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(57) ABSTRACT 

High frequency interfacing to biochemical membranes, such 
as supported bilayers and cell membranes, is carried out by 
supporting a biochemical membrane on a support surface 
while allowing access to the surface of the membrane 
through an opening in the support. A sharp tipped probe is 
positioned adjacent to the exposed surface of the membrane. 
The probe may have an inner core tip and a coaxial shield 
around the core tip that is electrically insulated therefrom. 
Radio frequency power is supplied to the probe to apply a 
localized radio frequency field to the membrane adjacent to 
the probe. Transport and binding events at the membrane are 
detected by changes in the field transmitted through the 
membrane and received by a receiving probe, or reflected 
from the membrane and received by the transmitting probe, 
and coupled therefrom to a detector for detection. 

23 Claims, 13 Drawing Sheets 
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METHOD AND APPARATUS FOR HIGH 
FREQUENCY INTERFACING TO 

BIOCHEMICAL MEMBRANES 

2 
inevitably associated with significant noise. Conductance 
measurements are also carried out on planar lipid bilayers, 
also known as black lipid membranes (BLMs). These are 
artificial membranes suspended in a small (e.g., 0.1 mm) 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims the benefit of provisional appli­
cation No. 60/334,378, filed Nov. 30, 2001, the disclosure of 
which is incorporated herein by reference. 

5 aperture in which proteins are situated. The patch clamp 
amplifier apparatus is then used to measure current/voltage 
characteristics of a single protein or several situated in this 
membrane as a function of time, ligand binding, etc. 

10 

REFERENCE TO GOVERNMENT RIGHTS 

This invention was made with United States Government 
support awarded by the following agency: ONR N 000 15 

14-99-1-0717. The United States Government has certain 
rights in this invention. 

FIELD OF THE INVENTION 

SUMMARY OF THE INVENTION 

In accordance with the invention, high-frequency inter­
facing to biochemical membranes, such as cell membranes 
and lipid bilayers, is carried out utilizing a probe that 
provides a highly localized radio frequency field for inter-
action with localized areas of the membrane. Transport and 
binding events in the membrane are detected by the effect on 
the electromagnetic power transmitted through or reflected 

This invention pertains generally to the field of electro­
physiology and to devices and methods for measurement of 
ion transport across biochemical membranes. 

20 by the membrane to allow measurement of such events. 
Such events are believed to change the capacitance and 
conductance across the membrane to change the high fre­
quency reflection or transmission coefficient at or across the 
membrane where the protein is located. The detected radio 

BACKGROUND OF THE INVENTION 

Biological membranes such as cell membranes are intrin­
sically impermeable to ions and polar molecules. Essential 
transport of ions through a membrane is achieved by channel 
or pump proteins. The detailed structure of these proteins 
and their mechanisms in directing ion traffic through pores 
in the membranes are not completely known. Two types of 
channels have been identified, one operated by membrane 
depolarization ( examples: sodium and potassium channels) 
called voltage-gated, and a second operated by receptor 
binding (such as acetylcholine), known as ligand-gated. The 
flow of ions through the pores in the membranes can be 
assessed by electrical conductance measurements. The study 

25 frequency signal has relatively low noise as compared to 
conventional DC current monitoring systems. 

The probe can be positioned adjacent to a membrane, such 
as a cell membrane, without the need for forming a tight seal 

30 
with the membrane, significantly reducing the time and skill 
level required to obtain measurements. In addition, applica­
tion of the localized field provides a rectified component that 
provides a DC voltage bias across the membrane, avoiding 
the need for application of a separate voltage bias across the 

35 
membrane. Membrane transfer events can further be modu­
lated in accordance with the application of the field from the 
probe to control transport or binding events. Application of 
the localized field may also be utilized for trapping and 
positioning of membrane proteins such as porins and ion of single-channel ion flow is important to the basic under­

standing of membrane permeability. It also has practical 
applications in health, chemical sensing, and agriculture in 
that molecules that block membrane traffic, and that may be 
useful as pesticides or as a human deterrent, can be identi­
fied. Single-channel ion flow can be studied on cell mem­
branes directly or by the use of artificial lipid bilayers and 45 

pore forming proteins such as alpha hemolysin (a-HL) and 
peptaibol alamethicin. 

40 
channels via dielectrophoresis. 

