIRFM video (.lif file) with Fiji or ImageJ by dragging and dropping the file on the 168 
Fiji menu bar and click on OK to import the lif file using BioFormats (Supplementary Figure 1). 169 
 170 
2.3 Select the series to process and click OK (Supplemental Figure 2A). To design a mask for 171 
the analysis of this video, import also a multichannel image with the different chromophores (in 172 
the example, Series 1 is the multichannel image and Series 2 the corresponding video). The video 173 
(and the multichannel image) should open as an ImageJ stack. In the example (Supplemental 174 
Figure 2B), the image is on the left and the video is on the right.  175 
 176 
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NOTE: If creation of a mask for the video is not needed, go to Step 2.5.  177 
 178 
2.4 Create a mask. Create a single image with the channels useful for the design of the mask. 179 
In this case, the interesting channels are the red, green and gray ones.  180 
 181 
2.4.1 Split the channels from the multichannel image (Supplementary Figure 3A): select Image 182 
in the bar menu and click Color | Split channels. The different channels will show as separate 183 
images (Supplementary Figure 3B). 184 
 185 
2.4.2 Merge again the three channels in a single image (Supplemental Figure 4A): select Image 186 
in the bar menu and select Color | Merge channels. Select the appropriate channels and press 187 
OK (Supplemental Figure 4B). A new non-stacked image will be generated (Supplemental Figure 188 
4C). 189 
 190 
2.4.3 Synchronize the two windows by using the Synchronize Windows tool (Supplemental 191 
Figure 5A): select Analyze in the bar menu | Tools | Sync Windows. A new window with the 192 
synchronize image possibilities will be shown (Supplemental Figure 5B).  193 
 194 
2.4.4 With the two windows synchronized (only the video if there is no multichannel image 195 
associated), the same region in both windows can be cropped. Draw the region of interest with 196 
the rectangular selection tool of ImageJ floating menu. Select Image in the bar menu and select 197 
Crop (Supplemental Figure 6A). The two cropped images will show individually (Supplemental 198 
Figure 6B).  199 
 200 
2.4.5 Unsynchronize both windows (Supplemental Figure 6B) by pressing the Unsynchronize 201 
All button in the Sync Windows manager.  202 
 203 
2.5 Draw the region of interest with the rectangular selection tool of ImageJ floating menu if 204 
a mask has not been created as in 2.4. Select Image in the bar menu and select Crop.  205 
 206 
2.6 Save the video as an Image sequence in the directory videoSeq under the corresponding 207 
video directory (Supplemental Figure 7A): select File in the bar menu and click Save as | Image 208 
Sequence…. Rename the labels for the video sequence as video0000.tif, video0001.tif, …, 209 
video0499.tif (Supplemental Figure 7B): in the Name box, rename as video and click OK. The 210 
sequence must be alone in its directory to be successfully used by U-track. 211 
 212 
NOTE: If not designing a mask for the video, go to Step 2.8. 213 
 214 
2.7 Design a Mask. Select the multichannel image and open the Segmentation Editor plugin 215 
(Supplemental Figure 8A): select Plugins in the bar menu and select Segmentation | 216 
Segmentation editor. Add and rename the labels of the segmentation as necessary by right 217 
clicking on the labels of the Segmentation editor (Supplemental Figure 8B,C).  218 
 219 
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2.7.1 Choose the appropriate selection tool in ImageJ floating menu (here, use freehand), select 220 
a label (Green) and design first the outermost mask (Supplemental Figure 9A). Once designed, 221 
press the + button in Selection option of Composite window, and the selected mask will be 222 
displayed on the viewer (Supplemental Figure 9A). Repeat this step with next labels (Interior, in 223 
red) (Supplemental Figure 9B). 224 
 225 
NOTE: After designing the mask for the Green and Interior labels, the Exterior mask will occupy 226 
the rest of the image.  227 
 228 
2.7.2 Masks are coded in the image as regions 0, 1, 2, … according to the order of the labels in 229 
the RGB labels window. When all masks for the different labels are designed, save the mask with 230 
the same filename as the video, with the name mask.tif (Supplemental Figure 9C): select File in 231 
the bar menu and select Save as | Tiff….  232 

 233 
NOTE: The selected masks will be employed in the calculation of the diffusion coefficients and 234 
classification of the trajectories (see step 4.2). 235 
 236 
2.8 Check that the file structure at this moment is the following: 237 

VideoName/video.lif 238 
VideoName/Series1/mask.tif 239 
VideoName/Series1/videoSeq/video0000.tif 240 
VideoName/Series1/videoSeq/video0001.tif 241 
… 242 
VideoName/Series1/videoSeq/video0499.tif 243 
VideoName/Series1/results 244 

