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MICROFABRICATED RECESSED DISK
MICROELECTRODES:
CHARACTERIZATION IN STATIC AND
CONVECTIVE SOLUTIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 09/946,259, abandoned, filed on Sep. 4,
2001, which is a continuation-in-part of U.S. patent appli-
cation Ser. No. 09/775,937, abandoned, filed Feb. 2, 2001,
which is a continuation-in-part of U.S. patent application
Ser. No. 09/255,950, abandoned, filed Feb. 23, 1999, which
claims priority to U.S. provisional application Ser. No.
60/075,955, filed Feb. 23, 1998. This application claims
priority to U.S. provisional application Ser. No. 60/055,527,
filed Aug. 8, 1997. This application is also a continuation-
in-part to U.S. patent application Ser. No. 09/071,356,
abandoned, filed Apr. 30, 1998, which claims priority to U.S.
provisional application Ser. No. 60/042,100, filed Apr. 30,
1997. Each of these applications are hereby incorporated by
reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

REFERENCE TO A SEQUENCE LISTING, A
TABLE OR A COMPUTER PROGRAM LISTING
COMPACT DISC

Not applicable.

BACKGROUND OF THE INVENTION

1. Field of the Invention.

The present invention relates to microfabricated recessed
disk microelectrodes. More specifically, this invention
relates to microcavities containing microelectrodes and
being separated from surrounding media by a lipid bilayer
that is anchored to the rim of the microcavity. The invention
also relates to microcavities having a hole in the bottom in
order to relieve osmotic pressure. The invention also relates
to arrays of such microcavities.

2. Prior Art

Microelectrode based electrochemical analysis systems
are advantageous over systems containing macroelectrodes.
First, microelectrodes can be made very small, for example
bands with widths 32 nm and single microdisks with diam-
eters of 2 nm. Second, the current density for microelec-
trodes is greater than that at macroelectrodes due to radial
diffusion. This results in a measurable steady state current at
electrodes of the dimensions described above. Finally,
uncompensated resistance does not induce large potential
drops due to the small currents drawn by micro electrodes.

Microelectrodes have been used for analysis in small
volumes. Two general approaches have been used for the
analysis, differentiated by the construction of the system.
The first type of system uses single electrodes placed in
solution. The second type of system uses microfabrication
techniques to pattern the electrodes. The smallest volumes,
0.6 nl, using this technique have been demonstrated.

Microelectrodes have been used for analysis in convective
systems. One example of this is the use of microelectrodes
as detectors in liquid chromatography and capillary electro-
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phoresis. The baseline noise, which also helps determine the
limit of detection is dependent upon the flow rate (i.e.
convection). A number of different geometries have been
reported, with the band and disks being among the most
common.

Microelectrodes, in general, have been studied exten-
sively and reviews have been published. Microelectrodes
have been used in complex media such as blood and urine.
They have also been used to provide spatially-resolved
information from surfaces and cell membranes. A host of
biosensor applications has been reported.

The most commonly studied microelectrode geometry is
the disk because it is relatively simple to construct and can
attain true steady state current. Both planar (PDM) and
recessed disk (RDM) microelectrodes have been studied. A
recessed microdisk resides at the bottom of a cavity whose
walls are made of insulator material. Although the current
measured at RDMs is typically less than that at PDMs of
equal radius, it can be independent of convection outside of
the cavity, depending upon the cavity’s dimensions and the
strength of the convective forces. Two components give an
RDM its unique properties: the size of the electrode and its
position, which is set back from the main plane of the
insulating layer of the substrate.

Recessed microdisk electrodes were originally con-
structed from in-plane microdisk electrodes. Either chemical
or electrochemical etching has been used to etch the elec-
trodes away from the surface plane of the insulator. The
depth of the cavity and surface roughness of these electrodes
are difficult to control. The early applications included
chemical measurements in convective systems.

The incorporation of membrane proteins and enzymes
into modifying layers on surfaces is of interest for model
systems of biomembranes and for the development of
chemical sensors. Membrane protein structure and function
are highly dependent on the surrounding environment, and
thus, it is essential to design materials on surfaces that
provide the necessary characteristics to host such proteins.
Langmuir-Blodgett (LB) techniques have been used to
assemble phospholipids onto surfaces to provide biomem-
brane-like environments. These assemblies have been char-
acterized by AC impedance measurements, X-ray photoelec-
tron spectroscopy (XPS), and atomic force microscopy.
Another more recent method that has the advantage over LB
methods of ease of formation involves vesicle fusion to
surfaces to form hybrid bilayers. In this method, the chem-
istry of the strong interaction of sulfur with gold is used to
form self-assembled monolayers (SAMs) to produce a first
layer. This layer provides the driving force for deposition of
a second layer of phospholipids by hydrophobic coupling of
phospholipid vesicles to the SAM layer. The first layer is
chemisorbed rather than physisorbed and highly ordered,
which provides a more ordered foundation for additional
multilayer construction. Also in forming the second layer, a
water rinse, rather than an organic solvent rinse, flushes
away unbound vesicles and lipids without removing bio-
molecules incorporated within the surface-confined layers.

An area of great importance is the incorporation of
biological molecules onto electrodes to aid in electrochemi-
cal detection of analytes. An important aspect is the chem-
istry behind modifying the electrode without destroying the
activity of the biological molecule, many chemical methods
have been developed to modify electrode surfaces. Immo-
bilizing methods for biological molecules such as enzymes
include covalent bonding, adsorption, monolayer deposi-
tion, entrapment, and microencapsulation. Currently, SAMs
are being studied as immobilization tools because of the ease
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with which they create highly ordered organic films. A
recent example is use of SAMs of alcohol-terminaled
alkanethiols and glucose oxidase on gold electrodes to
prepare a glucose sensor.

Providing the necessary hydrophobic and hydrophilic
properties on the electrode surface is a challenging problem.
The native environment for many proteins and enzymes is
the cellular biomembrane. Several methods are being devel-
oped to artificially recreate that environment on electrode
surfaces. Surface-confined lipid membranes on electrodes
have been formed with Langmuir-Blodgett (LB) techniques
and by combining SAMs with phospholipid vesicles. Con-
trolling access to the underlying surface has been demon-
strated using gate sites through a monomolecular LB film.

Bilayer formation using SAMs and phospholipid vesicles
has been studied by electrochemistry and surface plasmon
resonance properties of hybrid bilayers by cyclic voltam-
metry using Fe(CN)4>~ as the redox species in an electrolyte
solution of 1 M KCl and determined that the presence of the
hybrid bilayer reduces the rate of eclectron transfer by
approximately two orders of magnitude from that of the bare
electrode. Plant has also compared capacitance values
obtained by impedance measurements of SAMs of
alkanethiols to those of hybrid bilayers of octadecanethiol
(C,sSH) and 1-palmitoyl-2-oleoylphosphhatidylcholine
(POPC) and reports that hybrid bilayers are sufficiently
flexible to accommodate a molecule such as a pore forming
mellitin. A glucose sensor that is based on a similar bilayer-
self assembling technique has also been reported. This
method involves using tetracyanoquinodimethane (TCNQ)
that resides within a dodecanethiolphosphatidylcholine and
phosphatidylethanolamine bilayer, and serves as a mediator
between the underlying electrode and overlying, cross-
linked glucose oxidase. However, the bilayer thickness,
estimated from impedance measurements, was smaller than
typical values reported in the literature, and the TCNQ
diffused out of the bilayer during electrochemical measure-
ments.

Membrane assembly methods have been used in conjunc-
tion with enzyme reconstitution procedures to modify the
electrode surface and study the electron-transfer reaction of
immobilized bovine cytochrome ¢ oxidase. Cyclic voltam-
metry and potential step chronoabsorptometry were used to
show the direct electron transfer between the gold substrates
and the cytochrome ¢ oxidase incorporated in a dode-
canethiol and 1-palmitoyl-2-oleoylphosphhatidylethanola-
mine (POPE) and POPC layers. In addition, the immobilized
enzyme was shown to both reduce and oxidize the cyto-
chrome c in solution. Others have used vesicles formed from
molecules with head groups having a net positive or nega-
tive charge such as dimethyldioctadecylammoniumbromide
(DODAB) and dimyristoyl phosphatidylglycerol (DMPG),
respectively. Lipid bilayers and trilayers on solid supports
can be formed by fusing these charged vesicles to a charged
monolayer such as carboxylate mercaptans directly or via a
cation linkage. These layers have been analyzed by imped-
ance and surface plasmon resonance to determine the mean
thickness of the membranes. Impedance analysis combined
with spectroscopy has provided discrimination in identify-
ing between specific and non-specific adsorption of strepta-
vidin and biotinated-lipids.

Techniques to create supported bilayers using vesicles
that form a top fluid layer of phospholipids onto a fixed
SAM have also been demonstrated. Permeation of ions
through these bilayers was studied upon incorporating the
pore-forming peptide mellitin. A glucose sensor that is based
on a similar bilayer-self assembling technique has also been
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reported. The assembly involved tetracyanoquinodimethane
which resides within an alkanethiol/phospholipid bilayer,
and serves as a mediator between the underlying electrode
and overlying, cross-linked glucose oxidase.

Because of its simple composition and characteristic
function dependence on structure, Gramicidin A is used as a
convenient probe to evaluate modifying layers on elec-
trodes. This small ion channel-forming peptide is one of the
best characterized and most extensively studied membrane
polypeptides. It is an antibiotic that is isolated from Bacillus
brevis and is active against Gram-positive bacteria. It con-
sists of an alternating L, D pentadecapeptide with the
primary sequence of HCO-L-Val-Gly-L-Ala-D-Leu-L-Ala-
D-Val-L-Val-D-Val-(L-Trp-D-Trp);-L-Trp-NHCH,CH,OH.
The 3-dimensional conformation of gA is complex and
dependent upon its environment. In biological or model
membrane systems, gA adopts an ion channel conformation
which allows the passage of water and small, monovalent
cations. The channel is in the form of two [-helical mono-
mers that dimerize end to end with the formyl-NH ends
associated in the center of a lipid bilayer. The length of the
dimer is approximately 26 A. The peptide backbone forms
a hydrophilic pore that has a diameter of about 4 A.
Gramicidin A has been characterized in only a few elec-
trode-modified systems. Evidence has been presented of the
selectivity of gA toward metal mono cations on electrode
surfaces. Gramicidin was incorporated into dioleoyl phos-
phatidylcholine and bovine brain phosphatidylserine mono-
layers using [.B techniques on mercury drop electrodes. By
cyclic voltammetry, selective permeability to TI* over Cd**
for layers containing gA is consistent with the gA being in
the ion channel conformation. This system is not easily
conducive to further evaluations by spectroscopy due to the
nature of mercury. Different preparation techniques for
supported lipid layers have been evaluated by impedance
analysis. Gramicidin has been incorporated into one type of
film, a SAM of 3-mercaptopriopionic acid, covered with a
bilayer of DODAB, formed from fusion of DODAB
vesicles, to create trilayer films. Again, spectroscopic char-
acterization was not performed. However, electrochemical
behavior was observed in the presence of Cs* and Sr** that
might be interpreted as gramicidin channels controlling ion
permeation through the film.

It is therefore desirable to produce both tubular nanoband
and recessed disk microelectrodes within a microcavity
capable of detecting electrical currents undistorted by con-
vection of a solution.

It is also desirable to produce microcavities having micro-
electrodes and a lipid bilayer extending across the top of the
microcavity.

It is also desirable to produce microcavities having micro-
electrodes, a lipid bilayer, and a hole in the bottom to reduce
osmotic effects.

It is also desirable to produce arrays of microcavities.

It is also desirable to develop an accurate, efficient and
reproducible method for creating microcavities or arrays
thereof having microelectrodes, lipid bilayers and holes to
reduce osmotic effects.

BRIEF SUMMARY OF THE INVENTION

Construction and characterization of microfabricated
recessed disk microelectrodes (RDMs) of 14 and 55 pm
diameter are reported. For evaluation of electrode function,
both faradaic current in Ru(NH,),>* solution and charging
current in KNO; solution were measured with cyclic volta-
mmetry. The experimental maximum current was measured
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and compared to values calculated, assuming radial and
linear diffusion. At slow scan rates (0.1 Vs™1), where radial
diffusion dominates, the steady state measured with 55 um
RDM is 53.5+0.48 nA and the 14 um RDM is 5.39+0.96 nA.
The calculated current based on recessed disk theory for
these diameters of electrodes is 34.9 and 6.10 nA respec-
tively. The calculated current based upon planar recessed
disk microelectrode theory is 41.4 and 10.5 nA respectively.
At fast scan rates (204 Vs~!), where linear diffusion domi-
nates, the current measured with the 55 um RDM is
784.6+42.0 nA and the 14 um RDM is 35.4+9.5 nA. The
predicted current, based on linear diffusion, is 1274 nA and
82.6 nA, respectively. The large deviations at fast scan rates
are due to uncompensated resistance. The dependence of
capacitance on scan rate of the RDMs was found to be
similar to that of a macroelectrode, indicating good adhesion
between the insulator and the electrode. Also, the application
of the RDMs to convective systems is discussed. Chrono-
amperometry of Ru(NH;)s>* in KNO, in both static and
stirred solutions was performed using the RDMs and the
current is compared to those from a planar disk microelec-
trode (PDM). The signal-to-noise ratio of the RDM com-
pared to the PDM is on average four times greater for both
of the stirred solutions.

