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The boundary between the physical and biological sciences has been eroded in recent years with new physical
methods applied to biology and biological molecules being used for new physical purposes. We have pioneered
the application of a form of scanning probe microscopy based on a scanned nanopipette, originally developed by
Hansma and co-workers, for reliable non-contact imaging over the surface of a live cell. We have found that the
nanopipette can also be used for controlled local voltage-driven application of reagents or biomolecules and this
can be used for controlled deposition and the local delivery of probes for mapping of speciﬁc species. In this
article we review this progress, focussing on the physical principles and new phenomena that we have observed,
and then outline the future applications that are now possible.

Introduction

DOI: 10.1039/b506743j

Currently a great deal is already known about the individual
molecules that make up a cell. This is the result of the recent
explosion in modern molecular biology. However less is known
about how these individual molecules interact and are spatially
organised to make up a living cell. To address this issue one
needs methods to map structure and function on the nanoscale,
ideally down to the level of individual molecules, perform these
measurements on living cells, and follow changes in time.
Single molecule ﬂuorescence methods allow one to track the
diﬀusion of molecules over the cell surface, with a spatial
resolution better than the diﬀraction limit, by determining
the centroid of the emitted ﬂuorescence.1–4 The accuracy with
which the position of a molecule can be determined depends on
the resolution of the microscope divided by the square root of
the number of ﬂuorescence photons detected, allowing tracking
at better than 50 nm. However these methods only determine
the organisation of the cell surface indirectly, by observing
changes in the diﬀusion of the ﬂuorophore labelled molecules,
and cannot relate any deviations from simple Brownian diﬀusion to speciﬁc structures on the cell surface that are below the
limit of optical resolution. The main method currently used to
study individual molecules in the cell membrane was developed
nearly 30 years ago and is based on placing a micropipette on
the cell surface to form a high resistance seal and then
measuring the opening and closing of individual ion channels
under the pipette tip using a sensitive current ampliﬁer.5,6 This
allows single channel recording on live cells and led to the 1991
w Electronic supplementary information (ESI) available: Video 1: A
series of 20 minute images of epithelial kidney cells taken over 24
hours. Video 2: Images of the calcium waves in a small cluster of 8
cardiac myocytes before insertion of alpha toxin into one cell in the
cluster. Note the calcium waves are synchronised. Video 3: Images of
the calcium waves in a small cluster of 8 cardiac myocytes after
insertion of the alpha toxin channels into the centre cell in the cluster.
Note the calcium waves are now not synchronised. See http://
dx.doi.org/10.1039/b506743j

Nobel Prize in Physiology or Medicine being awarded to Neher
and Sakmann for their discoveries concerning ‘‘the function of
single ion channels in cells’’. Single channel recording is now
widely used by electrophysiologists today. However this method is speciﬁc to ion channels and does not address the more
general need to develop tools to image live cells at the
nanoscale to study how molecules are organised and interact.
The ultimate goal is to develop a quantitative picture of how
the normal and diseased cell functions at the level of individual
molecules on the nanoscale. This can then be used as the basis
of new interventions or cures. To do this one needs to develop
suitable imaging tools. Our work has focussed on imaging
using a scanning probe microscopy, based on a nanopipette,
combined with ﬂuorescence and the local application of
reagents.7–15
Scanning probe microscopy employs a ﬁne probe scanning
over a surface, using the local interaction between the probe
and surface to maintain constant probe–sample distance. The
distance the probe (or sample) needs to move to maintain
constant interaction is recorded by a computer, and used to
generate a high resolution topographical image of the sample.
While atomic resolution is possible using scanning tunneling
microscopy16 and atomic force microscopy17,18 and these
methods are now widely used in the physical sciences, the
application of scanning probe microscopy to living cells in the
ﬁeld of biological sciences has been much more limited.19–21
This is mainly due to the diﬃculties in reliably controlling the
scanning probe over the soft and responsive cell surface. Any
force applied by the AFM results in deformation of the sample,
changing the topography, and in addition, living cells can have
mechanosensitive ion channels that may respond to the applied
force. Moreover, for many applications in both the physical
and biological sciences there is a need to not only image
topography, but map speciﬁc chemical species, properties or
functions of the surface and relate these to the topography.
One possible method for chemical mapping is based on a
scanned electrode, scanning electrochemical microscopy
(SECM).22–24 SECM has been demonstrated to be capable of
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used for the controlled delivery of molecules or ions to the
surface.12,33

