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ABSTRACT 
Quantum dots are available in a range of spectrally separated emission colors and furthermore with water-

stabilizing surface coatings that offers great flexibility for enabling bio-specificity. In this study, we have taken 

advantage of this to demonstrate that it is possible to perform a simultaneous investigation of the lateral 

dynamics in the plasma membrane of the purported lipid raft markers: i) the sphingolipid GM1, ii) the 

glucosylphospatidylinositol-anchored protein CD59, and iii) the transmembrane receptor EGFR, in a single 

mouse embryo fibroblast cell. We show that the method results in tracks that are sufficiently long to allow for 

robust single trajectory analysis. This analysis shows that the populations of the diffusion coefficients are 

heterogeneously distributed for all species, but differ between the different species. We have further investigated 

the effect of plasma membrane cholesterol on the single molecule movement, and find that both the average 

diffusion coefficients and the population heterogeneities are decreased after cholesterol depletion, but to 

different extents depending on the molecule. 

INTRODUCTION 
Gene expression at the single molecule level is stochastic such that genomically identical cells vary widely in 

protein expression (1). In addition, many proteins are either known to, or thought to be spatially segregated 

within the cells thus also leading to intracellular heterogeneity in the localization distributions. For example, 

proteins and also lipids in the plasma membrane have further long been speculated to spatially segregate in 

nano-domains (2, 3) contributing to a significant degree of lateral heterogeneity. A comprehensive 

understanding of biological structure and function at the molecular level henceforth requires methods that are 

able to probe the interactions of biomolecules at levels beyond both possible inter- and intra-cellular variations.   

Single particle tracking (SPT) is the classical example (4) of the presently fast growing set of optical super-

resolution microscopy techniques (e.g. STED, PALM, STORM etc.) (5, 6), and still it offers the best 

combination of high spatial resolution (20 – 30 nm), fast temporal sampling (25 Hz – 50 kHz), and a large field 

of view (typically > 100 μm2) (7, 8). The classical SPT probe is 40 nm diameter gold particles that are 

additionally stabilized and functionalized for specific molecular binding (7, 9) resulting in a hydrodynamic radii, 

RH, of ≥ 25 nm. These probes can be imaged at very high sampling frequencies (≤ 50 kHz) for very long periods 

of time (~ minutes) (9, 10), but their non-invasiveness in cells due to their large size remains a contested topic 

(7, 11, 12). Furthermore, as a consequence of the detection by Rayleigh scattering, high light intensity is needed, 

and multi-species SPT with gold particles is impractical. 

SPT is also possible with fluorescent dyes and proteins; however, the photostability of fluorescent dyes and 

proteins typically limits the trajectory length to a median of 5-15 displacements (13, 14). In this case, while SPT 

is a single molecule method at the detection level, the subsequent analysis is, due to the stochastic nature of 

Brownian motion, most typically performed to yield an ensemble average both in time and space. For example, 

SPT data is typically analyzed either by calculation of the mean square displacements (MSD) (15), or by 

analysis of the probability distribution of all squared displacements (14) as a function of a given time lag. The 

data is in most cases also spatially averaged for all trajectories, and for several cells. This averaging is a 

statistical necessity because of the limited trajectory lengths (13, 14). Spatial averaging is likely to obscure 

possible interactions between individual molecules and e.g. the postulated lipid–protein nano-domains within 
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biological membranes. Especially in the case where such interactions are weak and short lived such that the 

single molecules only spend a fraction of their time in these domains as proposed by e.g. Sharma et al. (16). A 

recent study has further shown that the intercellular variability in the mean diffusion constant of a 

glucosylphospatidylinositol-anchored protein (GPI-AP) and a transmembrane protein is five-fold greater than 

the corresponding intracellular variability (17). Thus, it would be much preferable that it would be possible to 

probe the lateral motion of several types of molecules simultaneously, in the same cell, and at the same time. 

This however requires a capability to image multiple molecular species at single molecule sensitivity for long 

periods of time and in the same cell. 

More recently, we and others have shown that it is possible to perform multi-color single particle labeling of the 

same molecular species by use of quantum dots (QDs) (18-22). QDs, which are fluorescent nanometer-sized 

semiconductor crystals, have very unique optical properties (23-25), and are a very attractive compromise 

between gold particles and fluorescent dyes and proteins. In particular QDs are distinguished by: a) their very 

large absorption extinction coefficients and high fluorescence quantum yields making them exceptionally bright 

and well suited for single molecule detection, b) their photochemical stability which enables imaging over 

extended time periods, and c) their narrow, tunable emission spectra and overlapping excitation spectra. Further, 

biocompatible and biofunctional QDs are commercially available, or are easily prepared by chemical coupling 

employing standard chemistries (23, 26-28). Biofunctionalized QDs are also intermediate in size between gold 

particles and fluorescent dyes and proteins, e.g. commercial streptavidin-QDs have a RH ≈ 10 nm which 

corresponds to about twice the size of a mouse IgG1 (7). These features make QDs ideal for SPT experiments, 

principally though due to their still relatively large size, for tracking of membrane species in the extracellular 

leaflet of the plasma membrane. However, the potential of QDs has not yet been fully exploited for multi-color 

SPT as thus far no study of simultaneous tracking of different molecular species has been performed. 

In this work, we have extended our previous work (22) to also show that it is possible to perform a study of 

multi-species SPT demonstrating that simultaneous imaging of several different molecules in the same live cell 

by orthogonal targeting of QDs to three distinct membrane species, a lipid (GM1), a GPI-AP (CD59), and a 

transmembrane protein (EGFR) is possible. We further demonstrate the method by investigating the cholesterol 

sensitivity of the lateral dynamics of the three distinct membrane species at short time lags, 1 ≤ n ≤ 5, here 

corresponding to 40 ≤ n tlag ≤ 200 ms, where tlag = 1 / f is the acquisition time interval and f is the image 

acquisition frequency (here f = 25 Hz). 

EXPERIMENTAL PROCEDURES 

QD conjugations 
CTB-QD705 

CTB-QD705 were custom made as previously described(29) from Qdot® 705 ITK™-carboxyl QDs (Invitrogen) 

and CTB (Sigma) via the cross-linker 1-ethyl-3(3-dimethylamino propyl) carbodiimideHCl (EDC) (Pierce). The 

CTB-QD705s used in this study were gel separated to ensure 1 CTB pr. QD. 
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CoA-QD655 

CoA-QD655 were custom made from Qdot® 655 ITK™ amino (PEG) QDs (Invitrogen) and CoA-SH (Covalys) 

via the cross-linker succinimidyl-4-(N-maleinidomethyl)-cyclohexane-1-carboxylate (SMCC) (Sigma) with 

slight variation from a previously published protocol (28) (Figure S1a). The 655 QDs have a CdSe core and a 

ZnS shell, which is coated with an amino-pegylatedtriblock co-polymer(30). A solution of amino QD655 (50 

μL, 4 μM) in 50 mM borate buffer were activated with SMCC (5.6 μL, 10 mM) in DMSO for 1 h at RT. 

Unreacted SMCC was removed by size exclusion chromatography on a 50 mM MES buffer (2 mM EDTA, pH 

6.0) equilibrated NAP-5 column by collecting the first 0.5 mL of colored solution. CoA-SH in PBS (10 mM 

phosphate, 138 mMNaCl 2.7 mMKCl, pH 7.2) was mixed with the activated QDs in molar ratios of 10 CoA pr. 

QD (1 μL, 2 mM) and 20 CoA pr. QD (2 μL, 2 mM) as compared to the original QD concentration and allowed 

to react for 1 h at RT. The reaction was quenched by addition of β-ME (10 μL, 10 mM) in milliQ-water for ½ h 

at RT. The CoA-conjugates (CoA-QD655) were purified by centrifugation in 50 kDa ultra-filtration tubes, and 

the buffer was exchanged to PBS on a Sephacryl 200 column. To characterize the effectiveness of the 

conjugation reaction and monodispersity of both the original amino, SMCC and CoA-QD preparations, we used 

agarose gel electrophoresis (Figure S1b). Only the QDs made using 10 CoA per QD were used in this work. 

Cell culture 
Mouse embryonic fibroblasts from an Ink4a/Arf null mouse (IA32) were used for microscopy studies(31). These 

cells are very large and flat making them highly suitable for SPT measurements in 2D.  Cells were grown in 

humidified atmosphere at 37 °C in 5 % CO2. Cells were grown until 80-90 % of confluence and split every third 

day in 1:5-1:10 ratios using the endopeptidase Trypsin (Sigma). Cells were grown in Dulbecco’s modified 

eagle’s medium (DMEM) with high glucose (Dulbecco), with standard concentrations of glutamax (Gibco) and 

penicillin-streptomycin (Sigma), and 10 % fetal bovine serum (FBS) (Sigma). Cells were seeded in appropriate 

density and number (30,000) on coverslips in 6-well plates, and left for six-eight hours to attach to the glass. 

Cells were then transfected and left over night in media containing 10 µM biotin (Sigma), and labeled and 

imaged the following two days. 

Plasmids and transfection 
The plasmids used for transfection were; pAEMTX-ACPwt-GPI (Covalys) encoding the GPI-anchored 

membranes protein CD59 with an extracellular ACP-tag, pcDNA3-EGFR-BLAP, encoding the EGFR with a 

BLAP-tag in an extracellular domain (32), pDISPLAY-BirA-KDEL encoding bacterial biotin ligase with an ER 

anchor (33), and K-Ras2-YFP (ATCC plasmid 10089283) encoding the first 19 amino acids of the C-terminus 

of the plasma membrane protein K-Ras2 with a YFP-tag. Cells were transfected with a total of 3.1 µg of DNA 

per well in a 1:1:1:0.1 ratio of the plasmids and a 1:2 (w/v) ratio of the transfection agent JetPEI (Polyplus 

Transfection). 

Multi-color labeling and cholesterol depletion 
Cells were washed twice in complete media before successive labeling with the three kinds of QDs. Cells were 

labeled in CoA-QD655 labeling solution (300 µL complete medium, 10 mM MgCl2, 1 nM CoA-QD655, 0.4 µM 

ACP Synthase) for no longer than 15 minutes at RT to minimize cross-linking of target molecules. The cells 

were washed three times in PBS (1 % BSA, 0.1 mg/mL MgCl2, 0.1 mg/mL CaCl2) and incubated with or 
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without 3 mM methyl-β-cyclo dextran (mβCD) for 10 minutes at 37 °C to deplete cholesterol from the cells 

(34). Cells were then labeled with a combination of 200 pM CTB-QD705 and 1 nM SAV-QD605 (300 µL, PBS, 

1 % BSA, 0.1 mg/mL MgCl2, 0.1 mg/mL CaCl2) for two minutes with the addition of biotin (100 µL, 1 mM) 

after 30 s – 1 min to block further binding of SAV-QD605 (SI 2). Cells were washed three times in PBS (1 % 

BSA, 0.1 mg/mL MgCl2, 0.1 mg/mL CaCl2) and imaged within 1½ h in presence of 50 µM β-mercaptoethanol 

(β-ME) (Sigma) (SI 4).  

Microscopy setup  
Imaging was done using an Olympus IX-81 inverted microscope as has been described (22). Fluorescence 

images were acquired at 10 ms integration time using a 100 W Hg arc lamp, a 470/40 nm bandpass excitation 

filter at 150X magnification with a 1.45 NA objective (Olympus) focusing on apical membrane of the 

lamelopodia of the cells. Detection of all colors was done simultaneously through a QuadView emission splitter 

(dichroic mirrors at 585, 630, and 690 nm, and emission bandpass filters 535/30, 605/20, 655/20, and empty 

position) and an Andor EMCCD camera at 25 Hz. The spectral overlap of the QDs among the different image 

channels have previously been shown to be that >99% of QD605s, and >95% of QD655s and QD705s appear in 

the correct image channels (22). Image acquisition was controlled by Andor IQ software and movies of 1200 

frames (~48 s) were recorded at RT. The signal-to-noise in the image channel of the YFP-KRas2 fusion protein 

under the chosen imaging conditions (10 ms camera integration, 25 Hz imaging rate) is very low on an image 

frame by frame basis. Hence we have so far only used these images to provide a very detailed image of the 

footprint of the plasma membrane of each cell for the duration of the time lapse sequence by generation of a 

Sum Intensity Projection image in ImageJ.  

Image Analysis 
Single acquired time-lapse sequences were analyzed by use of a Particle Tracker plug-in in ImageJ (35) as has 

been described previously (22). This analysis generates a text file containing the positions of the detected QD 

particle positions in each image frame as well as linked trajectories describing the motion of individual QDs in 

time. In this analysis, a major limitation to the use of QDs in SPT is apparent by the generation of a large 

number of short trajectories rather than a more desirable few very long continuous particle trajectories. In order 

to minimize the number of inaccurate particle linking events, this analysis was done with very conservative 

particle linking criteria, corresponding to a particle link range of 5 image frames and a maximum allowed 

particle displacement of one pixel per image frame. In order to further analyze the hence detected particle 

motion, the thus generated data was post-processed in custom written Mathematica routines. This post-

processing included further linking of particle trajectories by a coincidence search routine in time and space of 

all trajectories, with a minimal length greater than a cut-off value (here 50 frames) with other trajectories that 

were separated in time by < 100 image frames and in space by < (0.1 x the actual number of image frames in 

between trajectories) pixels2. We next calculated the mean squared displacements for each single trajectory, m, 

that contained n > 50 image frames, and for all possible time intervals, n tlag, 

MSD         
1

   
                         

2
                           

2
 

   

  1
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where tlag is the time interval between images, and N is the total number of frames in a trajectory(15).The MSD 

curves for each single trajectory, m, were curve fit at short time intervals, 1 ≤ n ≤ 5 (corresponding to 40 ≤ t ≤ 

200 ms) to a model for free diffusion with fit weights equal to the inverse variance (1/2)  

MSD          4  5    

whereD5 is the diffusion coefficient and c is an off-set constant that has been proposed to be related to the spatial 

precision by which we can determine the position of a single molecule (13).  

Monte Carlo Simulations 
In order to evaluate the accuracy by which we can analyze single particle trajectories we ran a series of Monte 

Carlo simulations of free Brownian diffusion in 2D. In these simulations, we kept the total number of 

displacements of all trajectories constant at 10,000 while we varied the number of displacements per trajectory 

and in accordance the number of trajectories. Simulations were run for 10, 50, 100, 200, and 500 displacements 

per trajectory. The simulated diffusion coefficient, DSimulation, was 0.5 µm2/s and the time lag, tlag, was 40 ms in 

all simulations. The simulations were run in Mathematica by use of the RandomReal[] function for generation of 

two random numbers, a random direction of 0 ≤ θ ≤ 2π and a random displacement, r, where the distribution of 

the random displacements followed a Raleigh distribution,    ,        
2     

exp -  2

4     
 . The simulated particle 

trajectories were subsequently analyzed in a similar manner to the experimental data by calculation of the MSD 

and by curve fitting. We next evaluated the accuracy of the single trajectory data analysis by calculating the 

percentage difference for each trajectory between the simulated diffusion coefficient, DSimulation, and the fitted 

diffusion coefficient, DFitted, from 

 Difference 100 
                     

           
 

and by determining the mean (± s.t.d.) percentage difference as a function of the number of displacements per 

trajectory. We also evaluated the accuracy by which we could recover the simulated diffusion coefficient, 

DSimulation, from curve fitting to the mean MSD(n tlag) curve, <MSD(n tlag)> for all displacements for each 

condition. For further discussion of the simulations see SI 6. 

Statistical tests 
The non-parametric Kolmogorov-Smirnov test (K-S test) was used to evaluate the differences between the 

different populations of D5. The K-S test quantifies the distance between the cumulative density function of the 

two test populations. The null hypothesis is that the two test populations are drawn from the same distribution. 

The distributions are considered continuous, but are otherwise not restricted. 

RESULTS AND DISCUSSION 

Multi-species QD targeting strategy 
It has previously been shown that it is possible to perform parallel multi-color SPT in live cells of the same 

species labeled with two (18-20) and four colors (22). In this work, we show that it is possible to also extend 
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multi-color SPT to include parallel imaging of different molecular species by orthogonally targeting QDs of 

different colors to three distinct membrane species (Figure 1). 

 

 

Figure 1. Multi-species SPT labeling strategy. CTB-QD705 labels specifically ganglioside GM1 through direct binding of CTB to GM1 (left). 

CoA-QD655 is covalently coupled to GPI-AP CD59ACP in presence of the enzyme ACP synthase (center). SAV-QD605 targets biotinylated 

EGFRBLAP. The BLAP-tag is biotinylated during the secretory transport pathway when cells are grown in presence of biotin and are co-

expressing bacterial biotin ligase (BirA-IgGκ-KDEL)(36). 

The targeted membrane molecules were: i) the ganglioside GM1, 2) an acyl carrier protein (ACP)-epitope tagged 

version of the GPI-AP CD59(ACP), and 3) a biotin ligase acceptor peptide (BLAP)-epitopetagged version of the 

epidermal growth factor receptor EGFR(BLAP)(32). All three molecules have previously been classified as 

functional lipid raft markers by classic biochemical detergent extraction experiments(37, 38), although, the 

classification of EGFR as a raft marker is questioned(39). The targeted molecules were labeled specifically with 

respectively cholera toxin subunit B (CTB) conjugated QD705s (QDs with peak emission at 705 nm) for 

GM1(29), Co enzyme A (CoA) conjugated QD655sfor CD59ACP (in presence of ACP synthase), and streptavidin 

(SAV) conjugated QD605s for EGFRBLAP (32) (Figure 1). In the study, we have further combined the three-

color QD tracking with simultaneous imaging of a fusion protein consisting of the 19 C-terminal amino acids of 

K-Ras2 and yellow fluorescent protein (YFP). This fusion protein localizes to the plasma membrane with high 

specificity, and can therefore be used to obtain a high contrast image of the plasma membrane of each imaged 

cell. 
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QD conjugates and QD labeling procedure 
A series of control experiments (SI 1-5) was performed in order to quantify the effect of the QD conjugates and 

the QD labeling procedure for each labeled molecule.  

The CTB-QD705 conjugates used were gel separated to ensure only one CTB per QD (29), but as CTB is 

pentavalent it is nevertheless likely that small clusters of GM1 instead of single GM1molecules were tracked with 

CTB-QD705s. The monodispersity of the CoA-QD655 conjugates were also checked by gel separation (Figure 

S1b), and the lowest reaction ratio of CoA to QD, where high specific binding was observed, were used (ratio 

10:1).The binding of CoA-QD655s to the plasma membrane ACP-target was further controlled by limiting the 

enzymatic incubation time with CoA Synthase. The commercial SAV-QD605s used have been reported to have 

~15 SAV per QD (40). Further, SAV is tetravalent and inherently there is therefore a high potential of probe 

induced cross-linking, when using these probes. The cross-linking was, however, strongly minimized by 

addition of a >1000 fold excess of biotin shortly following QD labeling (Figure S2), resulting in a 120 % 

increase of the mean diffusion coefficient, <D5>, for short time lags 1 ≤ n ≤ 5 as compared to when no biotin. 

The specificity of the binding of the CoA and SAV QDs was validated by the labeling of non-expressing cells. 

In these samples most cells had no QDs on the surface; however, some cells had a few QDs bound unspecific on 

the surface. We also measured the size of the three QD conjugates by fluorescence correlation spectroscopy 

(FCS) and found that the hydrodynamic radii (RH) of the different conjugates were approximately equal and 

were ~10 nm (SI 3, Table S3 and Figure S3). 

A direct comparison of the CoA-QD655 and SAV-QD605 probes was further made by targeting CD59ACP and 

CD59BLAP, respectively (Figure S4). This shows that there is only a slight absolute difference in <D5>, (0.074 

µm2/s vs. 0.072 µm2/s). The distributions of the individual trajectory diffusion coefficients, D5, however, are not 

from similar populations, and therefore a direct comparison of the lateral dynamics is non-trivial. 

