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Recent reports have emphasized the tremendous 

potential of single quantum dot (QD) imaging 

techniques in cell biology. In these experiments, the 

motion of single molecules, labeled with fluorescent 

QDs, is monitored in live cells over time scales from 

milliseconds to hours. Individual trajectories of the 

molecules can be determined with nanometer accu-

racy, a scale similar to that of molecular interactions. 

Therefore, single-QD tracking (SQT) constitutes an 

exquisitely sensitive tool to explore how molecules are 

dynamically orchestrated in cells to form assemblies 

that ensure cellular structures and functions.

SQT techniques build on concepts introduced by single- 

particle tracking methods in the late 1980s1. In single-

particle tracking measurements, micrometer-sized latex 

beads or 40–100 nm gold nanoparticles, detected by 

interference contrast microscopy, are used to follow sin-

gle molecules in live cells. This approach recently was 

extended to track single dyes or fluorescent proteins 

in cells2. Over the years, tracking techniques and the 

development of various targeting, processing and model-

ing methods have been instrumental to study, among 

others, the heterogeneous and dynamic organization of 

the plasma membrane. Nevertheless, the widespread use 

of these techniques has remained hindered by several 

experimental factors, including the large probe size, the 

limiting optical properties of the probes or the difficul-

ties in implementing multiparametric imaging.

Probing cellular events, one quantum dot 
at a time
Fabien Pinaud1,2, Samuel Clarke1,2, Assa Sittner1 & Maxime Dahan1

Monitoring the behavior of single molecules in living cells is a powerful approach 
to investigate the details of cellular processes. Owing to their optical, chemical and 
biofunctional properties, semiconductor quantum dot (QD) probes promise to be 
tools of choice in this endeavor. Here we review recent advances that allow ever more 
controlled experiments at the single-nanoparticle level in live cells. Several examples, 
related to membrane dynamics, cell signaling or intracellular transport, illustrate how 
single QD tracking can be readily used to decipher complex biological processes and 
address key concepts that underlie cellular organization and dynamics.

The recent advent of functional colloidal QDs 

largely expands the range of applications for tracking 

measurements. Originally QD probes were promoted 

for their signature optical spectrum, namely a wide 

absorbance and narrow, symmetric emission with 

size-dependent peak position. These features result 

in a large effective Stokes’ shift and simplify the tech-

nical requirements for multicolor detection3. Later, it 

was shown that they are also good labels for single-

molecule experiments in live cells4. Their moderate 

size (10–40 nm), bright fluorescence and excellent 

resistance to photobleaching, make QDs a favorable 

compromise between large beads and small yet poorly 

photostable dyes to achieve high-sensitivity imaging 

assays in noninvasive conditions. Moreover, the avail-

ability of many surface functionalization schemes pro-

vides strategies for efficient QD targeting. Altogether, 

QDs allow multiparametric single-molecule experi-

ments that could have hardly been envisioned with 

prior methods.

Here we review the principles and methods behind 

SQT experiments and present recent progress in QD 

chemistry, functionalization and image processing 

that solve many issues associated with the tracking 

of single nanoparticles. Several examples show how 

experiments addressing membrane dynamics, inter-

nalization pathways or intracellular transport have 

already benefited from the high sensitivity of SQT 
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assays. Finally, we discuss challenges that still need to be addressed 

to make SQT a standard method in cell biology.

A single-molecule approach to cell imaging

Over the past decade, progress in single-molecule research has 

contributed many practical and conceptual tools to visualize 

individual molecules in various physical, chemical or biological 

contexts2,5–7. In biology, single-molecule fluorescence techniques, 

originally introduced for in vitro systems2,8, are now becoming 

part of the cell imaging toolkit9. They are particularly appeal-

ing to investigate biochemical reactions in live cells, in which 

many molecular events are spatially and temporally heterogene-

ous. When examining a particular molecular process by ensem-

ble methods, information on inhomogeneous behavior, kinetic 

and reactive variability or local heterogeneity is often lost2,7,8. 

Additionally, biochemical reactions in cells are rarely synchro-

nized, making the characterization of their different kinetic steps 

difficult from ensemble measurements. For example, consider the 

case of channel receptors in a cellular membrane. When channels 

are studied one at a time, important insights on, for instance, fast or 

slow membrane diffusion owing to differences in channel subunit 

compositions, variability in channel opening and closing rates or 

transient association with particular membrane domains can be 

obtained. All these processes, potentially key to the channel func-

tions, are often inaccessible or blurred in ensemble measurements.

For investigations in cells, an additional—and often over-

looked—argument holds in favor of single-molecule approaches. 

Many key cellular processes are mediated by a small number of 

molecules and, thereby, can be viewed as single-molecule events. 

For instance, signal transmission at neuronal synapses depends 

on the response of a few (10–100) receptors for neurotransmitters  

in the synaptic cleft. Similarly, regulation of gene expression relies 

on the activity of transcription factors, often present in limited 

numbers in the cell nucleus. Single-molecule imaging is thus 

expected to provide a more faithful view of dynamic endogenous 

systems compared to methods, such as fluorescence recovery after 

photobleaching, that involve the overexpression of labeled mol-

ecules. In the latter case, a large increase in molecular concentra-

tion might shift biochemical equilibria, with the risk of altering 

the kinetic parameters of the cellular networks under study10.

