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Determining the organization of key molecules on the surface of live cells in
two dimensions and how this changes during biological processes, such as
signalling, is a major challenge in cell biology and requires methods with
nanoscale spatial resolution and high temporal resolution. Here, we
review biophysical tools, based on scanning ion conductance microscopy
and single-molecule fluorescence and the combination of both of these
methods, which have recently been developed to address these issues. We
then give examples of how these methods have been be applied to provide
new insights into cell membrane organization and function, and discuss
some of the issues that will need to be addressed to further exploit these
methods in the future.

1. Introduction

The cell membrane of mammalian cells is only 7 nm thick separating the intra-
cellular contents of the cell from its environment and protecting the cell from
infection. The response of the cell to specific changes in its environment requires
mechanisms to convert environmental changes to internal signals, and this
function is generally performed by proteins embedded in the cell membrane
responding to the binding of ligands or applied force. This includes many fun-
damental and biomedically relevant processes such as, for example, the
triggering of the innate and adaptive immune responses, and the triggering
of G protein-coupled receptors, which are major drug targets. Major questions
in cell biology are to understand how the key proteins and molecules are orga-
nized in or just under the cell membrane, how they interact and reorganize in
space and time to produce all the essential cellular functions, and how these
functions can go awry in disease or infection. To address these questions,
new biophysical methods are needed that are capable of determining the associ-
ation between molecules, can deal with the fundamental heterogeneity that is
present in complex biological systems and allow the organization of the cell
membrane to be imaged on the nanoscale, below the optical diffraction limit.
These methods need to be applied to the cell in its resting state and then
have sufficient time resolution to follow the changes that take place during
key biological processes on live cells.

There are several technical issues that arise in attempting to address these
challenges. The first is having sufficient time resolution to follow the biological
process of interest as well as sufficient spatial resolution to follow the changes
that occur. The second issue is that some processes of interest occur only once
and are irreversible, so one needs a method for rapid triggering of the events of
interest. This is of particular importance if one wants to catch the first initial
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Figure 1. Principle of SICM. In continuous scanning, the pipette is raster-scanned over the surface with continuous distance feedback control so the pipette stays a
fixed distance above the surface. In contrast, in ‘hopping’ scanning, the pipette hops over the surface so it always approaches from above, eliminating surface

collisions.

events that lead to a biochemical cascade or if it takes the
cell a long time to return to its rest state, or if this
never occurs. The third issue is one of sensitivity because
some processes of interest can be initiated by single proteins
in the cell membrane. The number of currently available tech-
niques with sufficient sensitivity is limited to single-channel
recording, single-molecule fluorescence, surface-enhanced
Raman or scanning probe imaging. The fourth issue is that
any changes followed need to be mapped back onto the over-
all cellular structure so that the results of experiments can
be combined, so this implies measurement of at least two
parameters simultaneously.

It is also worth considering the length scales involved and
the time resolutions that might be needed. Individual pro-
teins are of the order of 10 nm in diameter, and depending
on function can be static and attached to the cell cytoskeleton
or freely diffusing. The length scale for the organization of
the cell membrane is more controversial with raft-like struc-
tures perhaps existing with a size of about 100 nm and then
structures determined by the underlying cytoskeleton on
the order of about 1 pm. This means that all this organization
is undetectable using conventional optical imaging, which is
limited by the optical diffraction limit. The timescales cover a
wide range from the millisecond timescale for molecular
motions or conformational changes to the minute timescale
for structural and cytoskeletal reorganizations. Only methods
that acquire data in a parallel fashion can avoid having to
trade-off spatial and time resolution when imaging.

Over the past 10 years, we have developed two comp-
lementary methods for live-cell imaging that address some
of these issues. The first method is a form of scanning
probe microscopy, scanning ion conductance microscopy
(SICM), which is capable of imaging the topography and
function of living cells down to the level of individual mol-
ecular complexes [1,2]. The structures to be imaged need to
be static or slowly changing for this approach, because the
fastest rate for imaging a small region, about 1 x 1 um, is a
frame every 10s. The second complementary method that
we have developed is based on two-colour single-molecule
fluorescence to detect and analyse associated molecules
which are diffusing in the cell membrane [3]. We present an
overview of these methods focusing on explaining how

these methods work and what experiments they enable on
live cells, by presenting some recent examples. We then dis-
cuss how these and other new biophysical methods may be
applied to cell biology in the future.