The work reported here makes several new contributions
to the current literature on microfabricated RDMs. First, the
microfabricated RDMs are smaller (14 and 55 um diam-
eters) than those reported by others (~1 mm), with greater
depth-to diameter ratios (0.29 and 0.07, compared to 0.015
and 0.04), which should improve performance in convective
systems. Scanning electron microscopy was used to evaluate
the general shape and quality of the cavities. Second, we
present a detailed evaluation of the elctrochemical responses
of the mircofabricated RDMs and compare them to theory.
Although characterization has been performed previously on
RDMs that were not microfabricated, conclusions based on
those studies may not be valid for microfabricated RDMs. A
different behavior may result because of the difference in
materials used and extensive processing involved. The elec-
trochemical response in Ru(NH,),>* is compared to theory
for linear and radial diffusion. Capacitance was determined
from cyclic voltammetry in 0.5 M KNO; and is compared to
that for a macroelectrode. This latter comparison elucidates
the quality of the seal between the insulator and the elec-
trode. Third, evidence from chronoamperametry in stirred
Ru(NH,),>* solution shows the advantages of microfabri-
cated RDMs vs. PDMs in convective systems.

The characterization and application of a cavity electrode
system (CES) containing individually-addressable recessed
microdisk and tubular nanoband electrodes is discussed.
Two diameters of CES, 13 and 53 pm, are described. The
depth of each cavity is 8 um. Each of the electrodes is
characterized in Ru(NH,)4>* and KNO; solution at 0.1 Vs™'.
The experimental current measured at the electrodes in the
53 um CES were within error of models for radial diffusion
to the respective geometry. The experimental current for
both electrodes in the 13 mm CES deviated from the models.
The band electrode exceeded the model (6.31+0.28 nA
compared to 3.98 nA). The disk electrode was less than the
model predicted (2.13£0.46 nA compared to 3.81 nA). The
formation and stability of a Ag/Agl pseudo reference elec-
trode on the band electrode is shown. The E® for Ru(NH;)
& *"** measured with the Ag/Ag] electrode is —0.053+0.016
V. The reference electrode was found to be stable over
multiple experiments without supporting electrolyte. The
complete electrochemical cell (working electrode, reference
and auxiliary electrode) was used for analysis in small
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volumes (1 and 10 pL) of hydroquinone and Ru(NH,)4>*.
Finally, the CES was used in stirred solutions. The signal-
to-noise ratio (SNR) from 13 um CES showed no depen-
dence upon stir rate up to 150 rotations per minute (rpm).
The SNR from the 55 pm CES showed only a small change
with stir rates up to 150 rpm.

Hybrid bilayers were constructed by fusion of vesicles of
dimyristoylphosphatidyl choline (DMPC), which forms the
top layer, with ethanol-rinsed SAMs of hexadecanethiol on
gold, which form the bottom layer. Gramicidin A was
included in the moditying solutions to incorporate it into
hybrid bilayers. Results from Polarization-modulation Fou-
rier-transform infrared reflection-absorption spectroscopy
(pM-FTIRRAS) and X-rayphotoelectron spectroscopy
(XPS) on such hybrid bilayers are reported for the first time.
A comparison is made between those results and ellipso-
metric and electrochemical measurements in KNO; and
Mg(NO,), solutions. Capacitance determinations by cyclic
voltammetry (at 0.0 and 0.4 V VS. Ag/AgCl) and AC
impedance (at 0.0 V vs. Ag/AgCl) are discussed. PM-
FTIRRAS and ellipsometry reproducibly demonstrate that
bilayers are indeed formed. XPS analysis of the bilayers
showed evidence of the presence of DMPC and gA,
although results were not very reproducible, presumably due
to sample damage during analysis. The capacitance in KNO,
solution for the gA-containing bilayer is higher than that for
bilayers without gA. The opposite trend occurs for solutions
of Mg(NO,),. PM-FTIRRAS and XPS of the SAM layers
alone, assembled in the presence of gA do not show evi-
dence of the presence of gA. However, those SAMs exhibit
higher relative capacitance in KNO;, but a lower relative
capacitance in Mg(NO;), than SAMs assembled in the
absence of gA.

Gramicidin A was assembled into organic films on elec-
trodes to create and study possible materials for electro-
chemical sensing One assembly method involves self-as-
sembled “monolayers” (SAMs) from hexadecanethiol
(C,SH)+gA mixtures followed by different solvent rinses.
Ethanol rinses yield monolayers, but appear to remove gA.
Water rinses form multiple layers of C,,SH and gA. A
second assembly method reproducibly forms bilayers by
disruption or gA-containing vesicles or dimyristoyl phos-
phatidylcholine (DMPC) onto ethanol-rinsed SAMs of
C,SH+gA followed by a water rinse. Ellipsometry verified
the number or layers or molecules in the films on the
surfaces. Permeation or Fe(CN),> is essentially negligible
at all films. Electrochemical responses to K* and Mg** at
bilayers and to Ag* and Pb®~ at water-rinsed SAMs is
consistent with the selectivity of the channel former of gA.
The mere presence of gA might also cause this selectivity.
Exact conformation of gA in these films has not yet been
determined.

Two ways are demonstrated to assemble membrane pro-
teins onto electrode surfaces for the purposes of developing
chemical sensors and studying protein-membrane interac-
tions. Gramicidin A is incorporated into these assemblies.
The gA serves as a probe of the surrounding molecular
environment and allows selective permeation of monovalent
cations and blocks multivalent cations and anions. One
means of assembly is the simultaneous self assembly of gA
with hexadecanethiol to form mono- or multilayers onto a
gold electrode surface. The spontaneous adsorption of orga-
nothiols onto gold to form SAMs has become popular due to
its simplicity, versatility, reproducibility and many possible
applications. The second assembly structure is a supported
hybrid bilayer that is formed from a combination of SAMs
of hexadecanethiol with gA and vesicles of phospholipids
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containing gA. Studies on these molecular assemblies
involved ellipsometry, capacitance measurements, and per-
meation of redox molecules.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWING

FIG. 1 shows a diagram of a cross-section view (not to
scale) of a single cavity.

FIG. 2 shows a fabrication schematic, cross-section view.

FIG. 3 shows scanning electron micrographs of (a) 55 um
and (b) 14 recessed disk microelectrodes that are 4 um deep
the 14 um RDM micrograph shows some irregularities along
the walls of the opening.

FIG. 4 shows top down and side view schematics of the
cavity microelectrode system.

FIG. 5 shows scanning electron micrograph (SEM) of the
cavity microelectrode system. This top down view shows
only layer 5 and layer 1 (Auw).

FIG. 6 shows a schematic of CES showing (a) the
top-down view of two electrodes of the pattern, (b) an
enlargement of the region where the cavity is located, and (c)
a cross section of the cavity.

FIG. 7 shows how bilayers were constructed by allowing
phospholipid vesicles to assemble from an aqueous suspen-
sion onto ethanol-rinsed, SAM-modified electrodes.

FIG. 8 shows a top down view of the electrode array
showing the layers and positioning of the individual elec-
trodes. The electrodes colored blue are in the bottom plane
and constitute the disk electrodes shown in FIG. 9. The two
insulator layers are represented by the cross-hatched areas.
The insulator is polymide for these devices. The red colored
electrodes are the second electrode layer. They are the
tubular band electrodes in FIG. 9. The top later is gold. This
layer was necessary to defined a cavity with straight walls.
(See FIG. 9) In this figure, it is also defined by the cross-
hatched area.

FIG. 9 shows the location and size of the cavities from the
top down view and a side view of a representative cavity
showing the arrangement of layers. The cavities are located
in the overlap region of the two electrode layers (top
schematic). The four possible cavity diameters are shown.
The bottom schematic shows the altering of material inside
the cavity. The black section is the silicon substrate that is
used to support the electrode system. The blue and red layers
correspond to appropriate electrode layers. The cross
hatched sections are insulator (polymide) layers. The green
layer is the protective gold layer that protects the upper lip
of the cavity during processing so the shape and vertical
walls of the cavity are maintained.

FIG. 10 shows two kinds of electrode devices and their
general dimensions that will be discussed in the talk. The top
one is only a 2-layer device, where lines have been etched
through, exposing linear edge band electrodes along the
walls and which we have presented in the past. The bottom
figure is of a cross-section of a 5-layer microcavity device,
which is relatively new.

FIG. 11 shows the advantage of stacking alternating
layers of insulator and conductor metal layers to increase the
three dimensional functionality of the devices, while using
the same substrate area. This idea has been presented on
many occasions before. The multilayer microactivity elec-
trode devices beautifully put this idea into practice.

FIG. 12 shows scanning Electron Microscopy (SEM)
images of (a) a top view of chromium, gold, and silicon
nitride on top of glass, patterned to form 15, 4 mm band
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features flanked by 2,50 mm features and (b) a side view of
one of the edges which contains a submicron band electrode.

FIG. 13 shows a comparison of the CV response at 0.12
Vs~ in 5 mM Ru(NH,),>* and 0.5 MKNO; from a (a) 10 um
PDM (b) 14 urn RDM, and (¢) 55 um RDM.

FIG. 14 shows a comparison of maximum current taken
from CV in 5 mM Ru(NH,),>* and 0.5 M KNO, at a 55 um
RDM to radial and linear diffusion models; (b) is an enlarge-
ment of the region between 0.01 and 10 Vs

FIG. 15 shows a comparison of maximum current from
CV in 5 mM Ru(NH,),>* and 0.5 M KNO, at a 14 um RDM
to radial and linear diffusion models; (b) is an enlargement
of the region between 0.01 and 10 Vs Ru™.

FIG. 16 shows the quality of fabrication and seal as
determined by the dependence of capacitance density on
scan rate. The charging current was measured from cyclic
voltammograms in 0.5 M KNO Ru,. Comparison is made to
that from Au macroelectrode.

FIG. 17 shows a comparison of chronamperometric
responses of a planar and disk microelectrode in 5 mM
Ru(NH,),>* and 0.5 M KNO, The solution is (a) static, (b)
stirred at 70 rpm and (c) stirred at 150 rpm.

FIG. 18 shows an overlay of cyclic voltammograms
(CVs) collected at the tubular nanoband electrode (TNE)
and RDM inside of a single cavity.

FIG. 19 shows a scan rate study from 0.01-327 Vs~* for
RDMs in a solution of 5.0 mM Ru(NH,),>* and 0.5 M
KNO,.

FIG. 20 is an expanded view of the region from 0.01-10
Vs

FIG. 21 shows a comparison of i,,,, for the disk micro-
electrode to theoretical models for radial and linear diffu-
sion.

FIG. 22 shows a Log-log plot of capacitive density as
function of scan rate for a macroelectrode and recessed disk
microelectrode and tubular nanoband electrode.

FIG. 23 compares CVs from an RMD and TNE in both 53
(a,b) and 13 pm (c,d) cavities.

FIG. 24 shows three CVs (1, 5, and 10th cycles) collected
at with a 53 um CES in 5.0 mM Ru(NH,),** and 0.5 M
KNO, at 0.5 Vs~!. The tubular nanoband electrode was
modified to serve as a reference electrode. The disk was used
as the working electrode. Bold larger #5 served as the
counter-electrode.

FIG. 25 shows CVs from a 13 um CES for 10 and 1 ul
samples 5.0 mM Ru(NH,),>* and 0.5 M KNO, of cycled at
0.1 Vs~'. The self-centered electrochemistry in the small
drops was carried out with electrodes defined as described in
Figure caption 3.

FIG. 26 shows CVs from 53 um CES for 10 and 1 uL
samples of 4.0 mM hydroquinone in pH 6.60 phosphate
(0.05M) buffer cycled at 0.1 Vs~'. The self-contained elec-
trochemistry in the small drops was carried out with elec-
trodes defined as described in Figure caption 3.

FIG. 27 shows a CA for a 53 um CES in 1.0 mM
hydroquinone in 0.05 M phosphate buffer (pH 7.0). Static (a)
and solutions stirred at either 70 (b) or 150 (c) rpm are
shown. Electrochemistry was carried out with electrodes as
defined in figure caption 3.

FIG. 28 shows a CA for a 13 urn CES in 5.7 mM
Ru(NH,),>* and 0.5 M KNO, solution. Static (a) and solu-
tions stirred at either 70 (b) or 150 (c) rpm are shown.
Electrochemistry was carried out with electrodes defined as
in Figure caption 3.