Principles of SICM

Fig. 1 Scanning electron microscopy images of a metal coated
nanopipette.

mapping of topography and electrochemical species.25–27 However at present SECM lacks a reliable distance feedback
control to image the surface of live cells, since it uses forcebased feedback. The method we have used to address this
problem is another form of scanning probe microscopy, based
on a scanned nanopipette operating in conducting solution,
scanning ion conductance microscopy (SICM).7,28–32 This has
two main advantages. Firstly it is a non-contact way of
imaging with the pipette maintained signiﬁcantly further
away from the cell surface than in AFM, preventing interactions of the side-walls of the probe with protrusions on the
sample’s surface. Secondly the pipette is hollow and can be

The nanopipettes that are used for SICM are easily fabricated
from borosilicate capillary glass. In our labs we use a computer
controlled laser puller for fabrication. This uses a CO2 laser to
melt the glass and to pull the two halves of the capillary apart
using a series of programmable pulls of diﬀerent speeds and
durations. Fig. 1 shows a typical nanopipette produced by this
puller. It has an inner diameter of 100–150 nm and a shallow
half-cone angle of 3–61. It is possible to pull ﬁner pipettes, as
small as 10 nm in diameter, by the use of quartz capillaries,
since quartz has a higher melting point.
SICM operates in conducting solution, normally physiological buﬀer. The distance of the nanopipette from the surface is
controlled by applying a constant voltage between an electrode
in the pipette and another electrode in the bath, and adjusting
the pipette–sample distance in order to maintain a constant ion
current. The ion current varies with the pipette–sample distance as shown in Fig. 2. The small aperture at the tip of the
pipette, which creates a high resistance, typically 100 MO,
limits the current. In addition to the tip resistance there is also
a distance-dependent access resistance, due to the conducting
solution between the pipette and the surface. Thus as shown, if
the maximum current at ﬁxed voltage when the pipette is in the
open bath is Imax then, when held at a distance from the surface
equal to the inner radius of the pipette, the current has only
been reduced by about 1%. It then changes in a non-linear
fashion as the pipette–sample distance is further reduced. The
shape of this approach curve has important consequences
making it possible to control the pipette over the surface at a
separation equal to the inner radius. In particular, for a
convoluted surface the sides of an AFM tip will touch the
surface, while for the pipette, which is held signiﬁcantly further
away this is far less likely to occur (depending on the shape and
steepness of the surface features). SICM applies no force to the
sample and is non-contact which allows imaging of soft
materials. However there are some problems in working in
this dc mode. There can be changes in the ion current with time
due to small electrolytic changes in the electrodes, changes in
the solution, or adsorption of molecules from the bath onto the
pipette tip, so reducing its aperture. The changes in ion current
due to factors other than the pipette–sample distance then
make imaging diﬃcult. To address this speciﬁc issue a distance
modulated control mechanism has been developed.10,32 Here,
as shown in Fig. 2, we modulate the pipette–sample distance
resulting in a distance-dependent modulated signal that is

Fig. 2 Schematic of the principle of scanning ion conductance microscopy. The pipette has an inner radius, r, and is a distance, d, away from the
surface. On application of a voltage between the electrode in the bath and in the pipette, ions ﬂow to the pipette giving rise to a dc current IDC. IDC
decreases as the pipette approaches the surface due to blocking of the ion ﬂow. Modulation of the pipette–sample distance, d, produces a modulated
current, Imod, that increases rapidly as the pipette approaches the surface and provides more reliable and robust distance control. The pipette is
controlled at r from the surface. At this distance Imod is still varying with distance, allowing distance control, and the side walls of the pipette are
prevented from touching the sample during scanning.
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Fig. 3 Examples of SICM images. The image on the left is a high resolution SICM image of a nuclear pore ﬁlter with 50 nm diameter holes (scan
time 20 min). Feature smaller than the holes are clearly visible on the surface of the ﬁlm. The image on the right is a larger SICM scan of a layer of
live epithelial kidney cells. The cell boundaries and ﬁnger-like projections, microvilli, are clearly visible in the image (scan time 20 min).