2. Scanning ion conductance microscopy

SICM was originally developed by Hansma et al. [4] and is a
form of scanning probe microscopy based on a nanopipette
in a conducting solution, normally physiological buffer
with 150 mM NaCl (figure 1). The pipette is made by melting
capillary glass normally under computer control using a com-
mercial pipette puller. The pipette inner radius is typically
between 10 and 50 nm and depends on the melting tempera-
ture of the glass used, so it is possible to produce finer
pipettes from quartz. It is the pipette inner radius that deter-
mines the resolution of topographic images. The application
of a voltage, typically a few hundred millivolts, between a
silver chloride electrode in the pipette and in the bath leads
to a flow of Na" and Cl™ ions to the electrodes. The ion
flow is firstly limited by the small aperture at the tip of the
pipette and is further reduced as the pipette approaches a
surface, as ion flow is shut-down. This reduction in ion
flow as the pipette approaches an ion impermeable surface
is used for distance feedback. Typically, the pipette
approaches the surface so that the ion current has been
reduced by 0.1-1% from the limiting current, when far
above the surface. At this point, the pipette is still about an
inner radius away from the surface. In the original form of
SICM, the pipette is then raster-scanned over the surface
and the distance feedback control adjusts the pipette
sample separation to keep the ion current reduction constant
[5]. The amount the pipette needs to be moved, by a piezo
actuator, is recorded and this allows the sample topography
to be measured. The imaging time depends on the sample
and scan size but is typically 10-20 min. The major advan-
tages of this method are that the nanopipette can sense the
presence of the surface when still an inner radius away, typi-
cally 10—50 nm, so there is no direct contact with the soft cell
surface and the forces exerted on the cell when scanning are
negligible. A common misconception, owing to the name, is
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that the method maps surface conductivity, but in the high-
salt conditions used for imaging the Debye length is less
than 1 nm, so the method is insensitive to differences in sur-
face charge or the opening of ion channels in the cell
membrane and the distance feedback responds only to
changes in surface topography.

Like all scanning probe microscopies, because the SICM
probe senses locally at the tip, it is not possible to scan
highly convoluted surfaces where the side of the probe may
touch before the tip has sensed the presence of a surface.
To address this issue, we have recently modified SICM so
that the distance feedback control is not continuous and so
the pipette always approaches the surface from above; this
is called hopping mode SICM [6]. The method has enabled
us to scan complex neuronal networks, and in general
allows highly complex cellular and tissue topography to be
scanned. Because the pipette is no longer raster-scanned
over the surface, it also becomes possible to use adaptive
resolution where the pipette makes more or less measure-
ments of the surface topography depending on the surface
roughness. This has two advantages: first, it becomes possible
to perform a lower resolution scan to identify the region of
interest; second, the imaging time is reduced significantly.
Hopping mode is compatible with the use of the nanopipette
for local measurements of various cellular properties on the
nanoscale as described below.

3. Local measurements combined with scanning
ion conductance microscopy imaging

We have developed a family of local measurements based on
the use of the nanopipette to probe the cell surface below it
and the robust distance feedback of SICM on live cells. We
have combined SICM with fluorescence detection so as to
be able to identify specific labelled molecules on or near the
cell surface. This was done initially in a near-field mode, by
delivering light from the tip of a coated nanopipette [7]. How-
ever, it is more easily achieved in a far-field mode with the
imaged confocal volume positioned just below the pipette
tip [8]. Surface confocal mode allows one to image the fluor-
escence from labelled species on the cell surface in a single
scan, because the surface is guided under the pipette tip
using SICM distance feedback control. This removes prob-
lems in photobleaching fluorophores before they are
imaged, an issue with conventional confocal microscopy
that uses z slices to build up an image of the surface. We
have used surface confocal microscopy to identify viral par-
ticles [8,9] and clathrin-coated pits (CCPs) on the cell
surface [10,11].

The pipette can also be used to perform a series of nano-
scale local assays on the sample, including single-channel
recording, mechanical measurements by local pressure appli-
cation, local voltage delivery of reagents and local chemical
mapping. For single-channel recording, the pipette can be
lowered onto the cell surface to form a high-resistance seal
under computer control [12,13]. Electrophysiological record-
ing can then be performed to determine if an ion channel is
present in the cell membrane under the pipette. The advan-
tage of this approach is that it can be entirely automated,
which gives a success rate of forming a seal of better than
80 per cent. Because SICM allows one to image the cell sur-
face prior to patching the surface, it then becomes possible

to target a region of interest such as a microvillus, the synapse
of a neuron or the body of a sperm and determine the nature
and density of ion channels in this selected region.

The application of hydrostatic pressure to the pipette
leads to this pressure developing at the pipette tip, when
the pipette is held close to the cell surface [14,15]. On appli-
cation of pressure, the soft cell deforms and the distance
feedback control readjusts the pipette position to keep the
separation from the surface constant. These experiments
enable one to measure the mechanical properties of the cell
without any direct contact between the probe and the surface.

