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The dynamics of nanoparticles (NPs) on membrane is closely associated with the cellular uptake 

process, which is essential for the understanding of cell functions, viral or bacterial infections and the 

development of artificial nanomedical delivery systems. Single particle tracking (SPT) analysis could 

probe the position and orientation of individual nanoparticles on cell membrane, and reveal their 

translational and rotational states. Fluorescence-based microscopic imaging techniques have become 

valuable tools for observing NPs/molecules in living cell environment. However, the inherent 

disadvantages of single fluorophores, such as low intensity and rapid irreversible photobleaching, 

reduce the accuracy and duration of tracking. Therefore, non-fluorescent plasmonic NPs, replacing the 

fluorescent probes, have attracted more and more attention in long-term imaging studies due to their 

unique optical characteristics. Based on the scattering signals of plasmonic NP probes, several kinds of 

optical microscopic imaging technologies have been used to study the mechanism of biological 

processes. In addition, the time-resolved trajectories and orientational angles generated by individual 

NPs are normally stochastic and heterogeneous, so it is necessary to present abundant dynamic 

information with various analysis methods. 

In this work, we propose an integrated protocol for studying the diffusion dynamics of AuNRs on live 

cell membrane with SPT method. The dynamic of AuNRs was monitored with single nanoparticle 

darkfield microscopy, extracted using ImageJ and MATLAB, and characterized by comprehensive 

analytical methods. CTAB@AuNRs did abnormal diffusion motion on U87 cell membrane, and its motion 

shows spatiotemporal heterogeneity. Our SPT methods can be potentially used to study surface or 

intracellular particle diffusion in different biological cells, and can become a powerful tool for 

investigations of complex cellular mechanisms. 
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SUMMARY: 22 
Here, we show the use of traditional dark-field microscopy to monitor the dynamics of gold 23 
nanorods (AuNRs) on cell membrane. The location and orientation of single AuNRs are detected 24 
using ImageJ and MATLAB, and the diffusive states of AuNRs are characterized by single particle 25 
tracking analysis.  26 
 27 
ABSTRACT:  28 
Analyzing the diffusional dynamics of nanoparticles on cell membrane plays a significant role in 29 
better understanding the cellular uptake process and provides a theoretical basis for the rational 30 
design of nano-medicine delivery. Single particle tracking (SPT) analysis could probe the position 31 
and orientation of individual nanoparticles on cell membrane, and reveal their translational and 32 
rotational states. Here, we show how to use traditional dark-field microscopy to monitor the 33 
dynamics of gold nanorods (AuNRs) on live cell membrane. We also show how to extract the 34 
location and orientation of AuNRs using ImageJ and MATLAB, and how to characterize the 35 
diffusive states of AuNRs. Statistical analysis of hundreds of particles show that single AuNRs 36 
perform Brownian motion on the surface of U87 MG cell membrane. However, individual long 37 
trajectory analysis shows that AuNRs have two distinctly different types of motion states on the 38 
membrane, namely long-range transport and limited-area confinement. Our SPT methods can be 39 
potentially used to study the surface or intracellular particle diffusion in different biological cells 40 
and can become a powerful tool for investigations of complex cellular mechanisms. 41 
 42 
INTRODUCTION:  43 
The dynamics of nanoparticles (NPs) on the membrane is closely associated with the cellular 44 
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uptake process, which is essential for the understanding of cell functions, viral or bacterial 45 
infections and the development of artificial nanomedical delivery systems1,2. Single particle 46 
tracking (SPT) technique is a robust tool for characterizing the heterogeneous behaviors of NPs3,4. 47 
In general, cell membrane is fluidic, which means that the components such as proteins and lipids 48 
can move laterally in the plasma membrane plane5-7. The spatiotemporal complexity of 49 
membrane organization and structure may lead to spatiotemporal heterogeneity of the 50 
interaction between NPs and membrane. Hence, direct visualization of the movement of NPs on 51 
the membrane requires both high spatial and temporal resolution.  52 
 53 
Single particle tracking microscopy that monitors the localization of individual particles in living 54 
cells with a spatial resolution of tens of nanometers and a time resolution of milliseconds has 55 
been well developed to study the NPs or membrane molecules dynamics8,9. Fluorescence-based 56 
microscopic imaging techniques have become valuable tools for observing NPs/molecules in 57 
living cell environment9-12. For example, total internal reflection fluorescence microscopy, which 58 

