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The ability to sense and respond to the environment is a hallmark of living systems. These processes occur at the levels of the 
organism, cells and individual molecules. Sensing of extracellular changes could result in a structural or chemical alteration 
in a molecule, which could in turn trigger a cascade of intracellular signals or regulated trafficking of molecules at the cell 
surface. These and other such processes allow cells to sense and respond to environmental changes. Often, these changes and 
the responses to them are spatially and/or temporally localized, and visualization of such events necessitates the use of high-
resolution imaging approaches. Here we discuss optical imaging approaches and tools for imaging individual events at the cell 
surface with improved speed and resolution.

The use of ensemble measurements, which report changes that affect an 
averaged outcome, has been crucial in our understanding of transmem-
brane signaling. Such studies have identified various cell surface recep-
tors and signaling mechanisms that detect and respond to extracellular 
signals, such as nutrients, growth factors, pathogens and the extracellular 
matrix. However, many physiological and pathological events affect indi-
vidual molecules or organelles. Because information is lost by averaging 
signals, determining important mechanistic details necessitates studying 
individual events. For example, if a microscopic event exists in two or 
more states, such as a signaling cascade that is either on or off or an ion 
channel that is open or closed, the average will represent a state that does 
not exist at the microscopic level; averaging the amplitude of response 
thus results in a loss of information about individual events. As a second 
example, ensemble measurements report the dominant population but 
miss responses that occur from a minority of spatially or temporally 
localized signals. A third example is the inability to temporally order 
single events on the basis of an averaged measurement. Ordering the 
steps of a multistep process by ensemble study requires the individual 
events to be tightly synchronized, which is difficult to achieve and even 
more difficult to maintain. However, observing individual events allows 
the order of each step to be unambiguously determined without a need 
for synchronization. A fourth example is the loss of important temporal 
information about individual events in ensemble averages. Each mol-
ecule might alter its state exponentially over time, or the change might be 
abrupt but the distribution of when the change occurs among individual 
molecules might be exponential. The temporal nature of such micro-
scopic events often cannot be resolved from ensemble measurements.

Many approaches have been developed to improve the spatial and 
temporal resolution with which we can study cellular and molecu-
lar responses at or near the cell surface. Approaches such as electron 
microscopy allow very high spatial resolution but are not suitable for 
imaging dynamic processes. Other approaches, such as scanning probe 
microscopy (which includes atomic force microscopy) and near-field 

scanning optical microscopy, offer spatial resolution at the nanometer 
scale. However, when scanning an area even as big as the surface of a cell, 
the temporal resolution becomes poor. Further, these methods do not 
allow simultaneous measurement of activities all across the cell surface, 
thus limiting their applicability for monitoring cell surface events in 
real time. The use of electrical measurements, such as voltage-clamp 
recording, allows membrane events to be studied at submillisecond 
temporal resolution. However, when performed at the whole-cell level, 
electrophysiology does not provide spatial information. Information on 
finer spatial detail can be gathered with patch-clamping to study single 
channels and transporters. However, this allows sampling at only a single 
spot. Since the introduction of patch-clamping three decades ago1, it has 
been applied widely to study cell surface processes. Excellent discussion 
of these approaches, their applications and comparison with optical 
imaging are available2–5 and will not be discussed here.

Many of the limits on spatial and temporal resolution can be over-
come by optical imaging. Optical imaging permits monitoring from 
molecular to organismal scales and for time periods ranging from mil-
liseconds to several days. In the first part of this review, we will discuss 
developments that have improved the speed and resolution of live cell 
imaging. In the second part, we will highlight the contributions and 
practical applications of these techniques to improve monitoring of 
single events at the cell membrane.

Tools for optimizing spatial and temporal resolution
Conventional optical microscopy allows an axial resolution of approxi-
mately 400 nm to be achieved. However, the cell membrane is two orders 
of magnitude smaller, at a thickness of approximately 4–6 nm (refs. 
6–8) (Fig. 1a). This imposes two major impediments to monitoring 
single events in or near the cell membrane. First, the thinness of the 
membrane limits the number of fluorophores it can accommodate, and 
thus the intensity of the signal it can emit. Second, the membrane can 
contribute as little as 1% of the volume of each optical section, so even 
a small amount of noise from the cytoplasm can reduce the signal-to-
noise ratio considerably.