The conical shape of the pipette means that almost the
entire voltage drop occurs at the tip and that for the appli-
cation of modest voltages to the pipette, it is possible to
generate large electric fields up to 10° Vm ™! [16]. This high
electric field at the pipette tip can be used to deliver charged
molecules to the cell surface, owing to a combination of elec-
trophoretic and dielectrophoretic forces. This enables
controlled delivery of molecules onto a surface at defined
positions, and by controlling the concentration of solution
in the pipette and the applied voltage and dose time, delivery
of individual molecules is possible [17-20]. This has been
used to study the diffusion of molecules over the surface of
a boar sperm and probe the nature of the barrier between
different macrodomains on the surface, when combined
with single-molecule tracking, and is discussed in more
detail below [21]. We have also trapped fluorophores in the
tip of the pipette due to the force generated by dielectrophor-
esis (induced dipole forces) [22]. This trapped dye is
continually renewed from the bulk of the pipette, because
the barrier of the trap is not perfect. If the fluorophore
probes fluorescence changes with local pH or sodium, for
example, the fluorescence at the pipette tip then reports
back about the local pH or sodium ion concentration at the
tip. The advantage of this approach is millisecond time
response, and the capability to map chemical species with a
resolution determined by the pipette inner radius.

A key advantage of the use of a nanopipette as the scan-
ning probe is that it is possible to simply fabricate probes
with many barrels using capillary glass with a septum
down the centre, theta glass, or using glass with several capil-
laries fused together. Each barrel of the pipette has its own
electrode and can be filled with a different reagent. One
can then locally deliver one or another of these reagents by
applying a voltage to the appropriate barrel. We have used
this to write complex patterns in DNA and antibodies, con-
trolling the amount delivered by the applied voltage or
dosing time [17]. We have also added an electrode to the pip-
ette tip, in a second barrel, so as to be able to perform
simultaneous electrochemical measurements to map chemical
species [23,24]. Both a silver electrode and carbon elec-
trode have been used, allowing scanning electrochemical
microscopy to be combined with SICM in a single probe.

4. Applications of scanning ion conductance
microscopy to cell biology

SICM can be used to image unfixed, unstained, living cells
with high resolution. This is most powerful when combined
with a simultaneous functional measurement, as illustrated
by our recent work. In the first example, the local delivery
of reagents has been used to map B2 adrenergic receptors
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Figure 2. SICM images of the life history of clathrin-coated pits (CCPs) showing cap formation prior to closure. An image was recorded every 10 s.

(B2ARs) on live heart cells using fluorescence to detect where
local application of ligand from the pipette led to production
of the secondary messenger cAMP, inside the cell [25]. In the
second example, fluorescence was used to identify CCPs on
the cell surface and then SICM was used to follow the topo-
graphic changes that take place during clathrin-mediated
endocytosis [10]. In both cases, the functional molecular
unit was not a single molecule but either a small cluster of
receptors or a CCP containing 100—-1000 clathrin molecules.
This highlights that ultrasensitive but not necessarily single-
molecule methods might be needed for some aspects of cell
biology, reflecting the hierarchical organization of molecules
into larger functional units.

The distribution of ion channels and receptors on the cell
membrane is important for cell function, and the loss of par-
ticular distribution patterns is often associated with cell
damage or disease. For example, the B1 and B2ARs are het-
erotrimeric G protein-coupled receptors found on the
surface of cardiac muscle cells (cardiomyocytes). They med-
iate the heart’s response to catecholamine hormones
through the production of cAMP. Like with most G protein-
coupled receptors, immunocytochemical or electron
microscopy detection of native B2ARs receptors with anti-
bodies has been limited by their low expression level and
by insufficient antibody specificity. SICM topographical ima-
ging and localized delivery through the nanopipette have
been combined with fluorescence resonance energy transfer
(FRET) microscopy to map the distribution of endogenous
B1 and B2 adrenergic receptors and measure their function
to compare healthy and heart failure-derived cardiomyocytes
[25]. In these experiments, the nanopipette was positioned
either in the T-tubule or on the cell crest, and receptor ligands
applied in a highly localized fashion. It was possible to
achieve very local stimulation by applying pressure to the
pipette while constantly superfusing the cells with buffer sol-
ution. Use of antagonists allowed selective local stimulation
of B1 or B2ARs, when combined with appropriate blockers.
FRET microscopy was used to detect and measure the
cAMP on its accumulation in the cell cytosol. By using this