All imaging was done in 50 µM β-mercaptoethanol (β-ME) in order to minimize QD intermittency and 

bleaching. Control experiments of EGFRBLAP labeled with SAV-QD605s (Figure S5) showed that there was no 

difference in the diffusion between cells imaged with and without 50 µM β-ME, but that the mean trajectory 

length increased by ~50 . Experiments with 500 µM β-ME showed an increase in <D5>by ~40% suggesting 

that steric hindrance due to e.g. disulfide bonds of the extracellular matrix could be an issue in the experiments. 

We believe that the use of trace amounts of β-ME in this case is further justified since e.g. stem cells are often 

grown in much higher concentrations to aid nutrient uptake (41). 

Single trajectory analysis 
Cell were labeled successively with the CTB-QD705s, CoA-QD655, and SAV-QD605s and pharmacologically 

treated (in case of cholesterol depletion). Multi-color time-lapse imaging at an image acquisition frequency of 

25 Hz (time lag tlag= 40 ms) was performed in a setup previously described with a spatial precision of δ  = 

(δ 2+δ 2)1/2 < 30 nm (22). Figure 2 shows a representative example of an overlay of the single molecule 

trajectories of the three QD tracked species on a K-Ras2-YFP membrane contrast image.  



Single molecule multi-species tracking in live cells 

I - 9 

 

Figure 2. SPT trajectory example. Overlay of summed intensity image of K-Ras2-YFP and the calculated QD trajectories longer than 50 

displacements. Dark red is GM1, red CD59ACP, and orange EGFRBLAP. Scale bar is 10 µm. 

The SPT analysis was based on the analysis of single trajectories, where only trajectories having N > 50 

displacements were included and analyzed by calculation of the MSD(t = n tlag) for 1 ≤ n ≤ 5, with n being the 

number of steps between the calculated displacements, and by fitting to a Brownian diffusion model: MSD = 4 

D5 t + c. This analysis gives a microscopic diffusion coefficient D5 that describes the lateral dynamics at short 

time intervals (40 ms < t < 200 ms).  

The trajectory length cut-off of N = 50 was based on Monte-Carlo simulations of Brownian diffusion in an 

infinite 2D plane by evaluation of the ability to recover the simulated diffusion coefficient from the analysis of 

single simulated trajectories as a function of the number of displacements, N (Figure 3)(SI 6, Figure S6, Table 

S6).  

With a cut-off of N=50, the mean trajectory length of the experimental data was for all molecules >200 

displacements (Table 1). The simulations showed a percentage error (±std.) of the fitted D5 compared to the 

simulated diffusion coefficient DSimulation of 23  18 % for N = 50 and 11  8 % for N = 200. The percentage 

error for N = 10 was 57  47 % explaining why single trajectory analysis is not possible for trajectories this 

short. 
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Figure 3. Monte Carlo simulation of 2D Brownian motion. Simulated data: 1000 particle trajectories of 10 displacements (black), 200 

particle trajectories of 50 displacements (grey). a) All simulated particle trajectories. b) MSD plot for each particle trajectory and best fit to 

the mean MSD of all displacements (dashed lines). c) Histogram of single trajectory D5. (Further discussion, see text and SI 6.) 
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Lateral diffusion of GM1, CD59 and EGFR 
The distributions of D5 from the single trajectory analysis are shown in Figure 4, and Table 1 summarizes the 

trajectory data. 

 

Figure 4. Single molecule diffusion of GM1, CD59ACP, and EGFRBLAP. a) Box-and-whisker plots of the single molecule diffusion coefficients 

D5for the three molecular species; GM1 (dark red), CD59ACP (red), and EGFRBLAP (orange), in non-treated (full color) and cholesterol 

depleted (hatched color) cells, respectively. b) Cumulative density functions of the D5 for untreated (black) and cholesterol depleted (grey 

dashed) cells. A statistical significant difference between the populations of D5 (K-S test) after cholesterol treatment was observed for 

CD59ACP and EGFRBLAP. Statistical significant differences were also observed between the different molecular species both in non-treated 

and cholesterol depleted cells. 

The distribution of D5 ranges between 0.00 – 0.30 µm2/s for GM1 (unperturbed) and 0.00 – 0.10 µm2/s 

(cholesterol depleted), 0.00 – 0.50 µm2/s for CD59ACP (unperturbed) and 0.00 – 0.20 µm2/s (cholesterol 

depleted), and 0.00 – 0.30 µm2/s for EGFRBLAP (unperturbed) and 0.00 – 0.20 µm2/s (cholesterol depleted) in a 

heterogeneous significantly non-Gaussian way determined from a Kolmogorov-Smirnov statistical test (K-S 

test). The K-S test was also applied in a pairwise fashion to evaluate whether the data – given the heterogeneity 

– suggested that the populations of D5for the different molecules (both before and after cholesterol depletion) 

were alike (p-values in Table S7). This showed a significant difference in lateral mobility in a cholesterol 

independent manner when comparing between different species. When comparing the same species before and 

after cholesterol depletion, a change between the populations of D5 was observed in the cases of CD59ACP and 

EGFRBLAP, but not for GM1 (p-value = 0.17).  
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 GM1 CD59ACP EGFRBLAP 

QD conjugate CTB-QD705 CoA-QD655 SAV-QD605 

Cell treatment - mβCD - mβCD - mβCD 

# of trajectories 411 365 511 341 1557 499 

<N> per trajectory 208 206 304 299 350 580 

<D5> ± s.e.m. 

[µm2/s] 

0.013 ± 

6.8·10-5 

0.008 ± 

4.1·10-5 

0.074 ± 

16·10-5 

0.034 ± 

11·10-5 

0.038 ± 

2.1·10-5 

0.018 ± 

4.7·10-5 

MAD [µm2/s] 0.0025 0.0019 0.054 0.022 0.020 0.0081 

Table 1. Trajectory and diffusion data. Data from all single trajectories displayed in Figure 4. Data from non-treated cells was collected from 

a total of 18 cells, while data from cholesterol depleted (mβCD treatment) cells was collected from a total of 20 cells. 

To further quantify the molecular lateral diffusive heterogeneity and the effect of cholesterol depletion, the 

relative change in the median absolute deviation (MAD) was calculated, and was observed to decrease after 

cholesterol depletion by 25 % for GM1, 59 % for CD59ACP, and 59 % for EGFRBLAP. Also the population mean 

diffusion coefficient <D5> was lowered for all three species by38 % for GM1, 55% for CD59ACP, and 52 % for 

EGFRBLAP. There was, however, still large differences between the D5 for all species as an indicative of the 

complex stochastic single molecule behavior with apparent examples of Brownian, confined, and directed 

motion and combinations thereof (Figure S8). 

The results support the notion that cholesterol plays a role in the lateral dynamics of all three species (although 

not statistically significant using a K-S test in the case of GM1). However, the observed differences in the 

populations of D5 between the different species suggest that not all molecules that have been classified as lipid 

raft markers by classical biochemistry are alike, and further that these specific molecules are differentially 

affected by cholesterol depletion. It is noticed that CD59ACP and EGFRBLAP was affected in very similar ways by 

cholesterol depletion, possibly indicating a relationship between the two species. 

CONCLUSION 
In conclusion, we have shown an example of an orthogonal multi-color QD labeling strategy that enables 

parallel imaging of three separate bio-molecules at the single molecule level in the same sub-area of living 

cells(a fourth color was also imaged simultaneously in the setup, but not at single molecule level). We further 

have shown that the resulting trajectory lengths are sufficient to enable robust single trajectory analysis such that 

it is possible to sample the heterogeneity of the lateral motion for each species. Finally, we have used the 

method to show that the lateral dynamics of the three purported lipid raft markers GM1, CD59ACP, and EGFRBLAP 

are statistically different, and we have quantified the effect of cholesterol on the lateral diffusion.  
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This multi-species SPT technique fills a gap in the lack of suitable methods for simultaneously studying 

membrane lateral dynamics of multiple species in the same area of the same cell, and opens up for very detailed 

spatio-temporal investigations of the plasma membrane nanoscopic organization. 

While this manuscript firmly establishes that it is possible to investigate the lateral motion of several species 

simultaneously in the same sub-region of live cells further improvements in the probe design are still needed. In 

particular a robust molecule to molecule comparison will require conclusively validated monovalent probes.  
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SI 1: COA-QD CONJUGATION AND VALIDATION 

 
Figure S1. Synthesis of CoA-QD655 conjugates. a) In reaction 1 the NH2-group on the PEG-QD655 reacts with the NHS-ester of the 

cross-linker Succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC). In reaction 2 the second reactive group of SMCC, 

the maleimide, reacts with the SH-group of SH-CoA. Reaction 2 is quenched in reaction 3 by the addition of excess β-ME which reacts and 

blocks unreacted maleimide. The final product is CoA-QD655. b) 2 % agarose gel. Lane 1: NH2-PEG-QDs. Lane 2: QDs activated with 

SMCC and quenched with β-ME. Lane 3: CoA-QD655 (molar ratio 10:1). Lane 4: CoA-QD655 (molar ratio 20:1). The QDs moved from 

negative to positive as indicated. 
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SI 2: EFFECT OF BLOCKING SAV-QD605S WITH BIOTIN 
 

 
Figure S2. Effect of blocking SAV-QD605s with biotin. Box-and-whiskers plot of the diffusion coefficients for EGFRBLAP targeted with 

SAV-QD605, with (dark gray) and without blocking (light gray) with excess biotin ½-1 min post SAV-QD605 labeling, respectively. The 

mean diffusion coefficient increased as indicated on the figure by ~120 %. The reduced mean diffusion coefficient when not blocking with 

biotin indicates that SAV-QD605 induced cross-binding of EGFRBLAP. 
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SI 3: HYDRODYNAMIC RADIUS OF QD CONJUGATES 

Fluorescence correlation spectroscopy (FCS) measurements 
The FCS measurements reported in this paper were made on a custom builtmultiphoton excitation microscope as 

has been described previously (1). The objective used in the experiments was a 60X, 1.2 NA water immersion 

objective. The excitation light source was a femtosecond Ti:Sa laser (Deep See, Spectra Physics, Mountain 

View, CA) and the excitation wavelength was 780 nm. The correlation data was collected at 50 kHz for ~1 min 

and where each reported measurement is the average measurement from at least five independent measurements. 

The correlation data was curve fit to 

G          
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  2

       
 
2
 

3 2
  

2        Eq.   

Where D is the diffusion coefficient,   is the correlation time, and where r0 is beam waist in the radial direction 

and z0is the beam waist in the axial direction, and Veff is the excitation volume. In these experiments, we used 

Alexa488 labeled mouse IgG1 as a reference size standard with a known hydrodynamic radius of RH(Ms IgG1) 

= 5.6 ± 0.2 nm (2) in order to calibrate the excitation volume, Veff,. The diffusion coefficient, D, is inversely 

dependent on the molecular size, RH, and is given by the Stokes-Einstein relation 

  
   

6    
       Eq.2  

wherekB is the Boltzmann constant, T is the absolute temperature of the measurement, and   is the absolute 

viscosity of the solution that the measurement was performed in. In this case, all FCS measurements were 

performed in 50 mM sodium borate pH 8.2 with 1% (w:v) BSA at RT (293K). The relative size of molecular 

species when compared to a size standard, are independent of the viscosity and are given by 

  
  

  
        

        

         Eq.3  

In order to also convert the relative hydrodynamic radius values to absolute values, we estimated   of the 

solution by assuming that BSA is a hard sphere in the sodium borate solution and by using  

       2.5   6.2 2       Eq. 4  

where s is the viscosity of the solvent (here taken as that of pure water at 293K ( s = 1.002 cP)) and   is the 

volume fraction occupied by BSA in the buffer. At 1% BSA (w:v) and using a RH of 3.42 nm for BSA (3), the 

volume fraction,  , is 0.015 yielding a viscosity,  , of 1.04 cP at 293K. 

 

Probe N DS  μm2/s)    g   
   robe 

 
    robe  
R   g   

 
RH

 

Alexa488-Mouse IgG1 6 37.8±3.3 1.00±0.12 5.6±0.7 

CTB-QD705 6 21.9±1.7 1.73±0.20 9.7±1.2 

CoA-QD655 6 20.2±0.6 1.87±0.17 10.5±1.0 

SAV-QD605 6 21.7+1.1 1.75±0.18 9.8±1.0 
Table S3: Hydrodynamic radius of QD conjugates. 
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Figure S3. Hydrodynamic radius of QD conjugates. The hydrodynamic radii, RH, of the QD conjugates were determined by FCS as has 

been described previously (1). Shown in a-d is the mean (± s.e.m.) of N = 6 independent correlation curves for a) Alexa488-labeled mouse 

IgG1, b)CTB-QD705, c) CoA-QD655, and d) SAV-QD605. Also shown in a-d is the best fit to the theoretical expression of the mean of the 

autocorrelation curves, G( ), for free diffusion in solution and using two-photon excitation. e) Plot of the fitted diffusion coefficients in 

solution, DS, and the calculated hydrodynamic radius (RH, mean ± s.e.m.) from the Stokes-Einstein relation of the samples in a-d. All 

measurements were performed in 50 mM sodium borate pH 8.2 with 10 mg/ml BSA at RT and by using a Alexa488 labeled mouse IgG1 as 

a reference standard of a known hydrodynamic radius of RH(Ms IgG1) = 5.6 ± 0.2 nm(2). 
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SI 4: COMPARISON OF SAV-QD605 AND COA-QD655 CONJUGATES 

 
Figure S4. Comparison of SAV-QD605 and CoA-QD655 conjugates. a) Box-and-whiskers plot of the diffusion coefficients for CD59ACP 

and CD59BLAP targeted with CoA-QD655 (dark gray) and SAV-QD605 (light gray). The mean diffusion coefficients of the two populations 

are numerically very close.b) Cumulative density function plot of the diffusion coefficients of CD59ACP and CD59BLAPshowing that the 

distributions are non-identical. 
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SI 5: EFFECT OF Β-MERCAPTHOETHANOL ON SAV-QD605 TRAJECTORIES 

 
Figure S5. Effect of β-mercapthoethanol on SAV-QD605 trajectories. a) Box-and-whiskers plot of the diffusion coefficients for 

EGFRBLAP targeted with SAV-QD605, with no β-ME  light gray , 50 µM β-ME  medium gray , and 500 µM β-ME (dark gray) in the 

imaging buffer, respectively. The mean diffusion coefficients of the populations for no β-ME and 50 µM β-MEare identical, whereas there 

was an increase  23 %  for 500 µM. b  Cumulative density function of β-ME, 50 µM β-ME, and 500 µM β-ME, respectively. A K-S test 

showed no difference between the distributions when using no and 50 µM β-ME (p-value 0.70), whereas there was a significant difference 

when using 500 µM β-ME (p-value << 0.05).  

 n accordance with these results, all experiments were performed with 50 µM β-ME in order to reduce QD color 

shifting and blinking (4). Addition of 50 µM β-ME increased the mean number of displacements per trajectory 

from 235 to 350 for 50 µM β-ME as compared to no β-ME. 
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SI 6: MONTE CARLO SIMULATION OF 2D BROWNIAN DIFFUSION 

 
Figure S6. Monte Carlo simulations of 2D Brownian diffusion. The precisionby which we could analyze single particle trajectories was 

estimated by a set of simulations (see Methods). Left column: 1000 particle trajectories of 10 displacements per trajectory, Center column: 

200 particle trajectories of 50 displacements per trajectory, and Right column: 100 particle trajectories of 100 displacements per trajectory. 

a) All simulated particle trajectories (mixed colors) b) MSD plots for each particle trajectory and best fit to the mean MSD(<MSD>) of all 

displacements (dashed red line). c) Histograms of the fitted diffusion coefficients, DFitted, for each independent simulated particle 

trajectory.d) Box-and-whisker plots of DFitted for each independent simulated particle trajectory. Numbers for fitted diffusion and error are 

given in Table S6. 
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# of trajectories 1000 200 100 50 20 

# of displacements per trajectory 10 50 100 200 500 
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DFitted (mean±s.t.d.; µm2/s) 0.486±0.386 0.485±0.137 0.520±0.109 0.497±0.0

70 

0.501±0.0

47 

%Difference  

 0 0 
 DSimulation         

           
 

57±47 23±18 17±14 11±8.2 6.6±6.6 

A
ve

ra
ge
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s 

 

<DFitted>±a.s.e. (µm2/s) 0.504±0.001 0.502±0.001 0.489±0.001 0.497±0.0

01 

0.502±0.0

01 

%Difference  

 00 
 DSimulation           

           
 

0.80±0.00 0.40±0.00 2.20±0.00 0.60±0.00 0.40±0.00 

Table S6. Results from Monte Carlo simulations.All simulations were done with DSimulation=0.5 µm2/s and tlag=40 ms. 

Brief discussion of Monte Carlo simulation results 
The results of the MSD analysis of the simulated data for Brownian diffusion in 2Dshows that that both the 

accuracy and the precision of the single trajectory analysis improves significantly as the length of the 

trajectories increases (Row 4 in Table S6). In this work, we have chosen to analyze only those trajectories that 

have >50 displacements. With this cut-off the mean trajectory lengths for all molecules and conditions were 

>200 displacements (Table 1 in main text). Hence both the accuracy and the precision, according to the 

simulations, of the presented single trajectory analysis ranges from ±~20% for the shortest trajectories to much 

less for the longer trajectories, while the mean accuracy and precision  is approximately ±10%. The results of 

the simulations further indicates that it is possible to recover the magnitude of the simulated diffusion 

coefficient, DSimulation, with high accuracy for all possible simulated combinations either by analyzing single 

trajectories separately to determine the populations of D5 and by determining the mean of these populations 

(Row 3 in Table S6) or by curve fitting to the mean <MSD(tlag)> (Row 5 in Table S6). This of course assumes 

that the observed noise from the SPT analysis is caused by the stochastic nature of Brownian diffusion and not 

by heterogeneity among different single particle trajectories. It is important to note, however, that this is not the 

case in these experiments as the observed heterogeneity of the experimental data vastly exceeds the observed 

stochastic noise in the results from the SPT analysis of the Monte Carlo simulations. This suggests that the 

observed experimental heterogeneity is not a result of the stochastic nature of Brownian lateral dynamics but 

rather is a reflection of the properties of the molecules as well as the organization of the plasma membrane. This 

is also clearly seen in Figure S8. 
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SI 7: P-VALUES FOR KOLMOGOROV-SMIRNOV TEST 
Species 1 p-value Species 2 

Intramolecular (+/- βC  )  

GM1 (-mβCD  0.17 GM1   m βCD  

CD59ACP (-mβCD  9.35E-17 CD59ACP   m βCD  

EGFRBLAP (-mβCD  1.83E-42 EGFRBLAP   mβCD  

Intermolecular (- βC )  

GM1 (-mβCD  1.26E-48 CD59ACP (-mβCD  

CD59ACP (-mβCD  7.90E-30 EGFRBLAP (-mβCD  

EGFRBLAP (-mβCD  4.06E-87 GM1 (-mβCD  

         c     (+ βC )  

GM1   m βCD  1.40E-32 CD59ACP   m βCD  

CD59ACP   m βCD  7.04E-11 EGFRBLAP   mβCD  

EGFRBLAP   mβCD  5.92E-15 GM1   m βCD  
Table S7. p-values for Kolmogorov-Smirnov test. The table shows p-values for the significance of the difference in the populations of D5 

M1before and after cholesterol 

depletion (p-value 0.17). 
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SI 8: SINGLE TRAJECTORY HETEROGENEITY EXAMPLES 
 

 
Figure S8. Single trajectory heterogeneity examples. Examples of single trajectories for the three different molecular species. In all cases are 

seemingly examples of confined, free Brownian, and directed motion as well as various combinations thereof. Scalebar 1 µm. 
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Abstract: Single particle tracking (SPT) enables light microscopy at a sub-diffraction limited spatial resolution by a com-

bination of imaging at low molecular labeling densities and computational image processing. SPT and related single 

molecule imaging techniques have found a rapidly expanded use within the life sciences. This expanded use is due to an 

increased demand and requisite for developing a comprehensive understanding of the spatial dynamics of bio-molecular 

interactions at a spatial scale that is equivalent to the size of the molecules themselves, as well as by the emergence of new 

imaging techniques and probes that have made historically very demanding and specialized bio-imaging techniques more 

easily accessible and achievable. SPT has in particular found extensive use for analyzing the molecular organization of 

biological membranes. From these and other studies using complementary techniques it has been determined that the or-

ganization of native plasma membranes is heterogeneous over a very large range of spatial and temporal scales. The ob-

served heterogeneities in the organization have the practical consequence that the SPT results in investigations of native 

plasma membranes are time dependent. Furthermore, because the accessible time dynamics, and also the spatial resolu-

tion, in an SPT experiment is mainly dependent on the luminous brightness and photostability of the particular SPT probe 

that is used, available SPT results are ultimately dependent on the SPT probes. The focus of this review is on the impact 

that the SPT probe has on the experimental results in SPT. 

