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ABSTRACT

The feasibility of using active semiconductor chips containing addressable arrays of microelectrodes for the “real-time” monitoring of biologically
relevant binding events has been demonstrated by detecting the binding of a coumarin substrate by an anticoumarin antibody. The coumarin
substrate was synthesized proximal to predetermined electrodes on the chip with the use of a Pd(II) reagent that was itself generated by using
the selected electrodes. Once the coumarin was synthesized, its binding to the anticoumarin antibody was detected by monitoring the current
associated with a ferrocene −ferrocinium ion redox cycle that was established between the electrodes on the chip and a remote auxiliary
electrode.

Chip-based molecular libraries can provide a valuable tool
for screening molecular interactions involving a variety of
biomolecules.1 Of particular interest are libraries having the
molecules located proximal to individually addressable
electrodes on an active-semiconductor microarray.2,3 In
principle, the molecules in such a library can be monitored

by using the electrodes thereby providing a “real-time”
measure of how the molecules interact with biological
receptors. With this in mind, we have been working to
develop the synthetic methodology needed for synthesizing
organic molecules at preselected sites on electrochemically
addressable microarrays.4,5 Taking our lead from initial
efforts to use electrochemically generated acid and base on
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the arrays to build DNA and peptide libraries,6,7 this work
has utilized selected electrodes in the arrays to synthesize
both Pd(0)4 and Pd(II)5 reagents for effecting chemical
transformations on molecules tied to a polymer coating above
the electrodes. By utilizing a chemical reagent in the solution
above the array that destroys the reagent generated, the
desired reactions can be confined to the region of the array
immediately surrounding a selected electrode.

With a strategy for exploring new reactions in place and
a number of new microarray-based synthetic methods in
development, attention has turned toward determning how
the microelectrodes in the array could be used to monitor
the “real-time” binding of small molecules attached to the
array’s surface. To date, most efforts to monitor the behavior
of molecules on electrode microarrays have focused on either
fluorescence based approaches8 or electrochemical amplifica-
tion techniques.9 Both techniques require washing the array
following incubation of the library with a desired biological
receptor and then capitalizing on an appropriate antibody
bioconjugate to effect signaling. While these approaches can
be very effective, the washing step is potentially problematic.
For example, if one is using a library containing conforma-
tionally constrained ligands to probe the three-dimensional
requirements of a receptor, then weak binding interactions
can provide important information suggesting that a particular
conformation is close to being correct. A separate washing
step could “wash away” this information thereby changing
a positive binding event into a false negative and affording
inaccurate information.

For this reason, we sought a method that would allow the
electrodes to directly signal a binding event on the array’s
surface. The overall strategy taken for the development of
electrochemical sensors appeared ideal.10 In this approach,
a biological receptor is placed on the surface of a gold
electrode. A redox couple is then cycled between the
electrode and a remote auxiliary electrode creating a current
that can be monitored. The heterogeneous electron-transfer
rate is a function of the surface coverage of electroinactive
species11 and therefore as molecules bind to surface bound
receptors, the observed current decreases. Several aspects
of this approach were of concern with respect to its
application to chip-based microarrays. First, rather than attach
a large biological receptor to the electrode and then screen
a series of solution phase ligands one at a time for their

interactions with the receptor, the microelectrode array
experiment seeks to accelerate the rate at which ligands can
be screened by placing the ligands proximal to the electrodes
and then probing their interactions with a solution phase
biomolecule in a parallel fashion. Second and more worri-
some, the current microarray based chemistry does not attach
the molecules to the electrode surface, but rather binds the
molecule to a porous polymer covering the entire surface of
the chip. Will extra distance between the electrode and
ligand/receptor interaction result in a situation where the
binding event no longer interferes with the current associated
with a secondary redox couple? If the answer is yes, then
how do we change the overall approach so that the molecules
can be directly bound to the electrodes? If the answer is no,
then what distance between the electrode and the molecule
being monitored can be tolerated?

To begin addressing these questions and demonstrate the
feasibility of the approach, we decided to locate coumarins
proximal to the electrodes of an addressable microarray. The
ability of the array to signal a binding event would then be
determined by treating the array with commericially avail-
able, coumarin specific antibodies. With this in mind, our
attention turned toward a site-selective synthesis of coumarins
on the microarrays. To this end, the synthetic protocol
outlined in Scheme 1 was followed.