combined SICM FRET imaging method, it was possible to
functionally localize the cAMP signalling of B1ARs and
B2ARs to the surface structures of adult ventricular cardio-
myocytes. B2ARs are present only in deep transverse
tubules, whereas functional B1ARs are distributed across
the entire cell surface. In diseased heart cells, B2ARs were
redistributed from the transverse tubules to the cell crest,
which significantly altered the cAMP signalling.
Clathrin-mediated endocytosis is a common mechanism
for transport of molecules and small particles across the cell
membrane where small CCPs, about 100 nm in diameter,
are formed on the cell surface before the pits are closed to
produce vesicles inside the cell. This process takes place on
the timescale of a minute. Although optical microscopy tech-
niques such as total internal reflection fluorescence (TIRF)
microscopy have been used to measure the ensemble move-
ment of clathrin—green fluorescent protein relative to the
plasma membrane, they did not directly measure the topo-
graphy of the cell surface [26,27]. By contrast, electron
microscopy can provide high-resolution images of the pit
structure but cannot follow the structural changes with
time. We have used SICM to observe the topographical
changes during the entire life cycle of individual CCPs in
combination with simultaneous fluorescence measurements,
taking images every of an area of 1 x 1 pm?” every 10s, and
hence, obtained complementary information about the pro-
cess [10]. In this study, we directly observed the formation,
steady state, disappearance, reappearance, splitting and
fusion of pits. Splitting and fusion cannot be observed
using TIRF imaging, because the pits are below the diffrac-
tion limit. By measuring a large number of pits, it was
possible build up histograms of key parameters such as the
changes in the pit depth and width with time and relate
this to the changes in fluorescence signal owing to accumu-
lation of clathrin. Interestingly, in addition to canonical
symmetrical pit closure, we found that pits can close asym-
metrically, with the formation of the protrusion at one side
of the pit as shown in the time course in figure 2. Despite
being nanoscale in size, the mechanism of CCP closure
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Figure 3. SICM images of a live boar sperm showing protein complexes on the cell surface. The dotted circles show static protein complexes, whereas the red circles

show complexes undergoing dynamics in the 10 min between scans.

looks topographically similar to larger scale phago- and
macropinocytosis. While
observed in electron microscopy, it is not possible to establish
whether they have a role in endocytosis without directly fol-
lowing the topographic changes of individual pits, as was
done in this work. The approach of combined SICM topo-
graphic imaging and fluorescence confocal microscopy

similar structures have been

opens up possibilities for imaging the nanoscale topographical
changes taking place on the apical cell surface, owing to
specific labelled molecules, allowing key biological processes
such as endocytosis, exocytosis and viral entry to be followed.

5. Single-molecule experiments using scanning
ion conductance microscopy

We can use the pipette to perform single-molecule exper-
iments on live cells. The nanopipette can be used to record
single ion-channel activity at defined positions on the cell sur-
face, including normally inaccessible regions such as the
synapse of dendritic neurons, specific regions of a sperm
and the T-tubule of cardiac myocytes [12,13]. We have used
this to functionally map the distribution of ion channels on
cardiac myocytes and shown that key ion channels are clus-
tered in defined positions in the T-tubules, which is
probably to help maintain reliable propagation of the action
potential [13].

We have also demonstrated the capability of SICM to
image individual protein complexes on the surface of live
cells [28]. Spermatozoa were chosen as an example of a
highly polarized cell which is relatively flat and whose
membrane is compartmentalized into functionally and
topographically different domains known as the anterior
acrosome, equatorial segment, equatorial subsegment and
postacrosome. Figure 3 shows images of increasing resolution

of the equatorial segment and subsegment of a live boar sper-
matozoon that has initiated a spontaneous acrosome reaction
in physiological buffer. The acrosome reaction leads to the for-
mation of fusogenic protein complexes at the cell surface in
preparation for binding to the egg. The irregular protrusions
can be seen on the membrane surface in figure 3 and at
higher resolution appear as projecting proteins or protein com-
plexes. The diameter of the small and large protein complexes
measured were approximately 14 nm and 30 nm, respectively.

To investigate dynamics of single proteins further, we
present zoomed images of a selected area. The images are
taken 10 min apart. The majority of proteins are stable. How-
ever, the solid red lines show examples of conformational and
rotational changes along with evidence for disassembly.
There is some evidence for smaller proteins in our images
that may be subunits, but this is close to the limit of current
resolution. These experiments demonstrate that SICM can
follow changes in the structure of the surface of the live cell
at the resolution of individual protein complexes, provided
that the surface is sufficiently flat, and that these images are
very information rich and can reveal new protein dynamics
on the nanoscale.