images thin layers (100 nm) of the sample at the substrate/solution interface with a high 59 
spatiotemporal resolution has been widely used in studies of membrane molecules dynamics13,14. 60 
However, the inherent disadvantages of single fluorophores, such as low intensity and rapid 61 
irreversible photobleaching reduce the accuracy and duration of tracking13. Therefore, non-62 
fluorescent plasmonic NPs, which replace the fluorescent probes, have attracted more and more 63 
attention in long-term imaging studies due to their unique optical characteristics15. Based on the 64 
scattering signals of plasmonic NP probes, several kinds of optical microscopic imaging 65 
technologies have been used to study the mechanism of biological processes, such as dark-field 66 
microscopy (DFM)16, interferometric scattering (iSCAT) microscopy17 and differential 67 
interference contrast microscopy (DICM)18. In addition, the motion and rotation dynamic of 68 
AuNRs can be obtained using DFM and DICM18-22. Typically, in an SPT experiment, the motion of 69 
the object is recorded by the optical microscope, and then analyzed by SPT analysis methods3. 70 
The time-resolved trajectories and orientational angles generated by individual NPs are normally 71 
stochastic and heterogeneous, so it is necessary to present abundant dynamic information with 72 
various analysis methods.  73 
 74 
Here, we provide an integrated protocol that monitors the dynamics of AuNRs on cell membrane 75 
using DFM, extracts the location and orientation of AuNRs with ImageJ and MATLAB and 76 
characterizes the diffusion of AuNRs with SPT analysis methods. As a demonstration, we show 77 
here how to use the SPT protocol to visualize dynamics of unmodified AuNRs (CTAB-AuNRs, 78 
synthesized by cetyltrimethylammonium ammonium bromide molecule as protective agent) on 79 
U87 MG cell membrane. It has been demonstrated that CTAB-AuNRs can adsorb proteins in 80 
biological environment, move on cell membrane and then enter cells2,20,22. U87 MG cell is the 81 
most common and most malignant tumor of the central nervous system, and its membrane 82 
receptors are abnormally expressed. The membrane receptors can interact with proteins on 83 
AuNRs, which influence the dynamics of AuNRs. Our protocol is generally applicable to other SPT 84 
experiments in the field of biology. 85 
 86 
PROTOCOL:  87 
 88 
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1. Cell culture 89 
 90 
1.1. Prepare complete medium for U87 MG cells by adding fetal bovine serum (final 91 
concentration 10%) and penicillin-streptomycin (final concentration 1%) to the minimum 92 
essential medium (MEM). Use plastic cell culture dish for cells subculture. 93 
 94 
1.2. Passage cells 2 to 3 times a week. 95 
 96 
1.2.1. Remove the culture medium and rinse the cell layer with Dulbecco's phosphate-buffered 97 
saline (D-PBS) 2~3 times when confluent (80%~90%). 98 
 99 
1.2.2. Add 1.0 to 2.0 mL of Trypsin-EDTA solution to the cell culture dish and observe cells under 100 
an inverted microscope until cells become round (3~5 min). 101 
 102 
1.2.3. Add 3.0 mL of prepared complete medium and disperse the cells by gently pipetting. 103 
 104 
1.2.4. Add cell suspension (1 mL) to new culture dish with fresh cell medium (3 mL) and 105 
resuspend the cells.  106 
 107 
1.3. Maintain the cells at 37 °C and 5% CO2 in a humidified atmosphere. 108 
 109 
2. Microscope slide preparation 110 
 111 
NOTE: U87 MG cells of third to tenth generation with high activity are used in SPT experiments. 112 
 113 
2.1. Sterilize 22 mm × 22 mm coverslips already cleaned with Piranha solution by immersing in 114 
ethanol (99.9%). 115 
 116 
2.2. Use forceps to take out the cover slip from the ethanol solution (step 2.1) and sterilize by 117 
burning ethanol on the flame. Once all ethanol is burnt, place coverslips in a plastic cell culture 118 
dish (35 x 10 mm) filled with 2 mL of cell medium (no phenol red). 119 