Several approaches allow the reduction or elimination of out-of-
plane fluorescence, and a few of these can surmount the physical limit 
imposed by the wavelength of visible light (Fig. 1a). This is achieved by 
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using one or more of the following approaches: (i) discarding the light 
that originates from out-of-focus fluorophores (confocal microscopy), 
(ii) reassigning the in- and out-of-plane fluorescence to their respec-
tive locations by mathematical analyses (image deconvolution) and (iii) 
using illumination where the intensity varies nonlinearly with position 
(multiphoton microscopy, near-field scanning optical microscopy, eva-
nescent wave microscopy and interference microscopy). Sometimes a 
combination of these approaches permits further enhancements in reso-
lution, while other times physical properties of the fluorophores—such 
as resonant energy transfer or photoconversion—can be used to improve 
the limit of resolution9,10. In this section, we will discuss optical imaging 
approaches that use one or more of these features to improve spatial and 
temporal resolution.

Laser scanning microscopy. Confocal laser scanning microscopy is a 
common approach for reducing out-of-focus fluorescence, improving 
image contrast and, thus, improving detection ability. This imaging 
modality has been used extensively for improved three-dimensional 
imaging. Unlike wide-field microscopy, where both in- and out-of-focus 
light is collected, confocal microscopy uses a pinhole in the light path 
to discard out-of plane-light and improve image resolution. However, 
the scanning beam and repeated excitation of the sample in different 
optical planes result in extensive photobleaching and photodamage and 
slow image capture. These drawbacks for live cell imaging are mini-
mized by the use of spinning-disk confocal microscopy. Here, instead 
of a single pinhole, a disk with multiple pinholes is used, generating a 
confocal image of the entire field of view. This image can be captured 
by a camera instead of by photomultiplier tube–based image recon-
struction, thus speeding up the imaging. The use of a camera with high 
sensitivity allows the use of lower excitation intensity, thereby reducing 
photodamage. Together, these advances make spinning-disk microscopy 
better suited for imaging live cells. Deconvolution algorithms can be 
used to further improve the spatial resolution.

Light from out of the plane of focus can be independently reduced by 
decreasing the thickness of the excited region. One way to accomplish 
this is with two-photon laser illumination11. This approach requires the 
delivery of infrared photons in rapid pulses. Only those fluorophores 
that simultaneously absorb two of these photons are excited. The prob-

ability of this is proportional to the square of 
the intensity of excitation at any point. As the 
highest photon flux occurs at the laser focus, 
the excitation drops nonlinearly with distance 
from the focus. This effectively eliminates 
excitation (and thus unwanted light), as well 
as photobleaching and photodamage from out 
of the plane of focus. Because the wavelength 
of the infrared light is large, the use of infrared 
light for excitation in two-photon microscopy 
limits its axial resolution. However, by using 
a combination of two-photon and confocal 
imaging together with an appropriate dye, 
image resolution can be comparable to that 
of conventional confocal imaging. Moreover, 
reduced scattering of infrared light allows 
imaging of single events even deep within a tis-
sue. Thus, two-photon imaging has been used 
for high-resolution, long-term imaging of indi-
vidual vesicle exocytosis in live tissues12.

Fluorescence correlation spectroscopy. 
Fluorescence correlation spectroscopy (FCS) 

is another approach for imaging single events13. In FCS, light is focused 
in a volume of approximately 10−15 l, and fluctuations in the fluores-
cence are recorded. These fluctuations are caused by random diffusion of 
fluorophores in and out of the illuminated region or by changes in their 
fluorescence emissions. This technique is used to determine the mass, 
density and rate of diffusion of an ensemble or an individual biomole-
cule, even at very low concentrations. FCS is particularly well suited for 
studying cell membrane events, as the cell membrane has lower spon-
taneous motion than do the cytoplasm and intracellular compartments 
(all of which can also be studied by FCS), and diffusion of molecules 
within the cell membrane is slower. FCS was first used three decades 
ago to study the behavior of molecules in the membrane bilayer14 and 
has since been applied to study the behavior of single molecules in cell 
membranes15.