 245 
NOTE: The mask.tif is an image with the mask as designed in Steps 2.4 and 2.7. The video*.tiff is 246 
the video as saved in Step 2.6. As above, the names in bold in the list above are fixed, i.e., they 247 
have to be called in this way because these are the names sought by the scripts. Names not in 248 
bold can change to reflect the experiment performed. 249 
 250 
3. Tracking the particles 251 
 252 
3.1 Track all the particles seen in the selected videos using U-track.  253 
 254 
3.2 Open Matlab and add U-track directory to the path by using Set Path | Add with 255 
Subfolders option in the menu. Save the path so that in future executions of Matlab U-track is in 256 
the path. This path setting needs to be done only once. 257 
 258 
3.3 Change the working directory to the directory containing the Series to be analyzed. Invoke 259 
U-track by typing in the console (Supplemental Figure 10) movieSelectorGUI and press enter. 260 
The Movie selection window will be opened (Supplemental Figure 11A). 261 
 262 
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3.4 Press on the New movie button and the Movie edition window will appear (Supplemental 263 
Figure 11B).  264 
 265 
3.5 Press on Add channel to choose the directory with the video (VideoName/Series1/video) 266 
and fill the movie information parameters. Set the output directory for the results of U-track to 267 
Results (videoName/Series1/results). 268 
 269 
NOTE: The movie information parameters can be obtained from the microscope and the 270 
acquisition conditions.  271 
 272 
3.6 Press on the Advanced channel settings and fill the parameters related to the acquisition. 273 
Look the values of the parameters in the example (Supplemental Figure 11C). 274 
 275 
3.7  Press Save on the Advanced channel settings window and Save on the Movie edition 276 
window. The program will ask for confirmation of writing the file called movieData.mat on the 277 
results directory. Confirm. 278 
 279 
3.8 After creating the movie, press on Continue in the movie selection window. U-track will 280 
ask about the type of object to be analyzed. Choose Single-particles (Supplemental Figure 12). 281 
The Control panel window will appear (Supplemental Figure 13A).  282 

 283 
3.8.1 Select the first step Step 1: Detection and press on Setting. The Setting Gaussian Mixture-284 
Model Fitting window will appear (Supplemental Figure 13B). In the example, “Alpha value for 285 
comparison with local background” is set to 0.001 and “Rolling-Window time averaging” to 3 286 
(Supplemental Figure 13B).  287 
 288 
3.8.2 Press on Apply in the Settings Gaussian Mixture-Model Fitting window and Run in the 289 
Control panel. With the configuration in Supplemental Figure 13, only the Detection step runs. 290 
This step takes a few (2-5) minutes. Check the results by pressing the Result button of the Step 1 291 
(Detection, Supplemental Figure 14).  292 
 293 
NOTE: As shown above, the movie shows red circles on the detected particles. If no red circle is 294 
shown, then this step has not worked correctly. 295 
 296 
3.9 Perform the identification of tracks, that is, merging the particles detected in the previous 297 
step into tracks that span multiple frames. This is the Step 2: Tracking of U-track whose settings 298 
have to be defined as shown in Supplemental Figure 15A-C. The Step 2 cost function settings for 299 
frame-to-frame linking and Gap closing, merging and splitting in the example are shown in 300 
Supplemental Figure 15B and C, respectively.  301 
 302 
3.10 After setting the parameters for Step 2, press Run in the Control panel and only Step 2 303 
runs (Supplemental Figure 16). 304 
 305 
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3.11 Perform track analysis, Step 3. Define the settings as shown in Supplemental Figure 17 306 
(right panel). Then, press Apply in the panel of Setting-Motion Analysis, and Run in the Control 307 
Panel-U-Track. This step takes a few seconds. 308 
 309 
3.12 Verify with the Result button of Step 3 that the process has correctly identified all the 310 
tracks. For doing so, click on Show track number of the Movie options window, and check frame 311 
by frame that each track has been correctly identified (Supplemental Figure 18). Manually 312 
annotate those particles that are not true particles.  313 
 314 
NOTE: If this manual selection is not done, a weaker automatic selection can be performed later 315 
when the diffusion coefficient is calculated (see Step 4). 316 
 317 
4. Calculation of the diffusion coefficients and classification of trajectories  318 
 319 
4.1 Be sure that all the scripts are invoked from the directory of the video being analyzed (in 320 
the example, VideoName/Serie1).  321 
 322 
4.2 Read all the trajectories to compute the diffusion coefficients by issuing in the Matlab 323 
console the command: trajectories=readTrajectories(0.1), where 0.1 is the time in seconds 324 
between two consecutive frames (time interval, shown in panel Movie Information, 325 
Supplemental Figure 11B).  326 
 327 
4.3 Exclude trajectories corresponding to incorrectly identified spots/trajectories. Give a list 328 
of the spots to exclude. For instance, to exclude spots 4, 5 and 28, type: 329 
trajectories=readTrajectories(0.1, [4, 5, 28]). 330 
 331 
4.4 Calculate the instantaneous diffusion coefficients for each one of the tracks of this cell. In 332 
this case, calculate the diffusion coefficient for a time lag = 4, called D1-4. For doing so, run in the 333 
Matlab console the command: D=calculateDiffusion(trajectories, 113.88e-3, 0.0015, ‘alpha’) 334 
where trajectories are the trajectories obtained in Step 3, 113.88e-3 is the pixel size of the 335 
acquired images in microns, 0.0015 is an upper bound for the diffusion coefficients of immobile 336 
particles measured in μm2/s, and ‘alpha’ is the fitted model as explained below.  337 
 338 
NOTE: When using a faster camera and need more frames to calculate the diffusion parameter 339 
increase it, e.g. to 20, by D=calculateDiffusion(trajectories, 113.88e-3, 0.0015, ‘alpha’, ‘’, 20). 340 

