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A critical shortcoming of current surface functionalization
schemes is their inability to selectively coat patterned sub-
strates at micrometer and nanometer scales. This limita-
tion prevents localized deposition of macromolecules at
high densities, thereby restricting the versatility of the
surface. A new approach for functionalizing lithograph-
ically patterned substrates that eliminates the need for
alignment and, thus, is scalable to any dimension is
reported. We show, for the first time, that electropolymer-
ization of derivatized phenols can functionalize patterned
surfaces with amine, aldehyde, and carboxylic acid groups
and demonstrate that these derivatized groups can co-
valently bind molecular targets, including proteins and
DNA. With this approach, electrically conducting and
semiconducting materials in any lithographically realiz-
able geometry can be selectively functionalized, allowing
for the sequential deposition of a myriad of chemical or
biochemical species of interest at high density to a surface
with minimal cross-contamination.

There is an ever-increasing demand for the selective placement
of functional molecules with micrometer to nanometer accuracy
for sensing, assaying, and signaling applications. The key limitation
is that current chemical and biochemical deposition schemes have
not kept pace with the precision attainable by both traditional
lithography! and nanotube and nanowire schemes.?? A method
that allows selective functionalization of micro- and nanoscale
electronic devices would enable multiple potential functions at very
high densities on a single surface and would have implications in
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many fields, including DNA and protein microarrays,*® nanowire
and nanotube sensors,’ lab-on-a-chip platforms,” drug discovery
platforms,® and drug delivery systems.?

To achieve selective functionalization, we utilize the method
of phenol electropolymerization, which has been previously shown
to deposit insulating films on Pt wires, -1 primarily for the
development of amperometric and potentiometric sensors. Electro-
polymerization is a process whereby a conducting!’~% or insulat-
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ing!® film is deposited on a conductive or semiconductive sub-
strate. Two significant advantages of insulating films, such as
polyphenols, are that they are considerably thinner due to the
self-limiting nature of the polymerization reaction!®!17 and that
substrates can be coated without affecting their electronic proper-
ties. The electropolymerization of tyramine and 4-hydroxybenz-
aldehyde has been shown to produce insulating films with reactive
amines and aldehydes on bulk electrodes,'3~16 but the applications
of this approach have been severely limited due to the lack of
integration with thin-film microelectronic technology, which
enables simultaneous functionalization of electrodes in large arrays
with different molecular species.

In this article, we present a new method capable of applying
multiple functionalities sequentially to interdigitated micro-
electrodes without the need for additional alignment steps and
with no detectable cross-contamination. We demonstrate for the
first time that modified phenols can be electrodeposited from
aqueous solution onto lithographically patterned substrates to
produce surfaces with free amine, aldehyde, and carboxylic acid
groups capable of conjugating small molecules, proteins, and
DNA oligonucelotides. In contrast with present electrochemical-
based methods,?-28 the power of the method introduced here is
that it offers multiple conjugation chemistries, is not surface
specific, is stable in aqueous environments, and is prepared
entirely from commercially available chemicals. We additionally
use indium tin oxide (ITO) electrodes in this study because ITO
is optically transparent and useful for optical or fluorescent imag-
ing applications.

EXPERIMENTAL SECTION
ITO Patterning. Positive photoresist (Shipley S1813) was spun

on ITO slides (8—12 Q-cm) purchased commercially (Sigma-
Aldrich). The resist was patterned by contact photolithography
(CAD Art Services transparency mask) and etched with TE-100
tin etchant (Transene).

Electrode Preparation. The reference electrode was fabri-
cated by depositing AgCl on Ag wire (Earnest Fullham, Inc.) in
an electrochemical cell from a saturated aqueous NaCl solution.
The counter electrode is a Pt wire (Earnest Fullham, Inc.) and the
working electrode was contacted with a Cascade Microprobe tip.