QDs as probes for single-molecule imaging in cells

Because of its sensitivity, specificity, noninvasiveness and spatial 

resolution, fluorescence microscopy is a favored tool in single-

molecule research. Organic dyes and fluorescent proteins along 

with QDs are the predominant types of fluorophores applied for 

labeling single molecules2,7,9. From this toolkit, the photophysical 

merits of the fluorophore must be matched with the requirements 

of the intended application. An extensive comparison of the photo-

physical properties of QDs and dyes is presented in reference 11.  

QDs have important additional advantages over dyes or fluorescent 

proteins for single-molecule in vitro assays (reviewed in ref. 12)  

and live-cell experiments. Specifically, QDs have very high bright-

ness owing to their extinction coefficient, which is at least ten 

times larger than that of the best dyes. This facilitates the imaging 

of individual QDs with high signal-to-noise ratio (SNR), even 

with standard epifluorescence microscopes5,6 (for practical con-

siderations, see Box 1) and allows the precise localization of indi-

vidual QDs within a few nanometers, well below the diffraction  

limit (~250 nm). Just as important is the high resistance to photo-

bleaching of the QD fluorescence signal, which is several orders of 

magnitude larger than for dyes or fluorescent proteins and enables 

the study of QD-labeled molecules for extended durations (tens 

of minutes to hours). When observed at the individual level, a 

remarkable feature of QDs is their propensity for fluorescence 

blinking13. Under continuous excitation, the QD fluorescent signal 

randomly alternates between bright and dark levels (Fig. 1). As 

blinking is absent in ensemble measurements, it can be beneficial 

as a criterion for identifying individual QDs but it complicates 

data processing because trajectories of labeled molecules must be 

reconstructed from a transiently vanishing signal.

Although the optical advantages of QDs for single-molecule 

experiments are clear, their colloidal and biochemical features 

must also be taken into consideration. A QD probe is a hybrid 

organic-inorganic system, which contains a semiconductor nano-

particle surrounded by biocompatible surface coatings and func-

tional biomolecules (Fig. 1). The optical properties of QDs are 

determined by the inorganic nanoparticle, and they generally scale 

with the QD size (2–10 nm)14. QDs formed from a cadmium sele-

nide (CdSe) core and a zinc sulfide (ZnS) shell have been extremely 

popular for biological imaging because the fluorescence emission 

can be tuned over the entire visible spectrum, and the synthesis of 

this material is well optimized15. Because the synthesis typically 

occurs in hydrophobic solvents, treatment with amphiphilic or 

hydrophilic surface coatings is necessary to enable QD biocompat-

ibility (for a review, see ref. 16). The final component of an active 

QD probe is the functionalized surface that promotes specific 

interactions with biological targets. Functionalization is typi-

cally achieved by conjugating reactive biomolecules16 (enzymes, 

antibodies, nucleic acids and others) (Fig. 1) and poly(ethylene 

glycol) (PEG), which is often necessary to minimize nonspecific 

interactions of the QD with biological material17,18.

The complex architecture of QD probes has long posed consider-

able technical hurdles for many who were interested in using this 

technology. However, recent commercialization of QD probes suit-

able for diverse biological imaging applications, including SQT, has 

greatly facilitated their use. Commercial QDs are now available with 

various reactive functionalities, including streptavidin or second-

ary antibodies. Yet despite the growing use of these QDs, they do 

have limitations that become relevant for SQT. For instance, surface 

coatings on commercially available QDs are often bulky, consisting 

of amphiphilic molecules, PEG and multiple copies of antibodies 

or proteins (polyvalency), all contributing to a hydrodynamic 

diameter (Dh) on the order of ~20–40 nm19. The large size of these 

QDs places restrictions on studying spatially confined or crowded 

regions of the cell and may also perturb the behavior of the labeled 

molecules. For instance, the size of some commercially available 

QDs was shown to impair their ability to access the cleft at excitatory 

neuronal synapses20,21. When compared directly with small dyes, 

these QDs were observed to slow down the membrane diffusion of 

glutamate receptors21 and to change the type of motion of potas-

sium channels22. Another issue is the polyvalency of commercially 

available QDs, which may induce the cross-linking of labeled mole-

cules and possibly bias the observed mobility, trigger internalization 

of membrane targets or activate signaling cascades.

Reducing size and controlling valency. The limitations imposed 

by the size and polyvalency of commercially available QDs have 
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 motivated the engineering and development of new surface coatings 

and bioconjugation strategies. Reducing QD size has proven difficult 

because decreased colloidal stability and increased nonspecific inter-

actions often accompanies any size decrease. One approach suitable 

for SQT relies on the encapsulation of QDs in PEGylated micelles, 

which results in QDs that are slightly more compact than com-

mercially available QDs (Dh of ~15–20 nm)23–25. A surface coating  

based on PEGylated monothiols (Dh of ~11 nm) was used for SQT 

of membrane lipids26, but may have limited use because of the insta-

bility of monothiol coordination to the QD surface27. Dihydrolipoic 

acid (DHLA)-PEG and engineered peptides are two particularly 

interesting surface coatings that yield highly monodisperse,  

stable and compact QDs, with half the size (Dh of ~10–14 nm)  

of commercially available QDs. The former has been developed 

based on DHLA attached to short linear chains of PEG18,28. The key 

feature is stable coordination of dithiols to the QD surface, which 

does not suffer from the instability of monothiols. Good perform-

ance of DHLA-PEG–based QDs in cell imaging18 and SQT20 has 

also been established. The engineered peptide surface coating is 

based on two-domain commercially available peptides29,30, which 

has also been validated for SQT of many cellular targets30–32. The 

engineered peptides contain a cysteine-rich adhesive domain that 

is stably anchored to the QD surface by multithiol coordination 

and a second domain containing PEG and hydrophilic amino 

acids. The QD reactivity can be adjusted by mixing and matching 

different functional peptides at the surface29.