The string parameter before 20, in the example above, ‘’, is the suffix added to the output files. 341 
This suffix may be used to differentiate different analyses. 342 
 343 
4.5 Fit the MSD with a different function by calling the calculateDiffusion function again with 344 
a different fitting mode (‘confined’, ‘free’, or ‘directed’). In this example, ‘confined’: 345 
D=calculateDiffusion(trajectories, 113.88e-3, 0.0015, ‘confined’). 346 
 347 
4.6 Obtain the fitting results for the directed model, as shown in Supplemental Figure 20.  348 
 349 
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4.7 Decompose the trajectories into short and long trajectories. Use the command: 350 
[shortTrajectories, longTrajectories]=separateTrajectoriesByLength(trajectories,50) where 50 351 
is the minimum length in frames of a trajectory to be considered long (in the example shown). 352 
 353 
4.8 Study short trajectories using the same fitting procedure described in Step 4.3: 354 
D=calculateDiffusion(shortTrajectories, 113.88e-3, 0.0015, ‘directed’, ‘Short’). Analyze short 355 
and anomalous trajectories with the command: D=calculateDiffusion(shortTrajectories, 356 
113.88e-3, 0.0015, ‘alpha’, ‘Short’). 357 
 358 
4.9 Analyze long trajectories to classify the type of motion through their Moment Scaling 359 
Spectrum (MSS)7. The command: 360 
trajectoriesClassification=classifyLongTrajectories(longTrajectories,113.88e-3,0.0015,’Long’) 361 
shows the analysis in screen and generates a file called trajectoryClassification<Suffix>.txt in the 362 
directory results\TrackingPackage\tracks. 363 
 364 
5. Calculation of cluster size through the particle density 365 
 366 
NOTE: Be sure that all the scripts are invoked from the directory of the video being analyzed (in 367 
the example shown, VideoName/Serie1). 368 
 369 
5.1 Analyze the intensity of each particle along their trajectory. For doing so, invoke the script 370 
by typing in the Matlab console: analyzeSpotIntensities that takes as input the trajectories 371 
calculated by U-track in the first section. In its most basic form, simply call the script without any 372 
argument from the directory of the video being analyzed (in the example shown, 373 
VideoName/Series1) analyzeSpotIntensities(). Configure this basic behavior in many different 374 
ways by providing arguments to the script as in: analyzeSpotIntensities(`Arg1´, Value1, `Arg2´, 375 
Value2, …). Valid arguments with their corresponding variable values (`ArgN´, ValueN) are listed. 376 
 377 
5.1.1 (`spotRadius´, 1) 378 
Analyze the fluorescence intensity using the spotRadius of 1 pixel (by default) that corresponds 379 
to a patch of size 3x3 centered at the spot ((2*spotRadius+1)x(2*spotRadius+1)).  380 
 381 
NOTE: For a patch of 5x5 centered at the spot, choose a spotRadius of 2, etc. 382 

 383 
5.1.2 (`onlyInitialTrajectories´, 1) 384 
If this argument is given (true, value of 1), analyze only the trajectories that start in the first frame 385 
of the video. This is useful to analyze control images (by default 0, false).  386 
 387 
5.1.3 (`trackTrajectory´, 0) 388 
If this argument is set to 0 (false), then keep the coordinate of the spot in its first frame for all 389 
frames (this is useful for immobile spots). If the argument is set to 1 (by default 1, true), then the 390 
spot is tracked along the video following the coordinates calculated by U-track. 391 
 392 
5.1.4 (`excludeTrajectories´, [4,5,28]) 393 
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Include the trajectory number of those trajectories excluded in Step 4.3 (in the example 4, 5, 28). 394 
 395 
5.1.5 (`extendTrajectory ´, 1) 396 
If this argument is set to 1 (true), then analyze the intensity in the patch to the end of the video 397 
(even if the trajectory stops earlier). The coordinate of the spot is either the last coordinate in 398 
the trajectory (if trackTrajectory is true) or the first coordinate in the trajectory (if trackTrajectory 399 
is false). This argument is false (0) by default. 400 
 401 
5.1.6 (`substractBackground´, 1) 402 
If this parameter is set, then correct the raw fluorescence measured at each spot by the estimate 403 
of the background fluorescence for that spot (see below). This argument is true (1), by default. 404 
 405 
5.1.7 (`meanLength´, frame number) 406 
If this parameter is set, then the mean intensity spot is measured at the length indicated. Set 407 
`meanLength’, 20 to measure the mean spot intensity at the first 20 frames. If the argument is 408 
not set, then the spot intensity is calculated at the whole trajectory (by default, full length). 409 
 410 
5.1.8 (`showIntensityProfiles´, 1) 411 
Set this parameter as 1 (by default 0, false), to plot the intensity profile along the different frames 412 
as well as their background.  413 
 414 
NOTE: These plots are very useful to identify photobleaching as shown in the Supplemental 415 
Figure 21. For every path, the routine automatically analyzes if it is possible that there has been 416 
photobleaching. This is done by comparing the intensity values with a Student’s t in the first and 417 
last N frames along the path. By default, N is 10, but this value can be modified through the 418 
argument `Nbleach´. 419 
 420 
5.1.9 (`backgroundMethod´, value)  421 
Set this parameter to determine the background of each spot. This can be done in several ways, 422 
and which one to use can be selected changing the “value”:  423 
 424 
5.1.9.1 (`backgroundMethod´, 0) 425 
Use this value to manually identify the background for the whole video. Allow to select 8 points 426 
in the first frame of the video. A patch around these points is analyzed along the whole video, 427 
and the 95% quantile of all these intensities is chosen as the background intensity for all spots.  428 