Electrodepositions. Tyramine, 4-hydroxybenzaldehyde, and
4-hydroxyphenylacetic acid were purchased at the highest avail-
able grade (Sigma-Aldrich) and used without further purification.
The modified phenols were dissolved to 50 mM in 1x phosphate-
buffered saline (PBS), pH 7.4, using ultrasonication; fresh solutions
were made at least every hour. Electropolymerization depositions
on ITO were performed using a Gamry Femtostat by cycling the
counter electrode voltage three times from 0.1 to —4 V versus
the reference electrode at a sweep rate of 100 mV/s. A comparison
of depositions performed on bulk and patterned ITO shows that
the peak current during deposition scales linearly with working
electrode area. Following deposition, samples were washed with
PBS and treated with this buffer with stirring for 15 min.
Comparing depositions on bulk and patterned ITO, it is evident
that the electropolymerization peak current scales linearly with

(26) Konry, T.; Novoa, A.; Cosnier, S.; Marks, R. S. Anal. Chem. 2003, 75, 2633—
2639.

(27) Cosnier, S. Anal. Bioanal. Chem. 2003, 377, 507—520.

(28) Adamcova, Z.; Ludmila, D. Prog. Org. Coat. 1989, 16, 295—320.

the working electrode surface area. Electrodepositions from
100 mM modified phenol in 0.1IM KOH in methanol were per-
formed for comparison, and results similar to those presented
were obtained. It is important to note that nucleophilic R groups
such as amines must be at least one carbon removed from the
phenyl ring, or they will also polymerize and, hence, be rendered
inactive.?? It should also be noted that we have observed functional
electropolymerized films created from 3-hydroxybenzaldehyde and
3-hydroxyphenylacetic acid. Though not studied in this work,
ketone functionality can also be obtained by the electropolymer-
ization of modified phenols.!?

Thickness Determinations. Three thickness measurements
were performed on each of five patterned samples, in which one
lead had been coated by electrodeposition. These measurements
were taken with a Tencor AlphaStep 1Q surface profilometer,
which has <5-nm step-height resolution. For each measurement,
three leads were swept, with the coated lead located between two
uncoated leads. The step heights are determined using the
packaged software, which calculates the difference between the
average height of the lead and that of the base flanking the lead.
The step heights of the unfunctionalized leads are averaged and
the thickness of the film is then calculated by subtracting this
value from the step height of the functionalized lead. Of the 15
total measurements, none of which gave negative film thicknesses,
four yielded film thicknesses of <5 nm, which is below the
resolution of the profilometer.

Blocking Measurements. The solution for blocking measure-
ments consists of 50 mM Fe?"/Fe** in 0.1 M KCI. The blocking
measurements were performed by sweeping from —0.5 to 0.5V
versus the reference electrode at 500 mV/s 10 times; the tenth
curve for each measurement is plotted in Figure 1F.

Sample Washing. Prior to all conjugation reactions, chips
were rinsed three times with 1x PBS and treated with this buffer
for 15 min with agitation. Before imaging, each chip was rinsed
with deionized water and blown dry with nitrogen gas. It should
be noted that this drying procedure displaces the glass chips that
fluoresce due to nonspecific binding.

Amine Fluorescence Conjugation. Samples were reacted
with fluorophores (Molecular Probes) at 0.25 mg/mLin a pH 8.5
bicarbonate buffer at room temperature for 1 h with agitation. The
red fluorophore is AlexaFluor 568 succinimidyl ester, and the blue
is AlexaFluor 350 succinimidyl ester.

Aldehyde and Carboxylic Acid Fluorescence Conjugation.
Samples were reacted with fluorophores at 0.25 mg/mL in a pH
5.5 acetate buffer for 1 h at room temperature with agitation. The
fluorophore used to bind aldehyde was AlexaFluor 488 hydrazide,
sodium salt, and that used to bind carboxylic acid was AlexaFluor
568 hydrazide, sodium salt. The amine-coated slide used as a
positive control was purchased from BioSlide, Inc.