The region imaged in FCS is orders of magnitude larger than the 
thickness of the cell membrane. When using FCS to study cell mem-
brane events where the fluorophore does not localize exclusively to the 
cell membrane, a large amount of signal is collected from molecules 
not resident in the cell membrane. This could limit the utility of FCS. 
However, molecules in the cytoplasm diffuse in and out of the focal 
volume more rapidly than do molecules in the cell membrane, making 
it possible to reduce their contribution. The problem can be further 
reduced by decreasing the thickness of the illuminated region. One way 
to accomplish this is with two-photon laser illumination (described 
above) or by total internal reflection (TIR) excitation (described fur-
ther in the next section), where excitation thickness can be an order 
of magnitude smaller than the wavelength of two-photon light. This 
provides superior resolution for cell surface imaging and, as such, TIR 
fluorescence microscopy (TIRFM) has itself been used widely for study-
ing cell surface events16–18.

TIRFM. TIRF or evanescent wave microscopy is based on the principle 
that when light traveling in a medium of high refractive index (such as 
glass) arrives at an interface with a medium of low refractive index (such 
as water or buffer), it totally is reflected back if it is above a critical angle. 
This causes a standing wave to form at the interface, in the medium with 
the lower refractive index. The intensity of this field decreases exponen-
tially from the interface and is called an ‘evanescent wave’ (Fig. 1b). Thus, 
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Figure 1  Resolution of various optical imaging approaches. (a) Estimated axial and lateral resolutions 
of various optical imaging approaches. The size of a single wave of blue light and axial thickness of 
cell membrane are drawn for the sake of comparison. The figure is partly redrawn with permission from 
ref. 61. (b) Distance over which the evanescent field decays to 1/e is a function of the refractive index 
of the glass and the angle of incidence of the excitation light. This has been drawn for two objectives, 
each with a different numerical aperture (NA) and refractive index (RI). The maximum angle that can 
be obtained by “through the objective” excitation is indicated by arrowheads for each objective.
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the closer the fluorophore is to the interface, the stronger the excitation. 
The distance over which fluorophores are efficiently excited by the eva-
nescent wave can be altered by changing the incident angle of the light 
(Fig. 1b). This depth (the distance over which the intensity of excitation 
falls by 1/e) can range from 50 nm to 150 nm (Fig. 1b). This distance is 
less than the focal depth of a lens, which allows imaging of cell surface 
events with little or no out-of-focus fluorescence (Fig. 2). This not only 

improves the sensitivity of imaging but, by reducing the exposure of the 
bulk of the cell to excitation light, minimizes photodamage to the cell. 
Thus, TIRFM offers specific advantages for optical imaging of intra- and 
extracellular events at the cell surface.

TIR can be achieved using either a prism-based or objective-based 
setup. Each of these approaches has its own advantages, which have been 
discussed elsewhere19, 20. Because it uses objectives with high numerical 
aperture, objective-based TIRFM is advantageous for detecting events 
where the number of photons is limiting19,20. The wide utility of this 
approach results largely from the suitability of TIRFM for high-resolu-
tion imaging and real-time imaging of cell surface events ranging in 
scale from single molecules to whole cells16. Recent technical advances 
and their incorporation in commercial TIRF microscopes are further 
expanding the utility of TIRFM21.

Imaging below the diffraction limit. Several approaches allow imaging 
of fluorophores separated by distances smaller than the diffraction limit 
of visible light (Fig. 1a). These approaches include near-field scanning 
optical microscopy, stimulated emission depletion, 4pi, I5M and saturated 
structured-illumination microscopy. The physical principles, advantages 
of these approaches and methods of setting them up have been described 
elsewhere. These approaches vary in the resolutions that they can achieve 
(Fig. 1a). It has been claimed that all of these approaches permit live 
cell imaging, although this has yet to be shown in the case of stimulated 
emission depletion microscopy. These are relatively new technologies, 
and their application for imaging cell surface events has only begun22–24. 
Approaches for nanometer-scale fluorescence imaging will substantially 
enhance the utility of fluorescence imaging for monitoring single events, 
so continued efforts are being made to develop them further.