 429 
5.1.9.2 (`backgroundMethod´, 1) 430 
Use this value to manually identify the background for each frame. Choose 8 points for every spot 431 
and every frame. This is a time consuming task but it gives a lot of control to the user. The 95% 432 
quantile of the intensities in these patches is chosen as the background intensity for this spot in 433 
this frame.  434 
 435 
5.1.9.3 (`backgroundMethod´, 2) 436 
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Use this value to calculate the background of each spot estimated from 8 points located in a circle 437 
around the spot with a radius controlled by the argument `backgroundRadius´ (by default, 438 
4*spotRadius). 439 
 440 
5.1.9.4 (`backgroundMethod´, 3) 441 
Use this value to calculate the background for each frame by first locating the cell in the video 442 
and then analyzing the intensities of the cell in each frame (Supplemental Figure 22).  443 
 444 
NOTE: The background is chosen as the gray value at a given quantile of this distribution (by 445 
default 0.5 (=50%), although this parameter can be controlled through the argument 446 
`backgroundPercentile´, this value can be set higher, for instance, 0.9 (=90%) if wanting most of 447 
the cell to be considered as background. To help in the identification of the cell, indicate which is 448 
the maximum background value expected along the frames using the argument 449 
`maxBackground´ (for instance, in all the analyzed videos, the background value normally never 450 
goes beyond 6000)13. By default, this option is set to 0, meaning that this help is not used by 451 
default. See which is the cell detection and the area selected for the background estimation by 452 
setting the argument `showImages´ to 1 (stop the execution at any time by pressing CTRL-C). 453 
 454 
5.2 Gather the diffusion and intensity information for all the trajectories calculated in the 455 
Steps 4 and 5.1, respectively, using gatherDiffusion.AndIntensity (). Gather only the diffusion and 456 
intensity information for short trajectories. For doing so, use the suffixes used in Step 4.7, and 457 
type: gatherDiffusionAndIntensity (`Short´) where `Short´ is the suffix used in Step 4.7. 458 
 459 
5.3 Gather the Moment Spectrum Scaling and the intensity information by typing: 460 
gatherTrajectoryClassificationAndIntensity('Long') where `Long’ is the suffix used in Step 4.7. A 461 
summary of all the files generated using this protocol is shown in Figure 2. 462 
 463 
REPRESENTATIVE RESULTS:  464 
The use of this protocol allows the automated tracking of particles detected in fluorescence 465 
microscopy movies and the analysis of their dynamic characteristics. Initially, cells are transfected 466 
with the fluorescently-coupled protein to be tracked. The appropriate level of receptors presents 467 
on the cell surface that allows SPT is obtained by cell sorting (Figure 1). Selected cells are analyzed 468 
by TIRF microscopy that generates videos in a format that can be studied with the tools described 469 
in this protocol (Supplemental Video 1). 470 
 471 
The videos generated cannot be directly analyzed, and independent frames of each video are 472 
required. The use of ImageJ generates files that can be interpreted using Matlab software such 473 
as video frames in .tiff format or masks. U-track tracks the particles seen in the selected video 474 
and saves the information in Matlab (.mat) files (movieData.mat, 475 
Channel_1_detection_result.mat, channel_1.mat, Channel_1_tracking_result.mat), see Figure 2. 476 
 477 
As shown in Figure 2, the calculation of the diffusion coefficients and classification of trajectories 478 
commands, generates different files (diffusionCoefficients.txt, diffusionCoefficientsMobile.txt, 479 
diffusionCoefficientsShort.txt, trajectoryClassificationLong.txt, etc). The information contained in 480 
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these files are best managed using Excel and Prism software. Information that can be obtained 481 
from this analysis includes: 482 

1. Percentage of immobile spots. You can use as reference of immobile particles: the 95% 483 
percentile of D1-4 values obtained (1) from single particles in fixed cells and/or (2) from purified 484 
fluorescent protein attached to the coverslips (Figure 3A). 485 

2. Percentage of long trajectories (> 50 frames) (Figure 3B).  486 
3. Type of movement of the long trajectories: directed, free, confined (Figure 3C). 487 
4. Diffusion coefficient (D1-4) of mobile particles in cells treated with different stimulus 488 

(Figure 4A).  489 
 490 

The step 5 of the protocol analyzes the intensities of each particle along the trajectory. The script 491 
analyzeSpotIntensities will print on screen all the information analyzed. For each spot and frame, 492 
the script shows the coordinate of the spot in that frame (x,y) in pixel units, the estimate of the 493 
background fluorescence (k0), the raw spot intensity in the 3x3 patch, the corrected intensity 494 
(calculated as the raw intensity minus its background), the maximum value of intensity observed 495 
in the patch, and the region number within the mask where this spot is located at this frame. An 496 
example of the kind of output produced is 497 
 498 

spot=43 frame=184 499 
x=78.0397 500 
y=72.5395 501 
k0=1571 502 
spotRawIntensity=5550.1111 503 
spotCorrectedIntensity=3979.1111 504 
maxCorrectedSpotIntensity=6243 505 
maskRegion=2 506 