Keywords: Diffusion, domains, dyes, gold particles, lateral dynamics, plasma membrane organization, quantum dots, single 
molecule imaging. 

1. INTRODUCTION 

 The molecular composition and organization of the 
mammalian plasma membrane is very complex [1-9]. Hun-
dreds if not thousands of different lipid species are present in 
the plasma membrane with the main lipid types being phos-
pholipids (with a variety of fatty acid chain lengths and de-
grees of unsaturation), cholesterol, and sphingolipids. Phos-
pholipids and cholesterol are present in about equal amounts 
and together account for 85-90 % of the total lipids while 
sphingolipids account for a large majority of the remaining 
lipids [10]. It has further been estimated that ~30 % of the 
genome in eukaryotic organisms encodes for membrane in-
serted and membrane associated proteins giving rise to thou-
sands of different membrane protein species, many of which 
are present in the plasma membrane [11]. The relative pro-
portion of lipids and membrane proteins in the plasma mem-
brane has been shown to be approximately equal by weight, 
corresponding to about one protein per 50 lipids [12]. How-
ever, while the general features of the composition are well 
characterized, the molecular organization of the plasma 
membrane of mammalian cells is not known [1-4]. Much 
controversy exists in particular about the existence of lipid 
rafts, lipid-stabilized nanodomains which are thought to be 
highly enriched in cholesterol, glycosphingolipids (GSLs), 
and a wide variety of membrane proteins (e.g. glucosyl-
phosphatidyl-inositol (GPI) anchored proteins) that are  
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of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark; Tel: 
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important for a range of cell signaling pathways [3, 5]. There 
are also other complementary models for the nanoorganiza-
tion of the plasma membrane of cells that still remain to be 
fully evaluated [2, 7]. These include for example the an-
chored-transmembrane-picket-model, where the long-range 
lateral diffusion of membrane proteins and lipids in native 
plasma membranes is hindered by integral membrane pro-
teins that are immobilized by direct interaction with the actin 
cytoskeleton [8]. 

 The biggest challenge in studies of the molecular organi-
zation of the plasma membrane has been, and still is, the lack 
of experimental techniques that are capable of directly re-
solving possible small transient structures in the plane of the 
plasma membrane. The methods of choice to date have been 
the closely related single particle tracking (SPT) and single 
molecule fluorescent tracking (SMFT) imaging techniques. 
In both of these techniques information about the molecular 
organization of the plasma membrane is inferred from care-
ful analysis of the motion of single lipids and membrane 
proteins that are embedded in the plasma membrane. Be-
cause SPT and SMFT are closely related imaging techniques, 
differing primarily only in the identity of the probe that has 
been attached to the target molecules, where for SPT the 
probe is composed of a particle (e.g. a gold particle, a fluo-
rescent bead, or a fluorescent quantum dot (QD)) and for 
SMFT the probe is composed of a fluorescent dye or a fluo-
rescent protein (FP), we will henceforth use the acronym 
SPT to refer to both. 

 As mentioned above, the organization of the native 
plasma membrane deviates significantly from that of simple, 
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homogenous artificial model membranes. In fact, SPT ex-
periments suggest that the native plasma membrane contains 
a variety of barriers that limits the motion of lipids and 
membrane proteins over a wide range of sizes, from tens to 
hundreds of nanometers, and durations, from a few millisec-
onds to seconds [8]. Consequently, in SPT experiments in 
native plasma membranes, there is an intricate relationship 
between the optical characteristics of the SPT probe and the 
accessible temporal sampling, the duration of an experiment, 
the spatial resolution, the results, and the interpretation of the 
results. This is because the brighter the probe is, the faster is 
the accessible temporal sampling and the better is the spatial 
resolution. Furthermore, the more photostable the probe is, 
the longer is the total accessible duration of an experiment. 
However, because available bright and photostable probes, 
e.g. QDs and gold particles are relatively large, SPT experi-
ments at very fast sampling intervals, or for very long dura-
tions, have so far mainly only been possible with large 
probes. But larger probes are typically also more susceptible 
to artifacts from e.g., steric hindrance as result of membrane 
topology and molecular crowding, and as a result of probe 
induced cross-linking due to difficulties in the preparation of 
large monovalent probes (e.g. gold particles and QDs). Con-
sequently, there are unanswered questions about whether 
SPT results acquired at very fast sampling intervals are an 
artifact of the large probe size or are a reflection of the native 
organization of the plasma membrane.  

 The primary focus of this review is the relationship be-
tween the SPT probe and the SPT results, in particular with 
respect to the suggested organization of the native plasma 
membrane. In this review we give a brief introduction to the 
relevant theoretical expressions and a brief overview of ex-
perimental results of motion in a membrane. This is followed 
by a brief description of SPT and a more detailed description 
of relevant SPT probes. Finally, we give a summary of re-
cent SPT results with an emphasis on investigations of the 
plasma membrane organization.  

2. MOLECULAR MOTION IN SOLUTION AND IN 
BIOLOGICAL MEMBRANES 

2.1. Theoretical Expressions for Diffusion 

 A free molecule in a dilute and uniform solution, or in a 
homogeneous biological membrane, will undergo random 
Brownian motion that is characterized by a diffusion coeffi-
cient D. The diffusion coefficient relates to the thermal en-
ergy of the system under study and the frictional drag expe-
rienced by the molecule. The distance a molecule diffuses, 
measured as the mean square displacement (MSD), in a time 
interval t is linearly dependent on the diffusion coefficient: 

MSD = (2 )Dt                           (Eq. 1)   

where  is the number of dimensions of the system under 
study. In solution, the molecule is free to  diffuse  in  three  
dimensions  (i.e.    =  3)  while  in  a  membrane  the  diffu-
sion  is  within  a  two  dimensional plane (i.e.  = 2). 

 The diffusion coefficient, DS, of a molecule, with a radius 
of hydration RH, in solution is given by the Stokes-Einstein 
equation: 

DS =
       kBT                                   (Eq. 2) 

6 SRH

where kB is the Boltzman constant, T is the absolute tempera-
ture, and S is the viscosity of the  solution.    

 Theoretical expressions for the translational diffusion of 
a molecule embedded within a  membrane are much more 
complex. In the limit where the molecular radii, R, of the 
membrane  molecule is less than or equal to the radii of the 
lipids, the appropriate theoretical formulations for  the trans-
lational diffusion, DM, are given according to the free area 
theory [13-15].  For membrane  molecules with a molecular 
radii, R, larger than the lipids but where the dimensionless 
parameter,   = 2 SR / Mh, is << 1, the translational diffu-
sion, DM, can be approximated by the hydrodynamic  contin-
uum theory which was derived by Saffman and Delbrück 
[16]: 

                kBT

             6 M h
DM   =

M h

S R
-In

          
(Eq. 3) 

 In this model, the membrane molecule is approximated as 
a hard  cylinder of radius R and height h,  which is embedded 
within a membrane with viscosity M and surrounded by 
aqueous phases of  viscosity S on both sides, and  is 
Euler’s constant (  = 0.5772). This equation has been de-
rived for  the case of a homogeneous and continuous lipid 
bilayer membrane based on the Singer-Nicolson  fluid mo-
saic model [17]. 

 Importantly, the Saffman-Delbrück relation predicts that 
there is a much weaker dependence on the molecular radii, 
R, for diffusion in a membrane (  ln(1/R)) than in solution 
(  1/R). Also worth noting is that the lateral diffusion coeffi-
cient of molecules that are embedded within a membrane as 
given by the Saffman-Delbrück equation is much slower 
than the corresponding diffusion of equally sized molecules 
in solution as given by the Stokes-Einstein equation. This is 
because the viscosity in the membrane, M, is about 100 
times larger than the viscosity in the surrounding aqueous 
space, S [16, 18-19]. The large relative ratio of the viscosi-
ties further predicts that the diffusion of a molecule within a 
membrane is determined by the part of the molecule that is 
embedded within the membrane. This is also the rationale for 
why an exogenous probe that has been attached to a mem-
brane molecule is expected to only minimally perturb the 
diffusion, even in cases where the probe is much bigger than 
the membrane molecule. This is of course only true to a limit 
as the diffusion coefficient of the probe molecule decreases 
as its size increases, eventually approaching that of the 
membrane target molecule. The diffusion coefficients of a 
membrane species and a probe in solution as given by the 
Saffman-Delbrück and Stokes-Einstein equations, respec-
tively, are plotted in Fig. (1). The plot can be used to esti-
mate the relative influence of an attached probe on the diffu-
sion of a membrane molecule, for example the diffusion co-
efficient, DM, for a membrane molecule with R = 1 nm, h = 4 
nm, and M/ S = 100 is ~4.3 m

2
/sec which corresponds to 

the diffusion coefficient, DS, of a molecule in solution with 
RH  49 nm. Hence, in this case the probe should be << 49 
nm in radius. Worth noting, for the forthcoming discussion, 
is also that a probe of RH = 20 nm has a DS  11 m

2
/sec in 

water ( S = 1.002 cP) at 20 
o
C.
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 The Saffman-Delbrück relation (Eq.3) has also been fur-
ther extended for all values of the dimensionless parameter 
by Hughes et al. [20-22]. In addition a phenomenological 
model with an inverse dependence of the molecular radii 
(1/R) for membrane molecules in the size range of 0.5 <R <
3 nm has been recently introduced [23]. None of the alterna-
tive models have, however, been conclusively experimen-
tally verified to be better than the Saffman-Delbrück relation 
in the case of describing the dependence of the molecular 
radii over a range of 0.5 < R < 7 nm, and the diffusion coef-
ficient, DM, for monomers of membrane proteins and small 
oligomers of membrane spanning peptides and membrane 
proteins (see also the discussion below) [18-19, 24-25].  

Fig. (1). Theoretical dependences of the diffusion coefficients, D,

on the molecular radius, R, for a membrane species embedded 

within a membrane and on the radius of hydration, RH, of a probe in 

solution (dot-dashed line). The dependence for the membrane spe-

cies was calculated from the Saffman-Delbrück equation with S = 

1.002 cP, h = 4 nm, T = 293 K, and for M/ S = 100 (solid line), 

M/ S = 80 (short dashed line), M/ S = 60 (long dashed line). The 

dependence for the probe in solution was calculated from the 

Stokes-Einstein relation with S = 1.002 cP, and T = 293 K. Also 

shown is the equivalence relation of the diffusion coefficient (DM = 

DS 4.3 m
2
/s) of a membrane molecule, with RH = 1 nm, h = 4 

nm, and M/ S = 100, and a probe in water with RH  49 nm and S =

1.002 cP at 293 K (grey dotted line). The relevant molecular size 

range, 0.5 < R < 7 nm, where the Safmann-Delbrück equation has 

been validated is shown in gray shading [25]. 

2.2. Experimental Results for Diffusion in Membranes 

 In general, for reconstituted lipid membranes, e.g. sup-
ported lipid bilayers (SLBs) and giant unilamellar vesicles 
(GUVs), the translational diffusion rates are typically re-
ported to be in a range of ~1-10 m

2
/sec with variations due 

to the specific molecules and a number of factors depending 
on the experimental setup [26]. That is, under otherwise 
identical conditions, diffusion in SLBs is generally twofold 
slower than in GUVs, and where measurements in SLBs 

indicate that there is strong inter-leaflet coupling with identi-
cal diffusion coefficients in both leaflets [27]. Furthermore 
for SLBs, the aqueous layer between the support and the 
bilayer is important for the motion of molecules [28]. Lipid 
diffusion has also been found to decrease with increased 
concentrations of NaCl [29] and hydrogen bonding of lipid 
head groups, containing mono- and disaccharides, also de-
creases the diffusion by a factor of as much as three [30]. 
The diffusion of lipids and proteins in reconstituted mem-
branes are also correlated as an increase of the membrane 
protein concentration result in slower diffusion of both lipids 
and proteins [19, 31]. However, the most important factor for 
the translational diffusion rate in reconstituted model mem-
branes seem to be the lipid composition as the acyl chain 
length and particularly the presence of sterols (e.g. choles-
terol) have large impacts on the diffusion and importantly on 
the phase of the bilayer under study. In ternary phospholipid-
cholesterol-sphingolipid mixtures which are thought to re-
flect the composition of lipid rafts, micrometer sized liquid-
ordered domains rich in cholesterol and sphingolipids form 
where diffusion rates are 2-20 times slower than in the liq-
uid-disordered phase of the same bilayer [32-33].  

 The dependency of the molecular radii, R, on the diffu-
sion coefficient, DM, has been investigated for a large num-
ber of systems (e.g. [14, 18-19, 24, 31, 34]). In these studies 
and others, the existence of two parameter regimes with a 
transition region for a molecular area of ~1 nm

2
(correspond-

ing to R ~ 0.6 nm) has been validated by investigating the 
diffusion of a combination of lipid and membrane proteins 
[34-35], and more recently also by systematic investigations 
of the diffusion of lipid-like macrocyclic polyamides [36] 
and selectively aggregated membrane spanning peptides 
[24]. Furthermore, the weak dependency of the diffusion 
coefficient, DM, on the molecular radii, R, for larger mem-
brane molecules as predicted by the Saffman-Delbrück rela-
tion, has been experimentally validated for e. g. bacteri-
orhodopsin (2R = 4.3±0.5 nm) in large multilamellar vesicles 
composed of DMPC [18] and more recently for membrane 
proteins, ranging in size from 0.5 < R < 4 nm, which had 
been incorporated at low protein concentrations (~10-100 
proteins/ m

2
) in GUVs composed of DOPC: DOPG (3:1, 

mol:mol) [19]. The relation has further been verified by 
mesoscopic simulation for R < ~7 nm [25]. Combined, these 
results suggest that the Saffmann-Delbrück relation (Eq. 3) a 
reasonable model in the size range of 0.5 < R < 7 nm (see 
Fig. (1)). 

 In both the experimental cases, it was also found that the 
diffusion coefficient of both lipids and proteins depends 
strongly on the membrane protein density. Peters and Cherry 
found that the diffusion coefficient of bacteriorhodopsin was 
reduced from ~3.4 m

2
/sec at a lipid to protein (L/P) ratio of 

210:1 (corresponding to ~6,500 proteins/ m
2
 with a lipid 

area of 0.65 nm
2
) to ~0.15 m

2
/sec at a more physiologically 

relevant L/P ratio of 30:1 (corresponding to ~28,000 pro-
teins/ m

2
). Ramadurai et al. found that the diffusion coeffi-

cients of both lipids and proteins decreased linearly with 
increasing protein concentrations further indicating that mo-
lecular crowding plays a significant role in the motion of 
molecules in membranes. An extrapolation of the linear de-
pendence of the diffusion coefficients to the approximated 
protein densities of ~25,000 proteins/ m

2
 in biological 
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membranes in this case would result in an order of magni-
tude decrease in the diffusion coefficient from that observed 
at protein concentrations of ~3000 proteins/ m

2
. This de-

crease in the diffusion coefficients at greater protein densi-
ties is not predicted by the Saffman-Delbrück equation but is 
consistent with a long known discrepancy between meas-
urements of the thermal motion of lipids and membrane pro-
teins in reconstituted lipid membranes as compared to in the 
native biological membranes of live cells [37-39].  

 In contrast to the above results which were obtained in 
free-standing vesicles, Gambin et al., have investigated the 
dependence of the molecular radii, R, on the diffusion coeffi-
cient, DM, of single-spanning peptides and multi-pass span-
ning membrane proteins with a size range of 0.5 < R < 3 nm 
in model membranes that are in contact with a solid substrate 
[23]. Based on these results the authors have introduced a 
heuristic model with an inverse dependence of the molecular 
radii (1/R) on the diffusion coefficient, DM, for the tested size 
range. The validity of these results is, however, likely very 
strongly influenced by non-specific interactions between the 
substrate surface and the membrane molecules as is e.g. il-
lustrated by the very slow diffusion that these authors ob-
tained for bacteriorhodopsin (0.08 m

2
/sec) as compared to 

that measured by Peters and Cherry (3.4 m
2
/sec) in free-

standing membranes [18-19].  

 In contrast, the translational diffusion of lipids and pro-
teins in native biological membranes of live cells is typically 
found to be at least an order of magnitude slower than in 
reconstituted membranes, or ~0.01-0.5 m

2
/sec, again with 

variations due to the specific molecule, cell type, and meas-
urement technique [8, 40]. Ample evidence exist that sug-
gests that the slower diffusion in native membranes is caused 
by a combination of reasons including molecular crowding, 
specific molecular interactions, membrane topology, interac-
tions with the actin cytoskeleton, and interactions with 
nanostructures within the membrane (e.g. caveolae, clathrin 
coated pits, and hypothesized lipid rafts) [2, 7, 41]. This is 
perhaps also to be expected considering the complicated 
composition of the native plasma membrane that is also not 
an isolated entity but rather contains physical links to both 
the extracellular space and the cytoplasm that can act as bar-
riers to the translational diffusion of molecules within the 
lipid bilayer of the membrane. In addition, native membranes 
are in continuous flux, for example the equivalent of the en-
tire cell surface is estimated to be internalized one to five 
times per hour [42-43]. 

3. SINGLE PARTICLE TRACKING 

 Classical methods like fluorescence recovery after pho-
tobleaching (FRAP) and fluorescence correlation spectros-
copy (FCS) has found frequent and often successful use in 
characterizing the lateral dynamics of lipids and proteins in a 
variety of reconstituted membrane model systems [44]. 
However, in the case of experiments in native biological 
membranes, the results from these techniques are more diffi-
cult to interpret. For example, FRAP experiments in native 
biological membranes often result in a fluorescence recovery 
rate that is not well described by a single diffusing compo-
nent. In addition, these experiments often also result in only 
partial fluorescence intensity recovery indicative of the pres-

ence of an immobile fraction. Similarly, FCS experiments 
will often also result in autocorrelation data that is not well 
described by a single diffusing component [45-46]. While 
these results suggest that native biological membranes are 
more complex in organization than reconstituted membrane 
model systems the full extent of the complexity cannot gen-
erally be resolved. In the case of both FRAP and FCS, the 
resulting experimental data is further an ensemble time aver-
age for the fluorescently labeled molecules that diffuse 
through the observation volume for the duration of the meas-
urement. The heterogeneity behind these averages can only 
be accessed by using single molecule techniques, with SPT 
being the technique that allows giving the most information 
on the individual single molecules [39, 47-49]. SPT is typi-
cally done as a 2D measurement although 3D measurements 
are also possible, however, at a much reduced sampling rate 
[50].