Currently, conductance measurements across cell mem­
branes are carried out by the conventional patch-clamp 
amplifier method. In this technique, a cell is drawn against 50 

a glass pipette tip (about 1 µmin diameter) so as to form a 
tight seal. Generally, the seal must be sufficiently tight that 
the current path around the seal has a very high resistance 
(e.g., in the giga-ohm range). The electrical current flowing 
through the membrane that separates solutions in the pipette 55 

and outside is then measured by a conventional electrical 
circuit. This electrical current is influenced by the flow of 
ions through a single channel and by its states (gate closed 
or open). While this method allows monitoring of single 
channels with a time resolution of microseconds, it is labor 60 

and skill intensive and is not suitable for high throughput 
screening. The conventional patch-clamp amplifier operates 
from DC to a frequency of 10-100 KHz, and is limited by 
the greater than 1 giga-ohm input impedance required to 
convert femptoamp channel currents to readable voltages. 65 

Because the technique measures very low levels of current 
flowing across the membrane, the signal being measured is 

Interface apparatus in accordance with the invention 
includes a preferably coaxial probe having an inner conduc­
tive core tip and a coaxial conductive shield electrically 
insulated from the core tip. A radio frequency power supply 
is coupled to the probe to provide a radio frequency drive 
signal thereto, and a support for a biochemical membrane is 
positioned closely adjacent to the probe such that a localized 
microwave field is supplied by the probe. The electromag­
netic field applied by the probe as transmitted through or 
reflected from the membrane is affected by the transport or 
binding events in the membrane within the field from the 
probe. The transmitted field may be detected by a receiving 
probe positioned on the side of the membrane opposite that 
to which the transmitting probe is mounted, with the 
received signal being transmitted to a detector such as a 
spectrum analyzer which detects and records changes in the 
detected signal. Alternatively, the microwave power 
reflected from the membrane and received by the probe may 
be coupled to a detector which similarly determines changes 
in the reflected signal corresponding to transport or binding 
events in the membrane. 

A probe in accordance with the invention may be formed 
as a single probe which is mounted to interface with a 
membrane that is supported on a support substrate and that 
spans an opening in the substrate. Multiple probes may also 
be mounted in an array adjacent to a membrane supported by 
support surfaces under individual fluid holding cells in the 
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array to allow multiple simultaneous measurements to be 
carried out on a variety of analytes. Further, the probe may 
be mounted for scanning movement relative to the mem­
brane, as in a scanning force microscope, to allow investi­
gation of a region of a membrane, such as the cell membrane 5 

of a living cell. 

FIG. 20 is a simplified view of a scanning system for 
supporting a coaxial probe in accordance with the invention 
for relative movement with respect to a supported mem­
brane. 

FIG. 21 is an equivalent circuit model for the high 
frequency interface to the membrane, pore and buffer. 

Further objects, features and advantages of the invention 
will be apparent from the following detailed description 
when taken in conjunction with the accompanying drawings. 

FIG. 22 is a schematic view of a multiple probe array. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

DETAILED DESCRIPTION OF THE 
INVENTION 

In the drawings: 
FIG. 1 is a schematic view of apparatus in accordance 

with the invention for high frequency interfacing with 
biochemical membranes. 

FIG. 2 is a cross-sectional view of a base with contain­
ment chambers in which transmitting and receiving probes 
are mounted in accordance with the invention, taken gen­
erally along the lines 2-2 of FIG. 1. 

FIG. 3 is a perspective view of the base, transmitting and 
receiving probes, and a containment chamber insert in 
position to be mounted within the base. 

FIG. 4 is a view of a coaxial probe that may be utilized 
in the apparatus of FIGS. 1-3. 

FIG. 5 is a perspective view of a fixture for holding 
multiple samples in position to be examined sequentially or 
concurrently utilizing probes in accordance with the inven­
tion. 

FIG. 6 is a cross-sectional view of the fixture of FIG. 5 
taken generally along the lines 6-6 of FIG. 5. 

FIG. 7 is an exploded perspective view of the fixture of 
FIG. 5 showing the parts thereof in position for assembly. 

FIG. 8 is an exploded side view of the fixture of FIG. 5 
showing the arrangement of parts thereof in position for 
assembly. 

FIG. 9 is a perspective view of apparatus in accordance 
with the invention which has multiple fluid holding cells in 
a test fixture for testing multiple samples simultaneously. 