 BOX 1 FREQUENTLY ASKED QUESTIONS ABOUT SQT 

 How are imaging conditions optimized? For single-QD detec-

tion, widefield epifluorescence microscopy is always preferred 

over raster scan–based methods such as confocal microscopy 

(see ref. 5 for details on instrumentation). When using a mi-

croscope with an immersion objective (numerical aperture  

> 1.3) and a sensitive camera (such as a cooled electron- 

multiplied charge-coupled device (CCD)), acquisition times as 

short as 1–10 ms per frame can be achieved while maintaining 

a good SNR. Total internal reflection fluorescence microscopy 

(TIRF) can be used to enhance the SNR when the QD-labeled 

molecules are located within ~200 nm of the coverslip, such as 

in the cell basal membrane.

The objective magnification, M, should be set such that the 

PSF is correctly sampled on the camera detector but does not 

spread over too many pixels to limit unnecessary noise. An effec-

tive pixel size (camera pixel size divided by M) around 100 nm is 

generally an appropriate choice that satisfies Nyquist criterion.

Which excitation source, wavelength and intensity should 

be used? The wide absorbance and large extinction coefficient, 

ε, of QDs enables much flexibility in the choice of excitation 

sources. Lamps (mercury, xenon or metal halide), light-emit-

ting diodes (LEDs) or lasers can all be used to excite QDs. As 

ε increases at higher energy, the QD signal can be enhanced 

by selecting an excitation wavelength in the ultraviolet–blue 

region (350–400 nm). However, this may lead to increased cel-

lular autofluorescence and can also be harmful to live cells. In 

practice, a better SNR is often achieved with excitation in the 

green–orange region (530–580 nm).

The excitation intensity should always be kept to the  

minimum value compatible with the desired SNR and acquisi-

tion time because QD blinking rates are enhanced at higher 

excitation intensities. For laser excitation, an intensity of  

~0.5 kW cm−2 is generally appropriate.

What color QD should be used? If possible, we recommend 

using QDs with an emission wavelength in the red region 

(600–700 nm), a spectral region where the cellular auto-

fluorescence is often reduced. Red-emitting QDs also facilitate 

multicolor detection of QDs and GFP-tagged proteins using a 

single excitation source in the blue region (for example, a 488 

nm laser). Another important consideration is that at wave-

lengths longer than 700 nm, the detection efficiency of CCD 

cameras is substantially diminished.

For two-color QD imaging and tracking, QDs with well- 

separated emission wavelengths should be chosen. Owing to 

the generally narrow emission band of the probes, this is  

easily achieved in the red spectral region, which is optimal  

for SQT. QDs emitting at 605 and 655 nm or above provide a 

good combination, with little spectral overlap in emission,  

and facilitate excitation with a single light source. To take full 

advantage of the nanometer positioning accuracy of SQT in 

such dual-color QD experiments, it is important to obtain  

good alignment of the images formed in both detection  

channels. Multifluorophore-loaded beads emitting in both 

channels can be imaged to align the channels and correct for 

possible distortion and chromatic aberrations.

How is nonspecific QD binding to cells limited and  

specific labeling density optimized? Nonspecific binding of 

QDs to biological samples and the coverslip surface is the main 

source of difficulty in SQT experiments. Although there is no 

universal solution, the following recommendations often help 

to reduce the nonspecific binding. First, QDs incorporating 

PEG into their surface coatings should be used, because PEG is 

very effective at reducing these interactions. Second, a careful 

choice of buffer conditions can largely reduce the nonspecific 

interactions. A borate buffer supplemented with 2% (wt/vol) 

bovine serum albumin or 0.5% casein often provides the best 

results (see ref. 33). For tracking, it is important to obtain an 

appropriate density of specifically labeled molecules. If the  

fluorescent spots are too close, individual trajectories of the  

diffusing molecules will tend to cross too often, making  

the subsequent analysis complex and time-consuming. Yet a suff-

icient labeling density aids in sampling the whole cell. As the  

affinity of the QD conjugate and the expression level of the 

target determine the overall labeling efficiency, optimal labeling  

conditions must be empirically determined by adjusting 

concentrations (typically nanomolar range), incubation time 

(seconds to minutes), temperature or media composition.
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Functionalization of QDs mediates specific binding to cellular 

targets, which is typically achieved by noncovalent or covalent con-

jugation of reactive biomolecules to the surface. Practically, for SQT, 

the binding partners must interact with high-affinity (typically dis-

sociation constant, KD better than nanomolar) to ensure that the 

binding time is longer than the required observation time. Thus, 

the extremely high affinity and stability of the biotin-streptavidin 

system (KD, about femtomolar; half-life, greater than several days) 

has contributed to the popularity of streptavidin-functionalized 

QDs for SQT. These streptavidin-functionalized QDs are often used 

through a biotinylated antibody mediating the binding to endo-

genous targets33 or to small genetically engineered fusion tags in the 

target such as hemagglutinin (HA)10 or c-myc34,35. This approach is 

well-suited for multicolor SQT of the same36,37 or multiple targets38. 