selectively detected using a lock-in ampliﬁer and used for
distance control. In essence, we are controlling on the gradient
of the approach curve which is far less sensitive to the size of
the pipette aperture, ionic strength or applied voltage since we
control at the inner radius where the gradient, although nonzero, is small. The modulated signal is only non-zero as the
pipette gets close to the surface, making bringing the pipette
under distance control straightforward. It increases rapidly as
the pipette moves closer to the surface producing a larger
control signal for readjustment of the pipette–sample distance.
We have found that distance modulation provides robust
distance control even under the extreme case of scanning over
a contracting heart cell10 and allows reliable 24 h imaging.34
The development of a robust distance control is essential to our
development of a range of applications of SICM.
To image a sample the pipette is raster scanned over the
sample, using a piezo manipulator and the z-separation of the
pipette from the surface is kept at the pipette inner radius,
using the distance modulated control described above. A
computer records the pipette z-position at each point so as to
produce a three dimensional topographic image. In an alternative but equivalent method the pipette is kept ﬁxed and the
sample rastered underneath the pipette and moved up and
down on a z-piezo to maintain constant pipette–sample distance. This mode enables ﬂuorescence measurements from the
same point on the sample surface that is being scanned underneath the pipette, allowing simultaneous ﬂuorescence and
topographic imaging. Some example images of polymer samples and live cells are shown in Fig. 3. Typical SICM resolution
is 50 nm laterally and 10 nm vertically but can be higher if a
ﬁner pipette is used, as illustrated in the image of polymer ﬁlm
in Fig. 3. To show that relatively long-term live cell imaging is
possible a video of a 24 h series of images are shown in the
electronic supplementary information (ESI).w These images
and our other published work show that SICM has a resolution similar to scanning electron microscopy. However, and by
contrast, SICM can image living cells and hence follow dynamical changes. Importantly no special preparation is required
and the cells can be imaged on standard culture dishes. This
has opened up many applications in cell biology including
following virus entry across the cell membrane and membrane
dynamics.10,15,35
One example of the fact that our instrument can be used in a
hybrid mode is our combination of SICM with confocal
microscopy as shown in Fig. 4.10 The idea is that the confocal
volume of the microscope is focused at the tip of the nanopipette. When the heart cell contracts the distance control feedback moves the sample dish down, so that the pipette tip is still
about 100 nm above the cell. In this way we can always
perform the confocal measurement just below the cell surface
even when the height change is several micrometres. The cell

takes up a dye that is used to indicate the intracellular calcium
concentration. Under rest conditions the intracellular calcium
is low (nanomolar range) but when the cell contracts, voltage
gated calcium ion channels open and calcium enters the cell
from the bath. This then triggers release of stored calcium in
the cell. The calcium binds to the dye, Fluo-3, resulting in
increased ﬂuorescence in proportion to the calcium concentration. The more calcium that is present in the cell the more it
contracts. Thus we were able to measure the cell motion

Fig. 4 Calcium transients in cardiac myocytes. (A) Principle of the
experiment. As the cardiac myocyte contracts the stage is moved down,
using ion conductance distance control so as to maintain constant
separation between the pipette and the cell surface. This ensures the
laser excited confocal volume is always just below the cell membrane.
The laser excites Fluo-3, whose ﬂuorescence intensity is proportional to
the intracellular calcium concentration. (B) Simultaneous measurement
of cardiac myocyte contraction and change in intracellular calcium.
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directly using SICM and also correlate this with the intracellular calcium. We found that there was a threshold level of
calcium below which no contractions can be observed and then
a linear relationship between the two parameters up to high
calcium levels. This clearly establishes that the change of
intracellular calcium in time (calcium transients) will be a
direct measurement of the change of cell height due to contraction and vice versa.
We have extended this work to scanning the cell surface
under the nanopipette so as to simultaneously image the
cell surface ﬂuorescence and topography. We have also used
the SICM measurement to directly monitor heart cell
contraction over extended periods without problems that
occur due to photobleaching when calcium is monitored by
ﬂuorescence.36–38