FIG. 29 shows the PM-FTIRRAS spectra of (a) ethanol-
rinsed SAMs of C,5 SH and (b) C,; SH/DMPC bilayer.
Transmission IR (c) of dried DMPC in KBr pellet.
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FIG. 30 shows PM-FTIRRAS spectra of (a) ethanol-
rinsed SAM of C,; SH+gD and (b) C,; SH+gD/DMPC+gD
bilayer. Transmission IR (¢) of dried gD in a KBr pellet.

FIG. 31 shows PM-FTIRRAS spectrum of a gold sub-
strate modified from a solution of C,, SH+gD and water-
rinsed.

FIG. 32 shows XPS spectra of ethanol-rinsed SAMs of (a)
C,SH, (b) C,sSH+gD, and water-rinsed SAMs of (c)
C, SH+gD for O(1s), N(1s), C(1s), and S(2p).

FIG. 33 shows XPS spectra of (a) gD powder and (b)
DMPC powder for selected regions: of O(1s), N(1s), C(1s),
and P(2p). (Charge compensation was used).

FIG. 34 shows CV of Ag* and Pb** at electrodes modified
with hexadecanethiol, with and without gD, and rinsed with
ethanol or water.

FIG. 35 shows a CD spectra indicating that gA in the
vesicles is in the f§ channel conformation.

DETAILED DESCRIPTION OF THE
INVENTION

Alkanethiols bind to both gold and fatty acids. These
qualities are taken advantage of in order to create micro-
cavities having lipid bilayers extended across their openings.
Various membrane proteins may be inserted into these
bilayers using the methods described below. This facilitates
the study of protein mediated membrane transport, espe-
cially of molecules that are readily susceptible to electro-
chemical detection. A hole may be made in the bottom of the
cavities in order to relieve osmostic pressure, thereby
increasing the accuracy of electrochemical transport analy-
sis. It is also possible to create large arrays of these bilayer
covered cavities. This allows for faster gathering of more
data and also provides the ability to study a variety of
electrochemically susceptible molecular species within a
single solution sample. The methods for forming these
structures, as well as the physical characteristics of these
microcavities is discussed in detail in the following
examples:

EXAMPLE 1

Materials

All chemicals were reagent grade and used as received.
Aqueous solutions were prepared with high purity deonized
water (Mille-Q, model RG). A gold coin (Credit Suisse,
99.99%) and chromium plated tungsten rod (R.D. Mathis)
served as sources for thermal evaporation. Silicon wafers
(5", (100) were obtained from Silicon Quest International
(Santa Clara, Calif.). Potassium nitrate, sulfuric acid, hydro-
chloric acid, nitric acid and 30% hydrogen peroxide were
purchased from Fisher Scientific. Hexaamine-ruthenium
(IIT) chloride was obtained from Alderich Chemical Co.
Positive photoresist (AZ330RS) and photoresist developer
(AZ00K) were purchased from Hoechst-Celanese. Polymide
(Pyralin PI-2721, DuPont) was purchased from DuPont. A
gold 10 um diameter PDM (BioAnalytical Systems) BAS
was used as the control.

Electrochemical Measurements

A BAS-100B potentiostat and PA-1 preamplifier con-
trolled with BAS-100W electrochemical software were used
to perform cyclic voltammetry (CV) and chronoamperom-
etry (CA). The electromechemical cell contained a Pt flag
auxiliary electrode and Ag/AgCl (saturated KCl) reference
electrode. For CV experiments, a solution of 5.0 mM
Ru(NH,),>* and 0.5 M KNO, was purged with Ar to
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minimize the oxygen content. Stirring studies involved CA
and were performed on a Corning PC-320 stir plate with 2"
magnetic stir bar (Fisher Scientific). The cell volume was 40
ml and was not purged prior to CA. The rotation rate was
determined by counting the rotations of the stir bar over a
given period. Au macroelectrodes were made by depositing
15 A of Cr followed by 2000 A of Au on an oxidized Si
wafer. the preparation of the Si wafer and formation of a
passivating oxide layer is the same as described below for
the mircofabrication. Uncompensated resistance measure-
ments were made using the BAS-100B. A 25 mV DC
potential was applied in a 0.5 M KNO; solution.

Construction of Recessed Disk Microelectrodes

The fabrication or RDMs was accomplished by forming a
hole through a Au and polymide layer exposing an under-
lying Au Disk. FIG. 1 shows a cross-section view of an
RDM 100. Bottom Au layer 104 is a recessed disk micro-
electrode. It is separated from top Au layer 102 by insulating
layer 106. Substrate 108 is typically a silicon wafer, but may
be comprised of a number of other materials. The top later
of Au 102, while not used in the electrochemical measure-
ments is essential in the fabrication process so that cavities
with well-defined, vertical walls can be produced. Cavity
devices, that accommodate two individually-addressable
electrodes, are described elsewhere. Here we focus on the
use of the same design for a more simplified electrode
configuration.

The fabrication of RDMs consists of four steps. The
process is shown as a cross-section schematic in FIG. 2. A
2 um SiO, film was grown on a Si wafer 114 by thermal
oxidation. The wafer was spin-coated with a positive pho-
toresist 112 and exposed to UV light (400 W, 300 nm)
through a photolithographic mask (HTA Photomask). The
photoresist was developed, leaving the pattern of a series of
parallel lines, which eventually become the contact leads
and microdisk electrodes. A 15 A Cr film, which serves as
an adhesion layer, and 1000 A Au layer 116 were deposited
on the photoresist by thermal evaporation (Edwards 306
Auto). The wafer was sonicated for 15 min in acetone, which
dissolves the photoresist, causing lift-off of the metal on top.

After drying for 30 minutes at 125° C., the wafer was
spin-coated with polymide 118 (4 pum thick). The polymide
was polymerized by exposure to UV light and then cured at
150° C. for 30 minutes and 250° C. for 30 minutes to
cross-link the polymer. Cr (15 A) and Au (1000 A) 120 were
deposited on top of the polymide 118 by thermal evapora-
tion. The wafer was spin-coated with positive photoresist.
The photoresist was patterned by UV-exposure through a
second photolithographic mask (HTA Photomask). The Au
and Cr were etched simultaneously with 50% aqua regia (1
HNO;: 3 HCI). The remaining photoresist was stripped with
acetone and the wafer was dried for 30 minutes at 125° C.
This left a layer of Au/Cr 116 covering the electrode lines
with an area over the end of the lines left open for contact
purposes.

The wafer was spin-coated with photoresist and patterned
using a third photolithographic mask (Photronics). This step
leaves a circular opening through the photoresist over each
region defined by the lines in the first gold layer. The
topmost layer of Au was etched using radio frequency (RF)
sputtering (5 minutes, 50 sccm Ar, 30 mT, 500 V). The
polymide was etched with reactive ion etching (RIE) (13
min, 40 sccm O,, 10 scem SF, 300 mT, 300 W). Before use,
the electrodes were cleaned by sonicating in acetone for 30
s. The electrode pattern design includes 4 lines of Au
underlying the polyimide. Each has one cavity of a different
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nominal diameter: 50 um, 10 um, 5 um, and 2 um. Only the
50 and 100 um cavities could be formed with this set of
microfabrication conditions. Scanning electron microscopy
(SEM) was performed with a Hitachi S-2300 scanning
electron microscope (20 kV accelerating voltage). A pro-
filometer (Dektak 3030) was used to measure the polymide
thickness.

Physical Characterization

Recessed disk microelectrodes were characterized by
SEM to determine shape and dimensions. FIGS. 3a and 36
show top down electron micrographs of RDMs of 14 um 124
and 55 pm 126 diameter, respectively. The circle defines the
edge of the disk at the bottom of the cavity. The larger cavity
appears to have a smooth, circular opening at 1000x mag-
nification. The opening of the 14 um diameter cavity seems
less regular (3000x magnification). The black halo that is
seen around the brighter center in (b) is due to perspective
effects of the SEM. Inspection with an optical microscope
reveals no polymide lip between the top layer of Au and the
RDM. The average diameter of the small RDMs is 14+0.28
um (n=3 cavities). The average diameter of the large RDMs
is 55.2 um=0.0(n=3 cavities). The average diameter of the
large RDMs is 55.2 um+0.0 (n+3cavities).

The depth of the cavities was not measured directly. The
small diameter of the cavity prevented the use of atomic
force microscopy or a profilometer. To obtain an approxi-
mate measure of the depth, the thickness of the polymide
layer was measured after patterning using a profilometer.
The thickness of the polymide was consistently 4 pm.

Faradaic Response

Cyclic voltammetry was used to characterize the electro-
chemical response of the RDMs. Ru (NH,),>* was chosen as
a probe because of its well-established electromechanical
properties. A 10 um PDM was used for comparison. One
advantage of using disk microelectrodes is that true steady
state currents can be attained. Steady state current is a result
of constant flux to the electrode surface. For static systems
it is obtained when the mass transport is dominated by radial
diffusion. In a steady state CV, at very slow scan rates where
the diffusion layer is large relative to the size of the
electrode, the current of the reverse scan should retrace that
of'the forward scan in a sigmoidal shape. In this case, pseudo
steady state occurs when the time scale is short enough and
the diffusion layer is thin enough so that transport involves
both linear and radial diffusion. Cyclic voltammograms in
this scan rate are expected to be sigmoidal, with a separation
between the forward and reverse currents.

FIG. 13 shows CV responses from the 10 um PDM (a) and
the 14 pm (b) and 55 pm (¢) RDMs. All three were obtained
in 5.0 mM Ru(NH,)s>* and 0.5 M KNO, at 0.1 Vs, At this
scan rate, none of the microelectrodes exhibit true steady-
state behavior. The 10 pm PDM is the closest, while the 55
um RDM is the furthest from this behavior. The deviation
occurs for two reasons. As electrode size increases, the
contribution of linear diftfusion to the total flux for a given
time scale increases. This is the case in comparing CV
responses from the 14 and 55 um RDMs. Secondly, the walls
of the cavity prevent radial diffusion from occurring as long
as the diffusion layer is within the cavity. This is demon-
strated by comparing CV responses of the 10 um PDM and
the 14 pm RDM.

The microelectrodes were further investigated to under-
stand the effects of the cavity. The thickness of the diffusion
layer is inversely proportional to the square of the scan rate
and can be approximated by Equation 1,
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x=(2Dn'? 1)
where x is the thickness of the diffusion layer, D is the
diffusion coefficient for Ru(NH,)>* (7.8x107° cm?s™1), and
t is the time spent on the reducing side of E°, divided by the
scan rate. The scan rate at which the diffusion layer thickness
is equal to the depth of the cavity (4 um) is 58.5 Vs~'.
Three current regions are defined. At slow scan rates, the
current should be independent of scan rate (i.e. steady state).
The equation used to calculate this current is shown below.

i, ~(AmnFC*Dr?)/(AL+ar) )
where n is the moles of electrons per mole of analyte
involved in the reaction, F is the Faraday constant (98485
coul*mol electrons™'), C* is the concentration of Ru(NH,)
&+, Lis the depth of the cavity, and r is the radius of the disk.
A decrease in current relative to planar disk microelectrodes
(PDMs) of the same radius is expected. For PDMs (where
L=0), the steady state current is.

5 =4nFC*Dr (3)
At faster scan rates, there will be a transition region where
neither steady state nor linear diffusion models completely
apply. At fast scan rates relative to the depth of the cavity
and area of the electrode, the current should follow the
model for linear diffusion and be proportional to the square
root of scan rate, v'/2.

1,=(2.69x10°)>? 4Dy )

where A is the area of the electrode (;tr?).

A scan rate study was performed to compare our RDMs
with these models. The maximum current (i,,,,) was mea-
sured from the CV responses. If no peak is present, then i,
is measured to the peak. Charging current was subtracted
out. In FIGS. 5 and 6, i,, for the microelectrodes is
compared to i,, and i, from Equations 2 and 4 as a function
of v!"? The top half (a) of each figure shows scan rates from
0.01 Vs™' to 10 Vs,

For the 55 um RDM (L=4 um), steady state current
persists to a scan rate of 0.1 Vs™'. The steady state current
for the 55 um RDM is 53.50+0.48 nA. The steady state
current predicted by Equation 2 by 34.9 nA. The steady state
current predicted by Equation 3 is 41.4 nA. The steady state
current predicted by Equation 3 is 41.4 nA. From this
comparison, the 55 uym RDMs follow theory for RDMs
better than theory for RDMs. The lower calculated current
may be due to an inaccurate area determination. At faster
scan rates, the current increases with scan rate in a fashion
like that predicted for Equation 4. At 204 Vs~!, where the
diffusion layer is thin and the electrodes should follow
theory for linear diffusion (Eq. 5), the maximum current is
784.6+41.2 nA. The current predicted by Eq. 5 is 1274 nA.
This deviation between measured and predicted current is
discussed below.