3.1. Technical Principles of SPT 

 SPT is a light microscopy technique in which the motion 
of single molecules, that have been specifically labeled with 
e.g. a gold particle, a fluorescent dye, protein, or nanoparti-
cle (e.g. QD) are imaged at an acquisition rate of ~10-50,000 
Hz [8, 39, 47, 49, 51]. Importantly, using SPT it is possible 
to greatly surpass the spatial resolution limit of light micros-
copy, d, which due to the diffraction of light is limited ac-
cording to the Abbe resolution limit to d = /(2NAobj), where 

 is the wavelength of the emitted light, and NAobj is the nu-
merical aperture of the microscope objective. For  = 500 
nm and NAobj = 1.3 the Abbe resolution limit is ~190 nm. 

 The optical principle behind SPT is that an image of a 
single point object, acquired from a diffraction limited light 
microscope, is an Airy pattern, the center of which is the 
Airy disc and which contains the bulk of the luminous inten-
sity (~84 %). The image of a single molecule can hence for 
all practical purposes, considering in particular typical sig-
nal-to-noise ratios (SNR) of relevant single molecule probes 
and at appropriate image acquisition settings, be approxi-
mated as an Airy disc. The intensity profile of the Airy disc, 
and hence of a single molecule, is well approximated by a 
2D spatial Gaussian, I I0exp [– r

2
/(2w

2
)], where I0 is the 

intensity at the  center of the disc, and w is the full width at 
half maximum (FWHM) intensity and which for  fluores-
cence microscopy is equal to w  0.61 /NAobj. The case 
where the maximum of one Airy  disc falls on top of the 
minimum of another Airy disc is also known as the Rayleigh 
criterion, and  this is the minimum distance by which two 
single molecules have to be separated in order to still be  
resolvable as two separate single molecules. In the limit, 
where the spatial separation of the imaged  single molecules 
are separated by a distance that exceeds the Rayleigh crite-
rion it is possible to  determine the centroid position of sin-
gle molecules very precisely by computational image analy-
sis  [47, 49, 52-53]. Using this approach, the localization of 
single molecules can typically be done with  a spatial preci-
sion of ~10-40 nm dependent on the SNR, the image acquisi-
tion time, and the  diffusion rate of the observed molecule.    

 The  thus  obtained  centroid  positions  for  each  single  
molecule  are  subsequently  linked  between image frames 
in order to be able to obtain trajectories that describe the 
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motion of each  detected single molecule as a function of 
time. Using these trajectories it is then possible to  character-
ize the motion of the single molecules. This is most typically 
done by calculating the mean square displacement (MSD), 
either independently for each detected single molecule tra-
jectory, or in  the case where the single molecules trajecto-
ries are very short as an average for all detected single  
molecule trajectories [47, 49, 54]. Using this approach, it is 
possible to classify the modes of motion  by analysis of the 
shape of the MSD versus time plots. This is most often done 
as a comparative  classification relative to the motion ex-
pected for a single molecule that undergoes free Brownian  
diffusion in a 2D membrane [39, 47, 49]. Alternatively, it is 
also possible to obtain information  about the motion by 
analysis of the probability distribution of the squared dis-
placements at different  time points [47, 55]    

 A typical result from SPT experiments in plasma mem-
branes is that the MSD plots are timedependent and often 
show negative curvature, meaning that the diffusion coeffi-
cients are greater at  shorter  distances  and  time  intervals  
than  at  longer  distances  and  time  intervals  [56]. This is 
indicative of spatial and temporal confinement where the 
diffusion is free on a spatial and temporal scale much smaller 
than the characteristic distance between the confining barri-
ers in the membrane. This has resulted in that SPT results are 
often characterized by a short range diffusion coefficient, 
Dmicro, which is determined by the slope from a linear fit of 
only the first few points (e.g. points 2-4) of the MSD plot, 
and sometimes also by a long range diffusion coefficient, 
Dmacro, which is determined by the slope from a linear fit of a 
greater number of points on the MSD plot. In the case of a 
homogenous and continuous membrane such as the case of 
the fluid lipid mosaic model of Singer and Nicholson [17] 
the expectation would be that Dmicro = Dmacro, while in the 
case of a heterogeneous, compartmentalized membrane the 
expectation would be that Dmicro > Dmacro.

3.2. SPT Probes 

 In SPT there is a very intricate relationship between the 
optical characteristics of the probe and the accessible sample 
integration times, the sampling interval, the total duration of 
an experiment, the spatial resolution, the experimental re-
sults, and the interpretation of the results. This is because the 
brighter the probe is, the faster is the accessible sampling 
intervals and the better is the spatial resolution, and the more 
photostable a probe is, the longer is the experimental dura-
tions of an experiment.  

3.2.1. General Aspects 

 SPT probes consist of two components, a “specificity 
module” which renders specificity to a membrane target 
molecule and a “label module” which renders indirect visi-
bility of the membrane target molecule where relevant mem-
brane target molecules are any molecule that directly inter-
acts with the biological membrane of interest and can e.g. be 
a lipid, an integral membrane protein, or a lipid-anchored 
protein. The choice of the combination of the two modules 
can have a large impact on the execution of an experiment 
and on the experimental results. The ideal SPT probe would 
consist of a specificity module with a high specificity to-

wards its membrane target molecule, and a label module 
which was infinitely bright, to enable experiments at infinite 
fast time intervals, and infinitely stable, to enable experi-
ments for an infinite time period. The probe, as well as the 
specificity module, should ideally be monovalent to prevent 
probe induced cross-linking, which could result in the activa-
tion of signaling pathways or reduced mobility [39]. The 
probe size, which as discussed could be much larger than the 
target membrane molecule without perturbing the observed 
diffusion coefficient, should yet preferably be minimal in 
size in order to maximize access to the membrane target 
molecule and to minimize possible steric hindrance. Steric 
hindrance could for example result in that only a subset of 
target molecules is accessible for labeling e.g. due to mo-
lecular crowding or membrane topology [41]. 

 Commonly used SPT probes consist of a combination of 
labels like; fluorescent dyes, FPs, and QDs, and gold parti-
cles, and specificity modules like; antibodies (Abs), Fab 
fragments, and sAv etc. The probes and the individual parts 
are shown according to their relative sizes in Fig. (2A). In 
Fig. (2B), experimental FCS autocorrelation curves of probe 
molecule diffusing in solution are shown together with that 
for the diffusion of DPPE-Rhodamine in a GUV. The corre-
sponding diffusion coefficients and hydrodynamic radii are 
given in Table 1. The last column in this table gives the ratio 
between the probe diffusion in solution and the diffusion of a 
labeled membrane target molecule (DPPE-Rhodamine) in a 
GUV, as an indicator for the frictional drag effect of the 
probe size on diffusion of a membrane target molecule, see 
also to the discussion in relation to Fig. (1). This ratio should 
preferable be >>1 for the probe to have minimal influence on 
the motion of the membrane target molecule. Properties of 
specificity modules and labels are further discussed below. 

3.2.2. Specificity Modules 

 The specificity modules used in SPT can generally be 
classified into two categories; those that have affinities for 
naturally occurring membrane targets e.g. Abs, DNA and 
RNA aptamers, lectins, and various toxins such as cholera 
toxin subunit B (CTB), and those that first need the insertion 
of an artificial peptide or protein epitope tag in the target 
molecule in order to introduce labeling specificity [58-59]. 
Epitope tags are often introduced via genetic insertions of 
sequences e.g. the biotin ligase acceptor peptide (BLAP) for 
streptavidin, [60], the acyl carrier protein (ACP) for Coen-
zyme A (CoA) derivatives [61], the SNAP tag for benzyl-
guanine derivatives [62], and tetra-cysteine peptide motifs 
for the biarsenical derivatives FlAsH and ReAsH [63]. A 
special case is the FPs since the tag and the specificity is 
combined in one unit together with the visible label module 
genetically expressed in immediate continuation of the target 
protein giving a pseudo-intrinsic probe with absolute speci-
ficity. In addition to the artifacts that a modification can in-
duce, the main disadvantage of genetically introduced tags is 
that the modified proteins are typically expressed at non-
physiological levels [64]. 

 The size of the specificity module can change the total 
size of the entire probe considerably. This is especially the 
case when labeling is done by immunolabeling using both a 
primary and secondary Ab, sometimes even in combination
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Fig. (2). A) Common probes used in SPT and their individual modules represented illustrating their relative sizes as measured by FCS. The 

probes are: Ø 40 nm (Fab-PEG-) gold particle coated with a PEG polymer and functionalized with Fab fragments (RH ≳ 25 nm), sAv-

functionalized COOH-QDs emitting at 605 nm (sAv-COOH-QD605, RH  9.7 nm), dye labeled immunoglobulin G (IgG-dye, RH  5.8 nm), 

dye labeled Fab fragment (Fab-dye, RH  2.9 nm [123]), and the green fluorescent protein (GFP, RH  2.3 nm [57]). The shown specificity 

modules are: IgG, Fab and streptavidin (sAv, RH  3.4 nm), whereas the un-functionalized labels are: Ø 40 nm gold particle, COOH-QD605 

(RH  6.0 nm), and a FITC dye (RH  0.7 nm). B) FCS correlation curves for typical SPT probes in solution compared to that of Rhodamine-

DPPE in a lipid GUV. The raw data shown is for the mean±s.e.m normalized correlation function from n = 5 or 6 independent correlation 

curves. The FCS data for the probes in solution was curve fit to G( ) = G0( ) (1+8DS /r
2
)

-1
(1+8DS /z

2
)
-1/2

 (solid lines) while the FCS data for 

lipid diffusion in a GUV was fit to G( ) = G0( ) (1+8DM /r
2
)

-1
 (dashed line). The values for the diffusion coefficient obtained from the curve 

fit are given in Table 1.
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Table 1. Diffusion coefficients, DS, and hydrodynamic radii, Rh, of SPT probe molecules in solution obtained by FCS. The diffusion 

coefficient of rhodamine-DPPE in a GUV was DM = 4.5±0.3 m
2
/sec. This value is used in the ratio DS/ DM to estimate the 

diffusion effect of the probe size relative to the membrane target. A value >>1 means that the probe has minimal effect. 

Probe Rh (nm) 

mean±s.e.m. 

DS ( m
2
/sec) 

mean±s.e.m. 

DS/DM

mean±s.e.m. 

Ø 40 nm bead 20.3±3.0 10.7±1.6 2.4±0.4 

sAv-QD605 9.7±0.5 21.3±1.2 4.7±0.4 

Alexa488- IgG 5.8±0.2 36.5±1.6 8.1±0.6 

Alexa488-sAv 3.4±0.2 64.0±3.9 14±1.3 

GFP [57] 2.3±0.05 93.2±2.2 21±1.5 

FITC 0.7±0.2 316±72 70±17 

with labeled sAv. In addition, some specificity modules are 
multivalent, e.g. Abs which are bivalent, native sAv which is 
tetravalent, and CTB which is pentavalent, and are hence 
capable of inducing cross-linking of the membrane target 
molecules. The problem of cross-linking can be circum-
vented by use of monovalent Fab Ab fragments or geneti-
cally engineered monovalent streptavidin [65]. Probe multi-
valency is also a problem in the case where the labels are 
gold particles or QDs. This is because these labels contain 
multiple surface binding sites for the specificity modules and 
because as a result any reaction between the two is limited 
by Poisson statistics. Hence even reaction conditions that 
strongly favor no binding of the specificity module to the 
label will result in a population of multivalent labels, e.g. a 
2:1 (mol:mol) ratio of label to specificity module which, 
assuming a 100 % reaction yield, would result in ~60 % of 
labels with no specificity module, ~30 % of labels with one 
specificity module, ~8 % of labels with two specificity mod-
ules, and ~2 % of labels with more than 2 specificity mod-
ules. The preparation of monovalent probes, in the case 
where the label is a particle, thus requires a purification step 
capable of separating those particles that have only one 
specificity module from the rest. This has been accomplished 
by agarose gel electrophoresis of QDs that had been reacted 
with sAv [66-68] or poly-ethylene glycol (PEG) polymers 
[69], and for gold particles that had been reacted with DNA 
[70].  

3.2.3. Labels 

3.2.3.1. Fluorescent Dyes and Fluorescent Proteins

 The smallest possible SPT labels are small organic fluo-
rescent dyes. These can e.g. be directly attached to lipids 
creating fluorescent lipid analogs (e.g. Rhodamine-DPPE, 
NBD-DPPC, Bodipy-Cholesterol etc.). However, fluorescent 
lipid analogs, which may either have been modified in the 
hydrophobic acyl chain tails or the hydrophilic head groups, 
have significantly different chemical structure than the corre-
sponding unmodified lipids and as a consequence the behav-
ior of fluorescent lipids will often be altered. This is espe-
cially true for cholesterol, since attached dyes are almost 
equal in size to cholesterol, are often polar or even charged. 
Consequently no existing fluorescent cholesterol analog 
mimics the properties of native cholesterol [71]. Specific 

protein labeling with small dyes is also possible with for 
example systems like FlAsH, ReAsH, BLAP, ACP, SNAP 
and CLIP systems [59, 72], were the dyes can bind directly 
to peptide tags in the target protein and render a probe that is 
smaller or comparable in size to FPs. However, in most cases 
fluorescent dyes are used in combination with e.g. intact 
Abs, Ab Fab fragments, or sAv in order to confer specificity 
towards the molecular target, hence increasing the size of the 
label and with the potential risk of causing cross-linking arti-
facts as discussed above. 

 The main disadvantages of fluorescent dyes are low 
brightness and poor photo-stability, thereby preventing sin-
gle molecule imaging at very fast time intervals (not bright 
enough) and for long time durations (not stable enough). 
However, recently developed dyes like e.g. Alexa-647, 
which has a high molar extinction coefficient (  = 220,000 
M

-1
cm

-1 
at 647 nm), moderate quantum yield (QY = 0.33), 

and a high saturation intensity, has enabled SPT imaging at 
image acquisition rates up to 2000 Hz, but only for less than 
ten images [73]. In contrast, SPT experiments with the dye 
Atto647N (  = 150,000 M

-1
cm

-1 
at 644 nm, QY = 0.65) have 

been reported at 10 Hz, but with a mean time duration of 
single molecule trajectories of 15 seconds [74]. FPs, like 
fluorescent dyes, also exist in a wide range of different col-
ors [75], and in a variety of modified forms such as e.g. 
photo-switchable FPs. The optical properties of FPs in terms 
of brightness and stability, however, are inferior to that of 
the better dyes, e.g. enhanced green fluorescent protein has a 
molar extinction coefficient,  = 56,000 M

-1
cm

-1 
at 484 nm, 

and a QY of 0.6. As a result, SPT with FPs is typically per-
formed at 10-30 Hz, but has in the case of enhanced yellow 
FP (EYFP) been accomplished even at 200 Hz [76]. In both 
cases, the duration is typically limited to less than twenty 
image frames before the FPs irreversibly photobleach.  

3.2.3.2. Quantum Dots

 QDs are semi-conductor nanoparticles that are composed 
of inorganic cores of ~Ø 2-10 nm and which are the origin 
for their fluorescence properties with the size relating to the 
emission color. However, stabilization and functionalization 
of QDs in aqueous media requires that additional layers are 
added resulting in a final total size of ~Ø 15-30 nm. Func-
tionalization of QDs with e.g. sAv [60], CoA [77], CTB 
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[78], Fab fragments [79], or any other preferred bio-
molecule is relatively standardized and easy, but the number 
of attached bio-molecules, and hence the valence of the en-
tire QD is difficult to control, with potential risk of cross-
linking target molecules when used in SPT. The size of some 
QDs was also shown to limit their access to synapses [80], 
but monovalent and size-reduced QDs have been made with 
markedly improved accessibility [67-68]. More improve-
ments along this direction are also expected. 

 The fluorescent properties of QDs are far superior to 
those of dyes and FPs. They have very high extinction coef-
ficients (  = 1,100,000 M

-1
cm

-1 
for sAv-QD605 at 488 nm) 

and yet moderate quantum yields (QY  0.5) which account 
for their extreme brightness. In our laboratory we have suc-
cessfully imaged single moving QDs on the cell surface at 
rates up to 1760 Hz and ~0.5 msec integration time with the 
limiting factor being the readout speed of the camera. In 
terms of stability, the QDs do not photobleach easily on a 
time scale relevant for most SPT studies, thus they can be 
readily imaged for periods of several tens of seconds to min-
utes. A limitation to this being the observed blinking (alter-
nation between a fluorescent on- and an off-state) [81] when 
imaged at the single molecule level, making SPT linking 
algorithms more demanding [52-53]. QDs of different colors 
show similar and broad excitation, and have narrow symmet-
ric emission spectra, making them ideal for multi-color im-
aging. This advantage has also been used in demonstrating 
that multispecies SPT with QDs is possible [66, 82]. More 
detailed information on QDs is available from other sources 
[83-86].  

3.2.3.3. Gold Particles

 Colloidal gold particles differ from the other labels in 
that the detected signal is based on light scattering rather 
than fluorescence, where the amount of scattered light is 
strongly dependent on the particle size. The scattering nature 
of the gold particles means that SPT with gold particles can 
only be performed for a single type of molecule at a time. In 
the case of SPT on native plasma membranes, the SNR typi-
cally dictates that Ø 40 nm non-functionalized gold particles 
are required. The large size of gold particles used in SPT is 
likely to restrict access to certain areas on the cell surface 
due to steric effects. Furthermore, as shown in Table 1, the 
diffusion of a Ø 40 nm particle in solution is only twice that 
of a lipid molecule diffusing in a model membrane, thus gold 
particles are likely to have a notable influence on the diffu-
sion of the membrane target molecules. 

 Specificity of gold particles is accomplished by charge 
mediated absorption of relevant specificity modules such as 
Abs or Fab fragments to the surface of the particles [87]. 
Similarly to QDs, however, colloidal gold particles also have 
to be stabilized for use in physiological conditions, in this 
case in order to prevent aggregation in presence of salts. Sta-
bilization is typically accomplished by absorption of proteins 
to also include the mixed absorption of relevant specificity 
modules in combination with passive ligands that can be 
proteins e.g. Abs or Fab fragments that have no binding 
specificity at the investigated membrane, BSA (RH  3 nm) 
or poly-ethylene glycol (PEG) polymers e.g. Carbowax 20M 
which has an average molecular weight of 17.5 kDa [88] and 
an estimated radius of gyration, Rg  9 nm (using Rg N0

3/4
,

where N0 is the number of PEG monomers). The functionali-
zation and stabilization of gold particles will thus most likely 
add at least ~10 nm to the diameter. Functionalized gold par-
ticles are hence ~2 times larger in diameter than a QD, and 
correspondingly have an 8 times larger volume. However, in 
terms of signal, gold particles are beyond comparison to any 
of the other labels. Accordingly, Kusumi and co-workers 
have performed SPT with gold particles at a frame rate of 
50,000 Hz over extended time periods [89].  

3.3. SPT Results 

 SPT has been in particular instrumental in revealing the 
extent of the spatio-temporal heterogeneity in the organiza-
tion of plasma membranes [52, 73, 87, 90-92]. This is be-
cause SPT is currently the experimental method that offers 
the best available combination in spatial and temporal reso-
lution. This has enabled SPT to detect very small (~20-50 
nm) and transient (~1-10 msec) organization as well as small 
(~100-300 nm) and longer lived (~1 sec) organization within 
the mammalian plasma membrane [87, 90, 93-94]. In gen-
eral, the SPT results of the detected modes of motion of lip-
ids and membrane proteins in the plasma membrane are, 
independent of the SPT probe (and associated sampling in-
tervals and the time durations) very heterogeneous, typically 
always displaying a large range of modes of motion to in-
clude free diffusion, confined diffusion, and combinations 
thereof [54, 74, 87, 92, 95]. A schematic of some typical 
modes of motion is found in Fig. (3).  

