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Biosensors are molecular sensors that combine a biological
recognition mechanism with a physical transduction technique.
They provide a new class of inexpensive, portable instrument that
permit sophisticated analytical measurements to be undertaken
rapidly at decentralized locations1. However, the adoption of
biosensors for practical applications other than the measurement
of blood glucose is currently limited by the expense, insensitivity
and inflexibility of the available transduction methods. Here we
describe the development of a biosensing technique in which the
conductance of a population of molecular ion channels is
switched by the recognition event. The approach mimics biological sensory functions2,3 and can be used with most types of
receptor, including antibodies and nucleotides. The technique is
very flexible and even in its simplest form it is sensitive to
picomolar concentrations of proteins. The sensor is essentially
an impedance element whose dimensions can readily be reduced
to become an integral component of a microelectronic circuit. It
may be used in a wide range of applications and in complex media,
including blood. These uses might include cell typing, the detection of large proteins, viruses, antibodies, DNA, electrolytes,
drugs, pesticides and other low-molecular-weight compounds.
The active elements of the ion-channel switch comprise a gold
electrode to which is tethered a lipid membrane containing gramicidin ion channels4 linked to antibodies. The molecular structure of
the tethered membrane5–14 results in an ionic reservoir15 being
formed between the gold electrode and the membrane. The ionic
reservoir can be accessed electrically through connection to the gold
electrode. In the presence of an applied potential, ions flow between
the reservoir and the external solution when the channels are
conductive. The ion current is switched off when mobile channels
diffusing within the outer half of the membrane become crosslinked
to antibodies immobilized at the membrane surface. This prevents
them forming dimers with channels immobilized within the inner
half of the membrane. The number of dimers is measured from the

electrical conduction of the membrane. The switch has a high gain; a
single channel facilitates the flux of up to a million ions per second.
A quantitative model of the biosensor has been verified experimentally; see Supplementary Information.
The detection of analytes possessing multiple recognition sites is
performed using the structure shown schematically in Fig. 1a. This
structure is assembled using a combination of sulphur–gold chemistry and physisorption as described in Fig. 1 legend. The membrane
consists of lipids and channels, some immobilized on the gold
surface and some diffusing laterally within the plane of the membrane. The antibodies on the mobile channels scan an area of the
order of 1 mm2 in less than 5 minutes. Thus with a low density of
channels and a high density of immobilized antibodies, each
channel can access up to 103 more capture antibodies than if the
gating mechanism were triggered by a directing binding of analyte
to the channels. The speed and sensitivity of the biosensor response
may be adjusted in direct proportion to the number of binding sites
accessible to each mobile channel. This allows for quantitative
detection of analyte from sub-picomolar to micromolar concentrations in less than 10 minutes.
The immobilized membrane components are shown in Fig. 2a.
These compounds possess common sulphur and reservoir-forming
segments. A fraction of the tethered species are hydrophilic spacer
molecules, provided to increase the volume within the reservoir and
to improve the conductivity of the membrane. Tethered membranespanning lipids are included to improve the stability of the membrane. This is reminiscent of the role played by membrane-spanning
lipids found in archaebacteria16. These bacteria can survive at
temperatures in excess of 100 8C. Tethering a substantial fraction
of the lipid both stabilizes the lamella phase necessary for the
formation of the membrane and inhibits the insertion of further
material following the membrane assembly. Tethered membranes
formed in this manner are stable over many months. A fraction of
the membrane-spanning lipid is coupled to antibodies. This is the
immobilized population of antibodies necessary for the switch
function. The mobile membrane-forming species are shown in
Fig. 2b.
A competitive version of the switch has been assembled and
demonstrated for the detection of small analytes with only a single
epitopic site. This is shown schematically in Fig. 1b.