The synthesis began by coupling a phenol substrate to the
surface of the array with use of an amine based porous
polymer.12 The phenol was placed on the entire surface of
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the chip supporting the array. The coumarin synthesis then
capitalized on a Pd(II)-catalyzed cycloaddition between the
phenol substrate and an acetylene in the solution above the
array.13 This chemistry used the methodology developed
previously for doing site-selective Pd(II)-mediated oxidations
on the arrays.5 In this way, Pd(0) was generated in the
solution above the array by a Wacker oxidation involving
Pd(OTf)2 and ethyl vinyl ether. The Pd(0) was then converted
to the desired Pd(II) reagent at selected electrodes by using
them as anodes to oxidize an amine and generate a radical
cation, which in turn oxidized the Pd(0). The Pd(II) catalyst
generated in this fashion was confined to the region of the
chip surrounding the electrode with the use of excess ethyl
vinyl ether. The success of this strategy was analyzed by
imaging the array with the use of a biotinylated anticoumarin
antibody14 followed by incubation with a Texas red conju-
gated steptoavidin.15 Figure 1 shows a fluorescent microscope

image of an array where a “zigzag” pattern of electrodes
(blocks of 32) were used as anodes. The effectiveness of
the confinement strategy is readily apparent. In direct analogy
to the use of site-selective catalytic Pd(0) reactions on the
arrays,3 it was clear that the strategy for effecting site-
selective Pd(II) reactions was not just effective for oxidation
reactions requiring a stoichiometric Pd(II) reagent, but also
for transformations utilizing catalytic Pd(II).

Having effectively located coumarins proximal to elec-
trodes on the surface of a chip, attention was turned to the
signaling experiments. For this work, an electrode microarray
having ca. 12 000 electrodes/cm2 was utilized.16 Of the ca.
12 000 electrodes, three blocks of 121 electrodes were
employed as anodes for the coumarin synthesis. On the first
block, the coumarin was linked to the polymer through a
single thymidine unit having an aminoethoxyethyl terminat-
ing group (Scheme 2,n ) 0). On the second block, the
coumarin was linked to the polymer by using 5 thymidines

(n ) 4) having an aminoethoxyethyl terminating group. On
the third block, the coumarin was linked to the polymer by
using 15 thymidine units (n ) 14) having an aminoethoxy-
ethyl terminating group. The entire electrode array schemati-
cally illustrated in Scheme 2 was then submerged in a
solution of an iron redox couple (ferrocene acetic acid/
ferrocinium acetic acid) and electrolyte. A platinum counter
electrode having an area of 0.75 cm2 was then placed over
the chip. The distance between the chip and the counter
electrode was kept at approximately 650 to 800µm with
the use of an O-ring.17 Cyclic voltammetery was performed
from -0.4 to 1.2 V (this potential represents the cell potential
and is reported as the potential of the working electrode
relative to the Pt counter electrode) at a sweep rate of 100
mV s-1 by using the electrodes on the chip as anodes and
the remote auxiliary electrode as the cathode. The addition
of an anticoumarin antibody was expected to interfere with
Fc+ (ferrocinium acetic acid) transport to the anode on the
chip reducing the total current flow.

From the start, only a small signal could be observed for
the blocks of electrodes having the coumarins linked to the
surface with 5 thymidine units while no signal could be
observed for the blocks of electrodes having 15 thymidine
units. However, a clear signal could be observed for the block
of electrodes having the coumarin linked to the surface with
a single thymidine. The results of this experiment are
illustrated in Figure 2. The initial current measurement was
made in the absence of any antibody and is represented by
the black curve. The array was then treated with an anti-
2,4-DNP antibody and the current measured giving rise to
the red curve illustrated in Figure 2. No significant drop in
current was measured indicating that there was minimal
nonspecific interaction between the antibody and the array’s
surface. Following this control experiment, the chip was
treated with the anticoumarin antibody used in the imaging
experiment illustrated in Figure 1. The current was measured
and gave rise to the green curve illustrated in Figure 2.
Clearly, the overall strategy employed is capable of providing
a “real time” signal in response to a small molecule-antibody
binding event. Even with the current level of sensitivity, the
use of only 121 electrodes on a 12K chip suggests that
libraries of approximately 100 molecules can be rapidly
screened.
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Figure 1. “Zigzag” pattern of electrodes used for site-selective
coumarin synthesis.

Scheme 2
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In conclusion, we have demonstrated that the same
confinement strategy for isolating Pd(II)-mediated oxidations
to site-selective locations on a chip can also be employed
for conducting site-selective cycloaddition reactions that
utilize a Pd(II) catalyst. This reaction scheme was utilized
to synthesize coumarins on the surface of an addressable
electrode array. The coumarins were used to probe an
electrochemical method for monitoring ligand/receptor bind-
ing events on the arrays. The method for detecting binding
on the array surface was designed in analogy to existing

electrochemical sensors. However, in the case of the array
the coumarins were attached to a polymer covering the
surface of the chip and not directly attached to the electrodes
themselves. The presence of this polymer did not prevent
detection of the binding event; however, the stregnth of the
signal is dependent on the distance between the coumarin
and the electrode used for monitoring its behavior. At the
present time, the level of sensititivity obtained would allow
for the rapid monitoring of small libraries of molecules.
Current work is focusing on optimizing the sensitivity of
the system, probing the size of the library that can be
monitored, and examining the use of the overall strategy for
differentiating between the binding of an antibody in solution
with different substrates on the surface of the chip.
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Figure 2. Cyclic voltammetry of ferrocene acetic acid on Pt
electrodes with coumarin linked to a polymer through a single
thymidine having an amino ethoxy ethyl terminating group. All
measurements were performed in PBS buffer and the concentration
of the ferrocene acetic acid was 8 mM.
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