FIG. 10 is a cross-sectional view through the apparatus of 
FIG. 9 taken generally along the lines 10-10 of FIG. 9. 

FIG. 11 is a more detailed view of the coaxial probe tip 
positioned adjacent to a supported membrane that may be 
utilized in the apparatus of FIGS. 9 and 10. 

FIG. 12 is an illustrative view showing a core protein 
formed in a lipid bilayer supported above a probe in accor­
dance with the invention. 

FIG. 13 is a further view of an example of a bilayer 
membrane supported above a probe in accordance with the 
invention. 

FIG. 14 is a schematic view of a scanning coaxial probe 
system that may be utilized to scan a supported membrane 
in accordance with the invention. 

FIG. 15 is a more detailed view showing positioning of a 
scanning coaxial probe adjacent to a supported membrane, 
showing a calcium channel for purposes of illustration. 

FIG. 16 is a schematic view of a scanning probe in 
accordance with the invention shown in position to scan 
over a cell membrane. 

FIG. 17 is a perspective view of a supported scanning 
probe that may be utilized in the scanning systems of FIGS. 
14 and 16. 

FIG. 18 is a side view of a supported scanning probe tip 
of the type shown in FIG. 17. 

FIG. 19 is a more detailed view of the coaxial probe tip 
of the scanning probe structure shown in FIGS. 17 and 18. 

With reference to the drawings, apparatus in accordance 
with the invention for high frequency interfacing with 
biochemical membranes is shown generally at 30 in FIG. 1. 

15 The apparatus 30 includes a base 31 in which are formed 
reagent containment chambers 32 and 33. The containment 
chamber 32 includes a cylindrical shell insert 35 which is 
inserted into an opening in the base 31 and has an inner wall 
36 which forms a support wall for supporting a biochemical 

20 membrane that spans and covers an opening 37 (best shown 
in FIGS. 2 and 3) in the cylindrical walled insert 35. As 
illustrated schematically in FIG. 1, the opening 37 is of a 
size ( e.g., in the range of 200 µm diameter) selected to allow 
support of a bilayer membrane, illustrated at 39, which has 

25 a protein channel 40 therein through which ion transport can 
take place. A radio frequency (RF) probe 42 is inserted 
through the base block 31 to a position wherein the probe tip 
43 is closely adjacent to the opening 37, as illustrated in FIG. 
2. The transmitting probe 42 is connected via a coaxial cable 

30 44, preferably through a DC blocking element 45 as shown 
in FIG. 1, to an RF source 46. The RF power supply 46 is 
preferably capable of providing RF power at selected fre­
quencies, e.g., in the range of tens of MHz to several GHz, 
e.g., 10 GHz or higher. An example is a Hewlett Packard HP 

35 83650A synthesized sweeper. For purposes of measuring the 
RF field transmitted across the membrane 39, a receiving 
probe 47 is mounted in the base 31 extending into the 
chamber 33 with a probe tip 48 positioned closely adjacent 
to the opening 37 in a position across the membrane 39 

40 opposite to the tip 43 of the probe 42. The receiving probe 
47 is coupled by a coaxial cable 49 to a detector 50, e.g., a 
spectrum analyzer such as a Hewlett Packard HP 8565E 
spectrum analyzer. As ions are transported through the 
channel 40 across the membrane 39, the RF power coupled 

45 across the membrane 39 from the probe 42 to the probe 47 
will be affected, providing a signal picked up by the receiv­
ing probe 47 and detected by the detector 50 which will 
allow an indication of the frequency and duration of trans­
port or binding events. The output of the detector 50 may be 

50 coupled by a connecting line 52 to a computer 53 which is 
programmed to record the detected events and statistically 
analyze the accumulated data. In accordance with the 
present invention, the RF field from the transmitting probe 
42 provides a component that is effectively rectified to yield 

55 a DC potential across the membrane 39 which induces ion 
flow without requiring the application of a separate DC 
voltage across the membrane. 