 120 
2.3. Add 50 µL of the cell suspension from step 1.2.3 on the coverslip and gently push the dish 121 
back and forth and left and right to evenly distribute the cells. Place it in a humidified 122 
atmosphere. 123 
 124 
2.4. When U87 MG cells on the coverslip reach 20%–40% confluency (~12 h), add 20 μL of CTAB-125 
AuNRs (138 pM) into the dish and disperse. Incubate in humidified atmosphere for 5 min. 126 
 127 
2.5. Add 100 μL of the culture medium (no phenol red) from dish in step 2.4 into the groove of 128 
the grooved glass slide (Figure 1) which is precleaned with Piranha solution. 129 
 130 
2.6. Take the coverslip out from the dish and inverted on the top of the groove of the microscope 131 
glass slide (Figure 1). Seal with nail polish, let it dry and place it on the stage to perform SPT 132 
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experiments.  133 
 134 
3. Performing single particle tracking experiments with darkfield microscopy (Figure 1). 135 
 136 
3.1. Place a drop of oil on the oil-immersed darkfield condenser (NA 1.43-1.20) and turn the knob 137 
to make the condenser contact the glass slide. 138 
 139 
3.2. Put a drop of oil on the top of the cover glass and turn the focusing knob to make the 60x oil 140 
immersion objective (NA 0.7–1.25) touch the oil. 141 
 142 
3.3. Turn on the light source and slightly turn the focusing knob to focus the imaging plane. 143 
 144 
NOTE: In the field of view, the background is black, the cells are bright, and the CTAB-AuNRs 145 
(aspect ratio~2:1, Figure 2) are small colored (red, yellow, or green) scattering spots. 146 
 147 
3.4. Capture sample scattering light by a color CMOS camera. Click “Camera icon” in the software 148 
to record and export TIFF format to save images. 149 
 150 
4. Data acquisition 151 
 152 
4.1. Extract single long-term trajectory 153 
 154 
4.1.1. Operate as described in Figure 3 to convert the time-series dark-field images from “RGB 155 
color” mode to “8 bit” mode. In the Image J click Image | Type | 8 bit. To adjust the contrast, 156 
click Image | Adjust | Brightness | Contrast. 157 
 158 
4.1.2. Select a target particle and cutoff the time-series backgrounds by boxing and deleting the 159 
background with "Ctrl+X".  160 
 161 
4.1.3. Open the particle detection and particle Linking window by clicking the “Plugins | Particle 162 
Tracker Classic | Particle Tracker”.  163 
 164 
4.1.4. Set Radius to 6, Cutoff to 0 and Percentile to 0.01%. 165 
 166 
NOTE: To detect the particle, adjust above three parameters with the assistance of Preview. 167 
Ensure that radius is slightly larger than the targeted particle and smaller than the smallest inter-168 
particle separation. Percentile is the lower limit of intensity distribution that to be candidate 169 
particles.  170 
 171 
4.1.5. Set the Link Range to 5 and Displacement to 10. 172 
 173 
NOTE: To link the particle between consecutive adjacent frames, adjust the above two 174 
parameters. Displacement is the maximum pixels that a particle can move between two 175 
succeeding frames, and Link Range is the number of consecutive frames to consider when 176 
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determining the best corresponding match. 177 
              178 
4.1.6 Click “OK” to open the ParticleTracker Results window to see the results. 179 
 180 
4.1.7 Click “Visualize All Trajectories” to inspect the generated trajectories. 181 
 182 
4.1.8 Click “Relink Particles” menu at the top to re-link the detected particles with different 183 
link range and percentile parameters, if the software generated trajectory does not match the 184 
moving trajectory of the AuNR. 185 
 186 
4.1.9 Click “Save Full Report” to save results if the software generated trajectory and the 187 
moving trajectory of the AuNR are matched. 188 
 189 
NOTE: An example of extracting single long-term trajectory with Image J is shown in Figure 4. 190 
 191 