Figure 2 Components used in the ICS biosensor assembly. a, The immobilized
components of the membrane consist of a mixture of tethered gramicidin,
gAYYSSBn (GT), double-length reservoir half-membrane-spanning phytanyl
lipids, (DLP), and full-membrane-spanning lipids, (MSL). The surface density
of these tethered species is controlled by dilution with a low-molecularweight hydrophilic spacer, mercaptoacetic acid disulphide MAAD or ethylene
disulphide (EDS). A fraction of the tethered membrane spanning lipid, MSLa, is
biotinylated for subsequent coupling to streptavidin and an antibody fragment.
These compounds are based on a common benzyl disulphide attachment
moiety and an ethylene glycol chain. The thickness of the reservoir region is
determined by the length (,4 nm) of the ethylene glycol chain segment. b, The
main mobile component is a 30 : 70 (mole ratio) mix of glycerodiphytanylether
(GDPE) : diphytanyl ether phosphatidylcholine (DPEPC), which is mixed with a
small fraction of mobile ion channels (Ga). For large analyte detection, the channel
species employed is gA5XB. The biotinylation site on gA5XB is used for sub-
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sequent coupling to streptavidin and an antibody fragment. For small analyte
detection, the mobile channel is the hapten-linked gA4Xdig.
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Figure 1 Schematic ion-channel switch (ICS) biosensor. a, Two-site sandwich

of the targeted analyte crosslinks the Fabs on the MSLa and Ga and forms

assay. Immobilized ion channels (GT), synthetic archaebacterial membrane-

complexes that tether the Ga distant from their immobilized inner-layer partners.

spanning lipids (MSL) and half-membrane-spanning tethered lipids (DLP) are

This prevents the formation of channel dimers and lowers the electrical con-

attached to a gold surface via polar linkers and sulphur–gold bonds. Polar spacer

ductivity of the membrane. b, Competitive assay. Here a similar membrane is

molecules, (MAAD), are directly attached to the gold surface using the same

formed except that it contains hapten-linked gramicidin, (Gh). The membrane is

chemistry. Mobile half-membrane-spanning lipids (DPEPC/GDPE) and mobile

rinsed with a streptavidin solution after which an appropriate biotinylated, hapten-

ion channels (Ga) complete the membrane. (Abbreviations are defined in Fig. 2

specific Fab9 is added, forming complexes between the MSLa and the Gh. The Gh

legend.) The mobile ion channels are biotinylated and coupled to biotinylated

is thus tethered distant from its immobilized inner-layer partners, GT, preventing

antibody fragments (Fab9) using streptavidin (SA) intermediates. Some of the

the formation of dimers and lowering the electrical conductance of the mem-

membrane spanning lipids (MSLa) possess biotin-tethered Fab9. In the absence

brane. The sensor is stored in this state until the addition of analyte competes with

of analyte (A), the mobile ion channels diffuse within the outer monolayer of the

the hapten for the Fab9, liberating the channel and resulting in an increase in the

tethered membrane, intermittently forming conducting dimers (GD). The addition

membrane conductance.
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The ion-channel switch (ICS) biosensor requires none of the
washing or reagent additions of the enzyme-linked immunosorbent
assay (ELISA). This is a consequence of the capture and reporter
antibodies being preassembled at the membrane surface. From the
phase relationship between the excitation potential and the current
flow we derive the admittance at minimum phase, Yfmin. For large,
multiply bound analytes the sensor response is determined from the
maximum rate of change of admittance (see Supplementary Information), 2 (dYfmin/dt)max, which can be shown by numerical
simulation to be a linear function of the concentration of analyte
over more than six decades of detectable admittance change. The
maximum slope can typically be attained after only 10% change in
Yfmin and provides ,3–4 decades of dynamic range for each 2
decades of variation of the initial Yfmin.
The response of the ICS biosensor to large analytes may be
demonstrated using thyroid-stimulating hormone, TSH (relative
molecular mass 28,000, Mr 28K). TSH comprises an a and b
subunit to which it is possible to bind complementary Fabs (antigen-binding fragments of an antibody). To switch off the ion