To allow correlation between the data determined in 
accordance with the invention utilizing the apparatus 30, 

60 conventional electrodes 55 and 56 ( e.g., Ag-AgCl elec­
trodes) may be mounted in the containers 32 and 33, 
respectively, and connected via lines 57 and 58 to a head 
stage 60 including a conventional patch-clamp amplifier. 
The output data from the patch-clamp amplifier is provided 

65 on a line 61 to the computer 53 to allow analysis of the data 
obtained from the patch-clamp amplifier, which can be 
correlated with the data obtained from high frequency 
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transmission across the membrane. The head stage 60 may, 
in a conventional manner, apply a DC voltage between the 
electrodes 55 and 56 to provide a potential difference across 
the membrane 39, allowing current flow due to transport 
events across the membrane 39 which will be detected by the 5 

patch-clamp amplifier and submitted as data to the computer 
53. 

6 
circuit model of the interface is shown in FIG. 21, wherein 
the equivalent circuit elements in the membrane recording 
region are shown within the dashed line labeled 70. A 
capacitive increase is found to result in an insertion loss 
decrease. 

The probe 42 may also be utilized in a reflection mode in 
which the probe functions both as a transmitting probe and 
as a receiving probe, with the received RF signal due to 
reflection from the adjacent membrane being coupled out of 

The base block 31 and the insert 35 that provides the 
support for the membrane may be formed of conventional 
bio-compatible material such as Delrin™ acetal plastic. As 
illustrated in FIG. 3, the transmitting probe 42 and receiving 
probe 47 may be formed to be inserted in openings 65 and 

10 the coaxial cable 44 to a detector such as the detector 50 of 

66 in the base block 31, with fluid tight seals being estab­
lished by O-rings 67 and 68 on the probes 42 and 47. The 
removable insert cylinder 35 is conveniently removed from 15 

the base block to allow cleaning and application of a new 
supported bilayer membrane over the interior surface 36 of 
the cylindrical insert 35, covering the opening 37, after 
which the cylindrical walled insert 35 may be inserted back 

FIG. 1. FIGS. 5---8 illustrate the construction of a fixture 80 
that may be utilized for carrying out multiple simultaneous 
or sequential reflection mode procedures on multiple mem­
branes. The fixture 80 includes a base 81 in which are 
mounted a reservoir block 82 and a front clamp block 83. As 
illustrated in FIGS. 7 and 8, the reservoir block 82 and front 
clamp block 83 are formed to engage and hold gasket plates 
85 and, when they are engaged tightly together over the 
gasket plates 85, they fit into a depression 87 formed in the 

in place into the base block 31. 20 base block 81. The gasket plates 85 have window openings 
88 formed therein, and are formed to mount support sub­
strate plates 91 between them to expose the surfaces of the 
support plates 91 at the windows 88. The support plates 91 

As shown in FIG. 4, the transmitting probe 42 may be 
formed with a sharp tip 43 which preferably includes an 
inner conductive core tip and an outer concentric shield 
conductor that is insulated from the core tip. Appropriate 
structures may be formed by, for example, drawing a glass 25 

pipette down to a sharp point (e.g., ,.,1 µm diameter) and 
coating the outer surface of the glass pipette with a con­
ducting metal to form the core tip, with epoxy and then a 
conducting metal being applied thereover to form an outer 
shield conductor electrically insulated from the inner core 30 

tip conductor. If desired, a similar coaxial probe structure 
may be utilized for the receiving probe 47, and other 
receiving probe structures may also be used. 

As an example of the invention using the apparatus 30, 
both chambers 32 and 33 were filled with an electrolyte 35 

consisting of 1 M KC!, 10 mM HEPES, pH 7.3. A solvent­
free planar lipid bilayer of 1,2 diphytanoyl-sn-glycero-phos­
phocholine was painted onto the inner surface 36 of the 
insert 35, covering the opening 37. Alamethicin was added 
to the containment chamber 32 to a final concentration of0.5 40 

µg/ml. A voltage difference of 40 m V was applied across the 
membrane 39 between the chambers 32 and 33 by the 
electrodes 55 and 56. Transmembrane currents were 
recorded with a patch-clamp amplifier (Axopatch 200 B, 
Axon Instruments). Alamethicin channels normally appear 45 

as stochastic "current bursts" with conducting states of 20 to 
60 pA. When a 200-500 MHz, 10 mW signal was applied 
to the transmitting probe 42, a large increase in conduction 
up to 400 pA was observed. This effect was reversible, as the 
channel conductance returned to its normal level when the 50 

RF field is removed. This result demonstrates local, revers­
ible and contactless control over protein conformation in 
membranes. 