 A frequent use of SPT is investigations of the plasma 
membrane nanostructure to include interactions with e.g. 
caveolae, clathrin coated pits, and hypothesized lipid rafts 
[54, 73-74, 82, 87, 89-93, 96-101]. In these studies, SPT 
sampling intervals have ranged from an extreme speed at 
50,000 Hz with Ø 40 nm gold particles [89, 93], 1000-1760 
Hz with QDs [95], 1000-2000 Hz with Alexa-647 [73], 200 
Hz with EYFP [99], to a more typical sampling of ~30 Hz or 
slower for all the different labels. SPT data has furthermore 
been collected for a variety of time durations ranging from 
many tens of thousands of images for Ø 40 nm gold parti-
cles, thousands to a few tens of thousands of images for 
QDs, to less than ten to a few hundreds of images for fluo-
rescent dyes and FPs. In a comparison of this SPT data it is 
apparent that the results of plasma membrane nanostructure 
are dependent on the acquisition parameters and conse-
quently possibly also on the SPT probes. 

 Experiments at very fast temporal sampling rates of 40-
50 kHz have so far only been possible in the Kusumi lab and 
by using Ø 40 nm gold particles as the label [2, 87, 89, 93, 
101]. A unifying result from these studies is that all possible 
types of membrane target molecules, e.g. lipids, lipid an-
chored membrane proteins, and single and multi-pass inte-
gral membrane proteins, are confined in compartment sizes 
of ~30-250 nm for average residency times of ~1-20 msec, 
where the characteristic sizes and times were found to vary 
in a cell dependent fashion [2, 100]. This confinement, 
which has been coined hop-diffusion, is dependent on the 
actin cytoskeleton, but neither on the presence of cholesterol 
nor on the removal of the major fraction of the extracellular 
domains of membrane protein or the extracellular matrix [2, 
87, 100].  



The Probe Rules in Single Particle Tracking Current Protein and Peptide Science, 2011, Vol. 12, No. 8    707

 In the case of one cell line, NRK fibroblasts, the mean 
short range diffusion coefficient, Dmicro, over a 100 s time 
window, of the lipid DOPE within these compartments 
(~230 nm) has been reported to be 5.4 m

2
/sec [87], with 

similar numbers also being reported in the same cell type for 
an integral membrane protein, the transferrin receptor (Dmicro

= 5.2 m
2
/sec) [87], and a 7-transmembrane protein, the G-

coupled protein receptor (GPCR) -opiod receptor (Dmicro =
4.2 m

2
/sec) [93]. The mean long range diffusion coeffi-

cient, Dmacro, over a 100 ms time window in these studies and 
for these molecules were typically independent of the label 
type (gold particles or Cy3) in the range of ~0.1-0.5 m

2
/sec 

[87, 93, 100].  

 These results are particular surprising because even the 
phospholipids DOPE, and GPI-anchored proteins, neither of 
which have direct contact with the cytoplasmic space, are 
confined in compartments equal in size to those found for 
integral membrane proteins such as the transferrin receptor 
and the GPCR receptor [87, 89, 93, 100-101]. In response to 
these results, the anchored protein picket model has been 
proposed. In this model, membrane proteins that are an-
chored to and aligned with the actin cytoskeleton act as pick-
ets in a fence to restrict the free lateral diffusion of molecules 
in the membrane by a combination of steric hindrance and 
hydrodynamic friction [2, 8]. Because many of the mem-
brane proteins extend into the extracellular space this model 
could then explain why membrane target molecules such as 
lipids and lipid anchored proteins also undergo hop-
diffusion. This model is further supported by electron mi-
croscopy data that shows that actin filaments are in close 
proximity of the plasma membrane and forms compartments 
that are similar in size to those conferred by the SPT data 
[102].  

 Another surprising aspect of this work is the proposed 
magnitudes of the diffusion coefficients of lipids and pro-
teins alike within the confinement zones of ~5-8 m

2
/sec [87, 

89, 93, 100]. This is equal in magnitude to that found in re-
constituted model membranes, but only at much lower pro-
teins densities than are considered to be physiologically rele-
vant [18-19]. The authors further justifies the proposed mag-
nitude of the diffusion coefficient by reporting that similar 

magnitudes are also measured in cell blebs that are absent of 
actin cytoskeleton. However, the protocol used for preparing 
the blebs (incubation with 1 mM menadione for 1 h at 37 

o
C) 

has also been shown to reduce the cell surface density of 
transferrin and LDL receptor by ~70 % by inhibition of re-
ceptor recycling after incubation with only one fifth the dose 
of menadione (200 M) under similar conditions [103]. 
Similarly, reduction of the total protein content has further 
been demonstrated for other bleb forming protocols [104]. 
The reported short range diffusion coefficients in NRK cells 
for DOPE (Dmicro = 5.4 m

2
/sec), transferrin (Dmicro = 5.2 

m
2
/sec), and -opiod receptor (Dmicro = 4.2 m

2
/sec) also 

suggests that the dependence on the diffusion coefficient on 
the molecular radii within the confinement zones is weaker 
even than that suggested by the Saffman-Delbrück equation. 
We also note that the reported magnitude of the diffusion 
coefficients of the lipids and protein within the confinement 
zones are equal to, or at best only one half the expected 
magnitude of, the diffusion coefficient of the free gold parti-
cles in solution hence suggesting that there should also be a 
significant frictional drag effect of the probe on the measured 
diffusion coefficient of the membrane target molecules (see 
also Fig. (1)).  

 A caveat in these studies is of course that these results are 
so far obtained with one technique, SPT with Ø 40 nm gold 
particles. In response to this, Wieser et al. used SPT with 
significantly smaller probes consisting of either a Fab frag-
ment (RH  2.9 nm) or an intact Ab labeled with the fluores-
cent dye Alexa-647 (RH  5.8 nm) in order to investigate the 
high-speed motion of the GPI-anchored protein CD59 in T24 
(ECV) cells [73]. In this cell line, Murase et al. had previ-
ously reported that the lipid DOPE undergoes hop diffusion 
between compartments with a mean (±s.d.) size of 120±53
nm for an average residency time of 16 msec and with a D of
0.20±0.08 m

2
/sec (for gold-labeled DOPE with a 100 msec 

time window) [100]. In these experiments, SPT data was 
collected with acquisition times ranging from 50 sec to 1 
msec and with sampling intervals ranging from ~10-2000 
Hz. The representative duration in the case of using Fab 
fragments at 1000 Hz was only six image frames hence pro-
hibiting individual trajectory analysis.  Consequently all data 

Fig. (3). Sketch of various diffusive behaviors in a membrane dependent on the dominating underlying structure. A) Brownian diffusion; the 

molecule is not influenced by any membrane structures. B) Confined diffusion where the motion is limited to a restricted area (dark grey) of 

the membrane. C) Mixed diffusion with areas of free diffusion and areas of confined diffusion (anomalous sub-diffusion). D) Hop-diffusion 

where the molecule is temporarily confined (dotted grey trajectory) by the underlying cytoskeleton (dashed lines). This phenomenon is only 

observed for SPT with large probes when imaging at very fast imaging rate, whereas at slow imaging rates the diffusion will appear free 

(black trajectory). 
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Fig. (4). Single QD trajectories showing the diffusion of a lipid, 

biotin-cap-DPPE, which had been artificially bulk loaded into a 

mouse embryo fibroblast and labeled with sAv-QD655. Images 

were acquired with 0.52 msec integration at 1760 Hz and analyzed 

by standard particle tracking methods. The points in each trajectory 

are linearly color coded as a function of the time after the start of 

the first point in the respective trajectory. In these experiments, we 

always see three types of motion indicative of the heterogeneous 

nature of the plasma membrane, A) approximately normal diffusion 

(total trajectory time ~930 pts corresponding to ~0.53 sec), B) very 

confined diffusion (total trajectory time ~1550 pts corresponding to 

~0.88 sec), C) and hop diffusion (total trajectory time ~1670 pts, 

0.95 sec). The mode of motion of each trajectory was further ana-

lyzed by calculating the mean squared displacement (MSD) of each 

trajectory separately as a function of time, t and by subsequent 

curve fitting to MSD = 4Dmicro/macrot for two separate time windows, 

1) short term diffusion, Dmicro, corresponding to analysis of image 

frame 2-4 ( t ~1.5 msec), and 2) long term diffusion, Dmacro, corre-

sponding to analysis of image frames 2-88 ( t ~50 msec). The re-

sults of this analysis was for A) normal diffusion (red points) Dmicro

 0.50 m
2
/sec (best fit, red dashed line), Dmacro  0.42 m

2
/sec 

(best fit, red line), B) very confined (immobile) diffusion (black 

points) Dmicro  0.20 m
2
/sec (best fit, black dashed line), Dmacro

0.00 m
2
/sec (best fit, black line), and C) hop diffusion (green 

points) Dmicro  0.20 m
2
/sec (best fit, green dashed line) Dmacro

0.09 m
2
/sec (best fit, green line). Scale bar 100 nm. 

analysis was done by time averaging over multiple trajecto-
ries from several cells but by using both MSD analysis and 
by analysis of the probability distributions of the squared 
displacements. The conclusions from this analysis was that 
the lipid anchored protein CD59, on average, undergoes 
normal Brownian diffusion (Dmicro = Dmacro) for all conditions 
that were tested. The diffusion coefficients at 37 

o
C were 

found to range from 0.46±0.05 m
2
/sec for Fab fragments 

acquired at ~1000 Hz to 0.17±0.01 m
2
/sec with intact Abs 

acquired at ~600 Hz, thus indicating that in this case there is 
a very strong dependence on the probe, from a combination 
of probe induced cross-linking and possibly also probe size. 
This data hence indicates that the hop-diffusion that is ob-
served by use of gold particles may very well be an artifact 
of the probe. However, this data while acquired with a much 
less invasive probe is yet limited by that the representative 
trajectory duration (~6 msec) is much less than the reported 
lifetime (~16 msec) of the proposed domains. Hence, we 
believe that further work is required to validate or disprove 
the concept of hop diffusion as it is currently presented.  

 Along this line, we have also initiated work in order to be 
able to validate the presented concept of hop-diffusion. In 
our preliminary results, we have imaged the molecular mo-
tion of an artificial lipid, biotin-cap-DPPE, in mouse embryo 
fibroblasts (MEFs) by using commercially available sAv-
QDs emitting at 655 nm (RH  11.4 nm; data not shown) in 
combination with an EMCCD camera (DU-860; Andor). In 
these experiments we have used an illumination time of 
~0.52 msec and a sampling rate of ~1760 Hz Fig. (4). A pre-
liminary analysis of this data indicates that the motion of a 
majority of lipids is restricted at short time intervals (~50-
200 msec) to domains with a size range of ~100-200 nm in 
diameter and with a Dmicro (time window of ~1.5 msec, points 
2-4) of 0.20 m

2
/sec and a Dmacro (time window of ~50 msec, 

points 2-88) of 0.09 m
2
/sec. This data suggests that lipids 

that have been labeled with sAv-QDs in MEFs behave in a 
similar fashion to lipids that have been labeled with larger 
gold particles [87, 100]. However, much further statistical 
analysis of this data is needed to fully characterize the ob-
served confinement in this case. This data is however of 
course also subject to all the limitations associated with the 
use of larger probes. 

 SPT acquired at ~10-30 Hz reveals an entirely different 
picture for the plasma membrane organization. At this slower 
sampling rate hop diffusion is not observed. Instead observed 
confinement regions are either larger, longer lived or both. 
For example, SPT data acquired at ~30 Hz has identified 
membrane areas of ~100-300 nm diameter in which certain 
membrane targeting molecules (e.g. GPI-anchored proteins, 
GSLs, and phospholipids) are temporally confined to, but 
free to move within, for several seconds [54, 90, 94, 96, 
105]. These areas, which are sometimes referred to as tran-
sient confinement zones (TCZs), are identified by probabilis-
tic means by comparison of the instantaneous displacements 
in comparison to the expected displacements for a molecule 
that undergoes random diffusion [94, 105]. TCZs have been 
shown to be cholesterol dependent and to be dependent on 
GSL synthesis. This has led to the suggestion that TCZs are 
a kind of lipid raft [96, 105]. However, the size and lifetimes 
of identified TCZs are dependent on the time resolution of 
SPT [105]. Furthermore, it has been reported that TCZs are 
not observed even in data acquired at 30 Hz in the absence of 
probe-induced cross-linking [106]. This suggests that TCZs 
are an experimental artifact that is induced by probe induced 
cross-linking. SPT has also been used in this context to in-
vestigate sparse signaling of membrane proteins by use of 
intentionally multivalent gold particles. Using this method 
Chen et al. have found that GPI-anchored proteins undergo 
transient anchorage for periods ranging from 300 msec to 10 
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sec [92]. This transient anchorage was found to be dependent 
on cholesterol and Src family kinases [92]. Using a similar 
method, Suzuki et al. have also shown that small clusters of 
CD59 will transiently recruit several intracellular signaling 
molecules resulting in what the authors have termed stimula-
tion-induced temporary arrest of lateral diffusion (STALL) 
with an average duration of 0.57 sec occurring every 2 sec 
[91, 101].  

 In addition to the proposed nanostructures observed by 
SPT, SPT has also been used to identify specific interactions 
between plasma membrane molecules and molecular protein 
targets and the actin cytoskeleton inside the cell [52, 82, 107-
113].  

4. COMPLEMENTARY TECHNIQUES 

 Many other forms of traditional light microscopy tech-
niques, for example FRAP and FCS have the sufficient tem-
poral resolution to be able to resolve transient structures, 
down to within a lifetime range of milliseconds to seconds, 
but the spatial resolution of information from the bleach spot 
and focal spot, respectively, are limited by diffraction to 
>200 nm (for reviews of traditional light microscopy tech-
niques used to study membrane lateral organization see [40, 
44]). In contrast, electron microscopy, which has sufficient 
spatial resolution but of course no temporal resolution and 
which has been used to visualize relatively static nanostruc-
tures such as caveolae and clathrin-coated pits, has so far not 
been able to conclusively resolve additional nanostructure in 
the plasma membrane. More recently, new light microscopy 
techniques have also been introduced which offer sub-
diffraction limited spatial resolution, for example the related 
techniques photoactivated localization microscopy (PALM) 
and stochastic reconstruction microscopy (STORM). These 
methods can reach a spatial resolution of 20-40 nm by com-
putational fitting of single molecule point spread functions in 
an image series where only a subset of labels are emitting in 
each frame [114-115], but the best temporal resolution 
reached by these techniques is 50 msec in the so-called 
sptPALM [116]. Perhaps the most significant developments, 
however, has been the introduction of stimulated emission 
depletion FCS (STED-FCS) by Eggeling et al. where the 
focal spot of FCS is significantly decreased to ~30 nm [117], 
and an orthogonal confocal microscope based tracking tech-
nique developed by the same group reaching the same spatial 
and temporal resolution by determining the positions of dye 
labeled molecules using three point detectors placed in close 
proximity [118]. By these techniques it has been shown that 
sphingolipids in contrast to phospholipids are temporarily 
trapped for ~10 msec in ~10-20 nm sized domains in a cho-
lesterol dependent manner [117-118]. 

5. OUTLOOK AND CONCLUSION 

 Gaining a better understanding of the molecular organi-
zation of the mammalian plasma membrane is expected to 
have far reaching consequences and may offer many rewards 
in biomedicine. For example, possible spatial regulation of 
cell signaling as a result of plasma membrane organization 
could help explain how specificity in externally mediated 
cell signaling cascades is maintained in the cytoplasm [119]. 
This is especially relevant considering that intracellular cell 

signaling cascades are extremely complex and involve mul-
tiple overlapping signaling second messengers, e.g. phospho-
inositides (PtdIns) such as PtdIns(3,4,5)P3 and PtdIns(4,5)P2

which are downstream mediators in a variety of cell signal-
ing pathways that are activated by an equally diverse number 
of extracellular stimuli including growth factor receptors, 
GPCRs, and immunoglobulin super family receptors [120]. 
Spatial regulation in cell signaling also offers the potential 
for drug targeting to receptor complexes rather than single 
receptors, a mechanism that could increase drug specificity 
and avidity. 

 A general consensus in the field is that the organization 
of the native plasma membrane is very heterogeneous and 
complex. This consensus view is strongly supported by SPT 
results which show a range of molecular motions (e.g. 
Brownian, confined and combinations thereof) and nanos-
tructures from very transient (<100 msec) and small (<100 
nm) to more stable (>1 sec) and large (>100 nm). A conse-
quence of the observed heterogeneity is also that the lateral 
motion in the plasma membrane is time dependent such that 
the detection of structures requires that the accessible tempo-
ral sampling is faster, the duration is longer, and the spatial 
resolution is less than the lifetime and size of the structures. 
A second consequence is that the SPT results are strongly 
influenced by the probes that are used since it is the optical 
properties of the probe that dictates the accessible experi-
mental spatial and temporal resolution. This is especially 
apparent in the case of hop diffusion which has repeatedly 
been shown by use of SPT with large functionalized gold 
particles (of ~Ø50 nm), since the required very fast sampling 
intervals, and for long durations, have thus far only been 
possible with these large probes. However, there are still 
many open questions about whether the results with larger 
probes in this case are a reflection of the membrane organi-
zation or is an artifact stemming from the probe size (e.g. 
frictional drag, steric interactions, and artificially induced 
cross-linking), in particular with respect to the reported mag-
nitude of the diffusion coefficient. In contrast, even though 
SPT experiments with fluorescent dyes and proteins are less 
invasive, the temporal sampling is either too slow or the du-
ration is too short to directly and conclusively observe or 
rule out transient and small structures such as those sug-
gested for hop diffusion. The appropriate choice of probe in 
an SPT experiment should then always be made in relation to 
the relevant temporal scales, both in terms of the frequency 
and the duration, of the phenomena that are under investiga-
tion. Furthermore, considering the intricate link that exists in 
SPT between the probe and the results as well as the poten-
tial risks of probe induced artifacts, it is of utmost impor-
tance that all SPT results are carefully cross-validated, either 
with SPT using different probes, or alternative by the emerg-
ing techniques that are in some cases enabling investigations 
at equivalent spatial and temporal resolutions. 

 In relation to one of the other suggested nanostructures in 
the plasma membrane, the lipid rafts, there are also many 
remaining questions. In model membranes, lipid mixtures 
that are thought to be representative of lipid rafts form mi-
crometer sized domains [33]. These domains are not ob-
served in live cells, even though their formation can be arti-
ficially induced in cell blebs and plasma membrane spheres 
(PMS) [121-122]. Membrane blebs and PMS have in com-
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mon that they exclude links to the actin cytoskeleton. A 
plausible explanation is then that actin filaments, in addition 
to restricting the free motion of membrane species as sug-
gested by SPT results with gold particles, also are a limiting 
factor in the formation of large lipid domains, and which as a 
consequence only exist as small domains [117-118]. This 
possibility has previously been suggested by Kusumi et al.
[2]. Membrane topology, which is caused by e.g. actin cy-
toskeleton extensions and membrane ruffling could also have 
a significant influence on the observed molecular motion in 
the plasma membrane and should not be forgotten in the dis-
cussion of plasma membrane lateral organization [41]. 
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ABBREVIATIONS 

Ab = Antibody 

ACP = Acyl carrier protein 

BLAP = Biotin ligase acceptor peptide 

CoA = Coenzyme A 

CTB = Cholera toxin subunit B 

D = Diffusion coefficient 

DM = Diffusion coefficient in membrane 

Dmacro = Long range diffusion coefficient 

Dmicro = Short range diffusion coefficient 

DS = Diffusion coefficient in solution 

 = Molar extinction coefficient 

FCS = Fluorescence correlation spectroscopy 

FP = Fluorescent protein 

FRAP = Fluorescence recovery after photobleaching 

FWHM = Full width at half maximum 

GSL = Glycosphingolipid 

GUV = Giant unilamellar vesicle 

IgG = Immunoglobulin G 

M = Membrane viscosity 

S = Solution viscosity 

MSD = Mean square displacement 

PALM = Photoactivated localization microscopy 

QD = Quantum dot 

QY = Quantum yield 

R = Molecular radii 

RH = Radius of hydration 

sAv = Streptavidin 

SLB = Supported lipid bilayer 

SMFT = Single molecule fluorescence tracking 

SNR = Signal to noise ratio 

SPT = Single particle tracking 

STED = Stimulated emission depletion 

STORM = Stochastic reconstruction microscopy 

Ø = Diameter 
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ABSTRACT 
In this study, we track quantum dot targeted plasma membrane species in live cells for several seconds at sampling 

frequencies of 1.75 kHz. The tracking is done with high spatial precision using a conventional wide-field 

microscope. We obtain long trajectories that are analyzed individually and show that a majority of the investigated 

molecules move between nanoscopic compartments with a size of 100-150 nm, where they are transiently confined 

for 50-100 ms.  