For the 14 um RDM, steady state current persists up until
1Vs.™! is reached. The maximum current measured at the 14
pm RDMs (5.39+0.96 nA) fits the recessed disk model of
Eq. 3 (6.10 nA) better than the PDM model of Eq. 4 (10.5
nA). For the 14 pm RDM, the curves for i, and i, vs. v/
cross at 1 Vs~'. Above this scan rate, the current increases
with increasing scan rate. At 204 Vs~*, the current measured
at the 14 um RDMs is 35.37+9.51 nA. The current predicted
by Eq. 5 is 82.58 nA. Again, there is no apparent transition
region between steady state and linear models for this size
of RDM.
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At fast scan rates, the current at both the 55 pm and 14 pm
RDMs should be predicted by Equation 4. However, the
magnitude for both RDMs is significantly lower. This is due
to uncompensated resistance. The uncompensated resis-
tance, R, was measured with the BAS. The resistance was
found to be 96.6 k2 for the 55 um RDM and 209 kQ for the
14 um RDM. This is higher than that at the 10 pm paM (49
k€). This effect has been observed previously for RDMs 15
and for recessed microelectrode ensembles, however the
resistance was not reported to be as high (15-30 kQ).

The effect of uncompensated resistance on peak current
was modeled by computer simulation. The peak current at
two scan rates, 50 Vs~! and 204 Vs~!, was measured from
simulations at both 0Q2 and either 96.6 or 209 k€2, depending
on which was appropriate. A simple ratio was obtained by
dividing the current influenced by uncompensated resis-
tance, iz, by the ideal current. A similar ratio was obtained
from the experimental data by dividing the experimentally
measured current by the current calculated from Eq. 4 for a
given scan rate. For the 55 um RDM, the experimental ratio
at 204 Vs~! is 0.616. At 50 Vs™!, the ratio is 0.784. The
values from simulations are 0.726 and 0.817 respectively.
For the 14 pm RDM, the experimental ratio at 204 Vs~ is
0.428 and at 50 Vs~' is 0.511. The values from simulations
are 0.931 and 0.981, respectively. The deviation of experi-
mental current from planar theory at fast scan rates can be
explained by uncompensated resistance at the 55 pm RDMs.
The 14 um RDM cannot be explained completely by uncom-
pensated resistance value given above.

Charging Current

Capacitance studies were used to evaluate the quality of
the construction of the microelectrodes. The charging cur-
rent was measured from CV in 0.5 M KNO; electrolyte. The
following equation was used to calculate the capacitive
density.

C=i A (5)
where i, is the charging current. FIG. 16 shows a log—log
plot of the capacitance as a function of scan rate for an Au
macroelectrode, 14 pm RDM, and 55 pm RDM. Represen-
tation of capacitance data in this form has been used
previously to determine the quality of fabrication. Usually,
the capacitance is considered to be independent of scan rate.
However, even at the macroelectrode this is not the case. The
slope for the RDMs is similar to that of the macroelectrode,
indicating that the seal between the insulator and electrode
is good, and no cracking has occurred. The capacitance
values of the 14 and 55 pm RDMs are within a factor of 10
of each other and of the macroelectrode. The small differ-
ences may be caused by inaccurate determination of elec-
trode area.

Convection Studies

A simple set of experiments were conducted to demon-
strate the utility of these microfabricated RDMs in convec-
tive systems. Chronoamperometry (CA) was carried out in
a 5 mM Ru(NH,)>* and 0.5 M KNQOj; solution. Both sizes
of recessed disks were compared to a 10 um PDM. FIG. 17
is an overlay of the 14 um RDM and the 10 pm PDM tested
in both static and solutions stirred at different rates, and is
representative of all repetitions. In the static solution the
current for the PDM is 7.30 nA, while the current for the
RDM is 7.04 nA. The steady state current measured in the
static solution can be used to determine the area of each
electrode. Using Eq. 3, the effective diameter of the PDM is
9.70 um. Using Eq. 2 for the RDM, the effective diameter is
15.5 pm.
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FIG. 17 shows the response in a solution that was stirred
at 70 rpm. The current measured with the PDM increased to
8.80+0.68 nA and the RDM decreased to 6.65+0.631 nA.
FIG. 17 shows the response for a solution stirred at 150
RPM. The signal increases to 13.27+0.365 nA for the 10 um
PDM and the RDM increased to 7.184+0.227 nA. The signal
for the 14 um.

The performance of the RDM as an electrochemical
detector is best evaluated by determining the signal-to-noise
ratio (SNR). The SNR was calculated by dividing the
average steady state current by the standard deviation of the
steady state current during the reduction step. For the 10 um
PDM, the SNR at 70 rpm is 37.6+10.4 and at 150 rpm is
9.89+1.41. The SNR for the 14 um RDM at 70 rpm is
116+24.7 and at 150 rpm is 46.0£12.9. This improvement in
SNR is significant even though the depth of the electrode is
only 4 um and the diffusion layer extends well beyond the
opening.

A similar set of experiments was carried out for the 55 um
RDM. Unlike the 14 um RDM, the noise increased with stir
rate just as if it were a PDM. This result is not surprising,
although the depth of the cavity is the same. Because of the
electrode’s larger area, the center is less protected from
convection than the 14 pm RDM. Others have reported the
use of RDMs in convective solutions and noise free CA with
cavities of approximately 90 pm for RDMs of 25 um
diameter. There is a correlation between noise and cavity
depth with noise disappearing around a cavity depth of 50
um for microelectrodes arrays with individual electrode
diameters of 7 pm. The depth-to-diameter value of both of
these systems is larger (3.6 and 7.1 respectively) than that of
the microfabricated RDMs (0.29) generated in this work.
Despite this difference, relatively noise free CA were
obtained, however, there is still noise present that would be
further eliminated with a deeper cavity.

EXAMPLE 2

All chemicals were reagent grade and used as received.
Aqueous solutions were prepared with high purity deionized
water (Milli-Q). A gold coin (Credit Suisse, 99.99%) and
chromium plated tungsten rod (R.O. Mathis) served as
sources for thermal evaporation. Silicon wafers (5", (100))
were donated by the High Density Electronics Center at the
University of Arkansas. Potassium nitrate, sulfuric acid, and
30% hydrogen peroxide were obtained from Fisher Scien-
tific. Hexaamine ruthenium(IIl) chloride was purchased
from Aldrich Chemical Co. Positive photoresist
(AZ4330RS) and photoresist developer (AZ400K) were
obtained from Hoechst-Celanese. Photodefineable polyim-
ide (Pyralin PI-2721) was purchased from DuPont.

Array Fabrication

The fabrication of microcavity electrode arrays was
accomplished through the use of photolithographic tech-
niques developed for integrated circuit technology. A sim-
plified version of this fabrication has been reported previ-
ously. The cavity reported here consists of 5 primary layers
of' material. A top down and side view schematic of the CMS
are shown in FIG. 4. Layers 1, 3, and 5 are gold, with a Cr
adhesion layer, while layers 2 and 4 are polyimide. Layers
1 and 3 serve as the microdisk and nanoband electrodes.
Layer 5 helps maintain the definition of the cavity and
prevent tapering during the etching steps. The arrays were
generated by depositing and patterning each layer of con-
ductor and insulator. This generated a set of contact lines
separated by a sheet of insulator for each electrode. The last
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step in the fabrication was to create the cavities and expose
the microelectrodes using dry etching procedures. Details of
fabrication for each layer are listed below.

Layer 1. Both sides of a single crystal silicon wafer were
coated with 3 um of SiO, at 250° C. by plasma enhanced
chemical vapor deposition (PECVD, Plasmatherm, System
VII). Alternatively, the SiO, could be grown on the wafer by
thermal oxidation at 650° C. for 8 hours. This served as an
initial passivation layer between the electrodes and semi-
conductive silicon wafer. Layer 1 was patterned using a
lift-off procedure as reported previously, leaving the appro-
priate pattern as shown in FIG. 4.

Layers 2 and 4. Wafers were spin-coated with photo-
sensitive polyimide (4 pm). The polyimide film was exposed
to 350 nm UV light for 12 s through a Karl Suss MA-150
mask aligner to cross-link the polymer leaving a continuous,
defect free-insulator film. The polyimide was cured at 150°
C. for 30 min, followed by 250° C. for 30 min. The wafer
was allowed to cool to room temperature before the fabri-
cation continued.

Layer 3. 15 A Cr and 500 A Au were deposited by thermal
evaporation. The Au thickness of this layer 132 determines
the width (w) of the tubular nanoband electrode. The wafer
was spin-coated with 4 um of photoresist. The photoresist
was patterned by exposure through a second Cr mask. The
Au and Cr were etched simultaneously in 50% aqua regia (3
HCI: 1 HNO;: 4 H,0). The absence of the ultra-thin Cr layer
was verified through resistance measurements with a mul-
timeter. The remaining photoresist was stripped with
acetone after the Cr/Au layer had been etched. After rinsing,
the wafer was dried for 30 min at 125° C. prior to coating
with polyimide.

Laver 5. A top layer 5 of Au is essential to producing
cavities with well-defined, vertical walls. Thermal evapora-
tion was used to deposit 25 A Cr and 1500 A Au. Photoresist
was deposited and patterned according to the procedure for
layer 3 using a third Cr mask. The Au and Cr were etched
with aqua regia as described above. The remaining photo-
resist was removed with acetone and the wafer rinsed
thoroughly with deionized water.

Cavity Formation. Cavities were created using standard
dry etching procedures. The wafer was spin-coated with
photoresist (6 um). The photoresist was patterned by expo-
sure to UV light through a fourth Cr mask. Layer 5 was
etched with RF Ar* sputtering for 5 min and layer 3 for 2
min using a 500 V DC potential with constant pressure (30
mT) and flow (50 sccm) of Ar. The polyimide was etched
using reactive ion etching (RIE) with a mixture of O, (36
sccm) and SF (4 sccm) at 300 mT and 300 W RF power for
13 min.

Microscopy

Physical characterization of the microcavities was per-
formed with a combination of light and electron microscopy.
A light microscope (Nikon Optiphot) equipped with a cali-
brated eye piece was used to measure the diameter of the
cavities. Scanning electron microscopy (SEM, Hitachi
S-2300) was used to obtain high resolution images of the
cavities and the electrodes inside the cavities. Samples were
grounded through conductive carbon tabs.

Electrochemical Characterization

Electrochemical measurements were made using a BAS-
100B potentiostat, equipped with a PA-1 pre-amplifier (Bio-
Analytical Systems). The system was controlled through a
PC with BAS-100W software. A closed three electrode cell
with Pt flag auxiliary and Ag/AgCl (sat’d KCl) reference
electrode was used for cyclic voltammetry (CV). The 5.0
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mM Ru(NH,;)Cl; and 0.5 M KNO, solutions were prepared
immediately before use. The Ru(NH,),C1,/KNO; solutions
were purged with Ar for 20 min to minimize interference
from oxygen reduction during electrochemical measure-
ments. Capacitance was calculated by measuring charging
current from cyclic voltammograms collected in 0.5 M
KNO;. The potential was cycled in a region (+400 mV to
+100 mV vs Ag/AgCl (sat’d KCl)) where O, would not
interfere with the measurement.

Scanning Electron Microscopy.

The initial characterization of the cavity microelectrode
system was performed with scanning electron microscopy
(SEM). A top down view of a cavity is shown in FIG. 5. The
diameter of the cavity is 53 um. SEM shows a cavity
opening that is uniform and smooth. Only the protective Au
of layer 5 and the disk microelectrode (layer 1) can be seen.
A “halo” can be seen in layer 5. This is caused by partial
exposure of layer 5 during the second RF sputtering step
resulting in partial removal (the topmost 100’s of A) of Au
where the photoresist has thinned around the rim of the
cavity.

Faradaic Response

Cyclic voltammetry was used to evaluate the electro-
chemical response of the recessed microdisk (RMD) and
tubular nanoband electrode. FIG. 18 shows an overlay of
cyclic voltammograms (CVs) collected at the tubular
nanoband electrode and RDM inside of a single cavity. Band
electrodes of this size should maintain pseudo-steady state
behavior, while the RMDs should be peak-shaped.

The theory for both microelectrode geometries has been
developed. The most commonly reported of the two geom-
etries is the recessed disk, with models for linear and radial
diffusion developed. Models describing the current at
nanoband electrodes has also been discussed. Below, we
compare the faradaic response at the electrodes that we have
constructed to the current expected based upon the models.

Recessed Microdisk Electrode. We have discussed the
electrochemical response associated with 4 pm deep RMDs
previously. In the work presented here, the RMDs are 8 pm
deep (instead of 4 um). FIG. 19 shows a scan rate study from
0.01-327 Vs~! for RDMs in a solution of 5.0 mM Ru(NH,)
s+ and 0.5 M KNO,. FIG. 20 is an expanded view of the
region from 0.01-10 Vs~'. At slow scan rates, the current
follows radial diffusion theory. The experimental current
(measured at 0.1 Vs™) is 36.65+5.10 nA is greater than the
theoretical steady state current (29.32 nA) calculated for
recessed disk microelectrodes. The RMDs maintain steady
state behavior to 0.25 Vs™!. At fast scan rates (>0.25 Vs™1),
the current increases, but does not follow predictions based
upon linear diffusion models. For example, at 204 Vs~! the
1,,,. 15 566.9%133.7 nA, which is substantially less than the
theoretically calculated current, 1168 nA. This large devia-
tion is due to uncompensated resistance in the system as
reported previously.