are formed as flat thin plates of a non-reactive material ( e.g., 
silicon nitride) which have a small opening formed therein 
(not shown) over which can be formed a bilayer membrane 
as discussed above. The reservoir block 82 has several 
spaced containment reservoirs 92 formed therein which are 
partially covered by the gaskets 85 and the support sub­
strates 91 when the front clamp block 83 and the reservoir 
block 82 are engaged together and inserted into the base 
block 81, as illustrated in the cross-sectional view of FIG. 6, 
forming an enclosed reservoir volume 94 in which a liquid 
95 may be contained so that the liquid 95 is in contact with 
the support substrate 91. The clamp-block 83 has corre­
sponding cutouts 97 formed therein which permit access to 
the support substrates 91 by a coaxial probe such as the 
probe 42 discussed above. The front clamp block 83 also has 
indentations 99 formed therein below the level of the cutouts 
97 which, with the gaskets 85 and the support substrate 91, 
defines an enclosed region which can hold a liquid 100 that 
will be in contact with the side of the support substrate 91 
opposite to the side which is in contact with the liquid 95. 
Thus, transport can take place across a membrane supported 
by the support substrate 91 through the opening (or open­
ings) in the substrate 91 between the liquid 95 on one side 
of the support substrate and the liquid 100 on the other side 
of the support substrate. Such events will be detected by the 
probe 42, operating in the reflection mode. 

The base 81, reservoir block 82 and clamp block 83 may 
be formed of conventional bio-compatible materials, such as 
Delrin™ plastic. The gaskets 85 are conveniently formed of 
various elastic polymers, for example, polydimethylsiloxane 
(PDMS). 

For the screening of multiple analyte samples, it is desir-
able to be able to carry out multiple tests simultaneously. 
The present invention may be embodied in parallel process­
ing arrangements in which an array of test cells are concur­
rently and individually tested and monitored. An example of 

The apparatus 30 was also utilized to modulate alpha­
hemolysin pore current and a-hemolysin/~-cyclodextrin 55 

with the applied RF, in addition to modulation of alamethi­
cin with applied RF, at various frequencies above 200 MHz 
including 800-825 MHz. Simultaneous single-porin record­
ings were made using both the conventional patch-clamp 
amplifier and the apparatus 30 in transmission mode on 
native a-hemolysin (a-HL) with ~-cyclodextrin (~-CD) 
flowing through the pore. The high-frequency recordings of 
the detected RF signal are consistent with a series-capacitor 
equivalent circuit model of the pore/membrane/buffer inter­
face, with the change in capacitance due to the binding of 
~-cyclodextrin (llC=0.1 fF, a significant change) that is 
readily measured with high-frequency instrumentation. A 

60 such a test fixture is shown generally at 105 in FIG. 9. The 
test fixture 105 has multiple fluid holding cells 106 arranged 
in a two-dimensional rectangular array formed in a face 
plate 108. Beneath the face plate 108 is a membrane support 
substrate 109 and a base 110. The probe base 110 has 

65 multiple probes with probe core tips 112 formed therein, one 
of which underlies each of the cells 106, as shown in the 
cross-sectional view of FIG. 10 and in more detail in the 
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probe 141 may be scanned over the surface of the cell 168 
to search for and detect the channels in the cell membrane 
and to monitor channel activity, as well as providing an 
image of the cell. 

An exemplary structure for formation of the probe is 
shown in FIGS. 17 and 18, in which the cantilever 142 is 
formed by micromachining of a base 170 of, e.g., silicon, 
with the conductors 148 and 150 formed as conducting 
metal plated onto the cantilever beam section 142 (as 

view of FIG. 11. As illustrated in FIG. 11, the core tips 112 
may be formed by micromachining techniques of a conduct­
ing material, such as doped silicon, that is deposited on a 
conducting layer or strip 114 and covered with an insulating 
layer, e.g., silicon dioxide, or a spacer layer. Ionic solution 5 

is provided to the supported membrane in a region 115 
around the core tip 112, as illustrated in FIG. 12. The outer 
shield conductor of the coaxial tip may be formed as a layer 
117 on the inner surface of an opening 118 formed in the 
support substrate 109 ( e.g., glass or other insulating mate­
rial). The opening 118 may taper down to a small aperture 
120, with a bilayer membrane 121 extending over the 
aperture 120 and over a support surface 124 ( e.g., a gold 
coated surface for support of the bilayer membrane 121). 
FIG. 12 illustrates an engineered core protein 125 formed in 
the lipid bilayer 121, above the probe tip 112, and supported 
on a hydrophilic support layer 126 and an adhesion mono­
layer 127. An analyte pathway 129 extends through the pore 
protein 125 and through the hydrophlic support layer 126. 