Amine Quantification. Slide surface free amine quantification
was performed based on a serially diluted lysine standard run in
triplicate; bound o-phthaldialdehyde (Sigma) was excited at 360 nm
and the fluorescence was measured at 460 nm.

Amine and Aldehyde Quenching. Amine-coated samples
were treated with 0.1 M sulfo-N-hydroxysuccinimide (NHS) in pH
8.3 bicarbonate for 1 h at room temperature with agitation for
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Figure 1. (A) Schematic of surface electrochemical polymerization. R = (CHz)2NH,, CHO, and CH,COOH for tyramine, 4-hydroxybenzaldehyde,
and 4-hydroxyphenylacetic acid, respectively. (B) Schematic (not to scale) of an electrochemical cell defined by a PDMS gasket on a patterned
ITO-on-glass substrate. (C) Cyclic voltammogram of the electropolymerization of tyramine (inset) on a single patterned ITO lead on a glass
substrate (Figure 1B). The current measured at the working electrode, Iy, is plotted versus the forced voltage between the counter and reference
electrodes, V&. The potential at which the oxidation occurs is strongly dependent on (i) the working electrode material and (ii) the freshness of
the reference electrode (the peak has been seen to occur between ~2.4 and 3.25 V on ITO). (D) Cyclic voltammogram of 4-hydroxybenzaldehyde
(inset) elctrodeposition on a patterned ITO lead. (E) Cyclic voltammogram of 4-hydroxyphenylacetic acid (inset) electrodeposition on a patterned
ITO lead. (F) Cyclic voltammogram of the blocking solution on bare ITO, polytyramine-coated ITO (NH>), poly(4-hydroxybenzaldehyde)-coated
ITO (CHO), and poly(4-hydroxyphenylacetic acid)-coated ITO (COOH). The measurements were taken with the same cell used for deposition.
The reduction and oxidation peaks are not symmetric about 0 V due to coating of the reference electrode. All experiments were repeated over
20 times with similar results.

quenching. Aldehyde-coated samples were quenched with 0.1 M Carbodiimide Coupling, Antibody Binding, and Oligo-
hydrazine in pH 6.5 acetate buffer for 1 h at room temperature nucleotide Hybridization. Carboxylic acid groups (either on
with agitation. bovine serum albumin (BSA) or bound to ITO) were treated with
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Figure 2. (A) Bright-field image showing the three parallel “C-shaped” ITO leads. Treatment with a red, amine-reactive fluorophore and
subsequent fluorescence imaging at this stage (TRITC filter) showed no specific binding (not shown). (B) Fluorescence image (TRITC filter) of
the chip shown in (A) with the inner lead coated with polytyramine and subsequently reacted with a red amine-reactive fluorophore. The inset
plot shows the fluorescence intensity (determined with arbitrary units defined by ImageJ) versus distance for the orange cutline. Leads functionalized
with amines and subsequently quenched exhibited no specific fluorescence pattern when treated with the same fluorophore. (C) Fluorescence
image (TRITC filter) of the chip shown in (B) with the middle lead now coated with polytyramine and a subsequent reaction with the same dye.
Visible scratches were purposely introduced at this stage (with tweezers) to register sample identity. (D) Same as (C) but with the outermost
lead also coated with polytyramine and reacted with the same dye. The scratch patterns in (C) and (D) are identical. The white scale bar in all
images represents 100 um. The experiment was repeated four times with similar results. The average intensity of the fluorescent signal across
the 25-um leads for the four experiments was 37 + 4 over a background of 8 + 5.

0.015 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and 0.03 M NHS at pH 5.5, and amine groups were treated with
pH 9.5 buffer for 15 min at room temperature with agitation. The
solutions were then combined and left for 1 h at room temperature
with agitation. The final BSA concentration was 1 mg/mL. It
should be noted that NHS and EDC are not required for the
amine—aldehyde reaction of the DNA 20-mer conjugation. Anti-
body binding was performed in 1x PBS at 37 °C for 1 h at a
concentration of 100 ug/mL. Oligonucleotide hybridization was
performed at a concentration of 50 M in 1x SCC buffer (pH 7.2)
with 0.05% sodium dodecyl sulfate at room temperature for 30 min
with agitation.