TEXT 

Single particle tracking (SPT) with gold nano-particles1, quantum dots (QDs)2, or fluorescent dyes or fluorescent 

proteins3 allows for reconstruction of molecular trajectories of single molecules with nanometer precision. 

Accordingly, SPT offers the possibility to gain detailed information on the dynamics of molecules and from the 

course of the motion of molecules, important aspects of their environment can further be inferred. 4 SPT has 

therefore become a valuable experimental tool within the life sciences and has found a rapidly expanded use over 

the last few decades.3, 5, 6 The method has in particular been instrumental in revealing the extent of the spatio-

temporal heterogeneity of the lateral dynamics and organization in plasma membranes.7-11  

The plasma membrane is nowadays known to be highly complex and heterogeneous in both composition and 

organization.12 This is a necessity, in order for the plasma membrane to control and regulate material exchange and 

communication between the cell and its surroundings. The plasma membrane has been proposed to spatially 

segregate its constituents into functional platforms in a molecule specific way upon e.g. cellular signaling events.13 

These platforms are known as lipid rafts, and the concept has been backed up by SPT findings.14 A further indication 

of the lateral heterogeneity in the plasma membrane, SPT experiments typically results in the detection of a large 

range of types of motions, which include examples of free diffusion, confined diffusion, directed diffusion, and 

various combinations thereof.8, 14-16 

Concerns in SPT experiments include limited temporal resolution, different analysis approaches, the need for high 

illumination intensities, and the influence of the probe used. Different results are reached depending on the sampling 

frequency, and it is primarily the probe that dictates the accessible time regime of the observation.17 A typical 

experiment involves slow sampling, which here is considered as video-rate or slower (<30 Hz) is possible with gold 

particles, QDs, and dyes, and those studies have shown that certain molecules are transiently confined for several 

seconds in nano-domains with a size of 100-300 nm in diameter.14, 18-21 Some of these domains have been related to 

lipid rafts.  Not all phenomena and processes are, however, accessible at slow sampling frequencies, so a faster 

temporal sampling is needed. At extremely fast sampling frequencies of 50 kHz, which is possible only with 

minimum Ø 40 nm gold particles, Kusumi and co-workers have proposed that the motion of both plasma membrane 

lipids and proteins is dominated by transient confinement in nanoscopic compartments with a size range of 30-230 

nm for a duration of 1-20 ms dependent on the cell type.8, 22-24 Within these compartments, the molecules have been 

proposed to diffuse freely and very fast with a diffusion constant of 5-8 μm2/s, while on a longer time scale the 

molecules move between adjacent compartments resulting in much slower long-term diffusion of 0.04-0.3 µm2/s.24 
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Consequently, this behavior, which has been termed hop diffusion, can only be observed at sampling frequencies 

that are significantly faster than the corresponding duration of time that the molecules spend within these nanoscopic 

compartments.25 Hop diffusion has also been suggested as an explanation for some spot variation FCS data, but in 

general it has been questioned due to the need of high illumination intensity, and the use of large probes, which 

might perturb the natural motion of the molecules.14, 25, 27, 28 In dye tracking studies trying to access a fast temporal 

resolution26, 27, a sampling frequency of approximately 1 kHz has been reached, but no hop diffusion was 

observed.17, 26, 28, 29 Those observations are, however, strongly limited by the photo-physical properties of the organic 

dyes used, which besides having a limited brightness, is limited in the length of the trajectories to just few 

displacements before irreversible photo-bleaching. A direct consequence of this is that single molecule trajectories 

cannot be analyzed individually, but have to be pooled to give an ensemble average of all molecules in time and 

space.3, 17 Consequently, while the technique is a single molecule method in terms of detection, it becomes an 

ensemble average method in terms of analysis. It therefore still remains unsettled if hop diffusion is an illusion, or a 

consequence of biological barriers in the cell membranes.More recently fluorescent semiconductor nanocrystals 

known as QDs have also been used in SPT.7, 14, 30 QDs are an attractive compromise between the fluorescent dyes 

and the gold particles.2, 31 QDs have very high signal intensity and signal stability as compared to conventional 

fluorescent dyes and fluorescent proteins, and are about half the diameter of gold particles. However, thus far QDs 

have not been exploited for fast tracking.  

In this study we have taken advantage of the large brightness and photo-stability of QDs to show that it is possible to 

image QDs for extended time periods (seconds) and fast sampling frequencies (1.75 kHz). This is done with a 

simple experimental setup using a standard wide-field microscope equipped with a 100 W mercury arc lamp, for low 

illumination intensity, and an EMCCD camera with fast and flexible readout over a large field of view (~66 µm2). 

We have tracked streptavidin (SAv) conjugated QDs  with a peak emission at 655 nm (SAv-655QD). These QDs 

have been found to be the brightest of the available QDs from Life Technologies32, and to have a hydrodynamic 

radius of 101 nm or ~1.7X the radius of a mouse IgG1.17 The spatial precision by which we can localize the 

centroids of single SAv-655QDs non-specifically immobilized on glass coverslides, at sampling frequencies of f=1.75 

kHz and image integration times of tint=0.52 ms was found to be δx=30 nm and δy=26 nm (Supplementary Figure 1). 

This corresponds to a spatial precision of λ/(15 NA) or ~1/5 of the projected pixel size. This precision is similar to 

what is found in other fluorescence-based tracking experiments, but the fact that we can track QDs over extended 

time periods, and at high frequencies and low illumination intensity is new. Further, we found that in these studies, 

the sampling frequency was limited by the readout rate of the camera and not the probe signal, and therefore even 

faster sampling is expected with the development of faster but equally sensitive cameras.  

To demonstrate the use of high-speed  QD tracking, we investigated the lateral dynamics of three categories of 

membrane species, which are all present in the mammalian plasma membrane; i) a glycerophospholipid (1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE)-cap-biotin), ii) a glucosylphosphatidylinositol (GPI)-

anchored protein (CD59), and iii) a transmembrane protein (the Epidermal Growth Factor Receptor, EGFR). The 

tracking studies were performed at room temperature (RT) in the lamellipods of the apical plasma membrane in a 
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mouse embryo fibroblast cell line (IA32) from an Ink4a/Arf null mouse 33. These cells are characterized by having 

unusually large and flat lamellipods. We introduced the molecules of interest exogenously by either bulk loading the 

lipid to the cells using 1 µg/ml biotin-CAP-DPPE in 0.1 % fatty-acid free BSA (Sigma, A-8806) for 5 minutes at 

RT34, or by transfecting the cells with plasmids encoding recombinant biotin ligase acceptor peptide (BLAP) fusion 

proteins of CD59 or EGFR35. The cells were co-transfected with a plasmid encoding bacterial biotin ligase with an 

ER anchor36, and grown overnight in the presence of 10 µM biotin such that the fusion proteins were biotinylated 

during the secretory pathway (see details in SI2). In this approach, all three molecules of interest are hence designed 

to contain a single biotin residue to which we could subsequently label specifically with the same batch of SAv-
655QD. The labeling was done  by first blocking for non-specific binding with 1% BSA for 1-2 minutes, and then 

labeling cells with a 1 nM filtered solution (0.22 µm syringe filter) of SAv-655QD in PBS with 1% BSA for 2 

minutes at RT after which further binding was blocked by addition of 100 l of 1 mM biotin, and a further 

incubation at RT for 2 minutes. Labeled cells were finally washed and imaged in PBS with 1% BSA. Cells were 

imaged on an Olympus IX-81 inverted microscope with a 150X 1.45 NA UApo TIRFM oil immersion objective 

(Olympus) equipped with a 100W Hg arc lamp for fluorescence excitation. The excitation power at the objective 

back aperture plane and with a filter cube consisting of a HQ470/40 nm fluorescence excitation filter, a Q495LP 

dichroic mirror (Chroma Technology) and a 510LP emission filter was measured to be 35 mW/cm2. Data was 

acquired on an EMCCD camera (Andor DU860D-CS0-BW). We acquired time-lapse image sequences consisted of 

9000 image frames of a field of view of 20x128 pixel2 (or 3.2x20.5 µm2), where the camera chip was aligned to 

match the camera readout direction, and operated in frame transfer mode. The resulting image series were analyzed 

by a combination of the use of an ImageJ plugin37 and custom written routines in Mathematica designed to minimize 

the effect of QD intermittency as has been described before.38  

In the data analysis, we time-averaged the trajectories by calculating the mean squared displacements (MSD) 

individually for each single trajectory, m. Only trajectories with a total number of image frames N above 200 were 

analyzed. The trajectories were analyzed for time intervals, ntlag  50 ms, with n being the image frame number, and 

tlag being the time between successive image frames. The MSD was calculated by39: 

               
 - 

                    -            
 

                   -            
 
 

 - 
     Eq. 1 

Subsequently, we used non-linear curve fitting to fit the MSD curves to three simple nested diffusion models given 

further below. In this analysis approach, we could then use conventional F-statistics in order to statistically 

determine the simplest diffusion model (i.e. the model with least number of free parameters) that could describe the 

data. The F-statistics was calculated by:  

     
    -    

  -  
         

 -  
   Eq. 2 

where RSS1 and RSS2 is the residual sum of squares of the models compared, and p1 and p2 are the number of free 

fitting parameters of the models, and where p2>p1. The calculated F-statistics for the individual trajectories were 
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next compared to the critical F-distribution with (p2-p1, n-p2) degrees of freedom and a significance level of α = 

0.05. 

The diffusion models were: 

1) Brownian diffusion with diffusion constant Dfree (free diffusion): 

                                    Eq. 3 

2) Diffusion within a limited area L2 with diffusion constant Dconf (confined diffusion)39: 

                   

 
   -      

              
           Eq. 4 

With L2 given by: 

                       Eq. 5 

Where  barrier is the time it takes for the molecule to experience the effect of the barrier of the confinement. 

3) Diffusion having both a long-term free diffusion component and a short-term confined component 

(compartmentalized diffusion): 

     m                           
  

 
   -     

              
            Eq. 6 

The time that a molecule is confined to a nanoscopic compartment of size L2 is given by: 

        

       
  Eq. 7 

There are also many alternative diffusion models in the literature for fitting MSD curves. These include anomalous 

diffusion, MSD(ntlag) = 4 D n tlag
α, where 0<α≤  (α=1 corresponds to free diffusion) 3, 40, but this type of diffusion is 

difficult to interpret. In addition, a model for hop diffusion, which contains an infinite sum of components, has been 

derived by Powles et al.41. In this work, we have, however, opted for the much simpler models given above. We 

think this approach with using nested diffusion models has the great advantage of that the classification of the 

motion type of each trajectory can be determined by a standard statistical F-test. Our diffusion analysis was carried 

out on 272, 444, and 124 molecular trajectories of EGFR, CD59, and DPPE, respectively, and the median number of 

displacements per trajectory was 646, 661, and 475, respectively (Table 1). The results of the analysis showed that 

there were numerous examples of each type of motion for all types of molecules that we investigated, but the motion 

of the majority of molecules was statistically best described by compartmentalized diffusion (Table 1). Independent 

of the type of molecule, the motion was statistically best described by free diffusion (Eq. 3) for 5-10 % of all 

molecules, by entirely confined diffusion (Eq. 4) in nanoscopic compartments of L=100-150 nm for about 30 % of 

all molecules, and by compartmentalized diffusion (Eq. 6) between nanoscopic compartments of L=100-150 nm for 
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a duration of  comp=50-100 ms for about 60-70 % of all molecules. Representative examples of trajectories under 

each classification and respective diffusion model fits are shown in Figure 1. The full distributions of the fitted 

diffusion values for all single trajectories are shown as box-and-whisker plots in Figure 2.1 

Molecule EGFR CD59 DPPE 

# of traj. 

# of disp. 
per traj. 

 

272 

1112±1387 
(646) 

  

444 

1019±1014 
(661) 

  

124 

656±537 
(475) 

 

Model 

Fraction of 
total 

Free 

8 % 

Confined  

28 % 

Compartmental
ized 

64 % 

Free 

5 % 

Confined 

27 % 

Compartmental
ized 

68 % 

Free 

10 % 

Confined 

31 % 

Compartmental
ized 

59 % 

Dfree 

(µm2/s) 

0.083±0.062 

(0.091) 
- 

0.041±0.032 

(0.034) 

0.17±0.14 

(0.14) 
- 

0.061±0.049 

(0.050) 

0.27±0.18 

(0.23) 
- 

0.081±0.084 

(0.047) 

Dconf 
(µm2/s) - 

0.20±0.24 

(0.14) 

0.29±0.24 

(0.21) 
- 

0.31±0.29 

(0.21) 

0.45±0.40 

(0.33) 
- 

0.24±0.17 

(0.20) 

0.57±0.52 

(0.38) 

τbarrier 

(ms) 

- 
8.8±7.0 

(6.9) 

6.6±13.4 

(2.25) 
- 

8.4±7.5 

(4.8) 

5.4±9.0 

(2.3) 
- 

9.4±6.2 

(6.7) 

8.0±14 

(2.5) 

L 

(nm) 
- 

109±37 

(99) 

98±55 

(84) 
- 

129±55 

(109) 

119±60 

(102) 
- 

143±49 

(129) 

151±92 

(131) 

τcomp 

(ms) 
- ∞ 

133±426 

(53) 
- ∞ 

103±121 

(55.3) 
- ∞ 

137±139 

(88.4) 

Table 1: Summary of diffusion values obtained from analyzing trajectories individually. The diffusion values are given as mean±std.dev. 

(median). 

                                                 

1 In box-and-whisker plots, the box ranges from the first to the third quartiles, and the median is the center line in the 

box. The whiskers extend to the farthest point that is within ±1.5x  the interquartile range, while remaining points 

are plotted individually as outliers (triangles). 
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Figure 1. Trajectories and mean squared displacements (MSD) plot. a-c) Representative examples of trajectories representing free diffusion 

(left), confined diffusion (center), and compartmentalized diffusion (right) for EGFR (a), CD59 (b), and DPPE (c). The color scale represents 

time from 0 s (purple) to 2 s (red). Scale bar 400 nm. d) MSD-vs.-time plot for the three example trajectories for EGFR in (a) fitted to free (red), 

confined (green), and compartmentalized (blue) diffusion. The insert shows the data and fits on a logarithmic scale to highlight the early time 

points. 

 



Transient confinement in plasma membranes explored by high-speed tracking using quantum dots 

III - 8 

 

Figure 2. Box-and-whisker plots of the full distributions of diffusion values. a) Free (Dfree) and confined (Dconf) diffusion constants for the three 

different diffusion models (free, confined, and compartmentalized). b) Nanoscopic compartment size (L) for confined and compartmentalized 

diffusion. c) The time it takes for the molecules showing confined and compartmentalized diffusion to be affected by the barrier of the 

nanoscopic compartment ( barrier). d) The time the molecules spend within a nanoscopic compartment ( comp). EGFR (green), CD59 (blue), DPPE 

(purple). 
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The molecules that are characterized by compartmentalized diffusion move within compartments with a diffusion 

constant of Dconf = 0.3-0.6 µm2/s on a short time scale (t <  comp), while on a longer time scale, they diffuse freely 

with a slower diffusion constant of Dfree = 0.04-0.08 µm2/s.  Visually and conceptually, these results show a strong 

resemblance to the hop diffusion that has been described by Kusumi and co-workers using the more invasive 40 nm 

gold particle tracking.42 The data suggests that all types of molecules in the plasma membrane; lipids, GPI-anchored 

proteins, and transmembrane proteins experience similar restrictions to the long-term diffusion, indicating that the 

barriers restricting free diffusion is of a generic nature. The size of the nanoscopic compartments and the duration of 

the transient confinement within the nanoscopic compartments, are consistent with those reported in other cell lines 

by Kusumi and co-workers.24 In addition, the duration of the detected confinements is only accessible at fast 

temporal sampling. 

This kind of compartmentalized diffusion is in contrast to what has been reported in studies where single fluorescent 

dye labeled lipids and proteins were tracked at a comparable sampling frequency.26, 27 It is also in contrast to studies 

of lipid and protein dynamics using STED-FCS, which access a similar millisecond temporal scale.43, 44 In those 

studies, plasma membrane molecules are reported to diffuse freely, or to be transiently trapped in cholesterol-

assisted membrane domains. The dye tracking studies are, however, limited by the photo-(in)stability of organic 

fluorophores, which in the case of Wieser et al. limits the median trajectory lengths to ~6 displacements, and as a 

consequence, trajectories were analyzed as an ensemble and not individually. In the case of Sahl et al., a non-camera 

based three-point detector setup was used, and the observation area was limited to a diffraction limited spot. Those 

respective limitations most probably preclude the observation of a long-term compartmentalization of molecules. In 

the case of the STED-FCS measurements, it is possible that no compartmentalization was observed since the studies 

were carried out in PtK2 cells, which have been reported to have small membrane compartments of 43 nm.24 This 

compartment size is close to the smallest focal spot size of the STED-FCS measurements, and resolving 

compartments in this regime is possibly without reach of the technique. Our tracking study benefits from fast and 

long trajectories over a large field of view. In this way, dynamics on a fast temporal scale is accessed, but long-term 

confinement over a larger area is also accessible 

On the other hand, even though QDs have the advantage of being less than half the diameter of the gold particles 

(eight times smaller volume(!)), yet they share some of the same probe related issues. The 20 nm diameter might 

still hinder their free access to all parts of the plasma membrane45, and in particular SAv-QDs are multivalent46 

following a Poisson distribution in the bio-conjugation. They therefore have an inherent risk of cross-linking target 

molecules. In our case we minimize cross-binding by adding excess free biotin shortly after QD labeling, but the 

risk of cross-linking is not entirely eliminated. Cross-binding of molecules might enhance or induce the observation 

of compartmentalized diffusion as clusters of molecules would be expected to experience a different membrane 

diffusion dynamics than single molecules would, e.g. complexes of a few molecules would likely have a harder time 

escaping a confinement, than a single molecule would.  This could be the reason why compartmentalized diffusion 

is only observed when using larger probes as opposed to the smaller dyes. The exact influence of the probe on the 

observed compartmentalized diffusion will have to be investigated further to settle that the observed diffusion is not 
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a probe induced artifact. The biological reason for the compartmentalization will also have to be investigated 

further. A likely explanation for the observed compartmentalization is that the actin defines membrane 

compartments on the inside of the plasma membrane, and that the strong inter leaflet coupling convey the 

restrictions to the outer leaflet of the plasma membrane. 