 507 
All this information is stored in a log file (results/TrackingPackage/tracks/log.txt) and a table that 508 
can be read from Excel (results/TrackingPackage/tracks/spotIntensitiesByFrame.txt). After 509 
analyzing each spot, the script prints the average intensity along the trajectory and the 510 
majoritarian region within the mask 511 

 512 
spot=43 513 
meanCorrectedSpotIntensity along frames=4762.303 514 
majoritarian region=3 515 
 516 

This information is stored in the log file above and a table that can be read from a spreadsheet 517 
(results/TrackingPackage/tracks/meanSpotIntensities.txt). As an example, mean spot intensities 518 
(msi) for every particle along their trajectory in cells stimulated with different conditions is shown 519 
in Figure 4B. We may now use this information to roughly estimate the size of the fluorescent 520 
cluster. As a spot’s mean corrected intensity is related with the number of fluorescent proteins 521 
present in this spot, and the fluorescence of a monomer can be measured through a similar but 522 
independent experiment, directly calculate the number of receptors per particle. The frequency 523 
distribution of receptor number per particle using as reference the intensity of the monomeric 524 
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protein expressed in the same cells is shown in Figure 4C. 525 
 526 
The gather diffusion and intensity command create two files: one called 527 
diffusionCoefficientsAndIntensitiesShort.txt and another called 528 
log_diffusionCoefficientsAndIntensitiesShort.txt in the directory results/TrackingPackage/tracks. 529 
Both files contain 1) the spot index, 2) the diffusion coefficient, 3) the intensity, and 4) the region 530 
number within the mask. These files can be read from a spreadsheet.  531 
 532 
Similarly, the gather trajectory classification and intensity command will create two files one 533 
called trajectoryClassificationAndIntensitiesLong.txt and another 534 
log_trajectoryClassificationAndIntensitiesLong.txt in the directory 535 
results/TrackingPackage/tracks. The first one contains 1) the spot index, 2) the movement type, 536 
3) the spot first moment, 4) the intensity, 5) D1-4 and 6) the region number within the mask. This 537 
file can be read from Excel.  538 
 539 
A summary of all the files generated using this protocol is shown in Figure 2. Other analysis that 540 
can be performed using this protocol includes the comparison of the dynamic parameters of 541 
small vs bigger spots, i.e. monomers vs oligomers, variations on these dynamic parameters 542 
induced by ligands, inhibitors, membrane composition, alteration of signaling pathways, etc. A 543 
complete analysis of CXCR4 behavior in response to its ligand CXCL12 under different 544 
experimental conditions has been performed using this protocol13. 545 

 546 
FIGURE AND TABLE LEGENDS:  547 
Figure 1. Cell sorting. Expression of GFP in Jurkat cells transfected with CXCR4-AcGFP before and 548 
after cell sorting. Cell expressing low levels of GFP (GFPlow) are selected and employed for TIRF 549 
experiments. 550 
 551 
Figure 2. Summary of the files generated. The figure shows all the files generated using the 552 
Matlab routine described.  553 
 554 
Figure 3. Classification of trajectories. Number of the different types of trajectories 555 
corresponding to cells treated with different stimuli. (A) Percentage of immobile spots, (B) 556 
percentage of long trajectories and (C) type of movement of the long trajectories. 557 
 558 
Figure 4. Diffusion coefficient, mean spot intensities and number of receptors per particle. (A) 559 
Distribution of the short diffusion coefficients (D1-4) values for each spot in response to different 560 
stimuli (I, II, II and IV). Red line represents the median value for D1-4. (B) Mean spot intensities 561 
(msi) values for each spot along its first 20 frames in response to different stimuli (I, II, II and IV). 562 

Red line represents the mean intensity value ( SD). (C) Percentage of receptors/particle as 563 
extracted from intensity distribution of the individual particles, taking as bin width the 564 
monomeric protein intensity value. 565 
 566 
Supplemental Figure 1. Opening a TIRFM file in Fiji or ImageJ. Options that appear on the Bio-567 
formats window upon dragging and dropping a .lif video. 568 



   