4.2. Extracting Multi-trajectories  192 
 193 
NOTE: An example of extracting multi-trajectories with Fiji is shown in Figure 5. There are several 194 
stages, and each stage constitutes a step in the tracking process. The result of each step is 195 
displayed immediately, which allows the user to go back to readjust settings when the output is 196 
unsatisfactory. 197 
 198 
4.2.1. Operate as described in Figure 3 to convert the time-series dark-field images from “RGB 199 
color” mode to “8 bit” mode. In the Image J pathway click “Image | Type | 8 bit”. To adjust their 200 
contrast, click “Image | Adjust | Brightness | Contrast”. 201 
 202 
4.2.2. Open the start panel by clicking “Plugins | Tracking | TrackMate”. Click “Next”. 203 
 204 
4.2.3. Choose the “LoG detector” from the drop-down menu and click “Next”.   205 
 206 
4.2.4. Adjust parameters of the detector configuration panel. Set Estimated blob diameter to 10, 207 
set Threshold to 0, and Select “Do Sub-pixel Localization”.  208 
 209 
4.2.5. Click “Next” to open initial spot filtering panel. 210 
 211 
NOTE: Several parameters can be adjusted to further optimize the target points. In this example, 212 
no other parameters were adjusted. 213 
 214 
4.2.6. Click “Next” and select “HyperStack displayer” from the drop-down menu. 215 
 216 
4.2.7. Click “Next” to open Spot filtering panel. Set the Quality above 1.88, X above 38.86, Y above 217 
56.54. 218 
 219 
4.2.8. Click “Next” and select “Simple LAP tracker” from the drop-down menu. Configure the 220 
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simple LAP tracker by adjusting three parameters, that is, the Linking max distance = 15, Gap-221 
closing max distance = 15 and Gap-closing max frame gap = 5. 222 
 223 
NOTE: Linking-max distance is the maximum displacement of a point between two frames. Gap-224 
closing max distance is the maximum displacement of two segments. Gap-closing max frame gap 225 
is the largest frame between two points to be bridged. 226 
 227 
4.2.9. Click “Next” to track. When finished, continue to click “Next”. 228 
 229 
4.2.10. Set filters on tracks, such as set Number of spots in track above 300. 230 
 231 
4.2.11.  Keep clicking “Next” until the final save panel open. Select “Export tracks to XML file” 232 
from the drop-down menu, and then click “Execute” to save in csv format. 233 
 234 
4.3. R/G values 235 
 236 
NOTE: Scattering intensities of targeted AuNRs in the R and G channels are obtained from color 237 
darkfield images by using a code written in MATLAB (https://github.com/fenggeqd/JOVE-238 
2020/tree/master/RGandPolarangle), and the extraction principle is presented in Figure 6. 239 
 240 
4.3.1. Use the function of xycoordination.m to find the center pixel coordinate of the AuNR in 241 
each frame according to the x-y coordinate (extracted by ImageJ/Fiji).  242 
 243 
4.3.2. Use the function of RGextraction.m to delimit a 3 x 3 pixels matrix, extract the 9 scattering-244 
intensity values of R or G channels, and calculate an average value (μ, defined as R or G). 245 
 246 
NOTE: The 3 x 3 pixels matrix is centered on the pixel coordinates obtained from step 4.3.1.  247 
 248 
4.4. Polar angle 249 
 250 
NOTE: The polar angle is the angle between the longitude of the AuNR and the optical axis (as 251 
shown in Figure 1), which can reflect the spatial (Z axis) rotation dynamics of the AuNR. 252 
 253 
4.4.1. Use the function of polarangle.m to calculate the polar angles (θ) by the dual-channel 254 
differential method22, 𝑓(𝑅 − 𝐺) ∝ 𝑠𝑖𝑛2𝜃. 255 
 256 
5. Data analysis 257 
 258 
NOTE: A systematic and robust data analysis framework is essential for the performance and 259 
efficiency of SPT analysis methods. The custom software written in MATLAB is used 260 
(https://github.com/fenggeqd/JOVE-2020/tree/master/Analysis_parameters). A graphing and 261 
analysis software (see Table of Materials) is used for drawing the plots. 262 
  263 
5.1. Analysis parameters 264 