Probes for fluorescent labeling
Improvements in fluorescent probes have also enhanced the utility of 
fluorescence imaging for studying cell surface events. Some of these 
advances include new variants of genetically encodable fluorescent 
proteins and new chemically synthesized probes25,26. These have been 
discussed in a number of recent reviews27,28. Additional probes include 
photoconvertible fluorescent proteins and quantum dots (QDs).

Photoconvertible fluorescent proteins. Once a fluorescent protein is 
synthesized, properly folded and made fluorescent through autocatalytic 
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Figure 2  Comparison of wide-field and TIRF imaging. Lysosomes labeled 
with fluorescent dextran were imaged in the same focal plane by wide-field 
epifluorescence microscopy (top left) and TIRFM (top right). Images adapted 
with permission from The Journal of Cell Biology, 2002, 159, 625-635. 
Copyright 2002 The Rockefeller University Press. In epifluorescence or 
confocal microscopy, laser light excites fluorophores throughout the cell 
(bottom left). In contrast, in TIRFM, the illumination decreases exponentially 
from the cover slip to 1/e within a distance roughly one quarter to one tenth 
of the wavelength of light (bottom right).

Figure 3  Use of TIRFM to study behavior of 
individual vesicles near the cell membrane. 
(a) Top panel shows three behaviors of 
vesicles near the cell surface as they enter 
the evanescent field (shaded yellow region). 
The vesicle in the left panel moves axially, 
entering the evanescent field and then 
retreating. The vesicle in the middle lyses 
upon entering the evanescent field. The 
vesicle on the right fuses to the membrane. 
Lower panel shows the predicted changes 
in peak intensity, total intensity and width 
of the fluorescence of the fluorescent cargo 
(green cylinders) in the membrane of the 
vesicle. (b) A single vesicle labeled with a 
GFP-tagged membrane protein (vesicular 
stomatitis virus glycoprotein) is observed 
to approach, move along the membrane, 
pause, and then undergo a lateral spread 
of its fluorescence63. (c) Quantification of 
fluorescence from the vesicle in b63. a.u., 
arbitrary units.
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or chemical alterations, it remains so until photobleaching or degrada-
tion. This results in an excess of labeled proteins, which makes it difficult 
to identify and follow single events. The use of fluorescence recovery 
after photobleaching, a technique that relies on localized photobleach-
ing, has added a temporal dimension that facilitates the monitoring of 
cell surface protein trafficking29. Recently, proteins whose fluorescence 
can be regulated, increased in intensity (photoactivation) or changed in 
color (photoconversion) by light of specific wavelengths have been devel-
oped30. This permits light-mediated localized tagging of molecules in a 
diffraction-limited region inside or at the surface of the cell. Once labeled, 
many of the photoproteins remain converted and can be followed31,32.

Another application of these probes is in increasing the imaging reso-
lution. Using the photoconvertible protein FP595, nanometer imaging 
resolution of 50–100 nm has been achieved33,34. Another recent approach, 
stochastic optical reconstruction microscopy, uses TIRF imaging together 
with photoswitching of fluorophores to image at 20-nm resolution10. 
Besides these, the ability to photoregulate opens up other possibilities for 
improving the resolution of imaging of even the wide-field microscope: 
when combined with fluorescence resonance energy transfer imaging 
and localized photoactivation at the cell surface, it allows the use of wide-
field imaging to selectively monitor interactions of specific cell surface 
proteins with appropriately tagged cytosolic proteins.

QDs. QDs are nanometer-scale crystals made of semiconductor mate-
rials. These inorganic fluorophores are bright and highly resistant to 

photobleaching, have broad excitation spectra and can be synthesized 
with narrow emission spectra centered almost anywhere in the visual 
spectrum. These features make it easy to identify and track single QDs 
and simultaneously track multiple QDs, each with a different color emis-
sion. QDs are thus well suited for fluorescence imaging of single events. 
QDs do not pass through the cell membrane and can be readily used 
to label lipids, proteins and other cell surface molecules by conjugation 
to a specific ligand or antibody to target the molecule of interest35,36. 
Labeling of intracellular targets requires delivery of the QDs into cells. 
Techniques that have been used for this purpose include cationic lipids, 
cell-penetrating peptides and microinjection35.