10 illustrated in FIG. 17). As illustrated in FIG. 19, the coaxial 
tip may be formed of a center pyramidal silicon core 
structure 146, a surrounding insulating layer 172 of silicon 
dioxide, and an outer coaxial conductor 147 of a conducting 
metal such as aluminum. Micromachining techniques for 

15 forming coaxial tips of this type are known to those of 
ordinary skill in the art. Suitable cantilever beam supported 
coaxial probe tips are described in U.S. Pat. No. 5,936,237 
to van der Weide, the disclosure of which is incorporated 
herein by reference. 

The multiple probes in the array may be incorporated into 20 

feedback loops with individual oscillators, or the probes in 
the array may be supplied from a single oscillator power 
source through a multiplexer switch. 

Multiple probes of the type described above may be 
mounted to provide multiple readings on a supported mem­
brane. FIG. 22 illustrates multiple probes 141 mounted 
beneath a supported membrane 172 ( e.g., a-hemolysin), 
with the probes 141 coupled to the power supply 154 and A further example of such an array structure is shown in 

FIG. 13, in which the core tip 112, covered by an insulating 
layer such as silicon dioxide, is mounted in an opening 130 
in a support substrate 131 such as n-type silicon or quartz, 
with an insulating film 133 ( e.g., Si3 N4 ) formed on the 
surface of the support substrate 131. A membrane 135, such 
as a cell membrane, spans the narrow aperture 136 at the top 
of the opening 130, with the terminus of the probe tip 112 
mounted closely adjacent to the cell membrane 135. 

The present invention may also be incorporated in a 
scanning probe which is displaced relative to a membrane. 
A scanning probe apparatus in accordance with the present 
invention is shown generally at 140 in FIG. 14. The appa­
ratus 140 includes a coaxial probe 141 at the end of a 
cantilever beam 142 positioned over a membrane 143 sup­
ported on a support substrate 145. The probe 141 includes an 
inner core tip 146 and an outer coaxial conducting shield 
147. The outer coaxial shield 147 may be connected by a 
conductor 148 to ground, and the inner core tip 146 may be 
connected by a line 150 to a directional coupler 152. The 
directional coupler 152 receives power from a power supply 
154 through a coupling resistance 155 and an inductance to 
ground 156, and directs the power on the conducting line 
150 to the core tip 141 which provides a localized electro­
magnetic field to the adjacent supported bilayer membrane 
143. The reflected RF signal received by the probe is passed 
back to the directional coupler 152 which directs it on a 
conducting line 160 to an amplifier 161 and a detector 162. 
An occupied versus an open ion channel will be manifested 
as a change in the capacitance as coupled to the probe tip 
146, which changes the frequency of the RF signal passed 
back by the directional coupler 152 to the detector 161. Such 
changes in frequency can be easily and accurately detected, 
providing a highly sensitive and relatively noise immune 
process to locate ion channels in the membrane 143 and to 
detect ion channel transport events. The positioning of the 
coaxial probe 141 adjacent to a calcium channel in the 
bilayer 143, is illustrated in FIG. 15. As shown therein, the 
conductors 148 for the outer shield conductor 147 and the 
conductor 150 for the inner core tip 146 may be electrically 
insulated from one another on the beam 142 by an insulating 
layer 164. 

As illustrated in FIG. 16, the biochemical membrane may 
be the outer cell membrane 167 of a biological cell 168. The 

25 detector 162 via a multiplexer 173. Alternatively, each probe 
141 could have its own oscillator power supply. Analyte 
flow may be provided by diffusion or pumping. 