   

Page 6 of 6  revised November 2019 
 

 265 
5.1.1. Use scripts of csv_data_extract_dis_vel_ss.m and csv_data_MSD.m to calculate dynamic 266 
parameters according to formulas shown in Table 1. 267 
 268 
NOTE: These parameters are used to analyze the dynamics of AuNRs and consist of three parts. 269 
(1) Trajectory related parameters: displacement, step size, velocity, radius of gyration (Rg), and 270 
turning angle (Ta); (2) MSD parameters: diffusion coefficient (Dt) and abnormal diffusion 271 

exponent (); and (3) Rotation related parameters: polar angle and rotational lability (σ). 272 
 273 
[Place Table 1 here]. 274 
 275 
5.2. Visual analysis of trajectory 276 
 277 
NOTE: Trajectory visualization can intuitively present the spatiotemporal heterogeneity of 278 
particle motion and the trajectory (coordinate) distribution of dynamic parameters, such as time-279 
mapping trajectory, Rg- and Dt-mapping trajectory, and polar-angle mapping trajectory. Mapping 280 
trajectories were drawn using the graphing and analysis software.  281 
 282 
5.2.1. Set x coordinate as X, y coordinate as Y, and time (Rg, Dt, polar angle) as Z. 283 
 284 
5.2.2. Click “Plot | Scatter plot | Color-mapping Plot”. 285 
 286 
5.2.3. Add the color bar. 287 
 288 
5.3. MSD analysis 289 
 290 
NOTE: Motion activity and motion mode of the particles can be obtained by MSD analysis23. The 291 

larger the Dt, the more active the diffusion motion of the particles. when ~1, particles do normal 292 
diffusion motion, otherwise they perform abnormal diffusion motion.  293 
 294 

5.3.1. MSD- figures 295 
 296 

5.3.1.1. Set time interval () as X, MSD data as Y. 297 
 298 
5.3.1.2. Click “Plot | Scatter plot” 299 
 300 
5.3.1.3. Fit data by clicking “Analyze | Fitting | Nonlinear curve fitting (Function: Allometricl)”. 301 
 302 

5.3.2. MSD- double-logarithmic figure 303 
 304 

NOTE: MSD-double-logarithmic figurewhose slope is  and intercept is Dt, can intuitively 305 
present particle motion. 306 
 307 
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5.3.2.1. Set logarithmic time interval as X, and logarithmic MSD as Y. 308 
 309 
5.3.2.2. Click “Plot | Scatter plot”. 310 
 311 
5.3.2.3. Fit data by clicking “Analyze | Fitting | Linear curve fitting”. 312 
 313 

5.3.3. D- figure (MSD/4t) 314 
 315 

NOTE: D=MSD/4is a function of time and anomaly factor α, and the D- figure directly shows 316 

the change of diffusion coefficient with time. When D increases with time, is greater than 1 317 
and particles do superdiffusion motion. 318 
 319 

5.3.3.1. Set logarithmic time interval () as X, and logarithmic D as Y. 320 
 321 
5.3.3.2. Click “Plot | Scatter plot”. 322 
 323 
5.3.3.3. Fit data by clicking “Analyze | Fitting | Nonlinear curve fitting (Function: “Allometricl”)”. 324 
 325 
NOTE: The shorter the trajectories, the higher the inaccuracy of the diffusion estimates. In 326 

general, Dt and α through MSD- analysis of long interval time (> 30) were obtained. However, 327 

simple and rough fitting will smooth out motion details. Hence, MSD- analysis of short interval 328 

time (< 10) should be performed to analyze the motion behavior of particles in a short time. 329 
 330 
5.4. Statistical analysis  331 
 332 
5.4.1. Multi-particles statistical analysis 333 
 334 
NOTE: Multi-particles statistical analysis can reflect the motion state of particles in a spatial 335 
region, which indirectly indicates the spatial heterogeneity environment. For instance, if the 336 
histogram of Dt exhibits a large-scale distribution or multi-peaks distribution, it means that the 337 
motion activities of particles are heterogeneous. 338 
 339 
5.4.1.1. Set dynamic parameters (such as Dt, Rg, max displacement) as Y. 340 
 341 
5.4.1.2. Click “Plot | Histogram”. 342 
 343 
5.4.1.3. Double click the histogram, and set division size or the number of divisions. Click “Apply”. 344 
 345 
5.4.2. Single-particle statistical analysis 346 
 347 
NOTE: The statistical analysis of single particles can show the motion behavior of individual 348 
particles, which also indirectly reflects the spatiotemporal heterogeneity of the surrounding 349 
environment.  350 
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 351 
5.4.2.1. Multiple frames 352 
 353 
5.4.2.1.1. Calculate dynamic parameters (such as Ta, step size, polar angle) of all frames of single 354 
long trajectory, and copy to Origin table and set as Y. 355 
 356 
5.4.2.1.2. Click “Plot | Histogram”. 357 
 358 
5.4.2.1.3. Double click the histogram, and set division size or the number of divisions. Click 359 
“Apply”. 360 
 361 
NOTE: If both Ta and step size exhibit a small value distribution, the particles do a small-step 362 
super-diffusion motion.  363 
 364 
5.4.2.2. Moving windows 365 
 366 
5.4.2.2.1. Calculate dynamic parameters (such as Rg, Dt) of all frames of single long trajectory 367 
through moving-window method (11 frames), and copy to Origin table and set as Y. 368 
 369 
5.4.2.2.2. Click “Plot | Histogram”. 370 
 371 
5.4.2.2.3. Double click the histogram, and set division size or the number of divisions. Click 372 
“Apply”. 373 
 374 
5.5. Time-series analysis 375 
 376 
NOTE: Statistical analysis can reveal the motion state of NPs, and time-series analysis can present 377 
the motion behavior as a supplement. Combining several time-series parameters, it can 378 
discriminate the motion behavior of NPs at the temporal and spatial levels. 379 
 380 
5.5.1. Set time as X, time-series parameters as Y (such as displacement, polar angle and Rg). 381 
 382 
5.5.2. Click “Plot | Multi-pane diagram | Stacked plot | Line + Symbol”. 383 
 384 
REPRESENTATIVE RESULTS:  385 
In the protocol, the unmodified 40 x 85 nm CTAB-AuNRs were used. As shown in Figure 2B, its 386 
longitudinal plasmonic maximum at is ~650 nm (red region) and transverse resonance is at 520 387 
nm (green region). Previous literatures have revealed that the optical properties (such as LSPR 388 
intensity) of plasmonic AuNRs will change significantly with their diameter20,22. In Figure 2C, the 389 
scattering intensity from CTAB-AuNRs on U87 cell membrane, showed typical Gaussian 390 
distribution with narrow width and was consistent with that of CTAB-AuNRs on glass, which 391 
indicates that CTAB-AuNRs tracked in this experiment were well monodispersed.  392 
 393 
The dynamic of CTAB-AuNRs on membrane was monitored by DFM (12 fps). As shown in Figure 394 