‘‘whole-cell’’ recording conﬁguration, can detect the resulting
ion ﬂow using a sensitive current ampliﬁer. Since the pipette
sample distance is modulated this ion current is also modulated, enabling sensitive detection of the position of the ion
channel. As the pipette scans the cell, emitting potassium, it
sensitively detects the position of the ion channel with a lateral
precision of about 400 nm. This precision is exactly what is
predicted by simple diﬀusion theory for the broadening of the
concentration proﬁle of potassium ions, initially conﬁned in
the pipette tip, as they diﬀuse 100 nm to the cell surface. This
was our ﬁrst example of simultaneous topographic and functional imaging using SICM. The work also suggested that the
nanopipette could be used to deposit reagents on a surface to
produce sub-micrometre features if a way to control delivery
could be found.

Functional mapping

Voltage-driven nanopipette delivery

Most SPM-based methods lack chemical speciﬁcity. This has
been addressed by the use of functionalised AFM tips to detect
speciﬁc interactions between molecules on the surface and the
tip39 and by SECM that uses an electrode to map electroactive
species.27 However both methods lack the robust distance
control to image soft materials, which can be achieved with
SICM. Moreover, SICM can provide chemically speciﬁc information by exploiting the nanopipette as a reservoir for local
delivery of reagents.8
The cardiac myocyte is a cell which contracts in synchronisation with other cells in a chamber of the heart to pump blood
round the body. Each individual cell is highly structured for
controlled contraction, activated by an electrical signal, controlled by the concerted opening of a series of ion channels in
the cell membrane that selectively allow the passage of speciﬁc
ions. This is the normal situation. One speciﬁc ion channel that
is involved in the preservation of cardiac myocytes during
metabolic stress, an abnormal situation, is the ATP dependent
potassium channel.40 To map these channels (Fig. 5) we
worked in potassium-free media and had potassium in the
pipette. As the pipette scans over the surface of the cardiac
myocyte, potassium ions diﬀuse from the tip on application of
voltage. When the pipette is over an ATP dependent potassium
channel then ions enter the cell by passing through the ion
channel. A second pipette attached to the cell membrane, in the

Our next extension of SICM was to attempt to combine it with
scanning near ﬁeld optical microscopy by generating a small
local light source in the pipette tip.11,14 The concept was to
have the ﬂuorophore, Fluo-3, in the pipette and have calcium
in the bath. Fluo-3 is negatively charged so on applying a
positive potential to the bath electrode we could drive out of
the pipette tip. Fluo-3 is non-ﬂuorescent until it binds calcium
when it becomes highly ﬂuorescent (it was developed to
measure intra-cellular calcium). Thus if a laser is focused at
the pipette tip a bright ﬂuorescent light source is generated on
application of positive voltage. The ﬂuorophores photobleach,
but are continually renewed from the pipette reservoir. The
conﬁnement of the light source in the pipette tip means that it is
laterally only about 100 nm wide. Unfortunately the light
source was about 1 mm deep into the pipette and is not
suﬃciently localised to obtain high-resolution SNOM images.
However as the work also showed how straightforward it is to
deliver molecules from the pipette using voltage, we proceeded
to study voltage driven delivery in more detail.12
We chose to study the delivery of ﬂuorophore labelled DNA
from the pipette since we knew from previous experiments that
we could detect individual DNA molecules by ﬂuorescence. It
is a model polyelectrolyte due to its high negatively charged
back-bone and it is straightforward to obtain DNA of diﬀerent
lengths and sequences to systematically explore the physics in
the nanopipette. The experimental set-up we used is shown in
Fig. 6. The pipette was bent through 901 to enable measurements in the bath at the pipette tip, and just outside it, using
confocal microscopy with sensitive avalanche photodiodes for