The cantilever mounted coaxial probe 141 may be 
mounted for scanning movement over a sample utilizing, for 

30 example, conventional scanning force microscope mounting 
structures, an example of which is illustrated in FIG. 20. In 
this case, the probe comprising the mount base 170, canti­
lever beam 142 and probe tip 141 are mounted at an end 175 
of a cantilever beam holder 176. The sample 180 to be 

35 probed is mounted on piezoscanner bed 181 which is 
capable of displacement in two dimensions. A laser beam 
183 is directed to reflect off an end face 184 of the cantilever 
to form a reflected beam 185 that is deflected by a mirror 186 
to a photodetector 187. The detector 187 provides a feed-

40 back signal on a line 188 for force and on a line 189 for 
height to a processor 190 which processes the information to 
provide a scanning signal indicating the height and position 
of the cantilever mounted probe. In the present invention, 
the probe may be mounted for constant height and the 

45 sample 180 be moved relative to the cantilever, or the 
cantilever supported probe moved relative to the sample, in 
a two-dimensional pattern (e.g., a conventional raster pat­
tern) to scan over the surface of the supported membrane and 
locate transport channels in the membrane. The probe can, 

50 if desired, be positioned over a channel to allow monitoring 
of the particular channel. As indicated above, the probe may 
also be used in the configuration of FIG. 16 as a scanning 
force microscope probe to scan over the surface of an 
irregularly shaped object, such as a cell, to provide a 

55 scanning force microscope image of the cell and to locate 
transport channels in the cell membrane. 

It is understood that the invention is not confined to the 
particular embodiments set forth herein as illustrative, but 
embraces all such forms thereof as come within the scope of 

60 the following claims. 

65 

What is claimed is: 
1. Apparatus for high frequency interfacing to biochemi­

cal membranes comprising: 
(a) a coaxial probe having an inner conductive core tip 

and a coaxial conductive shield electrically insulated 
from the core tip; 
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(b) a radio frequency power supply coupled to the coaxial 
probe to provide a radio frequency drive signal thereto; 
and 

( c) a support for a biochemical membrane positioned 
closely adjacent to the coaxial probe such that a local- 5 

ized microwave field is applied by the coaxial probe 
when supplied with radio frequency power from the 
power supply, the support having a flat support surface 
with an opening therein. 

2. The apparatus of claim 1 further including a microwave 10 

detector coupled to the coaxial probe to receive a microwave 
signal reflected from the supported biochemical membrane. 

3. The apparatus of claim 1 further including a receiving 
coaxial probe, having a core tip and a coaxial shield elec­
trically insulated therefrom, forming a receiving probe for 15 

receiving microwaves, positioned closely adjacent to the 
biochemical membrane on the opposite side of the mem­
brane from the coaxial probe to receive microwave power 
passed through the biological membrane, and a detector 
coupled to the receiving probe to detect the microwave 20 

signal received by the receiving probe. 

10 
(a) a coaxial probe having an inner conductive core tip 

and a coaxial conductive shield electrically insulated 
from the core tip; 

(b) a radio frequency power supply coupled to the coaxial 
probe to provide a radio frequency drive signal thereto; 
and 

( c) a support for a biochemical membrane positioned 
closely adjacent to the coaxial probe such that a local­
ized microwave field is applied by the coaxial probe 
when supplied with radio frequency power from the 
power supply; 

wherein there are multiple coaxial probes supported on a 
substrate and arranged in a two-dimensional array. 

11. The apparatus of claim 10 including multiple fluid 
holding cells, with one of the coaxial probes underlying each 
of the cells. 

12. The apparatus of claim 10 wherein the core tips of the 
coaxial probes are micromachined of silicon. 

13. The apparatus of claim 10 wherein the coaxial probes 
are formed with the core tips of the coaxial probes electri­
cally conductive and mounted in an array on a substrate, and 
including a support plate spaced from the substrate with 
openings therein adjacent to and with walls thereof closely 
spaced to the core tips, the walls of the openings in the 

4. The apparatus of claim 1 wherein the coaxial probe is 
connected to a resonant circuit and a feedback oscillator 
such that the frequency of the circuit changes with changes 
in the resonant frequency of the coaxial probe as capaci­
tively coupled to the adjacent biochemical membrane. 

25 support plate having a conductive material to form coaxial 
shields adjacent to the core tips. 

5. The apparatus of claim 1 further comprising the bio­
chemical membrane, wherein the biochemical membrane is 
a lipid bilayer. 