DNA Oligonucleotide Sequences. The amino-terminated
DNA 20-mer sequence was 5-H;N-CGCCACTGCGTCACTG-
CAGG-3' and the fluorescently labeled sequence was 5-FAM-
CCTGCAGTGACGCAGTGGCG-3' (IDT, Inc.).

BSA Quantification. The bound BSA concentration was quan-
tified with an absorbance measurement at 562 nm using a micro
bicinchoninic acid (BCA) protein assay kit (Pierce) based on a
serially diluted BSA standard run in triplicate.

RESULTS AND DISCUSSION
The deposition solution is created by dissolving a substituted

phenol in PBS (Figure 1A). This is subsequently loaded into an

electrochemical cell defined by a poly (dimethylsiloxane) (PDMS)
gasket (Figure 1B). Voltage is then cycled between the counter
and reference electrodes, while current is measured at the working
electrode (the patterned surface in Figure 1B, which fans out to
a contact pad that can be accessed and electrically contacted by
a microprobe). The insulating surface coating is produced by a
free radical polymerization, which has previously been reported
to occur at the ortho positions of the ring,'2 in which free radicals
are generated by the removal of an electron from deprotonated
phenyl rings at the working electrode.

The electropolymerization of tyramine at the working elec-
trode, a patterned ITO lead, is evident from the presence of a
strong oxidation peak of ~50 uA during the first sweep in the
cyclic voltammogram in Figure 1C (for an electrode of ~1.53 x
10° um?, the current density is ~0.29 nA/um?). The absence of
this peak from subsequent sweeps indicates that tyramine oxida-
tion is nonreversible and self-limiting. The deposition of this
insulating coating has a minimal effect on electrode conductivity.
Panels D and E in Figure 1 show the cyclic voltammograms for
the electropolymerizations of 4-benzaldehyde and 4-hydroxyphe-
nylacetic acid, respectively. Film thickness was determined by
profilometry to be between <5 (the resolution of the profilometer)
and 30 nm across 15 measurements (three on each of five
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Figure 3. (A) Multiple-fluorescence (DAPI, GFP, and TRITC filters) image of a central part of the lead pattern for a sample treated as follows.
Polytyramine was deposited on the outermost lead and the chip was subsequently treated with a blue, amine-reactive fluorophore. Poly(4-
hydroxybenzene) was then deposited on the innermost lead, followed by chip treatment with a green, aldehyde-reactive fluorophore. Free
aldehyde groups were then quenched. Last, poly(4-hydroxyphenylacetic acid) was deposited on the middle lead and the chip was treated with
a red, carboxylic acid-reactive fluorophore. The scale bar represents 100 um. The three individual filtered images were merged to give the
figure shown. (B) Fluorescence intensity versus position for the red cut line in (A). The line color corresponds to the fluorescence color in (A);
the fluorescence intensity units are defined by ImageJ. The experiment was repeated three times with similar results.

samples), with an average of 15 4= 6 nm, lower than that reported
previously.!* This variation is expected as film thickness can be
tuned by the sweep rate, the extent of the forced voltage, and the
number of sweeps performed to achieve the thinner values
desirable for semiconductor sensing applications or thicker values
required to prevent metal corrosion without affecting functional-
ization.