Fig. 5 Ion channel mapping using local pipette delivery. (A) The
principle of the experiment showing how local delivery of ions to
membrane bound ion channel leads to transport across the cell
membrane and hence detectable whole cell current. (B) Combined
SICM topographic image of a cardiac myocyte and map of ATP
dependent K1 ion channels showing the ion channels occur at speciﬁc
ﬁxed positions on the cell surface. (C) Same image as (B) showing ion
channel activity. Note activity varies between diﬀerent clusters of ion
channels.
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Fig. 6 Schematic of the experimental setup. The centre of the laser
focus is positioned slightly outside the opening of the nanopipette.
SPAD: single photon counting avalanche photodiode, MCS: multichannel scalar, WE: working electrode, RE: ground electrode.
(Reprinted in part from ref. 12).
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Fig. 7 Single-molecule detection of Rhodamine Green labelled 20mer
ss-DNA exiting from a nanopipette. The laser focus was centred at the
opening of the pipette tip. The MCS bin width is 1 ms. Voltage is
modulated from 0.1 V to 1.0 V. (Reprinted in part from ref. 12).

single molecule detection. We found that on application of a
voltage pulse we could get controlled pulses of DNA from the
pipette down to the level of just 20 molecules per pulse as
shown in Fig. 7. We also found that the DNA in the pipette tips
was concentrated by a factor of about 100. This then led us to
explore the physics in the nanopipette.33
In our experiments the nanopipette electrode is at ground
and a voltage is applied to the electrode in the bath. When a
positive voltage is applied the negatively charged DNA ﬂows
out of the pipette due to electrophoretic ﬂow. However due to
the pipette’s taper the electric ﬁeld is not uniform along its
length but increases at the tip. Simple calculation shows that
the majority of the voltage drop occurs in the last 10 micrometres from the tip, giving rise to high electric ﬁeld, typically
106 V m 1, and high electric ﬁeld gradient. These electric ﬁelds
are large enough to induce signiﬁcant dipoles that act to pull
the molecule in the direction of the tip, due to dielectrophoresis.33,41,42 Thus the forces acting on the DNA vary with its
position along the length and the sign of the applied voltage.
When a negative voltage is applied, the electrophoretic force is
opposed by the dielectrophoretic force at a certain distance
from the pipette tip giving rise to a trap and concentration of
the DNA. Changing the potential then results in pulsed
delivery of this high concentration of DNA from the pipette.

We have studied the physics of DNA in the nanopipette in
detail looking at the behaviour, both in the pipette and just
outside, and also looking at the eﬀect of the size of the DNA
and the frequency of the applied electric ﬁeld on the trapping
eﬀect.33 It seems that we have found a simple way to perform
dielectrophoretic studies on biological molecules and to apply
high electric ﬁelds without using metal electrodes with the
attendant problems due to electrolysis. The only other work
in this area is by Austin and co-workers where they used
nanofabricated two dimensional tapered channels to study
dielectrophoresis of long DNA.43 Our work suggest that
dielectrophoretic forces are much larger than expected, the
theoretical basis of this needs further investigation, but practically this opens up some exciting possible applications in
miniaturised and ultrasensitive bioanalysis.
One particularly exciting application of the high electric ﬁeld
in the pipette was our ﬁnding that we could manipulate the
ﬂuorescence of a ﬂuorophore labelled DNA on application of
an electric ﬁeld.44 The DNA has a donor and acceptor ﬂuorophore and excitation of the donor in solution leads to half the
molecules emitting via their acceptor, via ﬂuorescence resonance energy transfer, and the other half via their donor as
determined by a single molecule analysis of individual DNA
molecules. In the electric ﬁeld in the pipette, we could switch
this to 100% acceptor or donor depending on the potential
applied, in less than 100 ms. Thus the ﬂuorophore labelled
DNA could act as a fast single molecule switch on application
of an electric ﬁeld opening up some novel and interesting
applications of this important biological molecule.

Controlled deposition for nanowriting
Having investigated the delivery of DNA from the nanopipette
we combined this with SICM to use the nanopipette as a
nanopen to write with ﬂuorophore labelled DNA.13 This was
our ﬁrst step towards performing local mapping on surfaces by
controlled delivery of a molecule to the surface. The delivered
molecules adsorbed onto the surface and could then be imaged
by ﬂuorescence. We were also motivated by the interest in
bionanotechnology and the desire to make small features of
biomolecules to produce smaller DNA microarrays, or using
biological molecules as building blocks to assemble complex
structures at deﬁned positions on a surface. The results of this
experiment are shown in Fig. 8. We could produce small sub-