   

Page 9 of 6  revised November 2019 
 

7, more than 500 trajectories (the trajectory length exceeds 300 frames) were obtained. 395 
Additionally, approximately 40 trajectories per cell can be generated. The Rg of all 500 trajectories 396 
showed a small-value distribution, the mean Rg was 0.5 µm (SD=0.6 µm), and max-displacement 397 
was also more distributed at small values (Figure 8). All 500 trajectories can be divided into two 398 
groups: long-range diffusion (Rg>0.5 µm, black trajectories) and confined diffusion (Rg<0.5 µm, 399 
red trajectories).  400 
 401 
According to position and orientation of CTAB-AuNRs, several parameters are calculated for data 402 
analysis. There are many mays to analyze and present parameters during SPT analysis. The 403 
ensemble-time averaged MSD analysis shown in Figure 9A shows that CTAB-AuNRs normally 404 

diffuse with ~1. However, the density distribution of Dt-, obtained from all trajectories, reveals 405 
that the dynamic of AuNRs showed a heterogeneous distribution with superdifusion motion, 406 
Brownian motion and subdiffusion motion (Figure 9B). 407 
 408 
In addition to multi-particles statistical analysis, single-particle (multi-frames) statistical analysis 409 
was also performed. Figure 10 shows two representative long-term trajectories: confined 410 
(Rg=0.34 µm) and moving (Rg=1.48 µm). The polar-mapping trajectory showed that both the 411 
motion range and polar angle of confined AuNRs were smaller than those of moving AuNRs, 412 
which means that stronger the interaction between AuNRs and membrane, the more serve the 413 
confinement of its translational and rotational dynamics. Correspondingly, the histograms of Ta 414 
and polar angle of the two AuNRs showed different modes.  415 
 416 
To further study the motion behavior of AuNRs, the time-series parameters were analyzed, 417 
including trajectory, displacement, polar angle and Rg. As shown in Figure 11, different patterns 418 
were presented over time. Compared with the long-distance diffusion AuNR, the rotation of the 419 
confined AuNR was relatively limited, and its polar angles were more concentrated, distributed 420 
in the range of 10° ~ 40°. However, although the overall Rg of the moving AuNR was larger than 421 
the overall Rg of confined AuNR, the time-series Rg of moving AuNR was smaller. Combining the 422 
time-series distribution of trajectories points and displacement, it can be inferred that confined 423 
AuNR moves in a limited area, but its motion range in a short time is larger than that of the 424 
moving AuNR confined on the membrane. Overall, the spatiotemporal heterogeneous 425 
distribution of translational and rotational dynamics is caused by the spatial and temporal 426 
complexity of membrane organization and structure. 427 
 428 
FIGURE AND TABLE LEGENDS:  429 
 430 
Table 1: Three types of parameters used for analysis. These include trajectory related 431 

parameters (displacement, step size, velocity, Rg and Ta), MSD parameters (MSD, Dt and) and 432 
rotation related parameters (polar angle and rotational lability). 433 
 434 
Figure 1: Schematic diagram of the optical path of darkfield microscopy, microscope slide 435 
preparation, and the dual-channel difference method for calculating polar angle (θ) of AuNRs. 436 