However, a disadvantage is that antibodies are large, divalent and 

sometimes have poor affinity. New targeting approaches are emerg-

ing that eliminate the need for traditional antibodies altogether, 

which include a variety of high-affinity fusion tags and binding 

partners initially developed for site-selective and stable labeling of 

cellular molecules with fluorophores (for a review, see ref. 39). For 

instance, streptavidin-functionalized QDs can be directly applied 

after enzymatic biotinylation of a target carrying an acceptor-peptide  

(AP) fusion tag20,40. Biological imaging of QDs, and in some cases 

SQT, has already been achieved by expression of avidin29, CrAsH41, 

Halotag42, polyhistidine24,43 and single-chain antibody32 fusions 

to cellular targets followed by labeling with QDs functionalized 

with the corresponding binding partner. These complementary 

and orthogonal labeling approaches not only enable more flexible 

experimental designs, such as the ability to site-selectively position 

the fusion tag, but they also facilitate multicolor SQT, which was 

demonstrated by combining the AP and polyhistidine fusions24. 

Several studies have now found that QDs can alter interactions 

between binding partners, for instance, by negatively influencing  

the KD and half-life32,44. One way to circumvent this issue is to 

depart from noncovalent targeting strategies and to covalently 

attach QDs, which has been accomplished for the cutinase fusion 

tag45 or carrier protein fusions combined with coenzyme A46,47. 

Extension of these covalent approaches to SQT could be particu-

larly interesting for applications requiring very long observation.

Regardless of the targeting scheme, reducing the polyvalency 

of QDs is important for SQT applications. The QDs’ large sur-

face area to volume ratio provides many points of attachment for 

conjugated biomolecules (up to ~10 streptavidin molecules or 

antibodies per QD; Fig. 1). Because of the reduced size and high 

monodispersity of QDs with compact surface coatings, better con-

trol over the stoichiometry of conjugated biomolecules can now 

be achieved. Notably, QDs containing exact numbers of biomol-

ecules (0, 1, 2, 3 and so on) can be resolved as discrete populations 

using separation and purification by agarose gel electrophoresis 

(Fig. 1). This method, first developed for gold nanoparticles48, 

has been applied to prepare monovalent QD probes conjugated 

to a single copy of an antibody, an engineered streptavidin with 

a single biotin binding site20 or a functional PEG49. Monovalent 

QD probes eliminate the risks of target cross-linking and are also 

smaller. These advantages have been highlighted by showing that 

smaller QD probes can enter the size-restricted neuronal synapse 

more efficiently that commercially available QDs20. The combina-

tion of compact surface coatings, high-affinity binding partners 

and functional monovalency currently reflect the state of the art 

in design of small QD probes for SQT.

Processing and analysis of single-QD tracking data. In addi-

tion to optimizing QD size and valency, another important aspect 

of SQT is to efficiently process large datasets. In most cases, the 

raw data from SQT experiments comprise a two-dimensional 

series of time-lapse images acquired by the microscope camera. 
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Figure 1 | Structure and properties of QD probes. (a) Schematic representation of a QD probe. The inorganic CdSe core nanocrystal and ZnS shell (red) 
dictate the optical properties in a size-dependent manner. Organic surface coatings (gray) such as small molecules, peptides and amphiphilic micelles or 
polymers provide colloidal stability in biological buffers. Key features of the surface coating include PEG to reduce nonspecific interactions and reactive 
groups to enable conjugation of biomolecules. Biomolecules such as DNA, streptavidin and antibodies are conjugated to the surface to enable specific 
binding to biological targets. GFP and fluorescein dye are shown for size comparison. Scale bar, 5 nm. (b) Preparation of monovalent streptavidin (mSA)-
conjugated QDs using separation by agarose gel electrophoresis. Streptavidin is engineered with a single biotin binding site and a polyhistidine sequence 
that binds to the ZnS surface of QDs. Titration with QDs leads to the formation of discrete bands in the gel corresponding to QDs with exactly 0, 1, 2 and 
more copies of the engineered streptavidin, which are subsequently purified from the bulk mixture. Reprinted from reference 20. (c) Typical fluorescence 
images of a single QD showing changes in emission intensity (AU, arbitrary units). The intensity time trace illustrates the random alternation between 
‘on’ and ’off’ states, known as blinking, which is a signature feature of an individual QD. 
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When the density of the labeled molecules is low enough, each 

QD appears as an isolated fluorescent spot corresponding to the 

diffraction-limited point spread function (PSF) of the microscope 

(Fig. 2). A quantitative analysis of the motion of the spots requires 

reconstruction of the individual trajectories from the raw data. 

A common approach is to sequentially analyze each frame of 

the image stack in a two-step procedure: first, spots are detected 

and localized, and then correspondence between frames is  

established50. In single-molecule imaging, localizing individual 

spots is possible with a precision not limited by diffraction, but 

rather by the SNR in the data51. The spot center is usually located 

by Gaussian fitting of the PSF intensity profile51,52. Owing to the 

superior brightness of QDs, the pointing accuracy is often deter-

mined by the total number of detected photons (Fig. 2) and can 

be as low as 10 nm for a 10-ms integration time. After localiza-

tion, trajectories are formed by linking the centers of fluorescent 

spots across adjacent frames in the image series. In the case of 

QDs, blinking of the fluorescent signal raises specific difficul-

ties of correspondence between the frames. Several methods have 

been implemented to track multiple transiently disappearing tar-

gets50,53–55. Two recently reported algorithms performed robustly 

on densely populated simulated and experimental data and can be 

freely downloaded, which should be an attractive option for many 

groups interested in this type of analysis54,55. Overall, the ability 

to process trajectories in a high-throughput manner, using semi-

automatic algorithms, now enables large datasets to be analyzed 

within a (relatively) rapid time window.