Metals such as cadmium and selenium are used in the synthesis of QDs. 
Concerns have therefore been raised about potential adverse effects of 
QDs on live cells. However, several studies have pointed out that this may 
not be detrimental as long as the QD cores are capped appropriately36,37. 
Also, several organic polymers that make QDs stable in a hydrophilic 
environment have not been found to have detectable effects on cellular 
physiology38. Other concerns regarding the use of QDs remain. These 
include the size of hydrophilic QDs, which ranges from 10 nm to 20 nm 
for some of the commercially available QDs. This makes them consider-
ably larger than most fluorescent organic dyes and larger than some of 
the fluorescent proteins. Further limitations are the tendency of QDs to 
aggregate and the inability of current approaches to permit monovalent 
labeling of biomolecules with QDs. Here again, some progress has been 
made, such as the use of polyethylene glycol to coat the QD surface and 

TIRF imaging permits the monitoring of various steps and fates 
of vesicles at the cell membrane. This requires monitoring of the 
movement of the fluorescent vesicle, its total emission intensity, 
its peak emission intensity and the width of its intensity profile. 
Submicron-scale lateral movement of the fluorescent vesicle can 
be readily detected during real-time imaging by changes in its x 
and y coordinates64,65. As the TIRF excitation intensity decays 
exponentially along the z axis, axial movement of the vesicle 
toward the cell membrane results in a rapid increase in its total 
fluorescence intensity. This has been used to monitor movements 
on the scale of tens of nanometers65.

The ability to monitor movement at this spatial resolution al-
lows the identification of docked vesicles. Thus, monitoring of 
total or maximal fluorescence by TIRF imaging allows the moni-
toring of vesicle trafficking and docking. Distinguishing a vesicle 
that fuses from one that lyses is less straightforward. In both 
cases, the vesicle appears to become brighter as it approaches 
the membrane, then rapidly dimmer as a result of release of its 
luminal contents by either lysis or exocytosis (Fig. 3a). This can 
be resolved by labeling the vesicle membrane and monitoring two 
critical features:

•  Relative change in peak and total fluorescence. As a fusing 
vesicle starts to flatten out, the fluorophores on its distal sur-
face are better excited, causing an increase in both total and 
peak fluorescence. This will be followed by a period in which 
total fluorescence remains constant (as they are now in the 
plasma membrane; Fig. 3b and black line in Fig. 3a,c), 
whereas the peak fluorescence decreases (because the fluo-
rophores are spreading laterally in the cell membrane; Fig. 
3b and red line in Fig. 3a,c). However, if the vesicle lyses, 
the fluorophores are released in the cytoplasm, causing the 
peak and total fluorescence to decrease simultaneously.

•  Lateral spread of fluorescence. Only if the fluorophores from 
the vesicle are delivered to the membrane will the fluores-
cence spread radially, as would be expected by diffusion into 
a two-dimensional membrane (blue line in Fig. 3a,c). As a 
result, the area occupied by the fluorophores would increase 
linearly with time. The slope of this line should be the known 
two-dimensional diffusion constant of that marker.

For similar reasons, TIRFM is also suitable for monitoring in-
dividual endocytic vesicles as they bud and retrieve molecules at 
the cell surface. Endocytosis of fluorescently tagged cargo (cell 
surface proteins or lipids or extracellular ligands) results in gradual 
disappearance of its fluorescence from the TIR field as the vesicle 
carrying it moves deeper into the cell. However, photobleaching 
or movement of the cell membrane (not of the vesicle) could also 
result in a gradual decrease in fluorescence, making it important 
to distinguish these processes. Axial motion of the cell membrane 
could be detected by simultaneously monitoring a cell membrane–
specific marker together with the marker for the endocytic vesicle66. 
Endocytosis and photobleaching can be distinguished in two ways. 
One is to monitor the endocytic vesicle alternately with TIRFM and 
wide-field microscopy67. An endocytic vesicle will disappear from 
the TIRF field as it moves over 100 nm axially from the cell mem-
brane (Fig. 1b). However, as this is below the axial resolution limit 
of the wide-field microscope, this vesicle could still be observed by 
wide-field microscopy until it moves out of the focal plane (Fig. 1a). 
In contrast, disappearance of a vesicle because of photobleaching or 
disassembly of components will result in its simultaneous absence 
from both TIRF and wide-field images. Another approach to iden-
tifying an endocytic vesicle involves monitoring whether multiple 
components of endocytic machinery (such as clathrin or adaptors) 
and/or cargo disappear simultaneously and at the same rate at the 
same spot on the membrane68,69.