Page 13 of 6  revised November 2017 
 

 569 
Supplemental Figure 2. Select series. Images present in the .lif video. (A) Window that permits 570 
selection of the series to be analyze, including multichannel images. (B) Result example of series 571 
selection, including multichannel image (left) and corresponding video (right). 572 
 573 
Supplemental Figure 3. Split channels. (A) Window capture of the ImageJ commands needed for 574 
splitting channels of a multichannel image and (B) result example of the channel split. 575 
 576 
Supplemental Figure 4. Merge Channels. (A) Merging different channels in a single image. (B) 577 
Channel selection for the merging. (C) Result example of the channel merge. 578 
 579 
Supplemental Figure 5. Synchronize windows. (A) Localization in the ImageJ menu of the 580 
commands required for image synchronization and (B) resulting window. 581 
 582 
Supplemental Figure 6. Select the region of interest. (A) Selection of the window of interest 583 
using the rectangular selection tool and (B) result of the image crop. 584 
 585 
Supplemental Figure 7. Save the video. Save the region of interest as an image sequence and 586 
parameters for the Save as Image sequence window. 587 
 588 
Supplemental Figure 8. Segmentation. (A) Open the Segmentation editor plugin in the ImageJ’s 589 
plugins menu. (B) Add labels/materials for the segmentation. 590 
 591 
Supplemental Figure 9. Mask design. (A) Selection of the appropriate labels and definition of the 592 
green mask. (B) Selection of the red mask. Example of two masks corresponding to two labels. 593 
(C) Save the masks as a .tiff file. 594 
 595 
Supplemental Figure 10. Matlab working directory. Selection of the correct directory containing 596 
the series to be analyzed. 597 
 598 
Supplemental Figure 11. U-track main menu. (A) Movie selection, (B) movie edition and (C) 599 
channel Settings menus. 600 
 601 
Supplemental Figure 12. Select the type of object to track. Select tracking of single particles.  602 
 603 
Supplemental Figure 13. Detection of particles. (A) U-track, control panel. (B) Example of 604 
settings for the detection of particles. 605 
 606 
Supplemental Figure 14. Example of results for particle detection. Different windows that 607 
include a viewer menu, movie options menu and the movie. 608 
 609 
Supplemental Figure 15. Tracking menu. Example of settings. (A) Tracking, (B) setting – frame to 610 
frame linking and (C) gap closing, merging and splitting menus. 611 
 612 
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Supplemental Figure 16. Example of results for particle tracking.  613 
 614 
Supplemental Figure 17. Track analysis menu. Example of settings. 615 
 616 
Supplemental Figure 18. Verification of track analysis. Screen displayed after track analysis, 617 
including a video window showing the particles detected and their corresponding tracks. 618 
 619 
Supplemental Figure 19. Calculation of diffusion coefficients. Histograms of the diffusion 620 
coefficients calculated (left) and the mean squared displacement (MSD, right).  621 
 622 
Supplemental Figure 20. Calculation of diffusion coefficients including the different fitting 623 
modes. Histograms of the diffusion coefficients calculated (left) and the mean squared 624 
displacement (MSD, right) for the confined model.  625 
 626 
Supplemental Figure 21. Intensity Profiles. Example of spot intensity along its trajectory (blue 627 
line) and background (red line).  628 
 629 
Supplemental Figure 22. Background for each frame. Left: Sample cell image. Middle: 630 
Automatically detected cell. Right: Area automatically selected as background. 631 
 632 
Supplemental Video 1. Example of a typical TIRF video microscopy showing the presence of 633 
particles with different intensities and types of movements. 634 
 635 
Supplemental Material 1. Files containing all the protocol scripts employed in the ad hoc routines 636 
employed for the classification of trajectories and analysis of the cluster size.  637 
 638 
DISCUSSION: 639 
The described method is easy to perform even without having any previous experience working 640 
with Matlab. However, Matlab routines require extremely accuracy with the nomenclature of the 641 
different commands and the localization of the different folders employed by the program. In 642 
the tracking analysis routine (step 3), multiple parameters can be modified. The “Setting 643 
Gaussian-Mixture Model Fitting” window (step 3.8) controls how U-track will detect single 644 
particles on the video. This is done by fitting a Gaussian mixture model as described in3. One of 645 
the key parameters for this fitting defines a filter to help identifying local maxima. The success of 646 
this operation depends on the image contrast and the noise present in the images. The first 647 
parameter (Alpha value for comparison with local background) controls the confidence of a 648 
maxima being a real spot, while the second helps to reduce noise during the identification of 649 
spots. Important parameters in the “Tracking” step (3.9) are the number of frames to close gaps 650 
(that is a track may span over frames in which the particle is not actually seen, but it is seen 651 
before these frames and after these frames; in the example, 0), and the number of frames that a 652 
track must span in order to be considered as a successful track (in our example, 20; this 653 
parameter is related to the camera acquisition speed and the number frames in the track must 654 
be such that it allows the calculation of the diffusion coefficient). It is also important to decide 655 
whether to merge and split segments (in the example these two possibilities were chosen). Then, 656 
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the parameters for the Step 1 in Cost functions (frame-to-frame linking) must be set. This function 657 
controls how the particles are tracked along the frames. The most important parameters at this 658 
point is the selection of the Brownian search radius, which control how far each spot is expected 659 
to be in the next frame. In our example we chose 0 and 5 as lower and upper bounds, respectively. 660 
Note that these parameters are very specific to the nature of the particles being tracked, and 661 
that they may have to be tuned in each specific case. Particularly important are the scaling power 662 
in the Brownian and Linear search radii. These scaling powers depend on the kind of movement 663 
of the particles (free or confined diffusion). In the example, the values (0.5, 0.01) were chosen 664 
for free diffusion. For the specific documentation of these parameters, see3. 665 
 666 
In the calculation of the diffusion coefficients command (step 4.4), the upper bound of the 667 
diffusion coefficient of immobile particles can be known from previous experiments or by running 668 
the calculateDiffusion function on a separate project with immobile particles (purified 669 
monomeric fluorescent protein) and seeing the diffusion coefficients reported. This function 670 
takes two extra parameters: ̀ outputSuffix´, which is added to the output filenames and by default 671 
takes the empty value, and `plotLength´, which by default is 13 and is the number of time lag 672 
(seconds) in which the diffusion calculation is performed. The fitting mode ‘alpha’ implies an 673 
adjustment of the MSD to the curve 674 