Tubular Nanoband Electrodes

Nanoband electrodes have been studied and an equation
(Equation 3) derived to predict current as a function of time
for chronoamperometry.

i=AnF C*DI/(1n(64D1)/w?) 1)
where 1 is the length of the electrode, w is the width, F is
Faraday’s constant, D is the diffusion coefficient (7.8x107°
cm?s™!), C* is the concentration, and t is the time length of
the experiment. This equation is based upon hemi-cylindri-

cal diffusion. The length, 1, is equal to the circumference
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(2mtr) of the cavity. Unlike the steady state equation for disk
microelectrodes, this equation predicts that the current will
be dependent upon scan rate. Secondly, this system will
never generate true steady state current because radial
diffusion can only exist in two dimensions. While this
equation was derived for planar band microelectrodes, it can
be applied it to tubular band microelectrodes with little
deviation from this theory.

A scan rate study was completed to compare the response
of the nanoband electrodes to the theory predicted in Equa-
tion 1, and to linear diffusion models. FIG. 21 shows this
comparison with 9a showing scan rates from 0.01 Vs™! to
327 Vs, while 13b shows the region from 0.01-10 Vs~'.
First note the variation of theoretical current with scan rate
as predicted. Also, the hemispherical diffusion current is
larger than linear current throughout the scan rate window
used in these experiments. The measured current, i,,.,
follows Equation 1 at slow scan rates (FIG. 21). As the scan
rate increases, 1, exceeds the predicted current. This has
been reported previously for nano-band electrodes and may
be the result of a small exposed edge on the electrode. It is
possible that the RIE step used to etch the polyimide would
leave such an edge. This edge would have a restricted
diffusion layer and would not add to the current significantly
at slow scan rates. At fast scan rates, the diffusion layer
becomes thin enough that current from the exposed lip will
add significantly to the current.

Fabrication Quality

The quality of the fabrication was evaluated from capaci-
tance values. Capacitance was calculated from the charging
current obtained from CV experiments in pure electrolyte
(0.5 M KNO,). The capacitance will have a large depen-
dence upon scan rate if there is poor adhesion between the
insulator and electrode or if there is cracking in the insulator
around the electrode. The capacitive density was calculated
and compared to a Au macroelectrode. FIG. 22 shows a
log—Ilog plot of three types of electrodes, a macro Au
electrode on SiO,, the RDM, and tubular nanoband elec-
trode. Ideally, the capacitance should be independent of scan
rate, however, the macroelectrode, which has no insulator,
has a dependence. The scan rate dependence of both micro-
electrodes is close to that for the macroelectrode and is
similar to that seen previously for the RDMs. This indicates
that there is a good seal between the insulator and electrode
and there is little or no cracking. The magnitude of the
capacitance is greater for both of the microelectrodes This
supports the suggestion above that more electrode area is
exposed than the 500 A wide band. If the area of the tubular
nanoband was underestimated, it would make the reported
capacitive density higher appear higher. This is also true of
the disk electrode, however, small variations will not affect
the capacitive density to the same extent.

EXAMPLE 3

All chemicals were reagent grade and used as received.
Aqueous solutions were prepared with high purity deionized
water (Milli-Q, model RG). A gold coin (Credit Suisse,
99.99%) and a chromium plated tungsten rod (R.D. Mathis)
served as sources for thermal evaporation. Silicon wafers
(5", (100)) were donated by the High Density Electronics
Packaging Facility, University of Arkansas. Potassium
nitrate, sulfuric acid, hydrochloric acid, silver nitrate, potas-
sium iodide, sodium thiosulfate, nitric acid and 30% hydro-
gen peroxide were purchased from Fisher Scientific.
Hexaamine ruthenium(11l) chloride and hydroquinone were
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obtained from Aldrich Chemical Co. Positive photoresist
(AZ4330RS) and photoresist developer (AZ400K) were
purchased from Hoechst-Celanese. Polyimide (Pyralin
PI-2721, DuPont) was purchased from DuPont.

Cavity Microelectrode Construction.

The fabrication of the cavity electrode system (CES) has
been described previously. In brief, the CES is made by
depositing and patterning alternating layers of Au and poly-
imide on an oxidized Si wafer, with a total of five layers. A
schematic of the CES is shown in FIG. 6. Layers 1, 3, and
are Au, with a Cr adhesion layer. Layers 2 and 4 are a
polymeric insulator, polyimide. After these layers have been
deposited and patterned, a cavity is etched through the top
4 layers, exposing a 500 A wide tubular nanoband electrode
(TNE) and a recessed microdisk electrode (RMD). Two
diameters of cavity are reported here, 13 pm and 53 pm.
Both cavities are 8 um deep.

Electrochemical Measurements

A BAS-100B potentiostat and PA-1 preamplifier con-
trolled with BAS-1 a 100W electrochemical software were
used to perform cyclic voltammetry (CV) and chronoamper-
ometry (CA). For characterization experiments, a Pt flag
auxiliary and macro Ag/AgCl (sat’d KCl) reference elec-
trode were used to complete the three electrode system.
Stirring studies involved CA and were performed on a
Corning PC-320 stir plate with a 42" magnetic stir bar
(Fisher Scientific) The cell volume was 40 mL and was not
purged prior to CA. The rotation rate was determined by
counting the rotations of the stir bar over a given time
period.

Microreference Formation

Formation of a Ag/Agi pseudoreference microelectrode
was accomplished following a procedure developed by
Bratten et al and well known in the art. Ag was deposited for
1 s on the TNE at -0.5 V versus a Pt flag from a solution
containing the complex ion [Agl,]"K*. The complex ion
was obtained in a solution 0f 0.1 M AgNO,, 1 M KI and 0.25
mM Na,S,0;. The Ag was oxidized in saturated KI for 0.5
s at +0.5 V versus a Pt flag. After formation of the reference
electrode, the electrodes were rinsed thoroughly with deion-
ized water, dried, and stored in a covered vial. Stability of
the Ag/Agl pseudoreference was determined using cyclic
voltammetry in 5.0 mM Ru(NH,),>* and 0.5 M KNO,
solution. The E° potential was compared to the potential
determined using a macro Ag/AgCl (sat’d KCl) reference
electrode.

Small Volume Analysis

The application of the CES to measurement of electroac-
tive species in small volumes was accomplished using the
Ag/Agl psuedoreference and layer 5 as the auxiliary elec-
trode. A small volume of solution was placed on the cavity
using an automatic pipette. Two solutions were tested using
the CES. A 5.0 mM Ru(NH,),>*/0.5 M KNO, solution was
used as the model system because of its well understood
properties. The second analyte tested was hydroquinone. A
4.0 mM solution in 0.5 M KNO, solution buffered to pH
6.60 with 0.05 M phosphate buffer was analyzed.

Convection Studies

Convection studies were carried out using both diameters
of CES. The internal reference and auxiliary electrodes were
used. The protocol used for testing electrodes in convective
systems has been reported previously. In brief, a solution of
either 5.7 mM Ru(NH,)s** and 0.5 M KNO, or 1.0 mM
hydroquinone in pH 6.60 phosphate (0.05 M) buffer was
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placed in a cell containing a %" magnetic stir bar. The
electrodes were tested in both static solution and solution
stirred at either 70 or 150 rotations per minute (rpm).
Chronoamperometry (CA) was used to determine the effect
of convection on faradaic current. For the Ru(NH,)s>*, the
potential was stepped from +0.2 V to -0.4 V vs Ag/Agl for
5 s. For the hydroquinone, the potential was stepped from
+0.2 V1o +0.75 V vs Ag/Agl for 5 s.

Results and Discussion

The cavity electrode system (CES) was evaluated using
cyclic voltammetry (CV) in Ru(NH,)>* and 0.5 M KNO,
solution. Cavities of two different diameters. 53 and 13 um,
were compared with models presented for each electrode
geometry. The CES contains two electrodes, a tubular
nanoband electrode (TNE) and a recessed disk microelec-
trode (RMD) in the configuration shown in FIG. 6. An
exhaustive comparison to models for both electrodes in a 53
pm diameter cavities has already been reported. FIG. 23
compares CVs from an RMD and TNE in both 53 (a,b) and
13 pum (c,d) cavities.

At slow scan rates, the RMD in a 53 pm cavity has been
shown previously to follow the model for radial diffusion to
a planar microdisk electrode (PMD), while the RMD in a 13
um cavity follows the model for radial diffusion to a RMD.
The steady state current measured for the 53 pm RMD (FIG.
23) is 39.5+2.93 nA which matches closely with the pre-
dicted current (39.9 nA). The steady state current for the 13
um RMD (FIG. 23) is 2.132£0.46 nA which is less than the
predicted current (3.81 nA).

The electrochemical behavior of the TNE in a 53 um
diameter cavity has been described and found to follow
models for radial diffusion to a band electrode. The com-
parison of a TNE to models for radial diffusion to a band
electrode in a 13 um cavity has not been reported. At 0.1
Vs~!, the experimental current for the TNE in a 53 um cavity
is 25.8+4.2 nA, which matches with the predicted current
(16.2 nA). For the TNE in a 13 um cavity, the experimental
current is 6.31+0.28 nA, which is greater than the predicted
current (3.98 nA).

Formation and Stability of Ag/Agl Pseudoreference.

The ability to make accurate potential measurements in
small volumes of samples requires the presence of a refer-
ence electrode. Others have reported the use of a Ag/Agl
pseudoreference microelectrode for small volume measure-
ments. Ag/Agl was deposited on the TNE and CV in 5.0 mM
Ru(NH,),>* and 0.5 M KNO, was used to characterize the
system. Layer 5 was used as the auxiliary electrode to
complete the electrochemical system. The standard reduc-
tion potential of Agl is =0.1519 V vs the normal hydrogen
electrode (NHE) as compared to AgCl at +0.2223 V vs NHE.
The experimentally determined reduction potential of
Ru(NH,),>* vs Ag/AgCl (sat’ed KCl) is —0.16+0.002 V, but
-0.053£0.016 V vs the micro-Ag/Agl pseudoreference. The
redox potential of Ru(NH,)s>* vs Ag/Agl, predicted by
standard reduction potentials, should be +0.222 V. The 0.275
V shift in reference potential is probably due to the lack of
I~ in the supporting electrolyte solution.

After determining that the reference potential of the
Ag/Agl pseudoreference electrode was more positive than
predicted, a study was done to determine if the electrode was
stable over time with multiple experiments. A simple study
was done to determine the reliability of the Ag/Agl elec-
trodes from run to run. A 53 um cavity was placed in 5.0 mM
Ru H,)s>* and 0.5 M KNO, solution and 10 CVs collected
at 0.5 Vs, allowing the system to go to open circuit
between each cycle. The 53 um cavity was chosen because
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the RMD draws more current than the TNE and therefore,
the microreference in the 53 um cavity should be less stable
than the 13 um CES. FIG. 24 shows an overlay of the first,
fifth, and tenth cycles. The E° potential does not change
between runs indicating that the pseudoreference electrode
is stable in the absence of supporting I~ ions.

Small Volume Analysis

The application of the CES to small volume analysis was
first demonstrated with Ru(NH,),>* as the analyte. FIG. 25
shows an overlay of CVs collected with an RMD in a 13 um
CES, in two different volumes, 10 and 1 pL.. The response
of the working electrode in these two volumes is essentially
identical. The experimental current is 2.89+0.53 nA for the
10 uL. sample and 2.67+0.46 nA for the 1 uL. sample. E° for
the 10 plL sample is —0.086+0.034 V and for the 1 ul. sample
is =0.123+0.063 V.

The second small volume system tested was hydro-
quinone. Hyrdoquinone is a common moiety in pharmaceu-
tical and biological compounds. The analysis of the 10 and
1 puLL samples of hydroquinone is demonstrated in FIG. 26.
The current for the two samples is within error, 2.91+0.84
nA for the 10 pL and 2.58+0.72 nA for the 1 uL.

Convection Studies

Both diameters of CES were tested in stirred solutions to
demonstrate the advantageous nature of RMDs in convec-
tive systems. RMDs of similar diameter with a 4 um depth
have been tested previously. RMDs with a 14 um diameter
were found to provide a 4 fold improvement in signal-to-
noise ratio (SNR) over planar microdisk electrodes (PMOs).