Scale bar in image is 2 m. 437 
 438 
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Figure 2: Characterization of CTAB-AuNRs. (A) TEM images of CTAB@AuNRs. (B) LSPR spectrums 439 
of CTAB@AuNRs. (C) Distribution of single particle intensity: CTAB@AuNRs on glass (left panel), 440 
CTAB@AuNRs on plasmon membrane (right panel). 441 
 442 
Figure 3: Pretreatment of darkfield images. Time-series color images were converted to “8 bit” 443 
mode and their contrast were adjusted. 444 
 445 
Figure 4: Extraction of single long-term trajectory with ImageJ. 446 
 447 
Figure 5: Extraction of multi-trajectories with Fiji. 448 
 449 
Figure 6: Extraction of R/G values of AuNRs with MATLAB. 450 
 451 
Figure 7: All 527 trajectories of CTAB@AuNRs on U87 MG cell membrane tracked with Fiji. 452 

There were two groups: red trajectories (Rg<0.5 m) and black trajectories (Rg>0.5m). 453 
 454 
Figure 8: Multi-particles statistical analysis of all 527 trajectories. Distribution of Rg (A) and 455 
maximum displacement (B). 456 
 457 

Figure 9: MSD analysis of all 527 trajectories. (A) Plot of ensemble-time averaged MSD versus . 458 