channels through crosslinking, a matched pair of antibodies is
used, each one sensitive to one of the non-overlapping binding
sites on the TSH. The response is shown in Fig. 3. If the membrane
surface is prepared exclusively with biotinylated anti-ferritin Fab9,
anti-a-TSH Fab9 or anti-b-TSH Fab9, the addition of TSH results in
a small or negligible change in admittance. If however, an equal
mixture of biotinylated anti-a-TSH and anti-b-TSH Fab9 is bound,
the addition of TSH elicits a dramatic reduction in membrane
admittance. The dependence of the admittance response on the Fab9
composition is consistent with the proposed mechanism. All of the
six differently targeted, complementary anti-TSH Fab9 fragments
we have tested have functioned successfully in the ICS biosensor.
Digoxin (Mr 781), demonstrates the response of the ICS biosensor
to small analytes. The mobile channels carry a digoxin hapten as
shown in Fig. 2b. In the absence of analyte, the mobile channels
crosslink to the immobilized antibody fragments preventing the
formation of dimers and turning off the membrane conductance.
The introduction of analyte competes with the hapten for the
binding site within the antbody fragment, liberating the channel
Figure 3 Response of ICS biosensor to TSH. a, Assembly procedures. First, a
tethered membrane 0.16 mm2 in area is formed on a freshly evaporated gold
film. The gold film is 100 nm thick and is bonded to a clean glass microscope
slide using a 5-nm layer of chromium. The slide is then immersed in an ethanol
solution of the immobile lipid-layer mixture for 1 h at 20 8C. The mixture comprises
59 mM DLP, 4.4 nM MSL-4XB, 4.4 mM MSLOH, 7.5 nM gAYYSSBn and 35 mM EDS
(see Fig. 2 legend for abbreviations). The slide is then removed and rinsed
thoroughly in ethanol, air-dried, and clamped to a series of teflon cylinders,
each 4 mm internal diameter, 5 mm long, each defining a well volume of 200 ml
above the coated gold surface. A further 5 ml of mobile-layer mixture in ethanol
solution is added, which contains 350 nM gA-5XB and a 14 mM (30 : 70) mix of
GDPE : DPEPC, after which the slide is rinsed with ,500 ml of phosphate buffered
saline (PBS). This induces the spontaneous formation of a bilayer membrane.
Care is taken not to introduce air bubbles or to take the newly formed membrane
surface through an air–water interface. Having rinsed three times with PBS to
eliminate any residual excess membrane lipid, 5 ml of 1.6 mM streptavidin in PBS is
added. Following incubation for 10 min, the supernatant is thoroughly rinsed with
PBS and a further 20 ml of 0.2 mM b-Fab9 is added. This is then incubated for a
further 10 min and thoroughly rinsed with PBS to remove residual material. The
sensor is now stored ready to use. b, Measurement procedure. The admittance is
measured at 10 Hz using an excitation amplitude of 50 mV and an offset potential
of 2 300 mV at the gold electrode relative to the test solution. Traces are shown
using different specificities of biotinylated Fab9: open squares, b-antiferritin; filled
triangles, b-anti-a-TSH; circles, b-anti-b-TSH; and crosses, a 50 : 50 mix of b-anti-aTSH and b-anti-b-TSH. 2 nM of TSH is added at the arrow. The mixed population of
biotinylated anti-a and biotinylated anti-b Fab9 elicited a substantial response
when the TSH was added. However, the other three biotinylated Fab9 populations
only elicited a small or negligible response when used in isolation.