0 4MSD MSD Dt   675 

that is, an offset (MSD0) and a power function of the time lag. The exponent of this power 676 
function,  , determines whether the movement is confined (0 < α < 0.6), anomalous (0.6 < α < 677 
0.9), free (0.9 < α < 1.1), or directed (α > 1.1). For a review of this kind of analysis the reader is 678 
referred to Manzo et al.9 679 
 680 
The calculation of the diffusion coefficients4 produces two output figures (see Supplemental 681 
Figure 19). The first one shows a histogram of the diffusion coefficients calculated (note that at 682 
this point, there is an independent diffusion coefficient for each trajectory). The mean and 95% 683 
percentile of these coefficients are shown in the Matlab console. The second plot shows the MSD 684 
(red curve) and the number of steps considered to calculate it as a function of the time lag for 685 
those trajectories considered to be mobile (those whose diffusion coefficient is above the 686 
threshold given in the command line). The average and standard deviation of the mobile 687 
trajectories is computed (these are the values for the trajectories in a single cell). In the example, 688 
the exponent is 0.59 meaning that the movement is confined. For this curve fitting, the program 689 
reports the uncertainty associated to each one of the parameters (shown as the standard 690 
deviation of each one) and the goodness of fit (a perfect fit would reach zero). At this point and 691 
after checking the value of alpha we may decide to fit the MSD with a different function: 692 

2

4

2

0 1

BDt

rMSD MSD r Ae

 

 
     

 
  ` if 0 < α < 0.6 (confined) 693 

0 4MSD MSD Dt       if 0.9 < α < 1.1 (free) 694 
2

0 4 ( )MSD MSD Dt vt       if α > 1.1 (directed) 695 

 696 
Anomalous trajectories cannot be fitted with a different function. In case of confined particles 697 
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you may calculate the confinement size (in microns) as in Destainville et al.14  698 
2

03( )L r MSD     699 

 700 
A good indicator of a correct fitting is that the goodness-of-fit should decrease from the alpha 701 
fitting to the final fitting (in the example, the goodness fit falls from 0.30474 to 0.15749, 702 
Supplemental Figure 19-20). calculateDiffusion creates two files in the 703 
“results\TrackingPackage\tracks” inside the series directory called “diffusionCoefficients.txt” and 704 
“diffusionCoefficientsMobile.txt”. These files contain three columns: 1) the index of each input 705 
trajectory, 2) their corresponding diffusion coefficient, 3) the majoritarian region in the mask 706 
where this track belongs to (the regions are obtained from the file “mask.tif” that we generated 707 
in Steps 2.7; if this file does not exist, then this column is not present). You may use this file and 708 
the analogous files generated for other cells to analyze the distribution of the diffusion coefficient 709 
for a set of cells under similar experimental conditions.  710 
 711 
In the calculation of the diffusion coefficient for short trajectories (steps 4.7-4.8), the last 712 
parameter ‘Short’ is a suffix added to the output filename so that you may analyze different 713 
subsets of trajectories without overwriting the diffusionCoefficients.txt files. The actual name of 714 
the output files is “diffusionCoefficients<Suffix>.txt” and 715 
“diffusionCoefficientsMobile<Suffix>.txt”. If no suffix is given, as in the general analysis 716 
performed above, then an empty suffix is assumed. The model parameters (D, v, and MSD0) may 717 
differ from those fitted to all trajectories. Most remarkably, the standard deviation of the 718 
parameters as well as the Goodness fit normally increase. The reason is that short trajectories 719 
are more unstable and a reliable fitting is more difficult.  720 
 721 
The analysis of long trajectories (step 4.9) classify them into confined (1), free (2), or directed (3) 722 
according to their first moment and its location with respect to the 2.5% and 97.5% percentiles 723 
of the first moment of 500 random paths with Brownian motion, the same diffusion coefficient 724 
and length as the trajectory being analyzed and simulated by Monte Carlo. If the first moment of 725 
the path being analyzed is below the 2.5% of the first moments observed in the simulations, the 726 
path being studied is classified as confined. If it is above the 97.5% of the simulated first 727 
moments, it is classified as directed; otherwise, the path is classified as Brownian. In the 728 
command employed, 113.88e-3 is the pixel size in μm, 0.0015 is the upper bound of the diffusion 729 
coefficient of immobile spots measured in μm2/s, and ‘Long’ is the suffix for the output filename. 730 
The first column of this file (“trajectoryClassificationLong.txt”) is the trajectory number, the 731 
second is its classification (1=confined, 2=free, 3=directed), and the third is the trajectory first 732 
moment. 733 
 734 
The script for calculating the intensity of each particle (step 5.1) is highly flexible and allows 735 
tracking the fluorescence intensities in many different ways (each one well suited for different 736 
situations like tracking immobile spots of a control experiment or tracking highly movable spots 737 
over a cell with variable fluorescent background). The script will analyze all trajectories along all 738 
frames. For each spot at each frame it will measure the intensity of the pixels around the spot (it 739 
analyzes a square patch around the spot, by default of a size 3x3 pixels), estimate the spot 740 
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background and calculate the fluorescence difference between the spot and the background. The 741 
percentage of photobleaching particles and the number of fluorescent particles in a single 742 
cluster, seen as a single spot, can be estimated in this way.  743 
 744 
This automated method (gatherTrajectoryClassificationAndIntensity) produces information on 745 
multiple parameters (spot intensity, lateral diffusion, type of motion), that can help to study the 746 
relation between spot size and its dynamic at basal conditions, and how different treatments can 747 
modify these parameters.  748 
 749 
The main limitation of the method is that it requires cell transfection with the fluorescent protein 750 
to be tracked. Usually transfection leads to protein overexpression, a fact that hinders single 751 
protein tracking. A cell sorting step must be included to select cells expressing a number of 752 
receptors that allow detection and tracking of single particles by SPT-TIRF microscopy. This 753 
method could also be employed for tracking biomolecules labelled with quantum dots or Fab 754 
fragments. The described protocol requires a number of controls that must be previously 755 
analyzed in order to ensure that the conclusions driven from the analysis are correct. First of all, 756 
it is critical to determine the appropriate expression conditions that allow detection and tracking 757 
of single particles. Movies with densities of ~ 4.5 particles/µm2, corresponding to 8,500-22,000 758 
receptors/cell, were used to analyze the spatio-temporal organization of the cell membrane 759 
receptor13.  760 
 761 
It is important to establish the minimum detectable diffusion coefficient by using purified 762 
monomeric AcGFP proteins or fixed cells. In both cases it is assumed that there is no diffusion 763 
and therefore we estimate that the diffusion values of particles analyzed in these conditions 764 
correspond to immobilized particles and used to discriminate between mobile and immobile 765 
trajectories13.  766 
 767 
The analysis we have presented here is a general trajectory analysis tool, that can be applied to 768 
the analysis of diffusion of receptors by superresolution, to the analysis of diffraction limited 769 
images and to the analysis of cellular movement by standard microscopy. The main advantage of 770 
this method with others previously described, such as analysis of number and brightness11, is that 771 
it allows the evaluation of the mean intensity values of each individual spot along its trajectory, 772 
taking into account the time of survival of the AcGFP monomeric protein before photobleaching. 773 
The survival time of a molecule before photobleaching will strongly depend on the excitation 774 
conditions.  775 
 776 
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Name of Material/ Equipment Company Catalog Number Comments/Description