Fig. 8 Left hand ﬁgure shows the principle of SICM writing. The right hand ﬁgures show ﬂuorescence images of SICM writing using biological
molecules; (A) 25 dots of biotinylated DNA deposited for 10 s each onto a streptavidin-coated glass surface, the image size is 21  21 mm. (B) Line
scan of the bottom row in (A); the fwhm is 830  80 nm. (C) Squares of biotinylated DNA (4–17 mm), written one over each other to create a pattern
with increasing intensities. The image size is 21  21 mm. (D) Dots of protein G on a positively charged glass surface. (Reprinted in part from refs.
13 and 47).
This journal is & The Owner Societies 2005
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micrometre features written in DNA although these were
larger than predicted if the DNA just diﬀused to the surface
and then adsorbed, suggesting that there was also some surface
diﬀusion contributing to the feature size. Importantly, we
could demonstrate control of the amount of DNA deposited,
creating a grey-scale image. This has not been demonstrated, to
date, using other alternative deposition methods based on
AFM where the AFM tip is used as a ‘‘dip-pen’’,45–48 although
since the dip-pen method is performed in air, smaller features
can be produced.
More complex structures could be produced using the self
recognition properties of biological molecules.49 We ﬁrstly
conﬁrmed that the molecules were still functional after passing
through the electrical ﬁeld of the pipette. At the molecular level
the forces induced by this ﬁeld are suﬃcient to stretch single
stranded DNA but not to denature proteins, as conﬁrmed by
our experiments. We then produced patterns of structures from
antibodies labelled with two ﬂuorophores. This demonstrates
that it is possible to produce quite complex structures using the
nanopipette where the ﬂuorescence and chemical properties are
spatially varying. Using more cycles of deposition it would be
possible to build up more complex patterns, or create miniaturised combinatorial libraries of molecules. We also tried to
deliver single molecules to deﬁned positions on a surface but
found that there was signiﬁcant surface diﬀusion. While this
suggests diﬀerent surface attachment, methods are needed to
prevent surface diﬀusion and localise molecules more accurately—for example for single molecule wiring experiments.
However, this provides us with a tool to study diﬀusion of
biomolecules on various surfaces including living cells. This is
now being actively explored.
To address the feature size produced by our nanopipette we
decided to use a patterned surface with holes that were
chemically functionalised for selective binding.50 The holes
acted as a topographic feature allowing the nanopipette to
come back to the same position on the surface. In these
experiments, we showed that we could ﬁll speciﬁc 250 nm holes
with an antibody, signiﬁcantly improving our feature size and
demonstrating we could address a speciﬁc feature on the
surface.

Controlled delivery to study cell communication
One key feature of our work is the interplay between physical
and biological sciences. Advance in one area can be applied to
the other and conversely, problems in one area can be addressed by advances in the other. Here we present new data as
an example of this interplay. Experiments have been performed
locally perturbing one cardiac myocyte in a small cluster of
cells by the controlled insertion of fewer than ﬁve alpha toxin
channels into the cell membrane. This was done by using the
nanopipette. Using Fluo-3 and an ICCD, the calcium waves in
the cluster were globally observed before and after this perturbation. It was reproducibly found that the cluster started to
show asynchronous calcium waves and contraction waves
which eventually produced intracellular calcium overload
throughout the cluster. This observation shows for the ﬁrst
time that perturbation of one cell in a small cluster can aﬀect its
neighbouring cells.
Heart attacks are the major cause of mortality in the western
world. Complex electrical and mechanical rhythm disturbances
can be produced in the heart when the blood ﬂow is blocked by
a clot, particularly when the major pumping chamber (left
ventricle) is aﬀected. Unless normal contraction can be reestablished death ensues. To elucidate this critical process
studies have been performed at the cellular level using networks of neonetal cardiac myocytes that contract synchronously in culture, characteristic behaviour in the heart as an
organ.51,52,53 Since these networks are two-dimensional a
variety of measurements can be performed to probe the
relationship between intracellular calcium concentration, action potential, gap junction coupling, and cell contraction.
Moreover, modelling heart damage in cell culture would have
the advantage that one can study individual cells and their
interactions pre and post damage. Furthermore, the cardiac
myocyte network enables functional and structural investigations of individual cells and their interaction. Hence, it should
be possible to analyse how a single heart cell can inﬂuence the
behaviour of neighbouring cells.
In cardiac myocyte networks the cell is attached to the
bottom of the petri dish so that the whole cell is not free to