BOX 1  MONITORING THE FATE OF INDIVIDUAL VESICLES AT THE CELL MEMBRANE BY TIRFM
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minimize the tendency of QDs to aggregate, 
and the conjugation of molecules with QDs 
at substoichiometric concentrations of the 
ligand to minimize multivalent conjuga-
tions39. Further advances are still needed to 
improve the utility of QDs in imaging single 
events at the cell surface. These include the 
synthesis of monovalent QDs for labeling 
of single molecules, a reduction in the size 
of biofunctional QDs, and the development 
of approaches for covalent labeling of mol-
ecules with QDs in live cells.

Applying these tools to image cell 
surface events
Imaging of single events offers novel insights 
regarding how a cell finely regulates its com-
munication with the environment and sur-
rounding cells. As an example, cell surface 
molecule trafficking is regulated by delivery 
(exocytic) and retrieval (endocytic) systems, 
which in turn affect each other. Imaging of 
exocytosis of single vesicles allows us to 
evaluate various aspects of membrane pro-
tein trafficking models. The observation 
that membrane fusion and mixing may 
not go to completion after the initiation of 
membrane mixing challenges the belief that 
exocytosis is regulated only until merger of 
the two opposing membranes has been ini-
tiated. It has been proposed that this process, called partial or ‘kiss and 
run’ fusion, is used by cells to regulate the amount of release or allow 
size-selective delivery of cargo40–42. Monitoring of single-vesicle traf-
ficking events has shown that selective retention of cargo also has a role 
in segregation of endocytosed cargo during maturation of endosomes 
and recycling of endocytosed cargo43,44. In the following section, we 
will describe how the above-mentioned approaches have been applied 
to monitoring individual events at the cell surface.

Monitoring the trafficking of cell surface molecules. Vesicles deliver 
molecules at the cell surface by exocytosis and retrieve molecules from 
the cell surface by endocytosis. The final steps of the life of an exocytic 
vesicle can be classified into the following stages: transport to the cell 
membrane, engagement at the membrane with molecules necessary 
for fusion (docking), and delivery of its contents at the cell membrane 
(fusion). Each of those stages can be monitored for a single vesicle using 
a combination of quantitative image analysis and high-resolution light 
microscopy approaches. Of these approaches, TIRFM is most widely 
applied for this purpose45,46 because of its ability to selectively monitor 
vesicles near the cell membrane (Fig. 3a). The high signal-to-noise ratio 
permits rapid imaging with lower light intensity, minimizing photodam-
age. In addition, as described in Box 1, use of TIRF imaging allows us to 
distinguish vesicles that undergo fusion (Fig. 3b,c) from those that are 
damaged by light or other means, resulting in their lysis (Fig. 3a).

A limitation of TIRF imaging is that it can monitor exocytic and 
endocytic events only at the basal surface of the cell. Laser scanning and 
spinning-disk confocal microscopy have been used to monitor vesicles 
inside and at other surfaces in the cell47–50. However, the signal-to-noise 
ratio that can be achieved with these microscopy approaches is lower, 
and their axial resolution is limited by diffraction. Poor signal-to-noise 
ratios result in missing events where the emission intensity is relatively 

weak, and lower resolution makes it difficult to unambiguously dis-
tinguish a vesicle at the cell surface from one adjacent to it. Together, 
these limitations cause ambiguities in studies of the fate of individual 
endo- and exocytic vesicles. For this reason, wherever applicable, TIRFM 
is the method of choice to monitor the fate of individual vesicles at the 
cell surface.