Human Jurkat cells ATCC CRL-10915 Human T cell line. Any other cell type can be analyzed with this software

pAcGFPm-N1 (PT3719-5)DNA3GFP Clontech 632469 Different fluorescent proteins can be followed and analyzed with this routine

Gene Pulse X Cell electroporator BioRad We use 280V, 975 mF, for Jurkat cells.  Use the transfection method best working in your hands. 

Cytomics FC 500 flow cytometer Beckman Coulter

MoFlo Astrios Cell Sorter Beckman Coulter Depending on the level of transfection, cell sorting may not be required.  You can also employ cells with stable expression of adequate levels of the receptor of interest.

Dako Qifikit DakoCytomation K0078 Used for quantification the number of receptors in the cell surface.

Glass bottom microwell dishes MatTek corporation P35G-1.5-10-C

Human Fibronectin from plasma Sigma-Aldrich F0895

Recombinant human CXCL12 PeproTech 300928A

Inverted Leica AM TIRF Leica

EM-CCD camera Andor DU 885-CSO-#10-VP

MATLAB The MathWorks, Natick, MA

U-Track2 software Danuser Laboratory

ImageJ NIH https://imagej.nih.gov/ij/

FiJi FiJI https://imagej.net/Fiji)

u-Track2 software Matlab tool.  For installing, download .zip file from the web page (http://lccb.hms.harvard.edu/software.html) and uncompress the file in a directory of your choice

GraphPad Prism GraphPad software
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Human T cell line. Any other cell type can be analyzed with this software

Different fluorescent proteins can be followed and analyzed with this routine

We use 280V, 975 mF, for Jurkat cells.  Use the transfection method best working in your hands. 

Depending on the level of transfection, cell sorting may not be required.  You can also employ cells with stable expression of adequate levels of the receptor of interest.

Used for quantification the number of receptors in the cell surface.

Matlab tool.  For installing, download .zip file from the web page (http://lccb.hms.harvard.edu/software.html) and uncompress the file in a directory of your choice
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
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hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
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hereunder exceed the scope of the 17 U.S.C. 403, then the 
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provisions contained herein that are not in conflict with 
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JoVE to take steps in the Author(s) name and on their behalf 
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might infringe the copyright of either the Author’s Article 
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grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
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distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 





Dear Editor, 

Following your instructions, we have carefully revised the updated manuscript, 

59314_R1.docx "Image Processing Protocol for the Analysis of the diffusion and cluster size of 

membrane receptors by fluorescence microscopy," to address all editorial comments..  All 

changes have been tracked in the revised version of the manuscript.    

 

We hope that this revised version of the manuscript is appropriate for publication in JoVE 

All the best 

 

José Miguel Rodriguez Frade 
 
 

Editorial comments:  

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. 

 

We have thoroughly proofread the manuscript to ensure that there are no spelling or grammar 

issues.  The spelling or grammar issues that may remain in the manuscript correspond to Matlab 

scripts and arguments that have to be written exactly as included in the manuscript 

 

2. Not only the highlighted protocol steps must be written in the imperative tense, but also all 

other protocol steps. So, please rewrite steps 5.1.1-5.1.8 

Steps 5.1.1-5.1.8 have been rewritten according to the editorial comments. 
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