Various analysis techniques have been developed to extract 

meaningful properties from the trajectories of single molecules. 

In general, computing the mean square displacement as a func-

tion of time permits a rapid determination of the mode of motion 

(diffusive, directed, confined and others) and yields associ-

ated parameters (diffusion coefficient, transport velocity, size of  

confinement domain and others)1,7,56 (Fig. 2). This method, how-

ever, only provides averaged motion parameters over the entire 

trajectory. Thus, mean square displacement analysis might be inad-

equate to describe transient behaviors when a molecule dynamically 

interacts with specific molecular partners or with its direct environ-

ment. This is the case, for instance, when a diffusing membrane 

molecule is temporarily confined in a microdomain31 or when a 

protein is transported after transient attachment to a molecular 

motor or to cytoskeletal elements57. Given the long trajectories now 

accessible in SQT experiments, a local, rather than global analy-

sis is often preferable. More advanced computational techniques 

have thus been devised to analyze situations in which a molecule 

alternates between multiple types of movement31,57–61 or to extract 

information about the shape of the local energy landscape62. An 

alternative approach altogether has been demonstrated using image 

correlation spectroscopy63, which does not rely on the formation 

and analysis of individual trajectories. Although this method is 

less demanding in terms of processing time, it is potentially less 

informative because it provides only population-averaged values of 

the kinetic parameters (diffusion coefficient, velocity and others).

SQT studies of membrane dynamics and organization

In many biological systems, the implementation of SQT has pro-

vided insight into mechanisms that contribute to the localization 

and the mobility of molecules in live cells. So far most of the 

experiments have focused on analyzing the diffusion dynamics of 

plasma membrane molecules, which, often, can be easily targeted 

(Fig. 3). Tracking and quantifying the movement of QD-labeled 

proteins such as EGF receptor36,64 GABA receptor65, potassium 

channels66,67, CFTR channels10,68, integrins69 or band 3 proteins70 

indicated that cytoskeletal elements such as actin or microtubules 

actively participate in the distribution and constrained diffusion 

of many membrane proteins. SQT on aquaporins indicated that 

these water channels generally diffuse freely in cell membranes, 

although certain isoforms appeared to be highly confined in large 

protein domains34,71,72. Additional information can be gathered 

by directly correlating the diffusion dynamics of QD-labeled mol-

ecules with the actual position of membrane structures labeled 

with dyes or fluorescent proteins. For instance, simultaneous 

imaging of QD-tagged proteins together with actin38, with lipid 

microdomains31, with membrane cavities31 or with clustered  

protein domains67 has shown how these structures strongly influ-

ence lateral dynamics in living cells (Fig. 3). SQT analyses with 

two (or more) colors of QDs can also reveal fine protein-protein 

interactions in membranes. Although in some instances the large 

size of QDs might hinder direct interactions, two-color SQT has 

already been implemented to image EGF receptor complexes36 

and amyloid precursor protein (APP) dimers37. Measuring the 

correlated diffusion of molecules labeled with distinguishable 

QDs is a powerful criterion to discriminate between true receptor 

dimerization and random co-localization or simultaneous entry 

in a shared membrane domain.

In neuroscience, SQT has greatly facilitated the direct mea-

surement of the mobility and entry-exit kinetics at synapses 

for a variety of neuroreceptors, including AMPA21,73, NMDA74, 

Figure 2 | Processing and analysis of SQT  
data. (a) To build trajectories of diffusing QDs, 
first, raw data collected at the microscope 
camera (acquisition) are exported as  
a two-dimensional series of images encoding 
fluorescence intensity and position. Frame by 
frame, the center of each diffraction-limited 
fluorescent spot corresponding to an individual 
QD is located by Gaussian fitting of the 
intensity profile (localization). The localization 
accuracy, σ, is determined by the emission 
wavelength, λ, and the total number of detected photons, N. Finally, trajectories are formed by connecting spot positions across frames within the entire 
image series (tracking). Specific correspondence difficulties arise when the density of spots is high or when the fluorescent signal is lost during QD 
blinking. (b) Classification of single-molecule trajectories using the mean squared displacement (MSD) (analysis). The mode of motion can be classified 
as Brownian motion (such as random diffusion in the membrane), as confined motion (such as entry into membrane domains) or as directed motion  
(such as linear transport owing to molecular motors) depending on the shape of the MSD function over time.
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 glycine4,35,75, GABA75, cannabinoid76 and acetyl choline recep-

tors77 (for a review, see ref. 78). Such analyses have also shed 

light on mechanisms by which the local concentration and the 

mobility of neuroreceptors can be modified, such as during inter-

actions with cytoskeletal structures79, the extracellular matrix80, 

membrane domains81 or owing to synaptic activity73,75. SQT 

experiments have reinforced the notion that neuronal surface 

mobility and its regulation are among the key molecular bases 

of synaptic plasticity, complementing previous views focused 

on endo- and exocytotic processes78. SQT can also be used to 

directly study these processes, underscoring the high versatility 

of the technique. For instance, the controversial issue of synaptic 

vesicle ‘kiss-and-run’ versus full vesicular collapse was examined 

by SQT during neuronal stimulation. A careful choice of QD size 

and charge permitted the labeling of single presynaptic vesicles 

and the observation of fusion processes in response to synaptic 

excitation82,83 (Fig. 4).