To obtain an accurate measure of the effects of convection
on the faradaic current, chronoamperometry (CA) was used.
The potential was stepped from a region of non-faradaic
current transfer to a region of either oxidation (hydro-
quinone) or reduction (Ru(NH,),**). No data smoothing
was employed and a lowpass filter with cutoff frequency of
2500 Hz was used to minimize electrical noise. FIG. 27
shows the oxidation step for hydroquinone in pH 7.0 phos-
phate buffer with a 53 pm CES in either static solution or
solution stirred at 70 or 150 rotations-per-minute (rpm). The
potential was stepped from 0.0 V to +0.6 V vs Ag/Agl for 5
s. The signal-to-noise ! atio (SNR) was calculated by first
determining the steady state current between the 1st and 5th
s of the potential step. The current was then divided by the
standard deviation of the data during the same time duration.
The noise present in the static solution is due to electrical
noise. The SNR in static solution is 9.85%1.8. The SNR in
a solution stirred at 70 rpm is 8.37+0.86 and at 150 rpm is
8.99+2.20. All three of these fall within error of each other.
FIG. 28 shows a reduction step for Ru(NH,)>* at a 13 um
CES for a static solution and solutions stirred at 70 and 150
rpm. The SNR was calculated following the procedure
discussed above. For the static solution, the SNR is
5.30+2.7. For the solution stirred at 70 rpm, 5.60+2.44 and
at 150 rpm, 5.93+£2.39. Again, the SNRs are within error of
each other independent of stirring.

EXAMPLE 4

Materials. Hexadecanethiol (CI;SH, Aldrich) solutions
were prepared as described previously except with rigorous
exclusion of airs The C,,SH was filtered through alumina
(Brockman, neutral, activity I) prior to the preparation of
fresh derivatization solutions. Absolute ethanol (100%, Mil-
lennium Petrochemical), magnesium nitrate hexahydrate
(99.995%, Aldrich), potassium nitrate (99.999%, Acros,
N.J.), sulfuric acid (Fisher), methanol (HPLC grade, Fisher);
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CHC, (HPLC grade, Fisher), and hydrogen peroxide (30%,
Fisher) were used as received. Zero-grade argon and nitro-
gen (Air Products) were used to purge the solutions and
maintain inert atmosphere in a glove bag (Instruments for
Research and Industry, Cheltenham, P A) during surface
derivatization. Milli-Q RG (Millipore) filtered water was
used for all aqueous solutions and rinsing. Dimyristoyl
phosphatidylcholine (DMPC), obtained from Avanti Polar
Lipids, and gramicidin D (gD), obtained from Sigma Chemi-
cal Co., were used without further purification. Gramicidin
D is a mixture of gramicidin A, B, and C, of which g.A is the
major component.

Substrate Preparation. Gold substrates were prepared in
an Edwards E306A thermal evaporator. Approximately 50 A
of chromium from chromium-plated tungsten rods (R.D.
Mathis) was deposited as an adhesion layer, followed by
2000-2500 A of gold (Canadian Maple Leaf, 99.9% or
Credit Suisse, 99.99%) onto clean silicon wafers (Silicon
Quest International). Immediately prior to modification by
SAMs, gold substrates were cleaned in piranha solution,
which is a 3:7 solution of 30% H,O, and conc. H,SO,
Caution: This solution is very corrosive and must be handled
with extreme care. Substrates were then rinsed thoroughly in
DI water (Milli-Q RG).

Monolayer and Bilayer Preparations.

Self-assembled monolayers were formed by soaking Au
substrates in derivatizing solutions of 1 mM C,4SH or 0.1
mM gD in 1 mM C,SH (in ethanol) for 12 h. Electrodes
were removed from solution and rinsed with Al-purged
ethanol prior to performing experiments. Solution prepara-
tion and monolayer formation were performed in an Ar-
purged glove-bag to minimize air-oxidation of thiolates.
Samples were only exposed to air when placed in the dry,
CO,-free air-purged (Balston) PM-FTIRRAS chamber or
when transferring to the XPS sample chamber.

Vesicle suspensions of DMPC and DMPC+gD (mole
ratio: 28 DMPC to 1 gD) used for bilayer formations were
prepared according to published methods. To 100 pg of dried
gD (from 50 pM gD/CH;OH stock solution) 1.5 pmol
DMPC (from 1 mg/10 pul. DMPC/CH,OH stock), was
cosolubilized along with 90 ul. CH;OH and 100 pul. CHCl;.
The solution was mixed and the resulting suspension was
dried under vacuum overnight to remove the organic sol-
vent. The dried gD/lipid mixtures were resuspended in 500
uL of Ar-purged DI water and sonicated for 2 h at 55° C. The
gramicidin concentrations in vesicle solutions were deter-
mined by measuring the absorbance at 280 nm (e=20840
M cm™) using an HP 8452A Diode Array spectrophotom-
eter. Typical gD concentrations are from 0.9-1.4 mM. The
conformation of gD in vesicles was determined by circular
dichroism (CD) measurements that were obtained at room
temperature using a JASCO 710A spectrometer. The char-
acteristic positive peaks at 218-220 nm and 235-236 nm, a
positive minimum at 229-230 nm and a negative ellipticity
below 208 nm, indicate that gA exists in a [} channel
conformation in the DMPC vesicles.

Electrochemical Measurements.

The electrochemical cell consisted of a standard three-
electrode system. The reference was a Ag/AgCl (saturated
KCl) electrode. A platinum flag electrode served as the
auxiliary electrode. Immediately prior to electrochemical
experiments, solutions were purged thoroughly in a closed
cell to minimize the presence of oxygen. Capacitance, C, of
alkanethiol monolayers and hybrid bilayers were determined
by two different methods, cyclic voltammetry and AC
impedance. Cyclic voltammetry was performed using a
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computer-interfaced potentiostat (BioAnalytical Systems,
100B with 100W software), and was previously described.
Cyclic voltammetry was performed over two different
potential ranges: between 450 mV and 300 mV, and between
100 mV and -100 mV, in 0.1 M KNO, (reagent grade and
99.999%) and in 0.1 M Mg(NO,), (reagent grade and
99.995%). The equation C=i_/vA was used to calculate C.
The i, is the cathodic or anodic charging current at a given
potential (400 mV or 0.0 mV), v is the scan rate, and A is the
electrode area.

AC impedance measurements were made using a EG&G
PAR M273A potentiostat, M388 Electrochemical Imped-
ance Systems software, and EG&G PAR M5210 lock-in
amplifier. A sinusoidal ac signal was applied at frequencies
between 10 and 64,000 Hz. Measurements were made in 0.1
M KNO; (99.999%) and 0.1 M Mg(NO,), (99.995%) with
a 10 mV amplitude at 0.0 V vs Ag/AgCl (sat’d KCI)
reference. Errors that are reported in tables or as bars in the
plots represent one standard deviation.

Ellipsometry. The procedure for measuring film thickness
was described previously. A Rudolph Research Model
43603 ellipsometer equipped with a 5 mW helium-neon
laser light source (632.8 nm) and with a 700 angle of
incidence was used to measure the monolayer and bilayer
thicknesses. Six measurements were obtained at various
sites on each freshly cleaned Au substrate and subsequently
modified. The change in polarization state and phase change
of the electric field associated with the light beam were
determined. The averages of these measurements were used
to calculate the film thickness on each modified substrate. A
refractive index of 1.45 for hydrocarbon layers on gold was
assumed. Errors that are reported in tables represent one
standard deviation.

PM-FTIRRAS Spectroscopy. Infrared spectra of the
modified electrodes were obtained with a Mattson Research
Series polarization modulation Fourier-transform infrared
spectrometer (PM-FTIRRAS). The FTIR beam was focused
onto the sample at an incident angle of 77°. The beam was
polarized and passed through a ZnSe Series II (Hinds)
photoelastic modulator (PEM) operating at 37 kHz before
reaching the sample. The reflected beam was detected using
a liquid nitrogen cooled HgCdTe detector. Spectra were
taken with 2 cm™* resolution, as indicated in figure captions.
PM-FTIRRAS spectra were normalized by fitting the dif-
ferential reflectance spectra to ninth order polynomial back-
grounds using FitlT, curve fitting software (Mattson). After
curve fitting, spectra were truncated and converted to absor-
bance using WmFirst macro written in-house under the
specifications of Mattson.26.

X-ray Photoelectron Spectroscopy. The XPS spectra were
obtained using Kratos Axis HSi spectrometer equipped with
a monochromated A1Ka. source, 180° hemispherical ana-
lyzer and 5-channeltron detectors. The pressure in the ana-
Iytical chamber during analysis was about 10~° Torr. The
sampling area was 0.4 mmx0.7 mm. Gold and modified-gold
samples were attached to the sample holder with grounding
screws. The selected regions of the spectra were normalized
against the Au(4f,,,) peak height. For the gD and DMPC
powder samples, a thick coating of finely ground powders of
each samples were pressed into a double-sided tape and
attached to a sample plate made from a Si wafer. Charge
compensation with an electron flood gun was only used
when analyzing the powder samples. All powder sample
spectra were charge-corrected to bring the C(1s) hydrocar-
bon peak energy to 285.0 eV. The magnitude of the charge
correction was 1.5
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Characterization with ellipsometry. We have previously
used ellipsometry to characterize gold surfaces that have
been modified by fusion of phospholipid vesicles of DMPC
with self-assembled monolayers of hexadecanethiol. Those
results, which are duplicated in Table I, demonstrate that this
procedure forms bilayers reproducibly. The first layer con-
sists of a monolayer of 22.2+1.5 A of hexadecanethiol (or
19.6x2.0 A if formed in the presence of gD), and the second
layer of phospholipids, which depending on the first layer
and whether gA is present, increases the thickness by an
additional 21 to 25 A. Here, we report a more thorough
analysis of these layers using ellipsometry, including explo-
ration of the extent of vesicle physisorption and contribution
of gD to total thickness of each layer. These results are also
reported in Table 1.

The results for the film formed on a bare gold sample that
has been placed in a suspension of DMPC vesicles is
19.5+11.2 A. The average thickness of physisorbed DMPC
on gold is lower than that of a DMPC layer formed at a
C,SH SAM. This could be due to lower coverage and less
order. In addition, the large standard deviation implies that
the DMPC physisorbed to gold is not uniformly distributed.
Thus, it appears that the SAM is necessary to initiate
reproducible and specific fusion of DMPC vesicles with the
surface.

Based on surface coverage studies, the presence of gD in
the thiol solution during assembly of C,,SH onto gold
appears to cause a decrease in the total C, ;SH that attaches
to the surface. However, the average thickness for a SAM,
formed with a gD in solution, is lower, but within error at
95% confidence of that of a pure C,;SH SAM. To further
investigate the effect of gD on the modified surfaces, we
obtained additional ellipsometry results for hybrid bilayers
in which gD was present during formation of only one of the
two layers, either in the first layer, gD+C, ;SH, or in the
second layer, DMPC+gD. The thicknesses of these two
types of hybrid bilayers are significantly different at the 95%
confidence level. The presence of gD in the formation of the
first layer has a significant impact on the structure of the
bilayer. This is consistent with our previous surface cover-
age results and ellipsometry of the monolayers. However,
when gD is present in forming both the first and second
layers (C,,SH+gD/DMPC+gD) the total film thickness is
the greatest of all of these combinations. This seems to
indicate that DMPC+gD vesicles can fill in gaps or defects
in the underlying layer better than DMPC alone. This may
be due to the ability of gD to transfer from the phospholipid
layer to the SAM layer, as it does in planar phospholipid
bilayers.

Although ellipsometry serves as a sensitive measure of
thickness, there remains unanswered questions about the
composition and structure of the layers on the surface,
especially in the presence of gD. In addition, the calculation
of thickness from the ellipsometry measurements involves
the assumption that the refractive index is the same for
C, ¢SH, phospholipids, and gA. Thus, it is essential that other
techniques be used to further elucidate the structure and
verify the validity of the ellipsometry results.

Characterization with PM-FITRRAS. There has been a
substantial number of structural analyses on phospholipid
films performed in air by various infrared techniques. Many
of these studies involve attenuated total reflectance (ATR)
IR, in which the phospholipid films are deposited onto a
substrate using [.B-deposition methods or by casting films
onto ATR plates, (not via vesicle fusion). One reason that
vesicle fusion has not been used in ATR-IR is that the primer
layer of alkanethiols do not covalently attach to the substrate
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material, which is usually Ge, ZnSe, or Si. Thin films of
metal can be deposited onto the substrate material. However,
the metal film must be partially transparent, and thus, may
not be representative of the surface morphology of bulk
metal. films. External reflectance, such as PM-FTIRRAS,
eliminates such special requirements for the substrate. Thus,
PM-FTIRRAS was used here to evaluate the structure and
composition of the modified surfaces. Several IR bands of
gA have different frequencies from DMPC and from C, ;SH,
so that we can monitor compositional variation in the hybrid
bilayers. Table n summarizes the peak positions and assign-
ments for PM-FTIRRAS spectra for films containing differ-
ent combinations of C,SH, gD, and DMPC, and for trans-
mission FTIR spectra of gD and DMPC in a KBr pellet.