Fig. 9 (A) Global images of the Fluo-3 ﬂuorescence of a small cluster of eight cardiac myocytes before and after insertion of a few alpha toxin
channels into the centre cell in the cluster. (B) The calcium waves of all eight cells before channel insertion. (C) Disrupted calcium waves of the eight
cells in the cluster after insertion of alpha toxin into the cell 4.
2864
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contract. The calcium dynamics of a small network of cardiac
myocytes were imaged with an ICCD after loading the cells
with Fluo-3, an intracellular calcium indicator as discussed
above. Initially the cells beat synchronously as shown in the
top of the Fig. 9. Then a few alpha toxin channels were inserted
into the single cell by local application via the nanopipette as
shown in the centre of the ﬁgure. The number of channels
inserted was estimated by ﬁrstly performing a patch clamp
measurement for single alpha toxin channel in a cardiac
myocyte membrane and then performing a whole cell recording
under identical application conditions. The distance of the
pipette from the cell surface was controlled at about 100 nm,
using the ion current for feedback, during the application of
the alpha toxin. At the same time the disruption of calcium
dynamics and synchronisation in the network was imaged as
shown at the bottom of Fig. 9 and in the videos in the ESI.
Alpha toxin is a large channel with little ion selectivity54 and
the perturbed cell shows rapid contraction with much higher
levels of intracellular calcium and does not recover to the
baseline level. More interestingly, the adjacent cells in the
cluster show a loss of synchronicity. The calcium arrhythmia
observed is directly related to contraction arrhythmia. One of
the cells shows rapid contraction; this is known as tachycardia
in whole heart. One other cell shows a train of alternating weak
and strong contractions, analogous to ‘‘alternans’’ in whole
heart. Other cells show normal contraction but out of phase
with yet other cells in the cluster. After a few minutes all the
cells show calcium overload and cease to contract. Other
unconnected cells in the petri dish continue to contract regularly conﬁrming the local nature of the perturbation.
The injection of alpha toxin via the nanopipette allows us to
perturb one cell in the cluster in a controlled way resulting in
rapid contraction. Alpha toxin is produced by the bacterium
Staphylococcus aureus, and there is some evidence that infection by this bacteria can lead to heart attacks so this experiment is not without clinical relevance. The synchronisation of
the neighbouring cells is also altered by this perturbation, as
shown by the observed abnormal calcium and contraction
rhythms. It appears that the rapidly contracting cell imposes
its higher rhythm on its neighbouring cells or alters the
synchronisation of the network resulting in the arrhythmia
observed. Intriguingly we have observed altered calcium and
contraction rhythms resembling those observed in whole heart
and this could possibly be exploited as a non-animal model for
cardiac arrhythmia. Furthermore other controlled pharmacological perturbations are possible using the nanopipette and the
recovery of the cluster could be studied in the presence of a
variety of arrhythmic and anti-arrhythmic drugs. In addition
the observation of several features of a heart attack in a few
cells indicates that only a few cells may be the basic unit at
which to understand cardiac arrhythmia. This method may
also be a general way to probe cellular communication in many
cell types.

to locally trigger cell processes, and also to induce changes in
surface-attached single molecules that could then be followed
using ﬂuorescence.
There are parallel developments in other measurement techniques to address the need for nanoscale mapping of living
cells. It is now becoming possible to study processes on the cell
surface at much higher spatial and temporal resolution allowing one to observe processes that were previously undetectable
down to the single molecule level. High speed CCD cameras
and sensitive single molecule ﬂuorescence are methods that are
being actively explored. Advances in SECM with the development of probes based on carbon nanotubes oﬀer high resolution mapping of electrochemically active species that may be
applicable to cell biology in due course.55 The nanopipette with
its capability for high resolution non-contact imaging combined with ﬂuorescence and controlled delivery of reagents is a
powerful tool to assist in unravelling how the cell works at the
molecular level, bridging across the biological and physical
sciences.
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