One important difference between our data and the hop-diffusion reported by Kusumi and co-workers is the absence 

of the very fast diffusion constant 5-8 µm2/s within the nanoscopic compartments. In agreement with the dye 

tracking studies, our short term diffusion is about a factor of 10 slower than this reported diffusion constants. 

Although the reason for this discrepancy is still to be determined there are several possibilities. For example, our 

sampling frequency (1.75 kHz) is more than a factor of 20 slower than that of Kusumi and co-workers, which could 

possibly preclude the detection of the fast component. Furthermore, our fast component comes from fitting the entire 

time window of 0.5<ntlag<  barrier (n≈ -15) whilst the fast component identified by Kusumi and co-workers results 

from fitting a time window of 50<ntlag<100 µs (n=2-4) that is inaccessible at our sampling frequency. In contrast, as 

has been argued previously, in a case of very fast membrane diffusion, the frictional drag exerted by the gold 

particles and experienced by the membrane molecule has to be taken into account.17 Normally (and in our case), this 

drag can be neglected because the diffusion of the probe in solution is much faster than the corresponding diffusion 

of the molecule in the membrane. However, the diffusion constant of a 50 nm antibody stabilized and functionalized 

40 nm gold particle in water as calculated from the Stokes-Einstein equation is 8.7 µm2/s (and even lower if the 

viscosity close to the cell membrane is considered to be higher than that of pure water, µwater = 1.002 cP at 20 C). 

As this value is not much larger than the 5-8 µm2/s diffusion constant of the membrane molecules, it is expected that 

the probe will impact the collective diffusion of the probe-membrane-molecule complex. Another point of concern 

related to the apparent fast diffusion in cells is, that whereas lipid diffusion in a pure lipid bilayer is of the order of 

5-10 µm2/s47, model studies of lipid diffusion in membranes containing proteins48, 49 and simulations thereof50 has 

shown that the diffusion in this case is considerably slower, the reasons being of hydrodynamic nature caused by 

crowding and lipid shell effects. Membrane topography studies of cells have also been suggested to interfere with 

observation of fast 2D diffusion29. We therefore think, that this fast diffusion constant is not a true reflection of the 

natural behavior of membrane molecules. 

In conclusion, we here show that it is possible to access a sub-millisecond time regime with a standard wide-field 

fluorescence microscopy setup. This fast time regime is relevant for the study of many biological phenomena 

including the study of plasma membrane lateral dynamics and organization, but it has previously been inaccessible 

in fluorescent-based studies due to limited brightness and stability in the luminescence of standard organic 

fluorescent probes and proteins. The superior brightness of QDs allow for temporally fast and long trajectories that 

can be individually analyzed. The work shows details of compartmentalized diffusion of all types of membrane 

molecules studied, and mimicks in many ways the hop diffusion previously observed by Kusumi and co-workers 

using more invasive gold nano-particles. Further studies will have to be conducted in order to determine the nature 

of these confining barriers, and the influence of the probe in the studies. In particular further improvements in 

controlling the QD probe valency are desperately needed. 
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SI 1: SPATIAL PRECISION OF IMAGING 

 

Supplementary Figure 1: Spatial precision. Superimposed centroid positions obtained from 18 trajectories for a total of N=6083 positions 

showed together with the geometric mean of the centroid positions (cross) of sAv-655QD that were non-specifically adsorbed to a glass 

surface and imaged at 1750 Hz sampling and with acquisition time of 0.52 msec. The standard deviation, δx,y, of the positions were δx=30 nm 

and δy=26 nm. This is the minimum precision by which we can determine the position of single QDs in the measurements. 

This provides an estimate of the lower limit of the minimum uncertainty of high speed SPT in the case of 

completely stationary QDs. However, the uncertainty is always greater for non-stationary QDs as a result of 

mobility during the image integration in which case the uncertainty will also depend on the particle diffusion 

rate, D, the image acquisition time, taq, and the mode of diffusion, i.e. for normal diffusion the accuracy would 

be δr = (δx2 + δx2 + 4 D taq)1/2. Note however that this uncertainty is less for non-stationary particles that undergo 

confined diffusion as is the case here. 
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SI 2: EXPERIMENTAL DETAILS 

Cell culture 
Mouse embryonic fibroblasts from an Ink4a/Arf null mouse (IA32) were used for microscopy studies32. Cells 

were grown in humidified atmosphere at 37 °C in 5 % CO2. Cells were grown until 80-90 % of confluence and 

split every third day in 1:5-1:10 ratios using the endo-peptidase Trypsin. Cells were grown in Dulbecco’s 

modified eagle’s medium (DMEM) with high glucose, and with standard concentrations of glutamax and 

penicillin-streptomycin, and 10 % fetal bovine serum (FBS). Cells were seeded in appropriate density and 

number (30,000) on coverslips in 6-wells plates, and left for six-eight hours to attach to the glass. Cells were 

then transfected and left over night in media containing 10 µM biotin, and labeled and imaged the following two 

days. 

Plasmids 
The plasmids used for transfection were pcDNA3.1-EGFR-BLAP, encoding the EGFR with a BLAP-tag in an 

extracellular domain, pDISPLAY-BirA-KDEL encoding bacterial biotin ligase with an ER anchor46. A 

pcDNA3.1-CD59-BLAP was made by cloning the CD59 part of the plasmid pAEMTX-ACPwt-GPI (Covalys, 

now New England Biolabs) using a BLAP primer. 

QD Labeling of Molecules of Interest 
In the case of the studies of biotin-cap-DPPE (Avanti Polar Lipids), we first bulk loaded cells with the lipid by 

use of fatty-acid free BSA (Sigma, A-8806)46. For this labeling, we prepared a 100 µg/ml lipid stock solution in 

absolute ethanol (stored at 4 oC). Cells were then loaded by diluting the lipid stock to 1 µg/ml in 0.1 % fatty-

acid free BSA in Dulbecco’s phosphate buffered saline with 0.1 g/L CaCl2 and 0.1 g/L MgCl2 (D-PBS) and by 

incubation for 5 minutes at RT. In the case of BLAP-CD59 and BLAP-EGFR, we first co-transfected cells by 

use of JetPEI (Polyplus Transfection) with the respective plasmids and pDISPLAY-BirA-KDEL encoding 

bacterial biotin ligase with an ER anchor47 and grew overnight in the presence of 10 µM biotin. All QD labeling 

was subsequently done by washing the cells 3X in D-PBS and by blocking for non-specific binding in D-PBS 

with 1% BSA for 1-2 minutes. Cells were then labeled with a 1 nM filtered solution (0.22 m syringe filter) of 

sAv-655QD in D-PBS with 1% BSA for 2 minutes at RT after which further binding was blocked by addition of 

100 l of 1 mM biotin and a further incubation at RT for 2 minutes. Labeled cells were finally washed 3X in D-

PBS and imaged in D-PBS with 1% BSA. 

Microscopy 
All samples were imaged on an Olympus IX-81 inverted and with a 150X 1.45 NA UApo TIRFM Olympus oil 

immersion microscope objective and by use of a 100W Hg arc lamp for fluorescence excitation. The excitation 

power at the objective back aperture plane and with a filter cube consisting of a HQ470/40 nm fluorescence 

excitation filter, a Q495LP dichroic mirror (Chroma Technology) and a 510LP emission filter was measured to 

be 35 mW/cm2. Data was acquired on an Andor DU860D-CS0-BW and using Andor IQ software. This camera 

has an active image area of (128 x 128) pixels2 with a pixel dimension of (24 x 24) µm2 and a full frame readout 

rate of 512 Hz. This camera further has a flexible readout format such that smaller areas of interest can be read 

out at much higher frame rates. In this work, we have limited our imaging to areas of interest to (20 x 128) 
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pixels2 resulting in achievable readout rates of up to ~1750 Hz when the camera is operated in the frame transfer 

mode. This set-up results in a projected pixel size of (160 nm)2.  
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ABSTRACT 
Studies of membrane dynamics on a (sub-)millisecond time-scale have led to conflicting conclusions about the 

reasons for observed hop-diffusion. Whereas single particle tracking (SPT) experiments using large quantum 

dots and gold nano-particles suggest that plasma membrane proteins and lipids are restricted in their motion due 

to confining barriers, studies using fluorescent dyes have failed to show this, and the role of the probe in these 

experiments is therefore questioned. Here, we cross-validate our previous QD tracking observation of 

compartmentalized diffusion in the mouse embryo fibroblasts cell line IA32 by using the complementary 

technique stimulated emission depletion - fluorescence correlation spectroscopy (STED-FCS) to follow the 

diffusion of dye-labeled lipids. We observe that the apparent diffusion constant of lipids in IA32 cells and NRK 

cells increase with smaller focal spot, which is an indication of diffusion in a meshwork of confining barriers. 

This compartmentalized diffusion is not observed in the isogenic cell line IA32-2xKD, which has a less dense 

actin cytoskeleton, and we further find the compartmentalized diffusion in IA32 and NRK cells to be strongly 

associated with the actin cytoskeleton. 

INTRODUCTION 
Our study using fluorescent quantum dots (QDs) for fast tracking suggests that plasma membrane lipids and 

proteins in the mouse embryo fibroblast cell line IA32 are subject to compartmentalized diffusion mimicking the 

previously reported hop-diffusion [1]. We used QDs that are approximately 20 nm in diameter, and therefore 

less bulky than the alternative 40 nm gold particles, which traditionally have been used to visualize hop-

diffusion [2]. Yet, the size of QDs can possibly perturb the natural motion of their target molecules, as in 

particular the valence of QDs is not well defined [3]. Multivalent QDs induce cross-linking of target molecules, 

which might enhance the observation of compartmentalized hop-like diffusion, as complexes of a few molecules 

would likely have a harder time escaping a confinement, than a single molecule would. In this study, we 

therefore wanted to cross-validate our findings by using monovalent probes, but as monovalent QDs are not 

easily available [4], we decided to use fluorescent dyes, which are less invasive.  

A high temporal acquisition rate is crucial for being able to resolve hop-diffusion, as it has been found to only 

happen on a fast time scale. This challenges its observation using SPT with fluorescent dyes, as the brightness of 

organic dyes limits the obtainable acquisitions rate. Further, their photo-(in)stability limits observations to 

relatively few displacements before irreversible photo-bleaching, which possibly also precludes the observation 
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of hop-diffusion [5]. In this study we therefore decided to use STED-FCS as the analyzing method [6]. STED-

FCS features the same combination of high temporal and high spatial resolution as SPT at fast acquisition rates, 

but is because of the small observation window, less affected to the photo-limitations of the dyes. STED-FCS 

has previously been applied to study the dynamics of lipids and proteins in cell membranes, and the method has 

revealed important details of differences in diffusion dynamics between a glycerophospholipid (DPPE) and 

sphingomyelin [7, 8]. So far, most STED-FCS studies have been done in PtK2 cells, and no indication of hop-

diffusion has been reported using STED-FCS. 

The main goal of this study was to investigate if we would be able to confirm our observation of 

compartmentalized hop-like diffusion in IA32 cells in a setup with the same temporal resolution, and a minimal 

influence of the probe. As will be shown, this was in fact the case, so our next goal was to determine the 

molecular origin of the barriers compartmentalizing the diffusion, and restricting free diffusion of membrane 

molecules.  

METHODS 

Lipids 
We investigated the diffusion of 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1-palmitoyl-2-

hydroxy-sn-glycero-3-phosphoethanolamine (lyso-PE), and sphingomyelin (SM) labeled in the head groups 

with the fluorescent marker ATTO-647N (ATTO-Tec). These fluorescent lipid analogs were bulk loaded into 

IA32, NRK, or IA32-2xKD cells via BSA delivery, and incubation on ice for 30 min.  

STED-FCS measurements 
The lipid dynamics was analyzed by placing the focused superimposed FCS and STED laser beams at random 

positions in the lamellipodia of the cells. A series of five 10 s recordings was carried out at each spot before 

focusing the laser beams on a different spot, and measuring a new series of recordings at a different STED laser 

intensity. The measurements were carried out at room temperature. The correlation data was recorded such that 

there were 20-100 fluorescent molecules in the focal spot in confocal measurements, and 1-5 fluorescent 

molecules in the focal spot at the highest STED power. The values and errors of the reported diffusion 

parameters were obtained from at least 20 measurements, and up to 150 measurements in a combination of the 

same, and different spots, as well as from at least five different cells. The reported parameters are the median 

values, and the error is the standard deviation of the mean.  

Drug treatments 
Latrunculin B (Lat B): Cells were incubated with a concentration of 0.1-1 µM Lat B (Sigma) for 30 min at 37 

C, and then washed, and imaged. Lat B is commonly used to disrupt the actin cytoskeleton, as it binds 

monomeric G-actin and prevents polymeric F-actin assembly.  

CK-666: Cells were treated with 100 µM CK-666 (Sigma) for 3-6 hours at 37 C, and imaged in the presence of 

CK-666. CK-666 is a selective inhibitor of Arp2/3 assisted actin branching, and it binds Arp2/3 and prevents the 

complex to switch to its active conformation.  
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Cholesterol Oxidase (COase): Cells were treated with 1 U/ml Streptomyces Spec. COase (Sigma) for 30 min at 

37 C, and then washed, and imaged. COase oxidizes cholesterol, into cholestenon and is commonly used to 

“remove” cholesterol from the plasma membrane. 

STED-FCS SETUP 

 
Figure 1: Schematic illustration of STED-FCS setup. The excitation (orange) and STED (dark red) laser beams are superimposed using two 

dichroic mirrors and focused unto the sample. The emitted fluorescence (red) from the sample is filtered using a band-pass (BP) filter and 

detected onto two avalanche photon detectors (APD). The vortex plate induces a clockwise 2π-phase shift across the STED beam, which 

generates the doughnut shaped focal intensity distribution in the focal plane. The circular polarization of both laser beams is maintained by a 

combination of λ/2, and λ/4 wave plates.  

The STED nanoscope (Figure 1) was based on a home-built confocalized microscope setup equipped with a 635 

nm laser (PicoQuant) with an 80 ps pulse width for excitation of ATTO-647N fluorescence. The STED beam 

was provided by a MaiTai Titanium:Sapphire laser system (Spectra-Physics) operating at 780 nm with a 

repetition rate of 76 MHz. The pulse timing of both lasers was adjusted using a home-built electronic delay unit, 

where the STED pulses served as the trigger master. The STED laser pulses were stretched to a pulse length of 

approximately 250-350 ps using a 30 cm optical SF6 glass rod, and a 120 m long polarization maintaining 

single-mode fiber (AMS Technologies). Fluorescence excitation and collection was realized using an oil 

immersion 60x, 1.42NA objective (Olympus). The laser beams were spatially superimposed, and the 

fluorescence light filtered by appropriate dichroic filters (AHF Analysentechnik). The doughnut-shaped focal 

spot of the STED beam featuring a central zero intensity was produced by introducing a phase-modifying plate 

(RPC Photonics) into the beam path, imprinting on the wave front a helical phase ramp exp(i ) with 0       2π. 

A  /4-wave plate and a  /2-wave plate ensured circular polarization of the STED, and of the excitation beam. 

Precise positioning of the laser foci in the sample, and sample scanning was realized by a beam scanning device 

(mirror tilting system PSH 10/2, Piezosystem Jena) for lateral directions and an objective lens positioning 

system (MIPOS 250, Piezosystem Jena) for the axial direction. The fluorescence was descanned and coupled 

into a multi-mode fiber splitter (Fiber Optic Network Technology) with an aperture size corresponding to 1.4x 

the magnified excitation spot. The 50:50 split fluorescence signal was then detected by two single-photon 

counting avalanche photo diodes (SPCM-AQR-13-FC, Perkin Elmer Optoelectronics), and the recorded 

fluorescence counts were further processed by a hardware correlator card (Flex02-01D, Correlator.com). The 
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focal intensity distribution of the excitation and STED light was measured by scanning a scattering gold bead of 

40 nm in diameter using a non-confocal detector (MP 963 Photon Counting Module, Perkin Elmer). The laser 

powers P were measured directly at the sample plane. Together with the full-width-at-half-maximum (FWHM) 

of the focal laser intensity distribution (~240 nm for 635 nm) they allow for the calculation of the time-averaged 

intensity I = P / ( (FWHM2 / 2)) (usually ~15-25 kW/cm2 stemming from P = 5-8 µW for the excitation light) 

and a pulse peak intensity Ipeak = I/(  f) with pulse width ~250-350 ps and repetition rate f = 76 MHz for the 

STED light. Calibration of the diameter d(PSTED) of the effective focal fluorescence spots formed by a certain 

STED power PSTED was performed either by imaging 80 nm large fluorescence beads, or by STED-FCS 

measurements of the fluorescent lipid analogs in supported lipid bilayers. 

Data analysis 
Fluorescence intensity fluctuations were auto-correlated taking anomalous diffusion dynamics, triplet state 

population, and other dye-related kinetics causing changes in the fluorescence brightness into account [9-11] 

       
 
 
                 

With: 

           
 

  
 
 

 
- 

 (anomalous diffusion dynamics) 

        
 - 

    -  
  
  (triplet state formation) 

             -  
  
  (kinetic processes) 

Here, N is the number of molecules in the focal spot,    the characteristic diffusion time, T is the fraction of 

molecules in the triplet state,    the triplet state lifetime, K the amplitude of the other kinetic processes, and    

the correlation time for the other kinetics. At the excitation intensities applied, T and    of ATTO-647N labels 

were approximately 0.1 and 5 µs, respectively, and fixed throughout the analysis. For the cell measurement K 

and     were fixed to 0.1 and 0.1 ms, respectively. This kinetic term might stem from the population of an 

additional dark state or conformational fluctuations of the dye-lipid system leading to changes in the 

fluorescence brightness [7]. 

The apparent diffusion constants were calculated assuming two-dimensional diffusion from             
    2

   2    
. 

Calibration 
For calibration of the focal spot area, the diffusion of fluorescently labeled lipids in a supported lipid bilayer 

(SLB) was used. The SLB was prepared by spin coating of a mixture of trace amounts of the fluorescently 

labeled lipid and unlabeled DOPE lipid [12]. The full-width-at-half-maximum (FWHM) of the focal spot in 

confocal recordings was 240 nm. Assuming free diffusion with constant diffusion constant D, the FWHM at a 

given STED power was calculated as FWHMSTED = FWHMconfocal   
      

        
 . 
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RESULTS 

Lipid dynamics measured by STED-FCS 
In STED nanoscopy, a spatial resolution below the diffraction limit can be obtained [13, 14]. This is achieved by 

superimposing a doughnut-shaped STED laser spot on a normal Gaussian shaped excitation laser spot. The 

STED laser will reversibly switch off fluorescent dyes everywhere except for in the sub-diffraction-limited zero 

intensity center. By increasing the STED laser power the effective fluorescence focal spot with zero STED 

intensity can be controlled. 

To obtain dynamic information of the diffusion of lipids in the plasma membrane we used STED combined with 

FCS [7]. We measured the transit times through the focal spots, and calculated the corresponding diffusion 

constants assuming two-dimensional diffusion as described in the methods. We further differentiated between 

different types of diffusion in the plasma membrane by applying the so-called FCS diffusion law [15]. This law 

states that a molecule undergoing free diffusion will have a linear dependence between the focal transit time  D 

and the focal spot area w2, and that an extrapolation of the  D-w2-slope to zero focal area will have an intercept at 

the origin. Molecules that are transiently trapped in nano-domains or diffuse in a meshwork of barriers will also 

have a linear dependency between  D and w2, but the slope and intercept with the  D-axis will respectively be 

less steep and positive (trap-diffusion), and more steep negative (hop-diffusion). Alternatively, the apparent 

diffusion constants Dapparent can be plotted as a function of w2. In the Dapparent-w2-plot, free diffusion will give the 

same diffusion constant independent of the focal area (DSTED/Dconfocal ≈    trapped diffusion will show a decrease 

in the apparent diffusion constant with decreased focal areas (DSTED/Dconfocal < 1), while the apparent diffusion 

constant for meshwork diffusion will increase with decreased focal areas (DSTED/Dconfocal > 1). 