FIG. 29 shows representative IR spectra for C,,SH
SAMs, C,,SH/DMPC, bilayers, and DMPC dispersed in
KBr. In the spectrum of a C,;SH SAM (FIG. 29), the
-0.0012 absorbance for the Vu CH, band is close to values
reported for a monolayer coverage for C,,SH on gold
(-0.0014 AU). Other points to note in FIG. 1a are the
hydrocarbon peak positions. The bands at 29064 cm™" and
2877 cm™ are assigned to the CH, asymmetric in-plane
CH-stretching modes, respectively. Those at 2918 and 2850
cm™' are assigned to the asymmetric and symmetric CH,
modes, respectively. These values are in good agreement,
within 1 ¢m™, of values reported in the literature for
long-chain measurements.

The spectrum for a C, ;SH/DMPC hybrid bilayer is shown
in FIG. 29. The absorbance values of the CH-stretching
bands are essentially doubled from that of the SAM. We
interpret this to mean that a bilayer has formed. These data
are consistent with the ellipsometry measurements. The
DMPC has 12 methylene carbons in the alkyl chains, not 15,
and thus we would expect to see an 80% increase in the
absorbance of the CH, bands, if no significant changes in
orientation occur. The actual increase is 78.7+3.2% AU for
the CH, v, band. We would expect a doubling of the CH,
absorbances. The actual increase is 201.6+33.3% AU for the
CH; v,,, band. Other evidence for the presence of phospho-
lipids includes ester carbonyls at 1739 ¢cm™' and the asym-
metric PO,~ and symmetric PO, stretches at 1260 cm™ and
1100 cm™, respectively. The relative magnitude of the
carbonyl stretch varies from sample to sample by +£0.0006
AU, which might be an indicator of small variations in the
orientation of the head group. The only frequencies of the
CH-stretching modes for the C,,SH/DMPC bilayers that
differ from those for the C,,;SH SAM are the CH, asym-
metric (2962 cm™") and the CH, asymmetric (2917 cm™)
modes. However, these are within the resolution of our
measurements and might not be significant. In addition, if a
monolayer consists of alkyl chains in all-trans configuration,
the v, CH, band will occur at 2918 cm™, as compared to
2925 cm™ for films with a more disordered, liquid-like
structure. Overall, our results indicate that the structure of
the hydrocarbon chains in the DMPC layer are structurally
similar to those in the SAM.

FIG. 29 shows the transmission IR spectra for DMPC in
a KBr pellet for comparison. The ester carbonyl peak for
DMPC in the KBr pellet (1745 cm™) is lower by 3 em™
than that in the hybrid bilayer. Those bands for the PO,~
asymmetric stretching mode at 1252 ecm™, and the PO,~
symmetric stretching mode, observed at 1092 cm™', are
lower for DMPC in the KBr pellet than that in the hybrid
bilayer by 8 cm™'. The structure of DMPC in the hybrid
bilayers is clearly different than in the powder form.

FIG. 30 shows the PM-FTIRRAS spectra for the C, ;SH+
gD monolayer, C,,SH+gD/DMPC+gD bilayer, and the
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transmission spectrum of gD in a KBr pellet. In the spectrum
for ethanol-rinsed C, ;SH+gD (FIG. 30), there are no char-
acteristic IR bands for gA, which are the Amide 1 (C=0
stretch) the Amide II (coupled CN stretch and NH bending),
and Amide A (NH stretch) bands. Thus, it appears that gD is
not present in sufficient concentrations in the SAMs formed
from C, ;SH+gD to be detected. In addition, the absorbance
for the CH-stretching modes is only approximately 90% of
that for a SAM formed from C, ;SH alone. Interestingly, the
frequencies of the CH-stretching modes are identical to
those for the pure C,;SH SAM. This indicates that any
changes in the monolayer structure due to assembly in the
presence of gD are not detectable with PM-FTIRRAS. We
have included a PM-FTIRRAS spectrum for a film formed
from a C,;SH+gD, followed by rinsing with water, instead
of ethanol (FIG. 31). Our previous work demonstrated that
an irreproducible number of multilayers form after a water
rinse, because water does not solvate gA or C,;SH. A
comparison of this spectrum and FIG. 30 provides two main
points. First, it lends credibility to the fact that the IR bands
for gA are easily detectable and comparable in absorbance to
those of C,,SH for films when in a 1:10 ratio (as in the
solution). Second, it supports our earlier work that had only
indirectly suggested that gD must be removed from the
SAM during the ethanol rinse, perhaps leaving behind gaps
or defects in that layer. The water rinse, however, causes
multilayer formation, evidenced by a 7 times increase in the
absorbance value in the CH-stretching region from that for
an ethanol-rinsed sample.

FIG. 30 shows that in a bilayer of C, ;SH+gD/DMPC+gD,
the absorbance bands in the CH-stretching region is approxi-
mately two times the absorbance of monolayers. Gramicidin
is present in the film this time, as demonstrated by the
prominent Amide I peak at 1660 cm™, Amide II peak at
1546 cm™ and the weak, broad Amide A band at 3288 cm™.
Also present is the sharp band at 1739 cm™ for the ester
carbonyl of DMPC, as well as the peaks assigned to asym-
metric and symmetric PO, stretching modes. The absor-
bance of ester carbonyl band is higher than that for the
C, ,SH/DMPC bilayers. This may be an indication that there
is some orientational change in the DMPC head group
relative to the surface in the presence of gD The magnitude
of this band does vary, however, from bilayer to bilayer by
as much as 15% AU relative standard deviation.

FIG. 30 shows the transmission IR obtained from gD in
a KBr pellet. The characteristic bands are the Amide A at
3278 cm™!, the Amide I at 1637 cm™!, and the Amide I1 1536
cm™'. These are lower in frequency by 10 cm™, 23 cm™,
and 10 cm™!, respectively than the corresponding bands in
the hybrid bilayers containing gD. It has been reported that
the frequency shift of the Amide I band suggests a change in
environments around the gramicidin molecules and/or a
conformational change caused by the introduction of grami-
cidin into the lipid layer.

XPS Analysis. XPS measurements were also used to
extract information regarding surface composition for mono
layers and bilayers. This method has a sensitivity of
0.01-0.3% of the elemental composition of the surface, and
thus provides a complementary analysis method to IR,
which is about a factor of 10 less sensitive for surface
analysis. XPS spectra of O(1s), N(1s), C(1s), and S(2p)
regions of C,,SH SAMs were compared with those of
SAMs formed from derivatizing solutions containing gD.
The results of the O(1s), N(1s), C(1s), and S(2p) regions of
each ethanol-rinsed C, ;SH, ethanol-rinsed C, ;SH+gD, and
water-rinsed C,;SH+gD self-assembled films are shown in
FIGS. 25a, 25b, and 25c¢, respectively.

20

35

40

45

55

26
XPS analysis of the C, ;SH SAM (FIG. 32) shows a C(1s)
at 284.9 eV for the aliphatic hydrocarbons. This value is
comparable to reported literature value of 284.7 eV. Also the
S(2p) doublet at 161.9 eV and 163.0 eV are consistent with
reported values for thiolates bound to gold.

SAMs formed in the presence of gD, followed by an
ethanol rinse, yield XPS spectra (FIG. 32) with peaks for
C(1s) and S(2p) that are similar to those for the C, ;SH SAM
alone. There are no new peaks for N(1s), O(1s), or for C(1s)
that correspond to gD. Thus, these data are consistent with
the PM-FTIRRAS data that show that the gD is removed
from the surface during an ethanol rinse.

An XPS analysis of water-rinsed samples of C, ;SH+gD is
shown in FIG. 32. The strong O(1 s) peak at 531.6 eV and
the N(1s) peak at 400.5 eV indicate the presence of the
amide groups in gD. Also present is the shoulder at 286.6 eV
representing the C(1s) emissions from the amide carbonyl
groups. These results are consistent with the PM-FTIRRAS
data and previous work.

FIG. 33 shows the O(15), N(1s), and C(1s) XPS spectra
of' gD powder. The O(1s) peak for the gD powder appears at
531.4 eV. This value is in good agreement with values
reported for poly(L-amino acids), 531.5-532.1 eV. As
expected, we observe more than one C(1s) peak. The amide
carbons (C—N and C=0) of the peptide backbone appear
as a broad shoulder with peaks at 288.2 eV and 278.0 eV.
These values are in agreement with literature values to
within 0.4 eV and 0.1 eV for the C—N and C=0C(15s)
regions, respectively. The N(1s) peak is observed for the
amide groups in gD at 399.5 eV.

FIG. 33 shows the O(1s), N(1s), C(1s), and P(2p) XPS
spectra for DMPC powder. The three chemical states that
give C(1s) signals for phospholipids are those assigned to
C—C and C—H at binding energy of 285.5 eV, C—O at
286.6 eV and O=C—O at 288.8 eV. The C(1s) region of the
DMPC powder appears as a broad peak ranging from 286 eV
to 289 eV. Also present is the N(1s) peak at 402.2 eV for the
nitrogen of the lipid head group as well as the very weak and
broad P(2p) peak at 134.2 eV.

The XPS analysis performed on the hybrid bilayers with
and without gD yield irreproducible results. The presence of
N(1s) and P(2p) peaks was sporadic from sample to sample.
The PM-FTIRRAS spectra before and after XPS analysis of
the same sample were identical. At this time, it is not clear
why the XPS spectra are not as reproducible as the other
characterization of these samples. Perhaps sample damage
in the small X-ray irradiated area occurs and thus affect the
XPS results, but is not sufficient to perturb enough of the
sample to affect the IR analysis, which covers an area -110
times larger.

Capacitance in KNO; and Mg(NO,), Electrolyte. Elec-
trochemical analysis provides additional information about
the barrier properties of the modified surfaces to solution
species. The capacitance at an electrode surface is highly
dependent on composition of the electrolyte, solvent, nature
of the electrode surface, and applied potential. There are
numerous reports that draw general conclusions about
SAMs and phospholipid layers based on AC impedance and
other capacitance measurements such as cyclic voltammetry
in simple electrolytes. However, many reports do not pro-
vide supporting analyses from other techniques. Here, we
correlate our spectroscopic data to capacitance determina-
tions and compare to the conclusions found in the literature.
Potassium- and magnesium-containing nitrate salts were
chosen to evaluate the relative permeation of mono- and
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dications through the films, respectively. Capacitance values
were obtained by CV and ac impedance and are reported in
Tables I1I and IV.

Overall, the capacitance data seem to be consistent with
the spectroscopic data. Specifically, the decrease in capaci-
tance from monolayers to bilayers is close to 50%, which is
expected if the bilayer is double the thickness of the mono-
layer and if the molecules in the two layers are identical.
There is a more dramatic change in capacitance for the
gD-containing films (46% for KNO, and 54% for Mg(NO,),
than for those without gD (40% for KNO; and 48% for
Mg(NO,),. This is consistent with ellipsometry that shows
a 128% and 98% increase in thickness for bilayers with and
without gD, respectively. Likewise, when IR indicates lower
coverage of CH-containing molecules, the capacitance in
KNO, increases, such as when comparing SAMs of C, ;SH
to SAMs of C,,SH+gD or when comparing bilayers of
C,SH/DMPC to bilayers of C, ;SH+gD/DMPC+gD.

The type of electrolyte can play a significant role. If
spectroscopic analysis are unavailable, interpretation of
capacitance may be difficult. However, determination of
capacitance in different electrolytes can provide valuable
insights into film structure and composition. For example,
the relative capacitance trends in Mg(NO;),, for films with
and without gD, are opposite those of KNO; Possible
reasons for this are described further below.

Capacitance values determined from the charging current
in CV (100 mV/s), measured at 0.4 V, are shown in Table III
for all versions of the modified electrodes. There are two sets
of data. The first set of values was obtained in reagent grade
0.1 M KNOj; and 0.1 M Mg(NO,), (from Mg(NO,),*6 H,O)
and for samples which were not protected from air during
transfers to and from the electrochemical cell. These were
reported previously. It has been suggested that SAMs air
oxidize upon exposure to air, which may change the capaci-
tance of the layers. Also, the impurities in the electrolytes
used previously, and in particular those of the Mg-containing
salt, may have led to capacitance values that could not be
accurately predicted. Thus, a second set of capacitance
values (Table III) were obtained in solutions prepared from
higher purity salts, KNO; (99.999%) and Mg(NO,),*6 H20
(99.995%), and for which samples had not been exposed to
air at any point in the preparation or electrochemical analy-
sis steps.

The first and second set of C values obtained in KNO3 are
within error for a given film composition. In both cases,
higher capacitance is obtained in KNO; when gD is present
in the derivatizing solutions to form the monolayers
(34-38%) and bilayers (14-24%). In Mg(NO,), there is a
decrease in capacitance from C,; SH SAMs to C, ;SH+gD
SAMs. That decrease is 22% and 20% for the first set and
second set, respectively. For bilayers, the decrease in capaci-
tance in Mg(NO3)2 when gD is present is 26% and 17%,
respectively. Although the absolute capacitance values for
the Mg(NO3h electrolyte in the second set are lower than for
the first set, the trends observed in the absence and presence
of gD are similar and reproducible.