Membrane diffusion studies have motivated the extension of 

SQT to intracellular targets involved in signaling, transport or 

gene regulation. Technically, this requires overcoming the chal-

lenges of delivering QDs across the plasma membrane (Box 2), an 

issue that has not yet been fully solved. Nevertheless, the superior 

optical properties of QD probes permit real-time visualization 

of cellular internalization pathways and long-term tracking of 

molecules directly inside cells (Fig. 5). In particular, QDs func-

tionalized with receptor ligands provide means to both activate 

membrane receptors and follow their intracellular fate. In the case 

of EGF36,64 and NGF84–86 ligands, SQT has revealed some details 

about the complex internalization mechanisms of growth factor 

receptors in endosomes, including heterogeneous endosomal 

transport rates and retrograde transport (Fig. 5). Similarly, QD 

labeling of individual viruses, which has already been achieved87, 

may facilitate the visualization of various steps in the infection 

process, from cell membrane binding and internalization to intra-

cellular disassembly of the virus.

A few SQT experiments have started to investigate the proper-

ties of intracellular molecules, aside from those actively internal-

ized at the membrane. The first systems were kinesin-1 (ref. 88)  

and myosin-V89,90, two motor proteins involved in cellular trans-

port and cell division. Once labeled molecules are loaded in the 

cytosol via a pinocytotic technique, the velocity and processivity 

of single QD-labeled motors could be accessed directly in live 

cells88–90 (Fig. 5). The brightness of QDs also made it possible 

to observe individual 36-nm steps of myosin-V motors walking 

hand-over-hand along F-actin filaments89,90. More recently, non-

functionalized QDs were used to analyze cytosolic fluid flows in 

moving cells91. Beyond crossing the plasma membrane, accessing 

the cell nucleus with QDs presents additional technical barri-

ers because the probes must also pass the nuclear envelope and 

navigate within this extremely crowded environment. Preliminary 

SQT studies already have shown that it is possible to directly 

microinject QD-labeled mRNAs in the nucleus of living cells92, 

revealing that they were preferentially partitioned in the inter-

chromatin space.

Diffusion in lipid

microdomains Free membrane

diffusion

Directed
transport

Diffusion in submembrane

cytoskeletal corrals Diffusion in membrane

pits and cavities

Diffusion in crowded

membrane domains

Fitting and
tracking

GM1 lipids

a

b 0 s 10.1 s 19.4 s 26.3 s

Figure 3 | Studying membrane dynamics and organization by SQT. (a) Schematic representation of diverse lateral diffusion for plasma membrane lipids 
or proteins detected by SQT. Constrained membrane diffusion can be induced by a variety of structures and microdomains, including submembranous 
skeleton corrals, lipid microdomains, membrane pits and cavities, crowded membrane domains or sites of protein/protein interactions (white circle). 
(b) An example of multicolor imaging and SQT. Simultaneous imaging of QD-tagged lipid raft-associated proteins (red) and GM1 glycosphingolipid-rich 
microdomains (green) in the plasma membrane of HeLa cells was done by total internal reflection fluorescence microscopy. Diffusion trajectories of 
individual raft proteins were determined by fitting the QD fluorescent spots (red) in each image for the entire time series (magnification of the boxed 
area in the image on the left). These trajectories were then overlaid on the intensity projection image of the GM1 lipids to correlate the protein diffusion 
paths with the position of lipid microdomains. Scale bars, 7 µm (left), 1 µm (middle) and 2 µm (right). Reproduced with permission from reference 31.
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Challenges and prospects

Despite the success of many SQT experiments in live cells,  

important methodological issues still need to be addressed in 

terms of optical imaging, processing and QD probe synthesis  

and functionalization.

Three-dimensional QD tracking. So far, most SQT experiments 

collect raw data as a time series of two-dimensional images.  

This is an obvious limitation in many situations in which  

three-dimensional tracking is preferable, for instance, when track-

ing cytoplasmic or nuclear targets. Three-dimensional tracking 

Figure 4 | Synaptic biology with QDs. (a) Schematic  
representation of a synaptic bouton packed with 
vesicles, some of which are loaded with individual 
QDs. Vesicular release can take place by full 
vesicle collapse or kiss and run at the plasma 
membrane. On the postsynaptic site (yellow 
delimitation), molecular crowding, cytoskeletal 
scaffolding and anchoring of membrane 
proteins can hinder the mobility of QD-labeled 
neuroreceptors and regulate their activity. (b) An 
example of SQT to study synaptic vesicle fusions 
during neuronal stimulation. Single QDs were 
loaded into synaptic boutons (labeled with FM4-64).  
Changes in QD fluorescence signal report on pH 
modification in a synaptic vesicle as it fuses with 
the plasma membrane. Brief membrane fusion 
during vesicle kiss and run was characterized 
by a transient increase in QD fluorescence that 
followed stimulation. Vesicle full collapse fusion, 
however, was detected by an initial increase in 
QD signal followed by a vanishing fluorescent 
signal as the QD diffused away from the fusion site in the direction of the white arrow. For the same vesicle, both kiss and run (time, −10 s) and full collapse 
fusion (time, 0 s) were observed at different stimulation. Although the interpretation of these data have been subjected to some controversy, high-frequency 
stimulations at synapses generally appear to correlate with increased likelihood of kiss-and-run fusions, whereas low-rate steady-state neuronal stimulations 
more often induced full collapse fusions. Reprinted from reference 83 with permission from the American Association for the Advancement of Science.
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 BOX 2 DELIVERING QUANTUM DOTS INTO CELLS 

 Crossing the cellular membrane with QDs remains a difficult 

 challenge in live cells. Toward this goal, many protocols have 

been developed to deliver QDs into the cytoplasm (for a  

detailed review, see ref. 108). Delivery methods most relevant 

for intracellular SQT can be broadly classified into three  

categories, as follows.