The insulating nature of the films was evaluated by performing
blocking measurements with an iron(II) /iron(III) redox couple
(Figure 1F). For comparison, cyclic voltammetry with this solution
was first performed on a bare ITO surface and substantial oxi-
dation and reduction peaks due to the conducting substrate are
evident. These peaks are not apparent in blocking measurements
performed after film deposition, consistent with the deposition of
an insulating (polyphenol) film on the working electrode. The
residual current present in these sweeps can be attributed mainly
to tunneling through the polyphenol film.3

We first demonstrate the ability of this method to selectively
and sequentially functionalize patterned electrodes. A bright-field
image of the edge of the lead pattern on a representative substrate
(Figure 2A) shows three 25-um-wide, electrically isolated and
interdigitated “C-shaped” leads that fan out to contact pads (not
shown). A PDMS gasket was placed around all the leads to create
an electrochemical cell (as depicted in Figure 1B). Only one lead
was used as the working electrode (here, the innermost lead),
and its surface was selectively functionalized with amine groups
by tyramine electropolymerization as described previously. The
sample was then exposed to a red, amine-reactive fluorophore,
and the fluorescence micrograph in Figure 2B demonstrates that
amines were selectively introduced as a result of the electro-
polymerization. The inset plot of the fluorescence intensity shows
that the amines are solely detectable on the innermost lead. A
subsequent tyramine electrodeposition was performed on the

middle lead, and the sample was treated with the same amine-
reactive fluorophore and imaged; both the innermost and middle
leads now fluoresce (Figure 2C). The electropolymerization/
fluorescence conjugation was then performed on the outermost
lead, and the fluorescence micrograph in Figure 2D shows all
leads fluorescing, indicative of the third selective deposition. The
stability of the coating does not appear to be a problem as the
fluorescence remains visible for at least six months after func-
tionalization for samples stored in air.

For scalability, it is crucial to know the packing density of
amine groups on the surface of the electropolymerized film. The
presence of amines on bulk ITO substrates was quantified with
an o-phthaldialdehyde assay.’! We found that there were 3.1 & 0.7
free amines/nm2, which was in good agreement with the density
of amine surfaces formed by closest-packed self-assembled mono-
layers in the literature®? and on a commercially available amine-
coated slide that was used as a positive control and showed 2.7
+ 0.4 available amines/nm?2.

To demonstrate the versatility and generality of this technique,
we derivatized each of the three leads sequentially with different
functional groups and then conjugated different moieties onto each
group. As before, a PDMS gasket was placed around all the leads
for each of the following depositions. First, the outermost lead
was functionalized with amine (as described previously) and
treated with a blue, amine-reactive fluorophore. Second, the inner-
most electrode was functionalized with aldehyde by 4-hydroxy-
benzaldehyde electrodeposition, followed by binding of a green,
aldehyde-reactive fluorophore. After quenching remaining alde-
hyde groups with hydrazine, the middle lead was functionalized
with carboxylic acid by 4-hydroxyphenylacetic acid electro-
deposition. A red, carboxylic acid-reactive fluorophore was sub-
sequently conjugated to the surface and the sample was then
imaged; the fluorescence micrograph is shown in Figure 3A and

(30) Gao, Z.; Siow, K. S. Electrochim. Acta 1997, 42, 315—321.
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Bottom View

Figure 4. (A) Fluorescence micrograph of the end of an electrode pattern first coated with polytyramine, then carbodiimide coupled to BSA,
and last incubated with a fluorescently labeled BSA IgG, as illustrated by the schematic inset. The “bottom view” is immunofluorescence viewed
through the ITO; the “top view” is the immunofluorescence viewed directly, illustrating the transparency of ITO. When the a-BSA IgG was
replaced with a nonimmune, fluorescently labeled IgG from the same species and at the same concentration, or when BSA was not bound on
the surface prior to a-BSA-FITC IgG incubation, no specific immunofluorescence pattern was observed (not shown). (B) Fluorescence micrograph
of the lead pattern with the innermost lead first coated with poly(4-hydroxyphenylacetic acid) and then treated as in (A) (schematic inset). (C)
Fluorescence micrograph of a patterned substrate coated with poly(4-hydroxybenzaldehyde) on the innermost leads and poly(4-hydroxy-
phenylacetic acid) on the outermost leads. Subsequently, carbodiimide coupling was performed to an amino-terminated DNA 20-mer, followed
by hybridization using a fluorescently labeled complementary 20-mer and subsequent fluorescence imaging. When a noncomplementary DNA
20-mer was used for hybridization at the same concentration or when DNA was not immobilized on the lead surface prior to probe hybridization,
no specific fluorescence was observed (not shown). All fluorescent images were taken with a GFP filter, and the scale bar in each micrograph

represents 100 um. All experiments were repeated four times with similar results.

the localization of each of the three fluorophores is apparent. The
fluorescence intensity plot in Figure 3B demonstrates the absence
of cross-functionalization (i.e., nonspecific) interaction.