6. Combination with single-molecule
fluorescence TIRF: tracking experiments

Single-molecule fluorescence to track molecules motion can
be combined with SICM. This allows molecules to be rapidly
and locally delivered to a defined region of the cell surface
and then their diffusion over the cell membrane followed.
Because the imaging time is limited by photobleaching of
the fluorophore, this is an efficient method to probe diffusion
across barriers in the cell membrane and such experiments
can be used to understand how the cell membrane is
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organized. Experiments have been performed on polarized
cells where diffusion barriers in the plasma membrane help
segregate lipids and proteins into domains, where they are
commensurate with specialized function. It is still not clear
how these barriers are created and maintained. Boar sperma-
tozoa can be used as model cells, and molecules can be
delivered to a defined position on the cell surface using vol-
tage driven delivery from the nanopipette and then tracked
by performing TIRF on the apical surface of the flat
boar sperm [21]. This allows the diffusion of single protein
molecules and multi-molecular complexes to be followed
between the three domains on the sperm head. The use of
the nanopipette allowed repeated experiments to be per-
formed on the same cell, to probe different macrodomains
and subregions within the plasma membrane, and to investi-
gate the existence of putative diffusion barriers. Because the
topography of the cell surface is also known, it is then poss-
ible to correlate the measured trajectory to the presence of a
particular cell structure or the underlying cytoskeleton. We
also investigated exchange of molecules between different
membrane domains. Using Alexa Fluor 555-cholera toxin
B-subunit to label pre-existing GM1 ganglioside clusters in
the cell membrane, we found that these relatively large struc-
tures diffused across the anterior acrosome-equatorial
segment interface but could not get access to the postacro-
some [29,30]. By contrast, smaller single lipid and protein
molecules readily exchanged between all three domains,
although they diffused more slowly on nearing and crossing
to the postacrosome. The protein—cytoskeleton network thus
appears to be able to form two types of diffusion interfaces
onspermheads, an ‘open’ interface and a ‘mass filter” interface.

7. Fluorescence-based methods

(a) Principles of two-colour coincidence detection
single-molecule fluorescence

Complementary to SICM, single-molecule fluorescence can
be used to track and characterize individual labelled mol-
ecules diffusing over the cell membrane. Fluorescence
analysis of single molecules, one by one, has been developed
and applied widely to biomolecules over the past decade
both in solution and on surfaces to probe biomolecular struc-
ture, dynamics and heterogeneity. Solution experiments are
normally performed using a tightly focused Gaussian laser
beam and confocal detection in order to achieve the smallest
possible probe volume. Molecules can take different paths
through the laser focus giving rise to variation in the exci-
tation rate of the fluorophore and, hence, the fluorescence
intensity detected. In order to address this issue, ratiometric
methods have been developed where two fluorophores are
attached to the same biomolecule, and the ratio of their fluor-
escence intensities is measured as they diffuse across the
laser-excited volume. If the two fluorophores are sufficiently
close as well as have overlapped emission and absorption
spectra, then it is possible to excite the donor fluorophore
and get FRET to the acceptor fluorophore so that only one
laser is required. Such experiments are performed to measure
the conformation of biomolecules, because the FRET effi-
ciency depends on the donor—acceptor separation [31]. In
the more general case, the two fluorophores are indepen-
dently excited by two different spatially overlapped lasers

and coincident fluorescent photons detected as the molecule n

diffuses across the laser-excited volume. Two-colour coinci-
dence detection (TCCD) is based on continuous excitation
of the confocal volume by both lasers [32]. The advantage
of excitation of the two fluorophores with two independent
lasers is that the fluorophores can be placed at any convenient
position on the biomolecule and there is no requirement to
place them close for FRET, which may not be possible if
there is no information on the structure of the complex. The
presence of coincident fluorescence in both channels allows
us to sensitively detect associated molecules, and analysis
of the intensity of these coincident fluorescent bursts allows
us to determine the stoichiometries of the associated mol-
ecules [33]. TCCD is a novel method that removes the
constraints on the labelling of biological molecules, allowing
single-molecule methods to be applied to systems whose
structure and stoichiometry are unknown, as well as allowing
ultrasensitive detection of biomolecules [34] and the measure-
ment of intramolecular dynamics [35]. TCCD has also been
shown to be less sensitive to background fluorescence than
single-colour excitation and capable of detecting femtomolar
levels of molecular complex.

There were two major problems that became apparent as
we started to apply TCCD to biological samples. First, it
was not straightforward to perform reproducible control
experiments where labelled components were non-associ-
ated, owing to the sample-to-sample variation in biological
samples. In TCCD, there are chance coincident events that
arise when two non-associated molecules happen to enter
the probe at the same time. These events need to be removed
from the data, so we can just determine and analyse the true
coincident events that arise from associated molecules. This is
critical to obtaining high sensitivity detection because for low
fractions of associated molecules, below 1 per cent, the chance
coincident events can be larger than the real coincident
events. Because we could not determine the number of
chance coincident events from control experiments, we
devised two ways to do this directly from the experimental
data alone [33]. One method is theoretical and based on the
event rates of blue and red-labelled molecules. The second
is based on red and blue time traces taken synchronously
and desynchroinizing them so that the red trace is paired
with a blue trace taken at a different time. Any coincident
events that are determined from these traces are purely due
to chance, allowing us to have the same red and blue event
rates as the real experimental data and to determine the
number of chance coincident events from the experimental
data alone.