Delivery via endocytotic mechanisms. Incubation of  

cells with QDs in the external medium often leads to the 

internalization of QDs by nonspecific endocytosis, depending  

on factors such as the QD size, surface coating, concentration, 

cell type and the duration of incubation109,110. Endocytosis 

can be enhanced by functionalizing the QD surface with short 

peptides, known for the ability to cross cell membranes111,112. 

In the case of receptor-mediated endocytosis, receptors on 

the cell membrane recognize and internalize QDs that have 

been functionalized with binding partners, such as proteins, 

small molecule ligands36,64,84,85,95,109,113,114 or viruses87. 

Endocytotic methods have the disadvantage that internalized 

QDs are often trapped within endosomal compartments, which 

may block their ability to reach specific intracellular targets.

Lipid- and polymer-mediated delivery. An alternative 

strategy for internalization relies on enhancing the membrane 

permeability of QDs via encapsulation or surface modification. 

Encapsulation of QDs in cationic lipid micelles, such as those 

formed from DNA transfection reagents or in biodegradable 

polymeric capsules, has been shown to facilitate delivery of 

QDs110 in some cases to specific intracellular targets115,116.  

Another encapsulation method applies osmotic shock to  

release QDs from pinocytotic vesicles delivered into the  

cytoplasm, which is a technique that has already proven  

successful in several SQT applications88,89. Alternatively,  

direct modification of the QD surface to enhance their  

membrane permeability can be accomplished by functionali-

zation with cationic polymers117,118, which can escape from 

vesicles once they are internalized, or with certain peptides 

that bypass endocytotic mechanisms altogether119.

Forced delivery. A distinctly different delivery approach uses 

mechanical manipulation of the cell membrane. Typically, this 

is achieved by direct microinjection of QDs into the cyto-

plasm23,92,110 or nucleus92 from a thin glass needle loaded with 

QDs or by electroporation91. Microinjection has the primary  

advantage that the QDs are individually dispersed at the injection 

site, which is a critical requirement for SQT. However, limitations 

include the serial aspect of the technique and its potentially 

disruptive effect to cells. A promising advance is the use of  

carbon nanotubes in place of glass needles for injection of 

QDs120 because the smaller size of nanotubes reduces damage 

to the membrane at the injection site. Notably, parallelization 

of QD injection across multiple cells can now be achieved by 

engineering surfaces with arrays of the nanotubes121.
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will be even more of an issue in the future when SQT experiments 

are performed in thick multicellular systems (tissues, neuronal 

slices and others). Overall, the development of accurate methods 

to localize and track fluorophores in three dimensions is an objec-

tive common to many imaging applications in biology, and several 

of them have already been used to track QDs in cells. Tracking 

can be done with either point-scanning93 or widefield epifluores-

cence excitation. In the latter case, which is experimentally simpler, 

the position along the z axis is obtained with a resolution of ~50 

nm by imaging nanoparticles with an astigmatic lens94 or with a 

multifocal plane setup95, or by engineering a double helix PSF96. 

However, the use of these methods has been essentially limited to 

proof-of-concept experiments. Moreover, the widefield techniques 

function over depths that do not exceed a couple of micrometers, 

not yet compatible with the size of a cell (~10–20 µm). Much work 

remains necessary to achieve versatile optical techniques and effi-

cient processing tools capable of tracking multiple QDs in an entire 

cellular volume, while accounting for photophysical effects such 

as blinking.

Further reducing QD size with novel materials. Although 

considerable progress in surface chemistry engineering has led  

to reduced-size CdSe-ZnS QDs (Dh of ~12 nm, equivalent to a 

~400 kDa complex), these probes are still large compared to many 

molecules and might affect the activity or mobility of targets after 

labeling. Experiments in small animals have also emphasized how 

the biodistribution of QDs through tissues critically depends on 

their size and colloidal properties97. A promising way to prepare 

smaller QD probes is to depart from the CdSe-ZnS material alto-

gether and to take advantage of the vast choice of semiconductor 

materials and modern methods of nanoparticle engineering15. 

For instance, the synthesis of CdTe QDs is now well developed, 

and these QD probes can be prepared with Dh as small as 6 nm98. 

The use of InP and InAs QDs, coated with a ZnS shell, is also an 

appealing possibility, with demonstrated synthesis methods and 

Dh of 5–8 nm99,100. These QDs have tunable fluorescence from the 

visible to infrared, which is both an advantage for multiplexing 

and a constraint because cameras tend to be less sensitive in the 

infrared spectral region. Perhaps the largest hurdle in using these 

alternative materials for SQT experiments is that control of the 

photophysical and surface properties is somewhat preliminary. In 

particular, additional effort is required to match these materials 

with the surface coatings and conjugation strategies that have 

been recently developed for CdSe-ZnS QDs.