The monolayer-modified samples show a similar trend in
capacitance with gD as the bilayers. Yet, it is known, based
on the spectroscopic evidence described above, that the
C16SH+gD monolayer does not contain significant amounts
of gD. Thus, for that modified surface, one cannot propose
that the selective permeation is based on ion channel con-
formation. Also, such structural and compositional changes
may contribute to the selective-ion effect for bilayers with
and without gD. Based on these results, it appears that the
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ion-selectivity of the films with gD are governed by film
composition, not ion-channel conformation.

The capacitance values in Table III are higher than those
reported by others for SAM and phospholipid modified
electrodes. The capacitance for the C, ;SH/DMPC bilayer in
purified 0.1 M KNO, is about 2.6 times greater than those
reported for C, SH/POPC bilayers on Au in 0.010 M KCI
and -1.6 times greater than for C, ,SH/POPC bilayer in TBS.

We believe that those differences are due to the manner in
which the capacitance was determined, not because of large
differences in sample preparation. We investigated this fur-
ther by comparing the results from other electrochemical
techniques for the monolayer-modified surfaces (C, ;SH and
C,sSH+gD). The capacitance values from these experiments
are reported in Table IV. The capacitances for C,,SH and
C,sSH+gD SAMs using CV at 0.0 V were 49-53% lower in
0.1 M KNO,; and 46-47% lower in 0.1 M Mg(NO,), than
results obtained at 0.4 V. For example, the capacitance of
C,sSH SAM at 0.0 Vin 0.1 M KNO, (99.999%) electrolyte
was 1.53=0.06 uF/cm?, but is 3.05-0.07 pF/cm® at 0.4 V.
However, our value for CV at 0.0 V is still higher than Plant,
reports the capacitance for C, ;SH monolayer in 0.010 M
KCl is about 1.12 pF/cm?® using ac impedance at 0.0 V.9 We
also performed ac impedance at 0.0 V. The capacitance the
C,+SH SAMs (0.90=0.08 uF/cm?) is in good agreement with
those previously reported by others using the same tech-
nique.

The results from different electrochemical methods indi-
cate that capacitance determinations are very technique-
dependent. Because the C,;SH SAM-capacitance that we
obtained by ac impedance is comparable to literature values,
we conclude that our sample preparation procedure must be
valid. We have only obtained a complete set of capacitance
data for both monolayers and bilayers using CV at 0.4 V
(Table III). However, SAMs prepared from solutions of
C,sSH+gD exhibit the same trends in capacitance when
compared to pure C, ;SH SAMs, regardless of the technique
(see Table IV). Thus, although the absolute values are higher
than those determined by other electrochemical methods, the
relative values in Table III show the same trends.

EXAMPLE 5

Chemicals and Materials

A gold coin (Canadian Maple Leaf, 99.9%) and chro-
mium-plated tungsten rods (R.D. Mathis) served as sources
for thermal evaporation. Silicon wafers were obtained from
Silicon Quest Internat (Santa Clara, Calif.). Absolute ethanol
was obtained from Ultra Scientific. Hexadecanethiol
(C,6SH), methanol, acetonitrile, chloroform, tetrabutylam-
monium hexafluorophosphate (TBAPF,, 96%), silver
nitrate, and lead nitrate were obtained from Aldrich Chemi-
cal Co. The TBAPF was recrystallized from ethanol and
dried over night in vacuum at 107° C. (22) Magnesium
nitrate hexahydrate, potassium nitrate, potassium hydroxide,
sulfuric acid, lithium perchlorate, and 30% hydrogen per-
oxide were obtained from Fisher Scientific. Gramicidin D
(gD) was obtained from Sigma Chemical Co. Dimyristoyl
phosphatidylcholine (DMPC) was obtained from Avanti
Polar Lipids (Alabaster, Ala.). The 10-(ferrocenylcarbonyl)-
decanethiol, FcCOC,,SH, was synthesized and purified as
described in Everett et al. Purified gA was donated by Roger
E. Koeppe, 11, and his research group (University of Arkan-
sas, Fayetteville, Ark.). Deionized (DI) water used was
purified with a Milli-Q system. Unless otherwise specified,
chemicals were used as received.
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Fabrication of Working Electrodes

Silicon wafer substrates were cleaned for approximately
15-20 minutes in a solution of 7:3 (v/v) concentrated H,SO,
and 30% H,0,. respectively, and rinsed thoroughly with DI
water. The wafers were dried under N, and oven-dried at
100° C. for 10 min. About 100 A of chromium was thermally
evaporated as an adhesion layer followed by 1500-2500 A
of gold using an Edwards E306A Coating System.

Derivatizing Solutions and Monolayer Preparation

Solutions of 1 mM C, ;SH were prepared by first filtering
C, ¢,SH through a plug of alumina, followed by diluting with
100% ethanol. Solutions of 1 mM FcCOC,,SH were pre-
pared in 100% ethanol. Immediately after preparation, solu-
tions were purged for 12-25 minutes with and stored under
Ar to minimize disulfide formation. Gramicidin-containing
organothiol solutions (C,,SH+gD or FcCOC,,SH+gD)
were prepared prior to use by dissolving gD or purified gA
in the organothiol solution. Unless otherwise specified,
derivatizing solutions consisted of a mole ratio of 10 orga-
nothiol to 1 gD. Gramicidin D is a mixture of gA. gB and
gC. in which gA is a major component of the mixture
(-85%). Because similar results were obtained for both gD
and purified gA, we do not distinguish between gA and gD
in this paper.

SAMs were formed by soaking gold electrodes in deriva-
tizing solutions for about 24 h under Ar. Electrodes were
removed from solution and rinsed with water or ethanol
prior to performing experiments.

Vesicles and Bilayer Preparation

Solutions of vesicles of DMPC+gD (mole ratio: 28
DMPC to 1 gD) were prepared. Lipid (140 umol-50 pmol)
was added from stock methanol solution to dried gD (10
nmol-1 pmol). The total volume was brought to 200 pL. by
the addition of a 50:50 mixture of methanol and chloroform.

The solution was mixed and the resulting suspension was
dried under vacuum overnight to remove the organic sol-
vent. The dried gramicidin/lipid mixtures were resuspended
in 500 pL, of Ar-purged water and sonicated for 2 h at 55° C.
using a Branson W-185 cell disrupter (power level 5) fitted
with a Model431-A cup horn accessory. Samples were
centrifuged in an Eppendorf Centrifuge 5415C at 12,500
rpm for 5 min at room temperature. The gramicidin con-
centrations in the supernatant were determined by measuring
the absorbance at 280 nm using a HP 8452A Diode Array
spectrophotometer. Solutions of vesicles of DMPC alone (no
gD) were prepared as above. The conformation of gD in
vesicles was determined by circular dichroism (CD) mea-
surements that were obtained at room temperature using a
JASCO 710A spectrometer.

To form hybrid bilayers, electrodes were first modified
with self-assembly from C,,SH and C, SH+gD solutions
and rinsed with ethanol. The SAM-coated electrodes were
soaked in aqueous suspensions of either DMPC or DMPC+
gD vesicles for about 24 h and rinsed with water. Hybrid
bilayers were prepared immediately prior to use.

Our supported hybrid bilayers consist of a first layer that
is a SAM of hexadecanethiol and a second layer formed
from vesicles of DMPC that are suspended in an aqueous
Solution. The advantage of these structures is that they better
mimic biomembranes than a monolayer. More importantly,
the vesicles provide a convenient way to deliver membrane
proteins to a surface. Unbound vesicles can be rinsed away
with water. Therefore, the proteins which are only slightly
soluble in water and which are incorporated into the film will
not be rinsed away. DMPC was chosen because it is known
to form vesicles in which gA is in a channel forming
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configuration. Each DMPC consists of two butadecyl chains
and a hydrophilic head group containing ammonium and
phosphate moieties.

Supported Hybrid Bilayers Formed from SAMs and Vesicles
Bilayers were constructed by allowing phospholipid
vesicles to assemble from an aqueous suspension onto
ethanol-rinsed, SAM-modified electrodes (FIG. 34). CD
spectra indicate that gA in the vesicles is in the [ channel
conformation (FIG. 34). The [ channel conformation gives
a unique CD spectrum which is characterized by positive
peaks at 218-220 nm and 235-236 nm, a positive minimum
at 229-230 nm and a negative ellipticity below 208 nm
(FIG. 35). A water rinse rather than an organic solvent rinse,
flushes away free vesicles but will not remove gD that has
partitioned from vesicles into surface-confined films.

Film Thickness

Ellipsometry results for monolayers and bilayers are
shown in the thickness of films of C, ;SH/DMPC is 21-25 A
higher than for C,,SH alone, essentially twice that of
monolayers. The layer of DMPC should have a thickness of
about 19.6 A. The experimental C value for DMPC is
slightly larger than the predicted value. This difference
might narrow if a more accurate refractive index were used.
The small deviation from the predicted value may be due to
minute differences between the structure of supported hybrid
bilayers and planar phospholipid bilayers. The thickness of
films of C,SH+gD/DMPC+gD is within error of those
without gD. The gD must not cause a large enough change
in film structure in either monolayers or bilayers to affect
thickness.

These data show more convincingly than the capacitance
data that the DMPC-formed films are indeed bilayers, and
not disorganized films composed of multiple layers of orga-
nothiols and phospholipids.

Electrochemical response to Fe(CN)4>~.

The electrochemical sensitivity to the redox probe Fe(CN)
s was investigated for monolayers (ethanol-rinsed) and
hybrid bilayers. Fe(CN),>*~7*" is a better redox couple than
Ag™™ and Pb*° because it stays soluble in Solution. How-
ever, Fe(CN),>~* is much larger and has a higher charge
than the elemental ions. Thus, it is less likely to permeate
through small defects in the films. FIG. 14 compares the
faradaic response of Fe(CN),>~ at bare and modified elec-
trodes. At bare gold, the Fe(CN),>~ gives the typical one-
electron, reversible electrochemical response. Monolayer
and bilayer-modified electrodes block Fe(CN)s>~ from
reaching the surface. FIGS. 556 and 5¢ show expanded CV
responses for modified electrodes in the absence and pres-
ence of gD, respectively. There is a small faradaic current in
the bilayer film that contains gD. This could be due to
permeation of Fe(CN)4>~ through the film and due to defects
caused by the presence of gD.

Capacitance in KNO; and Mg(NO,), Electrolyte

Capacitance values in KNO; and Mg(NO,), were com-
pared to evaluate the relative permeation of elemental mono-
and dications through the films. This should be less destruc-
tive than electrochemical deposition and oxidation of Ag*
and Pb**.

Capacitance values for clean, bare Au electrodes in 0.1 M
KNO; and 0.1 M Mg(NO,), are 7.3.8+1.7 and 51.0£2.2
uF/cm?, respectively. The capacitance for KNO, is close to
that predicted by theory, 72 uF/cm?, for a 1:1 electrolyte at
0.1 M. The capacitance in Mg(NO;), should be higher than
in KNOj;, because there are three ions for every molecule,
instead of two, and one of the ions has a +2, instead of a +1,
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charge. However, the Mg(NO,),*6H,0 is hygroscopic, and
thus, the actual concentration should be much lower than 0.1
M. This could yield a capacitance that is lower than expected
in Mg(NO,),, offsetting the contributions from increased
charge and ion number. We obtained comparable capaci-
tance values for Mg(NO;), and KNO,; at annealed gold (no
adhesion layer) on mica and on gold (with a Cr adhesion
layer) on glass. Thus, we are certain that the electrodes and
the silicon water substrates are not adding unusual capaci-
tive behavior. Reports of typical C values for bare gold in the
literature give values from about 30 uF/cm? to 100’s uF/cm?,
which supports the values that are reported here. Capaci-
tance is highly dependent on composition of the electrolyte,
solvent, nature of the electrode surface, and applied poten-
tial. It is important to note that our capacitance values and
the trends with modification are consistent and reproducible.

Whereas, the present invention has been described in
relation to the drawings attached hereto, it should be under-
stood that other and further modifications, apart from those
shown or suggested herein, may be made within the spirit
and scope of this invention.
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What is claimed is:
1. A 3-dimensional microfabricated device, comprising:
at least one microcavity;
an Au layer surrounding said microcavity in an etched
region of insulator and wherein a bottom of the device
is lined with an insulator layer;
a lipid bi-layer suspended over said microcavity and said
Au layer; and
wherein edges of said lipid bi-layer suspended over said
microcavity are anchored via inter-molecular forces to
alkanethiol self assembled monolayers tethered to said
Au layer.
2. The 3-dimensional microfabricated device of claim 1
having a hole in said bottom for minimizing osmotic effects.
3. The 3-dimensional microfabricated device of claim 1
having a multiple well array.
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