The second problem is to again use the experimental
data alone to determine the correct threshold level above
which we should count events. If set too high, then we
will miss events and need to collect data for longer; and
if set too low, then we will have problems with noise
giving rise to events that are counted. In particular, the
correct setting of the threshold is a particular problem
with complex biological preparations or experiments on
cells where the background level may change. To address
this problem, we found that the fraction of associated mol-
ecules is a function of the red and blue threshold used and
is maximum at the optimal threshold values for the blue
and red channels [36]. This again allows us to use the exper-
imental data alone to determine the correct threshold values
for data analysis.
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(b) Dynamic single-molecule colocalization

We extended the TCCD concept to two dimensions using a
method we call dynamic single-molecule colocalization, or
DySCo, which relies on quantitative video analysis of the flu-
orescence from two distinct fluorophores diffusing at the cell
surface [37]. The advantages of tracking molecules are that
there is no need to correct the data for chance coincidence
events, because the probability of two non-associated mol-
ecules tracking within a short distance of one another for a
number of frames is very low. In addition, we can detect
immobile or slowly diffusing molecules that are unobserva-
ble using TCCD. Finally, very weakly expressed proteins
can be analysed, whereas TCCD requires the event rate to
be reasonably high to make data collection feasible. The
strength of the DySCo method is its ability to quantify protein
association, including both constitutive dimers and the much
weaker interactions of transient dimers or of proteins whose
diffusion is constrained by cytoskeleton-mediated corralling
effects. These weaker interactions are likely to underpin
signal transduction at the cell surface and are thus of great
importance. An additional advantage of the method is that
experiments at very low surface densities are possible,
which will allow the investigation of weakly expressed
membrane proteins, such as G protein-coupled receptors.

8. Application to neurodegenerative disease

One important biomedical problem is protein aggrega-
tion, which leads to neurodegenerative disease, including
Alzheimer’s and Parkinson’s disease. In the initial stages
of aggregation, small amounts of protein oligomers are
formed that have been difficult to detect and analyse using
ensemble bulk methods because of the transient and hetero-
geneous character of the species formed [38]. We have used
the TCCD method to study the initial process of oligomeriza-
tion of proteins, for instance, the early stages of neuroserpin
polymerization [39], related to familial encephalopathy, and
to examine the assembly of oligomeric species on the path-
way to formation of amyloid fibrils of the SH3 domain of
phosphatidylinositol-3-kinase [38] in wvitro. The single-mol-
ecule experiments show that the species formed at the stage
of the reaction where aggregates have previously been
found to be maximally cytotoxic are a heterogeneous ensem-
ble of oligomers with a median size of 38 + 10 molecules.
Our experiments provided direct evidence for a mechanism
of amyloid aggregation in which the stable cross-B structure
emerges via internal reorganization of disordered oligomers
formed during the lag phase of the self-assembly reaction.
These experiments have recently been extended to
examine the interactions between the extracellular chape-
rone clusterin and amyloid-Bi_4 (AB1-40), a protein
associated with Alzheimer’s disease [40], and aggregation
of a-synuclein, the protein whose misfolding and deposition
is associated with Parkinson’s disease [41]. We found that
clusterin suppresses the aggregation of AB;_40 by interacting
with the oligomers of the latter to form long-lived clusterin :
ABoligomer cOmplexes to which monomers can no longer add,
and that similar complexes are formed with oligomers that
are released from fibrils. Under physiological conditions,
these long-lived clusterin complexes will sequester and stabil-
ize AP oligomers until they can be cleared by in vivo
mechanisms, preventing the onset of Alzheimer’s disease.

In the case of a-synuclein, we used intermolecular FRET to
identify a slow structural change of the initial oligomers to
stable, proteinase-K resistant oligomers as the key step that
leads ultimately to fibril formation. The structural conversion
had a half-life of 1.5 days, indicating a high kinetic barrier for
the conversion. These converted oligomers were found to be
significantly more damaging to neurons and resulted in the
production of intracellular reactive oxygen species. For both
AP _40 and a-synuclein, we observed an oligomer size distri-
bution that peaked at dimers and then decayed away with
size as predicted by recent modelling. In both cases in the
absence of added soluble protein, the assembly process is
reversed and fibrils disaggregate to form stable oligomers,
directly confirming that fibrils could disaggregate at
random positions to produce oligomers. These experiments
now allow the possibility to add well characterized oligomers
prepared in the test-tube to neurons and then follow the
initial physiological changes as a function of time and
oligomer dose. Such experiments should provide new
insights into the molecular mechanism of how these
oligomers damage neurons.