As the area of the focal spot is of key importance in STED-FCS measurements, this was calibrated measuring 

lipid diffusion at different STED intensity in a supported lipid bilayer (SLB). Typical correlation curves 

obtained for an SLB is given in Figure 2A. The indicated diffusion times are   
         = 2.6 ms, and   

     = 0.07 

ms at the highest STED power corresponding to a diffusion constant, D = 4 µm2/s. The correlation curves 

obtained from measurements in cells are much noisier as shown in Figure 2B. The indicated diffusion times are 

  
         = 26 ms, and   

     = 0.4 ms. 

 
Figure 2: STED-FCS correlation curves. A) Typical correlation curves for an SLB at no (left) and high (right) STED intensity. The 

characteristic diffusion times are indicated in the figure. Note the different scales. B) Typical correlation curves for a cell at no (left) and 

high (right) STED intensity. The characteristic diffusion times are indicated in the figure.  

Lipid diffusion in IA32 cells 
We first investigated the diffusion of the fluorescent DPPE-lipid analog in the mouse embryo fibroblast cell line 

IA32 as our previous tracking experiments have indicated that DPPE undergo hop-like diffusion when labeled 

with QDs in these cells. The focal diffusion time  D as a function of the focal area FWHM2 is plotted in Figure 
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3A, with the data fitted by linear regression. As seen from the insert, the extrapolation of the linear regression 

has a negative intercept with the  D-axis, which is a sign of the molecules diffusing in a meshwork of confining 

barriers.  

 
Figure 3: Lipid diffusion vs. focal area for different lipids. A) Diffusion time,  D, as a function of focal area (FWHM2) for DPPE (black, 

rhombus, solid line), lyso-PE (yellow, squares, dashed line), and SM (purple, triangles, dotted line). Linear fits to the data are shown. The 

insert shows the extrapolation of the linear regression to highlight the intercept with the axis. B) Apparent diffusion constant D as a function 

of focal area. The shown trendline is a power regression and is just inserted for visualization. 

Plotting the apparent diffusion constant as a function of the focal area clearly supports this trend (Figure 3B), as 

an increase in diffusion constant is seen for decreased focal areas. The confocal diffusion constant is Dconfocal = 

0.4 ± 0.2 µm2/s, while the diffusion constant at the smallest focal spot (highest STED intensity) is DSTED = 0.7 ± 

0.4 µm2/s. This corresponds to a relative increase by a factor of DSTED/Dconfocal = 1.8 ± 1.3, and is thus in 

agreement with what was previously indicated using fast QD tracking.  

Measurements of the diffusion of a lyso-PE complemented the finding of compartmentalized diffusion measured 

by STED-FCS (Figure 3). The slope in the  D-FWHM2-plot for lyso-PE also had a negative intercept with the 

 D-axis, and the relative diffusion constant changed by a factor of DSTED/Dconfocal = 1.8 ± 1.2. 

The diffusion dynamics of sphingomyelin (SM) only showed a slight indication of hop-diffusion; the slope in 

the  D-FWHM2-plot had a slightly negative intercept with the  D-axis, and the relative diffusion constant was 

changed by a factor of DSTED/Dconfocal = 1.4 ± 0.8.  

The measurements in IA32 cells are in contrast to what have previously been reported for lipid diffusion in the 

rat kangaroo (Potorous tridactylis) kidney epithelial cell line PtK2. In these cells, the diffusion for DPPE and 

lyso-PE was reported to be free and independent of the focal spot area with a diffusion constant of D = 0.5 ± 0.2 

µm2/s [7, 8]. SM was in PtK2 cells reported to experience trapping events in cholesterol dependent domains 

resulting in a DSTED/Dconfocal = 0.2. The STED-FCS measurements in PtK2 cells, on the other hand, are in 

contrast to the lipid hop-diffusion reported for PtK2 cells using gold nano-particle tracking [16]. 

Cell type dependent lipid diffusion 
The compartment sizes in IA32 cells were by QD tracking reported to be approximately 150 nm [1], whereas the 

compartment sizes in PtK2 cells were determined to be 43 nm [16]. It has been suggested that STED-FCS given 

the noisy measurements, cannot resolve the small compartments in PtK2 cells as these are right on the limit of 

the focal spot size [17]. We therefore decided to measure the DPPE dynamics in the normal rat kidney epithelial 
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cell line NRK, where lipid hop-diffusion was reported between large compartments of 210 nm (Figure 4) [16]. 

The extrapolation of the linear regression in the  D-FWHM2-plot (insert in Figure 4A) has a negative intercept 

with the  D-axis, and therefore the STED-FCS data suggests hop-diffusion for DPPE in NRK cells.  

 
Figure 4: Lipid diffusion vs. focal area for different cells. A) Diffusion time,  D, as a function of focal area (FWHM2) for DPPE in IA32 cell 

(black, rhombus, solid line), NRK cells (blue, circles, long dashed line), and PtK2 cells (yellow, triangles, dashed line). Linear fits to the 

data are shown. The insert shows the extrapolation of the linear regression to highlight the intercept with the axis. B) Apparent diffusion 

constant D as a function of focal area. The shown trendline is a power regression and is just inserted for visualization. 

The apparent diffusion constant for confocal measurements was Dconfocal = 0.3 ± 0.2 µm2/s. The diffusion 

constant increased with smaller focal spots to DSTED = 0.5 ± 0.2 µm2/s corresponding to an increase by a factor 

of DSTED/Dconfocal = 1.7 ± 1.3.  

For comparison, previous published results of DPPE diffusion in PtK2 are also inserted in Figure 4 [8]. The 

intercept of the curve with the  D-axis is as seen slightly positive indicating slight trapping, and the relative 

diffusion constant was DSTED/Dconfocal = 0.8.  

Our STED-FCS recordings support the notion of lipid compartmentalized diffusion in cell lines that were 

previously reported to have compartment sizes significantly above the smallest STED focal spots, but not in 

cells that have compartment sizes close to the minimal STED focal spot size. It is therefore probable that the 

observation of compartmentalized diffusion by STED-FCS is prevented for small compartment sizes. 

Actin dependent compartmentalized diffusion 
The actin cytoskeleton has been suggested to be the key factor causing compartmentalized hop-diffusion. We 

therefore investigated the effect on the observed compartmentalized diffusion of manipulating the actin 

cytoskeleton in NRK and IA32 cells (Figure 5). For NRK cells, we treated the cells with different concentrations 

(0.1 µM and 1 µM) of Latrunculin B (Lat B) (Figure 5A). Lat B is a general actin toxin, which disrupts actin by 

binding G-actin and prevents polymerization of F-actin filaments throughout the cell including the cortical actin, 

and therefore results in a less dense actin network. In untreated NRK cells, the relative diffusion constant was as 

given above DSTED/Dconfocal = 1.7 ± 1.3. This ratio decreased gradually when treating the cells with increasing 

concentration of Lat B, and was for cells treated with 1 µM Lat B DSTED/Dconfocal = 1.4 ± 1.0. This result 

indicates that the hop-diffusion is gradually diminished when preventing actin polymerization, and that the 

diffusion approaches normal free diffusion. The apparent diffusion constant relative to that in untreated cells 

increased for all focal sizes suggesting that the diffusion is less hindered, and therefore faster. 
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Figure 5: Actin dependent diffusion of DPPE. The plots show the diffusion constant for DPPE as a function of focal area for different 

treatments of the actin cytoskeleton in different cell lines. A) Latrunculin B (Lat B) treatment in NRK cells. B) Lat B treatment in IA32 

cells. C) Lat B treatments in IA32-2xKD cells. D) CK-666 treatment in IA32 cells. The shown trendline is a power regression and is just 

inserted for visualization. 

When we treated IA32 cells with 1 µM Lat B it also resulted in a change in diffusion dynamics (Figure 5B). 

There was no longer a significant increase in apparent diffusion constant for smaller focal spots, rather the 

diffusion constant was almost unchanged as we decreased the focal area indicating that the diffusion in this case 

was dominantly free, DSTED/Dconfocal = 1.0 ± 0.7. The apparent diffusion constant relative to that in untreated cells 

was for confocal measurements increased in agreement with the actin cytoskeleton being less dense, and the 

lipids being less restricted. However, for small focal spot sizes, the diffusion constant in Lat B treated cells was 

smaller than in untreated cells, which was unexpected and is unexplainable by the FCS diffusion law. This result 

suggests that actin filaments are responsible for causing hop-diffusion, but that, when F-actin formation is 

prevented, other mechanisms affect lipid diffusion, and hinders fast lipid diffusion. 

To further investigate the role of the actin cytoskeleton, we were fortunate to have an IA32 isogenic cell line 

IA32-2xKD, which has a double knock-down in Arp2 and Arp3 [18]. The Arp2/3 complex is in normal cells 

responsible for F-actin branching by binding to existing filaments, and nucleating actin filament growth in a 70 

degree angle. The IA32-2xKD cells therefore have a much less dense cortical actin network with only limited 

support to the plasma membrane as compared to IA32 cells (Figure 6).  
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Figure 6: Cell morphology and cortical actin in IA32 and IA32-2xKD cells. DIC image (left), and cryo-shadowing EM images showing the 

leading edge actin networks A) IA32 cells, and B) IA32-2xKD cells. Center images are different cells, right panels are magnified portion of 

center panels indicated by black boxes. (Reprintet with permission from [18].) 

The diffusion constant was in IA32-2xKD cells essentially independent of the area of the focal spot (Figure 5C), 

DSTED/Dconfocal = 1.1 ± 0.8. This would suggest free lipid diffusion in agreement with the F-actin meshwork 

compartments being larger than the focal spots, and therefore the lipids would not be subject to hop-diffusion on 

the spatial scale at which they were measured. Treating IA32-2xKD cells with 1 µM Lat B did not change the 

situation, as the diffusion was still dominated by free diffusion, DSTED/Dconfocal = 1.0 ± 1.5. The diffusion 

constant was slightly increases compared to IA32.  

We next mimicked the IA32-2xKD knock down of Arp2/3 in IA32 cells. We treated the cells with CK-666, 

which prevents Arp 2/3 assisted F-actin branching by inhibition of Arp2/3 (Figure 5D). When treating IA32 

cells with 100 µM CK-666 this gave similar results for the diffusion constant as in IA32-2xKD cells and in 

IA32 cells treated with Lat B. The apparent diffusion constant was essentially independent of the focal spot size, 

DSTED/Dconfocal = 1.0 ± 0.6, suggesting that the molecules diffuse freely. The diffusion constant was increased for 

confocal measurements, but did not reach the diffusion constant at high STED powers in untreated cells.  

Altogether, our measurements strongly suggest that compartmentalized diffusion is closely associated with the 

actin cytoskeleton. 

Cholesterol independent compartmentalized diffusion 
Cholesterol is known to also be a key player for the organization in the plasma membrane. We therefore treated 

NRK and IA32 cells with COase that oxidizes cholesterol in the plasma membrane, and measured the effect on 

the lipid dynamics. For both cell lines, the apparent hop-diffusion was essentially unaffected (Figure 7). The 

apparent diffusion constant was gradually increased for decreased focal spots, and the relative diffusion constant 

was DSTED/Dconfocal = 1.7 ± 0.9, and DSTED/Dconfocal = 1.7 ± 0.8 for NRK cell and IA32 cells respectively. These 

results suggest that the plasma membrane cholesterol content is not responsible, or directly associated with the 

observed compartmentalized diffusion. 
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Figure 7: Cholesterol dependent diffusion of DPPE. The plots show the diffusion constant for DPPE as a function of focal area when 

treating cells with COase in A) NRK cell, and B) IA32 cells. The shown trendline is a power regression and is just inserted for visualization. 

A summary of all reported diffusion constants is given in Table 1. 
Cell (Molecule) – 

Treatment (conc.) 

Dconfocal ± std.dev. 

(µm2/s) 

DSTED ± std.dev. 

(µm2/s) 

DSTED/Dconfocal ± std.dev. 

IA32  0.4 ± 0.2 0.7 ± 0.4 1.8 ± 1.3 

IA32 (Lyso-PE) 0.4 ± 0.2 0.7 ± 0.3 1.8 ± 1.2 

IA32 (SM)  0.4 ± 0.2 0.5 ± 0.2 1.3 ± 0.8 

PtK2 0.5 ± 0.2 0.4 ± 0.2 0.8 ± 0.5 

NRK 0.3 ± 0.2 0.5 ± 0.2 1.7 ± 1.3 

NRK – Lat B (0.1 µM) 0.4 ± 0.1 0.5 ± 0.2 1.4 ± 0.6 

NRK – Lat B (1 µM) 0.4 ± 0.2 0.6 ± 0.2 1.4 ± 0.6 

IA32 – Lat B (1 µM) 0.5 ± 0.2 0.5 ± 0.3 1.0 ± 0.7 

IA32-2xKD 0.4 ± 0.2 0.5 ± 0.2 1.1 ± 0.8 

IA32-2xKD – Lat B (1 µM) 0.5 ± 0.3 0.5 ± 0.7 1.0 ± 1.5 

IA32 - CK666 0.5 ± 0.2 0.5 ± 0.2 1.0 ± 0.6 

NRK COase 0.3 ± 0.2 0.5 ± 0.2 1.7 ± 0.9 

IA32 - COase 0.3 ± 0.1 0.6 ± 0.2 1.7 ± 0.8 

Table 1: Diffusion constant measured for confocal and STED. 

DISCUSSION, OUTLOOK AND CONCLUSION 
In this study, we have investigated the lateral dynamics of lipids in NRK and IA32 cells using STED-FCS. We 

recorded focal transit times as a function of the area of the focal spot and determined the corresponding apparent 

diffusion constants. The measurements consistently showed that the apparent diffusion constant for the lipid 

DPPE increased when the focal spot area was decreased. This result suggests that DPPE is subject to 

compartmentalized diffusion in a meshwork of confining barriers. The study firmly shows that 

compartmentalized diffusion dependent on the actin cytoskeleton.  

Compartmentalized diffusion has previously been reported for lipids in NRK and IA32 cells, but only from SPT 

studies using gold nano-particles, or QDs [1, 19]. Gold nano-particles and QDs are limited by their size, and in 

particular the probes are typically multivalent, and therefore bind more than one target molecule in the plasma 

membrane. This can possibly induce hop-diffusion, or enhance the observation of hop-diffusion. In this study, 

the target molecule is directly labeled with the fluorescent dye ATTO-647N. Whereas this dye could possibly 

alter the natural partitioning of DPPE, we ensure that only single molecules are followed, and accordingly we 

can rule out that probe induced cross-linking is the cause of the observed diffusion. Control studies of 

previously reported lipid diffusion in PtK2 cells showed that the dynamics was independent on the position of 

the probe (head- or chain-labeled), still we would need to confirm in our studies that the compartmentalized 
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diffusion is independent of the probe, and e.g. study the DPPE dynamics when labeled with a different dye than 

ATTO-647N. 

Our study is the first STED-FCS report suggesting compartmentalized diffusion. Previous studies have 

concluded that DPPE diffuses freely, and that SM is transiently trapped in small domains. These studies have 

primarily been carried out in PtK2 cells. PtK2 cells have been reported to have membrane compartments of 43 

nm [16], and it has been suggested that the small size of the compartments on the same scale as the minimal 

focal spot size is what preclude their observation by STED-FCS [20]. Further, the substantial noise of FCS 

measurements could challenge the observation of small compartments. Given that compartmentalized diffusion 

in our case was observed in cell lines with larger compartments, this might in fact be the case.  

In order to find the molecular explanation for the observed diffusion, we manipulated the actin cytoskeleton and 

the plasma membrane cholesterol content as these components are typically found to be main actors of the 

membrane organization. Lat B treatment in NRK cells showed a gradual decrease in the observed 

compartmentalized diffusion, and a faster diffusion. This would be in agreement with the actin cytoskeleton 

opening up to form larger compartments in which DPPE diffuse unrestricted. Lat B is a relatively harsh actin 

toxin, and the cell morphology changed significantly (but reversibly) upon treatment.  

For IA32 cells, we had three different ways to investigate the influence of the actin cytoskeleton. Besides Lat B 

treatment, we could directly evaluate the dependence of Arp2/3 dependent actin branching as we had a IA32 cell 

line with an Arp2/3 knock down (IA32-2xKD). The knock-down was further mimicked in normal IA32 cells 

using the Arp2/3 inhibitor CK-666. CK-666 treatment changed the cell morphology less than Lat B treatment. 

Experiments in all three different scenarios showed that the apparent diffusion constant changed in such a way 

that it was independent on the focal spot area, indicating free diffusion. The diffusion constant was, however, 

not measured to be as fast as for small focal spot in untreated cells. This observation suggests that some other 

membrane phenomenon prevents (the observation of) fast unrestricted diffusion over larger areas, when actin 

filaments are less abundant. The actin cytoskeleton provides mechanical support for the plasma membrane, and 

one hypothesis that we have for not observing fast diffusion in cells with perturbed actin cytoskeleton is, that 

when this mechanical support is removed, the membrane is more likely to have a pronounced three-dimensional 

topography. If one imagines the plasma membrane as a canvas stretched over F-actin acting as tent poles, then 

when the F-actin is removed, the plasma membrane will collapse and have a higher tendency towards showing 

membrane curvature. In our analysis we assume two-dimensional diffusion, so if the molecules have a 

significant movement in the third dimension, the diffusion will effectively be observed as being slower.  

Hop-diffusion, as described from gold nano-particle SPT observations, reports that lipids and proteins diffuse 

very fast with a diffusion constant of 5-8 µm2/s within membrane compartments [21]. This fast diffusion was 

not observed by SPT with QDs. STED-FCS has the temporal resolution to observe diffusion this fast, and 

indeed measurements on SLBs resulted in a diffusion constant of 4 µm2/s (the diffusion in supported bilayers is 

slower than in free standing membranes [22]). In cells, however, the fastest diffusion constant that we measured 

was 0.7 µm2/s, or roughly a factor of 10 below what is reported for hop-diffusion. In order to measure the 

diffusion constant within compartments by STED-FCS, the focal spot should be significantly smaller than the 

compartment size to ensure that the molecules are unaffected by the barriers. In the measurements, we do not 
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have any control of where the focal spot is placed relative to the compartments and the reported diffusion is an 

average over all molecular transit times. This would be likely to effectively cause a diffusion constant that is 

smaller than the real free diffusion constant. We do, however, not believe that this effect would decrease the 

observed diffusion constant by a factor of 10, and we question whether a diffusion of 5-8 µm2/s is a true 

reflection of the lipid diffusion in the plasma membrane. Lipids and proteins diffusing in a crowded 

environment have a significantly decreased diffusion, and further, if the lipids were in fact diffusing this fast, the 

size of the gold particle would affect the collective diffusion of the probe and the lipid [23-27]. 

In conclusion, our STED-FCS study of lipid dynamics in the plasma membrane of cells support the idea that 

lipids experience compartmentalized diffusion in a cell type dependent manner. The actin cytoskeleton was 

determined to play a key role for the observation of compartmentalized diffusion, whereas cholesterol could be 

manipulated without significance for the observed diffusion. We suggest that when cortical actin network is 

removed from the cell, the plasma membrane loses its mechanical support and therefore shows more curved 

topology explaining why we do not always observe an increase in diffusion constant when disrupting actin. We 

further do not observe a very fast diffusion constant for the lipids when observed at the smallest focal spot sizes, 

and we think this fast component as reported from SPT with gold nano-particles is not a true reflection of the 

lipid dynamics. 
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