Probes such as photoactivated green fluorescent protein (PA-GFP) 
that are photoregulated in only a small portion of the cell can further 
aid in monitoring individual trafficking events at the cell surface. In one 
study, PA-GFP was used to examine the localization and diffusion behav-
ior of two different types of potassium channels51. In another study, the 
human immunodeficiency virus protein Nef was tagged with PA-GFP 
to track its fate after endocytosis52. These studies were carried out using 
confocal microscopy, and probes in a large area of the cell were activated. 
To selectively activate the fluorescence in the cell membrane, photoac-
tivation could be carried out using TIRFM or interference microscopy, 
which would add to the utility of these probes for monitoring cell sur-
face events. Besides photoconvertible probes, QDs are also useful for 
monitoring single membrane trafficking events at high resolution. In 
one such example, QDs were used to study the endocytosis of epidermal 
growth factor (EGF) receptor53.

Tracking single molecules on the cell surface. Properties of cell sur-
face molecules are regulated by changes in their distribution or inter-
actions with other molecules. Monitoring the behavior of individual 
molecules at the cell surface is thus important for understanding their 
function(s). Probes used for this purpose must have high specificity 
and monovalency (one probe should only bind one molecule, and vice 
versa) and the ability to resist photodamage and metabolic degrada-
tion. This can be achieved by genetically labeling the target protein by 
expressing it as a fusion with a fluorescent protein or a peptide that can 
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bind fluorophores26. When labeling a molecule chemically, approaches 
are needed to ensure one-to-one pairing of the probe and the molecule 
of interest. This is crucial for the purpose of monitoring individual cell 
surface events, as multivalent labeling itself can affect the distribution 
and properties of the molecule of interest, which could in turn alter the 
cell’s signaling and physiology.

Regardless of labeling strategy, there is a need to establish that the signal 
being monitored is from a single fluorescent probe. This can be done 
by monitoring various photophysical properties of fluorescent probes, 
which are described in Box 2. In a cellular context, extraneous factors often 
confound reliable measurement of these parameters, making it necessary 
to test as many of these features as possible. A requirement that is cen-
tral to all single-molecule measurements is a high signal-to-noise ratio. 
Because of their brightness and high photostability, QDs provide a high 
signal-to-noise ratio and have been used for imaging of single molecules. 
In one such study, QDs of two different colors were used to label each of 
the two arms of a myosin V molecule, and the movement of individual 
molecules along the actin bundle was followed in vitro (Fig. 4)54. Similar 
attempts have been made to monitor individual molecules in live cells55,56. 
However, these studies did not test the parameters described in Box 2 to 
establish that single QDs were being imaged. Further, a one-to-one bind-
ing of QD to protein was not shown. While success in monitoring single 
QDs in vitro leaves little doubt that this should be achievable in cellular 
contexts as well, such studies should be examined rigorously.

Besides the probe, the choice of imaging approach also affects the 
signal-to-noise ratio and thus the ability to measure the parameters 
required for identifying single molecules. Approaches such as TIRF, 4pi 
and I5M microscopy, which reduce background by permitting excita-
tion of regions below the diffraction limit, significantly improve the 
ratio of signal to noise. These approaches can be used to image and 
track individual molecules on the cell surface. However, if tracking 
of the molecule is not required, these approaches can be combined 
with FCS to monitor the properties of individual molecules and their 
interactions with other molecules. In one such study, FCS was used to 
monitor the interaction of EGF with its receptor in live cells57. Similarly, 
a combination of TIRFM and FCS has been used to study interactions 
of a variety of ligand-receptor pairs in model membrane systems58. In 
another study, conventional FCS was used to monitor diffusion of lipids 
in cell and artificial membranes to study the presence of lipid microdo-
mains (rafts) in the presence of cholesterol59. Finally, a combination of 
TIRFM and FCS allowed the study of binding between cell membrane 
and membrane lipid-binding proteins in live cells60.

Conclusion
The new tools and techniques discussed here, many of which are still in 
development, hold the potential to significantly alter the resolution and 

precision with which single events can be monitored at the cell mem-
brane. Such studies have already started offering new insights into the 
mechanisms and roles of these events in regulating the physiology of a 
cell and its ability to communicate with other cells. Further technological 
developments in this vein are bound to increase our understanding of 
the interactions between the cell’s interior and exterior by allowing us 
to study the events that occur at the cell membrane.
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