A key feature of this approach is the ability to selectively bind
targets arrayed on the substrate. To demonstrate this feature, we
studied the localization of a protein, BSA, and a DNA oligonucleo-
tide to the functionalized surfaces. Amine and carboxylic acid
groups are desirable for protein conjugation,®® while aldehyde and
carboxylic acid groups are preferred for DNA binding.** A
carbodiimide coupling reaction was utilized to conjugate BSA to
the central leads of a chip functionalized with amines. The sample
was subsequently incubated with chicken o-BSA-FITC (green
fluorescence) immunoglobulin G (IgG) antibody and the fluores-
cence micrograph of the sample is shown in Figure 4A. A second

(33) Hermanson, G. T. Bioconjugate Techniques; Academic Press: New York,
1996.

(34) Taylor, S.; Smith, S.; Windle, B.; Guiseppi-Elie, A. Nucleic Acids Res. 2003,
31, e87.

sample was electrodeposited with poly (4-hydroxyphenylacetic
acid) on the innermost lead and then subjected to a similar
treatment; the fluorescence micrograph is shown in Figure 4B.
The fluorescent intensity in both samples is localized to the
functionalized lead, illustrating the conjugation of BSA to the
surface and the subsequent BSA-o-BSA-FITC IgG binding. Surface-
conjugated BSA density was determined with a BCA assay® to
be 4.2 + 0.6 molecules/100 nm? on bulk ITO substrates, which
is reasonable given the ~25-nm? footprint of the protein.

To study the binding of DNA oligonucleotides to the electro-
polymerized surfaces, a third sample was functionalized with
carboxylic acid on the outermost and aldehyde on the innermost
lead. A 5'-amine-terminated DNA 20-mer was conjugated to the
surface under conditions similar for BSA conjugation. The sample
was subsequently treated with a complementary DNA 20-mer

(35) Smith, P. K.; Krohn, R. I.; Hermanson, G. T.; Mallia, A. K.; Gartner, F. H.;
Provenzano, M. D.; Fujimoto, E. K.; Goeke, N. M.; Olson, B. J.; Klenk, D.
C. Anal. Biochem. 1985, 150, 76—85.
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labeled with a 5'-FAM (green fluorescence) and fluorescently
imaged (Figure 4C). Both functionalized leads fluoresce, demon-
strating DNA conjugation to each surface and subsequent hybrid-
ization with the fluorescent DNA probe.

CONCLUSION
To our knowledge, this is the first demonstration of a selective-

coating electrochemical approach that can be successfully tuned
to a wide range of functionalizations. We have demonstrated site-
specific conjugation of small molecules, proteins, and DNA oligo-
nucleotides to surface amine, aldehyde, and carboxylic acid groups
on insulating films electrodeposited on prepatterned electrodes.
With this approach, electrically conducting and semiconducting
materials of any lithographic geometry are capable of being
selectively functionalized without additional alignment steps. This
in situ alignment allows for scaling to nanodevices due to the high
density of functional groups on the film surface. Thus, the
sequential deposition of numerous chemical or biochemical
species of interest at high density on a surface with minimal cross-
contamination is realizable. This approach has many potential
applications, including selective sensor coating, higher density
genomic and DNA arraying, lower volume drug discovery and
forensic analyses platforms, and selective coatings for patterning

6346 Analytical Chemistry, Vol. 78, No. 18, September 15, 2006

micro- and nanoenvironments for lab-on-a-chip and other micro-
fluidic, microchannel, and MEMS applications.
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