Eliminating blinking. Blinking was long thought to be an 

inescapable property of individual QD fluorescence. From a 

theoretical perspective, the origins of blinking remain somewhat 

controversial, although many models attribute the off state to 

charging of the QD13. It was initially observed that a high con-

centration (>50 mM) of small thiol molecules was sufficient to 

reduce blinking of commercially available QDs101, but these are 

unsuitable conditions for live cells. Two reports have since shown 

that QDs with greatly reduced blinking can be obtained through 

accurate control of the inorganic shell102,103. The critical step is 

to grow very thick shells (up to 20 monolayers of CdS or CdZnS) 

while reducing the lattice mismatch between the CdSe core 

and the shell material. This results in fewer charge carrier trap  

states and limits blinking. A disadvantage for SQT with these 

reduced-blinking QDs is that the final diameter of the inorganic 

material is 15–20 nm. Very recently, completely nonblinking QDs 
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Figure 5 | Intracellular tracking of QDs. (a) Schematic representation of 
various internalization pathways and intracellular dynamics studied by 
SQT, including motor protein movements, endosome retrograde transport, 
viral particle trafficking and mRNA intranuclear diffusion. (b) Active 
retrograde transport of endosomes containing single QD-labeled  
nerve growth factors after internalization in culture neurons. Endosomal 
localization and movements along axons toward the cell body confirmed 
by electron microscopy and SQT (left). Scale bars, 0.2 µm (top) and 5 µm 
(bottom). Trajectory analysis (right) indicating that different endosomes 
within the same axon can move independently (black) or move together 
and pass other endosomes (red and green). Transport pausing at the 
same axonal locations for different endosomes is indicated by blue 
arrows. Reprinted from reference 84 with permission from the National 
Academy of Sciences. (c) SQT of motor proteins in the cytoplasm of HeLa 
cells. Spinning disk fluorescence image of myosin-labeled QD (red) and 
phalloidin-labeled actin filaments (green) in the cytoplasm of a fixed 
HeLa cell after QD internalization by pinocytotic influx (left). Reprinted 
from reference 89 with permission from Elsevier. Tracking of a single  
QD-labeled kinesin moving along a microtubule (inset) gives access to 
the velocity and the processivity of the motor protein in live cells (right). 
Scale bars, 10 µm (left) and 1 µm (right). Reprinted from reference 88 
with permission from the American Chemical Society. 
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with a diameter of 8 nm were synthesized with a CdSe core and 

ZnSe shell, with Zn gradually alloyed into the core104. However, 

these nonblinking QDs have a multipeak fluorescence emission, 

which might be a limitation for multicolor experiments. Despite 

their relative drawbacks, these new QDs represent an attractive 

option for SQT because it would no longer be necessary to account 

for blinking during image processing and analysis.

Targeting intracellular proteins. The most important open 

 challenge in SQT is probably the ability to directly target specific 

populations of molecules inside the cell. The difficulty for nano-

particles to pass through the plasma membrane therefore constitutes 

a major obstacle for many applications of SQT, and therefore devel-

opment of versatile methods that allow efficient delivery of these 

particles is still necessary (Box 1). A second problem is the target-

ing strategy itself. So far, SQT of intracellular single molecules has 

been limited to biomolecules (such as mRNAs or molecular motors) 

produced and conjugated to QDs in vitro before internalization.  

In many cases, though, it would be preferable to study endogenous 

intracellular molecules rather than expressing and conjugating 

them in vitro, which can be technically demanding or impossible. 

In contrast to membrane labeling, internalized QDs that do not 

bind to their target cannot be simply washed away, making it dif-

ficult to differentiate between bound and unbound QDs. The use of 

fusion tags and high-affinity binding partners should help alleviate 

this issue in the future. Intracellular delivery and targeting will also 

necessitate accounting for QD size and charge, two critical factors 

governing the behavior of nanoparticles inside cells. Altogether, only 

a combined optimization of the QD colloidal and biofunctional 

properties can successfully address these complex issues.

Conclusion

A growing number of single-molecule and single QD experiments 

have shown how important parameters (diffusion, transport, asso-

ciation constants and others) governing molecular interactions 

can now be directly accessed in live cells. Such in situ biochemi-

cal measurements take into account many factors that cannot 

be faithfully reproduced in vitro, such as molecular crowding, 

dimensionality, heterogeneous concentrations of reagents or 

the local chemical environment. In many cases, SQT measure-

ments have pointed to the transient, and often elusive, nature of 

molecular interactions. These observations are consistent with the 

view that supramolecular assemblies (such as the synapse) are not 

static structures but in constant turnover105. Yet how robust self-

organization forms and is maintained despite—or thanks to—the 

heterogeneities and fluctuations observed at the molecular scale 

remains an open question. Addressing this issue is probably one 

of the most exciting prospects brought by SQT techniques. This 

task will also benefit from an often overlooked aspect of single QD 

imaging, namely the facility with which many single molecules can 

be simultaneously monitored. Not only does the parallel acquisi-

tion increase the statistical throughput, but it also means that QDs 

can be used as tracers to sample a population. As shown in recent 

studies on nerve chemotaxis65, this is a fruitful approach to quan-

titatively describe how the integrated dynamics of a population 

emerge from the molecular behavior of its individual components. 

The dynamic information offered by SQT favorably complements 

new imaging methods giving access to cellular structure106 and 

composition107 with unprecedented resolution. Combined, they 

should prove to be a valuable tool to decipher the rules governing 

the dynamic architecture of live cells and possibly reshape some 

important conceptual ideas in cell biology.
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