9. Application to T-cell biology

T lymphocytes play crucial roles in adaptive immune
responses, where their surface interactions with antigen-
presenting cells (APCs) are critical for the detection and sub-
sequent elimination of pathogens. Many of these receptors
have no intrinsic enzymatic activity, including the T-cell anti-
gen receptor (TCR), which not only has to rely on extrinsic
tyrosine kinases to initiate signalling, but also must do so
while discriminating between ligands of differing quality.
Furthermore, it has been shown that a single TCR complex
can lead to T-cell triggering in the presence of co-receptor
molecules [42], making it highly appropriate to study this
phenomenon at the single-molecule level. The ligands for
the TCR are antigenic peptide/major histocompatibility com-
plexes (pMHC) expressed by the APC. Discrimination by the
TCR is intimately linked to the longevity of the TCR/pMHC
interaction, where the decision to trigger can be influenced by
small changes in the binding kinetics. The TCR must initiate
differential signalling pathways based on these differences,
from titrating positive and negative selection during thymo-
cyte development to causing a potent immune response in
the periphery. These diverse mechanisms must all be intrinsic
to the structure and organization of the antigen receptor trig-
gering apparatus, and the enzymatic processes initiated by
receptor engagement [43]. However, there is still no agree-
ment about the structure and organization of the receptor
triggering apparatus.

The TCR itself has been the most contentious and infer-
ences about its stoichiometry have profoundly influenced
thinking about triggering mechanisms [44], emphasizing
why it is important to determine these stoichiometries and
to do this for live cells. Initial attempts to resolve this issue
for the TCR involved TCCD, wherein TCRs diffusing at the
apical surface of T cells resting on a glass surface were exam-
ined [45]; the principle of the TCCD method applied to the
cell surface is shown in figure 44. In other experiments,
DySCo was used [37]. Collectively, these studies strongly
suggested that the TCR is monovalent [45], and the TCCD
analysis has now been extended to other membrane
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components of the TCR triggering apparatus, i.e. CD4/Lck,
CD45 and MHC class II. These proteins have all previou-
sly been claimed to form dimers, but gave strong signals
for monomers in the TCCD analysis (figure 5a) [46]. The
simple organization of the triggering apparatus of the T cell
suggested by these studies is shown in figure 5b.

High-resolution measurements by others, based on
photo-activation localization microscopy (PALM [47]), have,
however, suggested that contrary to the findings of our
TCCD and DySCo experiments, the receptor is instead pre-
clustered in groups of 7-25 molecules in resting cells. A cru-
cial difference between the TCCD and PALM experiments is
that these were done at different locations, that is, at the
apical surface of the T cell and the basal cell/glass interface,
respectively (figure 4b). Using fluorescence recovery after
photo-bleaching (FRAP) measurements, it has since been
possible to show that contact with a functionalized glass sur-
face in fact alters the behaviour of the TCR, indicating that it
is important to make measurements at the apical surface of
resting cells [46]. FRAP measurements at the apical surface
showed that the TCR is largely if not completely monova-
lent or monomeric, whereas approximately 40 per cent of
the receptors at the basal membrane contacting the glass sur-
face become immobile in a signalling-dependent manner,
explaining the discordant findings [46].

The ‘ground state’ measurements of the TCR triggering
apparatus using TCCD and DySCo have been complemented
with bioluminescence resonance energy transfer (BRET)-
based experiments [46,48]. Although BRET requires heter-
ologous protein expression, the luminescence detection
mode allows molecular interactions to be studied at near-
native expression levels so that the observations are relevant
to the behaviour of the native proteins, which can also be
studied directly using the TCCD method. The TCCD
measurements discussed above showed with 95% confidence
that all analysed proteins are monomeric [46]. When com-
bined with the orthogonal BRET method for which, in the
case of the analysis of the TCR, the upper limit on the fraction
of oligomers was estimated to be 10 per cent, these two tech-
niques allow us to be confident that these assignments
represent the state of the proteins at the cell surface. An
additional, unexpected outcome of the BRET experiments is
the extent to which these membrane-bound molecules form
non-specific associations within the membrane, owing to an
increase in their effective concentrations versus cytosolic pro-
teins, whose encounters are likely to be much less frequent
[46]. This is likely to have important implications for the
architecture of receptor signalling pathways.

Critically, this work establishes the ground state of the
plasma membrane ex vivo and suggests that this state changes
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on surface contact, even on a non-activating surface, leading
to signalling and receptor clustering. Therefore, measure-
ments taken at the basal surface using TIRF can alter the
biology being observed, which is an important message for
all TIRF-based studies. Having established the organization
of proteins for the resting T cell, the stage is set to start to
follow the initial molecular reorganizations that lead to
T-cell triggering. Determining the molecular mechanism is
of great interest and may lead to new therapeutic treatments
for autoimmune diseases.