(B) Density plot in the – log (Dt) plane. The color code represents the local density of trajectories 459 
between 0 (blue) and 1 (red). 460 
 461 
Figure 10: Single-particle statistical analysis. (A-B) Two representative long-term polar-mapping 462 
trajectories which were tracked with ImageJ. The color code represents the polar angle value 463 
between 0 (green) and 90 (red). Distribution of turning angle (C-D) and polar angle (E-F). 464 
 465 
Figure 11: Time-series analysis. (A,C) Time-mapping trajectories. The color from red to blue 466 
represents the direction of time. (B,D) Time-series of parameters: displacement (blue), polar 467 
angle (green) and radius of gyration (Rg, red). 468 
 469 
DISCUSSION:  470 
The presented protocol is used to study the dynamics of AuNRs on cell membrane. The protocol 471 
consists of four parts, including microscopic imaging, data extraction, dynamic parameters 472 
calculation and data analysis methods, and each part is flexible and universal. Therefore, there 473 
are many possible future applications, for instance, studying movement of NP-linked membrane 474 
molecules on membrane, endocytosis dynamics of NP-labeled receptors, dynamic analysis of 475 
intracellular NPs and vesicle-coated NPs transportation along microtubules, and so on.  476 
 477 
The basic step is to use DFM to image the movement of AuNRs on the cell membrane. Currently, 478 
many imaging technologies for the analysis of cell membrane dynamics have been developed, of 479 
which fluorescence microscopy has been widely used24. However, the photobleaching properties 480 
of fluorescent probes lead to the inability to track particle dynamics for long periods of time. 481 
Here, light-stable plasmonic AuNRs were used. Several imaging techniques have been developed 482 
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based on the scattering characteristics of plasmonic NPs15. Particularly, DFM with oblique 483 
illumination mode only collects scattered light from the samples, which makes it have a high 484 
signal-to-noise ratio. 485 
 486 
Both the translational and the rotational dynamics of AuNRs are obtained and analyzed. Most 487 
studies focus on investigating the positional fluctuations of the NPs on the membrane, and 488 
ignoring the effects of orientational changes25. In addition, the cell membrane plane and the 489 
imaging plane (x-y plane) are largely the same in most cases, and the difference in the interaction 490 
between the AuNR and the cell membrane is more notable in the z direction. Hence, even without 491 
azimuth angles, the polar angle is valuable for the analysis of the interaction between the AuNRs 492 
and cell membrane. Based on DFM and unique optical properties of AuNRs, dual-channel 493 
polarization DFM is used to obtain the orientation information of AuNRs (𝐼1 + 𝐼2 ∝ 𝑠𝑖𝑛2 𝜃)19,26. 494 
Nevertheless, the calculation accuracy of polar angles is affected by the maximum and minimum 495 
detection intensities which are strongly influenced by surroundings. Hence, some modifications 496 
need to be made. Here, (R-G) was used to calculate the polar angle, and the G value serving as 497 
an internal reference could efficiently decrease the systematic errors and increase the 498 
measurement accuracy. 499 
 500 
The critical steps are data extraction and dynamic parameter calculation, which is essential for 501 
analyzing the dynamics of NP on the membrane. The trajectories of AuNRs on membrane are 502 
extracted with high spatial resolution27,28  from sequence analysis using ImageJ/Fiji. The R\G 503 
values and polar angles are calculated with MATLAB (https://github.com/fenggeqd/JOVE-2020). 504 
Several parameters are similarly calculated using MATLAB according to positions and polar angles 505 
(Table 1). In SPT analysis, there are many ways to perform parameters analysis and display. 506 
Hence, it is necessary to use as many analysis methods and visualization tools as possible to 507 
analyze the dynamics of NP, and then to summarize and extract a novel point of view from many 508 
analysis results. Normally, there are always some trade-off to make, which is not an easy work. 509 
 510 
The dynamic state and motion behavior of NPs can be analyzed and presented systematically 511 
from top to bottom using comprehensive analytical methods and multivariate presentation ways. 512 
Using multi-particles statistical analysis, we can obtain the ensemble motion state of NPs across 513 
the whole cell membrane plane. The dynamic studies on individual NPs/molecules based on 514 
fluorescence imaging29 mostly use this overall statistical method because only a large number of 515 
short-term trajectories can be monitored. However, the ensemble averaging method will smooth 516 
and ignore individual details. As a supplement, the single-particle statistical analysis is used to 517 
quantitatively present the dynamic state of individual NPs. Meanwhile, it is important to perform 518 
time-series parameter analysis of individual or segment trajectories, which can provide motion 519 
behaviors of NPs as a function of time.  520 
 521 
In summary, we propose an integrated protocol for studying the diffusion dynamics of AuNRs on 522 
live cell membrane with SPT method. The dynamic of AuNRs was monitored with single 523 
nanoparticle DFM, extracted using ImageJ and MATLAB, and characterized by comprehensive 524 
analytical methods. AuNRs did abnormal diffusion motion on U87 MG cell membrane, and its 525 
motion shows spatiotemporal heterogeneity. This protocol can be potentially used for the 526 
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studies of other type of complex biological systems. 527 
 528 
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Measures Definition Physical meaning

Displacement Changes in position of objects

Step size
Distance between two adjacent 

points

Velocity Speed of objects motion

Rg

Moving range of objects in a 

specific time interval

Ta

Motion direction of objects 

between two adjacent points

MSD
Average moving distance of 

objects in a specific time interval

Dt Diffusion ability of objects

a Normal diffusion (a~1)

Polar angle
3D orientation information of 

objects

σ
Degree of dispersion of the polar 

angle data set
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Name of Material/Equipment Company Catalog Number Comments/Description
CTAB coated gold nanorods(CTAB-

AuNRs)
Nanoseedz NR-40-650 85 nm * 40 nm

Color CMOS camera Olympus DP74 Japan

Coverslips Citoglas z10212222C 22*22 mm

Dark-field microscopy Nikon 80i upright microscope

Fetal bovine serum (FBS) Gibco 10099141

Fiji National Institutes of Health 2.0.0-rc-69/1.52 p a distribution of ImageJ

Grooved glass slide Sail brand 7103 Single concave

Image J National Institutes of Health 1.52 j

MATLAB MathWorks R2019b

MATLAB Code
https://github.com/fenggeq

d/JOVE-2020

Minimum essential medium (MEM) Gibco 10-010-CVR with phenol red 

Minimum essential medium (MEM) Gibco 51200038 no phenol red

Origin OriginLab Origin Pro 2018C

Penicillin-streptomycin Gibco 15140122

Plastic cell culture dishes Falcon 353002

Plastic cell culture dishes Falcon 353001 35*10 mm

U87 MG cell
American Type Culture 

Collection
ATCC HTB-14

a human primary 

glioblastoma cell line
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