Figure 4 Response to digoxin. A similar membrane is prepared to that described
in Fig. 3 legend. The principal difference is that the concentration of MSLa is
increased tenfold and Ga is replaced by Gh. The total concentration of MSL is
maintained. Following the formation of the membrane, it is incubated with 40 nM
streptavidin for 10 min and rinsed again. The addition of 5 ml of 50 nM biotinylatedantidigoxin (first arrow) results in a decrease in the admittance. The membrane is
then thoroughly rinsed with PBS and stored ready for use. The addition of 3 mM
(5 ml) digoxin (second arrow) causes the admittance to increase (filled squares).
The rate and size of this increase is related to the concentration of digoxin. The
process may be repeated many times following rinsing with PBS solution. A
control is shown in which thyroxine was used in place of digoxin, eliciting no
response (circles).
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and increasing the conductance. An example of the formation of
channel–Fab9 crosslinked species and their liberation upon the
addition of digoxin is shown in Fig. 4. A control is also shown in
which the addition of thyroxine fails to elicit a response. The
absence of biotins on the lipid tether, the absence of the streptavidin
linker or the correctly targeted Fab9 eliminates the response. A
quantitative measure of analyte concentration may be obtained
from either the absolute initial rate of admittance increase, or the
equilibrium fractional admittance change (see Supplementary
Information). These are essentially proportional to each other
over the sensitivity range of the competitive assay. The range may
be adjusted by varying the immobilised Fab9 surface density.
By varying the nature and type of receptor in the ICS biosensor,
we have applied the technique to blood typing, the detection of
bacteria, virus particles, DNA, drugs, antibodies and electrolytes.
Receptors include antibodies, enzymes, DNA, binding proteins and
synthetic ligands. The ion-transport properties of channels and
ionophores other than gramicidin have also been studied17,18. For
example, we have incorporated the Kþ ionophore valinomycin into
a tethered membrane and successfully measured potassium concentration over physiologically relevant concentrations. The biosensor functions in human serum, plasma and whole blood. The
biosensor may be assembled and measured on electrodes of dimensions from square centimetres to square micrometres. As the
membrane area is decreased, the membrane leakage conductance
decreases proportionally, but the conductance per channel remains
constant. This means that with small electrodes (,30 mm diameter)
it becomes possible to resolve the current transients associated with
individual channels. Operation of the biosensor under these conditions of low channel density, coupled with the use of multielectrode arrays of such membranes, promises to increase
M
significantly the sensitivity of the device.
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The discovery and large-scale synthesis of fullerenes have aroused
interdisciplinary interest in these closed-cage molecules1–6. C60
can be photopolymerized into a form in which the cages are
thought to be linked by cyclic C4 units in a [2 þ 2] cycloaddition7,
provoking theoretical studies of the C60 dimer8–15, the smallest
subunit of such a polymer. The C60 dimers C120O (refs 16, 17),
C121H2 (ref. 17) and C120O2 (ref. 18) have been reported, in which
the two C60 molecules are linked by, respectively, a furan group, a
cyclopentane ring and a cyclobutane ring plus two oxygen
bridges; but the simplest dimer, C120 linked by a cyclobutane
ring alone, has not so far been observed. We now report that this
dumb-bell-shaped molecule can be synthesized by a solid-state
mechanochemical reaction of C60 with potassium cyanide. Our
X-ray structural analysis shows that the C4 ring connecting the
cages is square rather than rectangular—the latter is predicted
theoretically8,9,13–15. The dimer dissociates cleanly into two C60
molecules on heating or one-electron reduction, but in the gas
phase during mass-spectrometric measurements it undergoes
successive loss of C2 units, shrinking to even-numbered fullerenes
such as C118 and C116 in a sequence similar to that seen for other
large fullerenes19,20.
Recently, we developed a new method to derivatize C60 in the
solid state by the use of a ‘vibrating mill’21. The key feature of this
method is a high-speed vibration technique, which can activate the
reaction system by bringing the reagents into very close contact at
the preparative scale and by providing extra mechanical energy,
much more effectively than the ball-milling technique22. The reaction of C60 with KCN in the solid state has led to the first preparation
of dumb-bell-shaped C120 (1) instead of formation of C60H(CN)
(2)23 after quenching with trifluoroacetic acid.

A mixture of C60 and 20 molar equivalents of KCN powder was
vigorously vibrated for 30 min under nitrogen according to our
previous procedure21. Analysis by high-performance liquid chromatography of the reaction mixture dissolved in o-dichlorobenzene
(ODCB) on a Cosmosil Buckyprep column with toluene as the
eluent showed only one major product besides unchanged C60.
Separation by flash chromatography on silica gel, eluted with
hexane–toluene and then with toluene–ODCB, gave 70% of recovered
C60 and 18% of C120 (1). Its structure was unequivocally determined
as the [2 þ 2] adduct of C60 based on the evidence shown below.
The product, isolated as a dark brown powder, has very low
solubility in CS2 and toluene, but is reasonably soluble (1–
2 mg ml 2 1) in ODCB. The 13C NMR spectrum (Fig. 1) exhibited
15 signals (including one overlapped signal) in the sp2 region and
one signal at 76.22 p.p.m. in the sp3 region, which are fully consistent
with the assigned structure with D2h symmetry. A comparison of the
present data with the 13C magic-angle spinning (MAS) NMR
spectra of C60 polymers prepared under high pressure24,25 has
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