30 
6. The apparatus of claim 1 wherein the power supply 

provides output power in the range of at least 200 MHz. 
7. Apparatus for high frequency interfacing to biochemi-

cal membranes comprising: 
(a) a coaxial probe having an inner conductive core tip 35 

and a coaxial conductive shield electrically insulated 
from the core tip, wherein the core tip of the coaxial 
probe has a tip end diameter of 10 µm or less; 

(b) a radio frequency power supply coupled to the coaxial 
probe to provide a radio frequency drive signal thereto; 40 

and 
( c) a support for a biochemical membrane positioned 

closely adjacent to the coaxial probe such that a local­
ized microwave field is applied by the coaxial probe 
when supplied with radio frequency power from the 45 

power supply. 
8. The apparatus of claim 1 wherein the power supply is 

coupled to the coaxial probe by a coaxial transmission line. 
9. Apparatus for high frequency interfacing to biochemi­

cal membranes comprising: 
(a) a coaxial probe having an inner conductive core tip 

and a coaxial conductive shield electrically insulated 
from the core tip; 

50 

(b) a radio frequency power supply coupled to the coaxial 
55 

probe to provide a radio frequency drive signal thereto; 
( c) a support for a biochemical membrane positioned 

closely adjacent to the coaxial probe such that a local­
ized microwave field is applied by the coaxial probe 
when supplied with radio frequency power from the 60 
power supply; and 

( d) a scanning force microscope mounting system to 
which the coaxial probe is mounted for displacement 
by the scanning force microscope mounting system 
relative to a supported membrane in two dimensions. 65 

10. Apparatus for high frequency interfacing to biochemi­
cal membranes comprising: 

14. Apparatus for high frequency interfacing to biochemi­
cal membranes comprising: 

(a) a coaxial probe having an inner conductive core tip 
and a coaxial conductive shield electrically insulated 
from the core tip; 

(b) a radio frequency power supply coupled to the coaxial 
probe to provide a radio frequency drive signal thereto; 

( c) a support for a biochemical membrane positioned 
closely adjacent to the coaxial probe such that a local­
ized microwave field is applied by the coaxial probe 
when supplied with radio frequency power from the 
power supply; and 

( d) chambers for containing fluid on each of two sides of 
the support for the biochemical membrane, and includ­
ing electrodes inserted into the compartments to make 
contact with the fluid therein and connected to a power 
supply to provide an electrical potential between the 
electrodes across the membrane, and including a detec-
tor connected to the electrodes for detecting current 
flow between the electrodes. 

15. A method for high frequency interfacing to biochemi­
cal membranes comprising: 

(a) supporting a biochemical membrane having an 
exposed surface on a support, wherein the support 
includes a flat support surface with an opening therein, 
and further wherein the membrane spans the opening; 

(b) positioning a coaxial probe adjacent to the membrane 
spanning the opening, the coaxial probe having an 
inner core tip and a coaxial shield around the core tip 
that is electrically insulated therefrom; and 

(c) supplying radio frequency power to the coaxial probe 
to apply a radio frequency field to the membrane 
adjacent to the coaxial probe. 

16. The method of claim 15 further including detecting 
changes in the capacitive coupling of the radio frequency 
power provided to the membrane from the coaxial probe to 
detect fluctuations due to transport events across the bio­
chemical membrane. 

17. The method of claim 15 wherein the electromagnetic 
radiation reflected from the membrane received by the 
coaxial probe tip is detected. 
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18. The method of claim 15 further including positioning 
a receiving coaxial probe adjacent to and on the side of the 
membrane opposite to the coaxial probe and receiving 
electromagnetic power transmitted across the membrane to 
provide a signal and detecting the signal to determine 5 

fluctuations in the electromagnetic field transmitted across 
the membrane. 

12 
21. The method of claim 15 wherein in the step of 

supporting a biochemical membrane, the membrane is a cell 
membrane of a biological cell. 

22. The method of claim 15 including coupling the 
electromagnetic power reflected from the membrane 
received by the coaxial probe to a resonant circuit with a 
feedback oscillator such that the frequency of oscillation 

19. The method of claim 15 wherein the biochemical 
membrane comprises a lipid bilayer. 

20. The method of claim 15 further including scanning the 
coaxial probe with respect to the exposed surface of the 
membrane in a selected pattern. 

varies with changes in the charge across the membrane. 
23. The method of claim 15 including rectifying a com-

10 ponent of the radio frequency field applied to the membrane 
to apply a DC potential across the membrane. 

* * * * * 
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