10. Future outlooks

The work presented above shows that single-molecule exper-
iments are now possible on live cells using SICM and single-
molecule fluorescence and combinations of both of these
methods. This allows the organization of the cell membrane
to be probed, down to the level of individual molecules,
and the changes in this organization to be followed, in
time, during important biological processes. Furthermore,
these methods can now be applied to important biomedical
problems in immunology, neurodegenerative disease and
heart disease, providing new important insights into the
initial molecular events involved in these diseases. However,
it is also important to note some of the limitations of these
approaches. For example, all the studies presented have
been on cells and extension of these methods to tissue is
currently extremely challenging. Even when studying cells,
fluorescence imaging methods that can be used on the
apical cell surface are needed, to avoid any structural reor-
ganization owing to the glass surface. Approaches based on
the use of light sheets to control the plane of illumination,
combined with imaging using a sensitive camera, have the
potential to allow single-molecule imaging on this surface
[49]. This approach also has the potential to extend single-
molecule imaging from the cell surface to inside the cell,
opening up the possibilities to study key nuclear processes.
The photoactivatable fluorophores developed for super-
resolution imaging, which can be switched into a fluorescent
state [50], allow single-molecule tracking experiments to be
performed at physiological concentrations of molecules or
to control the time point at which the molecules are
imaged, which is also an important advance for studies
inside cells. Methods to image cellular function as well as
the position of molecules or of the cell membrane are also
needed. This can be done using fluorescent reporters inside
the cell, as was done to detect triggering of B2ARs, or in a
label-free mode by detecting, for example, ion-channel
activity or chemical fluxes. Here perhaps lies one key chal-
lenge for the future, because it is likely that with nanoscale
imaging a wide variety of structures or molecular associ-
ations may be detected and one needs a method to
determine which are functional and which are chance associ-
ations, and have no functional importance. In addition, when
studying low levels of proteins in the cell membrane, pro-
blems caused by small amounts of non-specific binding
become more severe and need to be reduced by improved
surface chemistry to ensure only specific binding is studied.

An important development in the past few years has been
super-resolution fluorescence imaging, based on the exci-
tation of single fluorophores, and this has the potential to
provide ‘snap-shots’ of the organization of labelled proteins

on the cell surface with better than 30 nm resolution. How-
ever, following how this organization changes with time is
more challenging, because the method is based on the exci-
tation and then photobleaching of individual fluorophores,
so it is not possible to image the fluorophores again [51]. If
this became possible, then it would allow series of ‘snap-
shots” to be taken and to directly follow the reorganization,
which would be a significant advance. Another complemen-
tary super-resolution imaging method is stimulated emission
microscopy (STED), which also offers much promise [52-54].
STED essentially offers a super-resolution form of confocal
microscopy and so allows high speed and repetitive imaging
of cellular organization below 100 nm resolution. This has
been used to explore lipid organization on the cell surface
[55]. The optimization of the fluorophores for STED has led
to the reduction in the laser powers needed, reducing con-
cerns about photodamage caused by the lasers [56].

Currently, the fastest rate of imaging using SICM is
around 1 x1 pm?® every 10s. The relatively large distances,
of the order of 100 nm, that the pipette needs to move to
image the cell surface, to avoid direct contact, means that
the speed the pipette can be moved and stopped limits the
imaging rate. A total redesign of the instrument with a
much smaller nanofabricated probe combined with higher
resonance frequency piezos would be needed to increase
the imaging rate above this limit. Alternatively, we have
recently shown that it is possible to image relatively flat sur-
faces faster by only approximately following the overall
surface topography and then reconstructing the true surface
topography from the measured ion current and pipette pos-
ition [57]. This method may allow faster scanning of small
relatively flat regions of the cell surface.

Whatever methods are used for imaging, another key chal-
lenge is to obtain a coherent view of the cell membrane
structure and will likely require the combined use of a
number of complementary imaging methods. Differentiated
cells with clear and reproducible cell structures such as
sperm cells, cardiomyocytes, neurons or epithelial cells allow
the merging of data taken on different cells of the same type.
In addition, the underlying cell cytoskeleton provides another
possible structure to which cell organization can be related.
Studies of endogenous proteins are also required to ensure
minimal perturbation of the membrane organization, and if
studies are performed on the basal cell surface it is very
important to ensure that there has been no artefactual reorgan-
ization on contacting the surface as discussed above. Next,
nanoscale images need to be recorded on cells with reproduci-
ble structures under minimally perturbed conditions so that
information from different studies can be combined. Only in
this way can our understanding of the organization and func-
tion of the cell surface take full account of its complexity.

In conclusion, methods are now available that allow ima-
ging of the cell surface with resolution comparable to
scanning electron microscopy, can be performed on live
cells under physiological conditions and can follow individ-
ual molecules on the cell membrane. This is an exciting
advance and the challenge is now to apply these methods
to gain new Dbiological insights and select the biological
problems where these new methods have most to offer.

The work described was funded by the EPSRC, BBSRC, MRC and
Wellcome Trust. D.K. also received funding from the Frances and
Augustus Newman foundation.
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