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ABSTRACT A highly versatile method utilizing diazonium salt chemistry has been developed for the fabrication of protein arrays.
Conventional ultraviolet mask lithography was used to pattern micrometer sized regions into a commercial photoresist on a highly
doped p-type silicon (100) substrate. These patterned regions were used as a template for the electrochemical grafting of the in situ
generated p-aminobenzenediazonium cation to form patterns of aminophenyl film on silicon. Immobilization of biomolecules was
demonstrated by coupling biotin to the aminophenyl regions followed by reaction with fluorescently labeled avidin and visualization
with fluorescence microscopy. This simple patterning strategy is promising for future application in biosensor devices.
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INTRODUCTION
I n recent years, there has been considerable interest in

the fabrication of patterned arrays of biological species

such as cells (1, 2), proteins (3, 4), and DNA (5, 6) on
solid surfaces (4, 7). These arrays have potential applications
in molecular electronics (7, 8), biofuel cells (1), tissue
engineering (9), and biosensors and biochips (10). Such
future devices will exploit the ability of surface bound
receptors to selectively bind target analytes from a complex
mixture of other species (4, 9). Preparation of patterned
surfaces for these purposes typically involves the use of a
self-assembled monolayer and conventional lithographic
techniques such as microcontact printing (2, 11), selective
photochemical activation (7, 8, 12), and photo and electron
beam lithography with resists (10, 13—16). The goal is
usually to fabricate areas of defined shape and size that
support or resist immobilization of biological species (17).

A variety of different substrates including silicon
(1,4,8,12,15,17), carbon (18, 19), glass (7), quartz (20),
gallium nitride (21), gold (2, 6, 17, 22, 23), and polymers
such as poly(dimethylsiloxane) (24—26), polyimide (14),
poly(methyl methacrylate) (11, 27, 28), and polycarbonate
(20, 29) have been functionalized for biomolecule and cell
immobilization. However, for device fabrication, silicon is
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most attractive because an active surface constructed on
silicon has the potential to be combined with integrated
circuit technology.

The most straightforward approaches to modification of
silicon surfaces are those that do not require the removal of
the native surface oxide and do not require use of rigorously
dry and air-free conditions. Silane chemistry is most com-
monly used to modify silicon bearing its native oxide layer
(8, 9, 12, 13, 15, 28, 30) because of the simplicity of
homogeneous layer formation and well-established pattern-
ing protocols (31 —34). Recently, diazonium cation chemistry
has also been shown to offer a route to modification of
silicon surfaces, without the need to first remove the native
oxide layer (35). Electroreduction of aryldiazonium cations
generates, after elimination of dinitrogen, aryl radicals
capable of covalent grafting at the electrode surface. Charlier
et al. (35) demonstrated that at n-type silicon (100), elec-
troreduction of 4-nitrobenzene-diazonium cation gave
strongly adherent films. Under the conditions used in their
study, the films were more than 15 nm thick, consistent with
a multilayer structure. The utility of these surfaces for applica-
tions in biological media have not yet been investigated.

Currently, there are a limited number of examples of
patterned organic layers prepared by the electrochemical
reduction of diazonium salts and to our knowledge only two
examples on a silicon substrate. In one example, Charlier
et al. (35) used ionic implantation to create locally doped
silicon surfaces to selectively control the electrografting of
4-nitrobenzenediazonium tetrafluoroborate. In the second
example, the same researchers (36) illuminated p-type
silicon through a mask, to locally increase the substrate
conductivity and allow electrografting of 4-nitrophenyl films.
On other surfaces, Ghorbal et al. (37) have used scanning
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FIGURE 1. Schematic for fabrication of patterned aminophenyl layers on silicon and attachment of biotin and avidin.

electrochemical microscopy to electrograft nanometre wide
lines of vinylic monomers onto a gold substrate. In earlier
work, we used mechanical scribing with an atomic force
microscope probe to remove regions of electrografted film
on a carbon substrate. A second aryldiazonium salt was then
electrochemically grafted to the bare regions creating a
surface with dual chemical functionality (38). In a different,
soft lithographic approach, we patterned a carbon substrate
by adhering a poly(dimethylsiloxane) mold to the surface to
form micro fluidic channels. The channels were subse-
quently filled with diazonium salt solution for site specific
electrochemical grafting (39). Finally, despite not being an
electrochemical method, it is worth mentioning that we have
also utilized the spontaneous reduction of aryldiazonium
salts on carbon to pattern via microcontact printing with
poly(dimethylsiloxane) stamps (40).

The patterning techniques described above all have
specific advantages and limitations and there remains a
need for additional methods that can quickly and reproduc-
ibly fabricate large areas of micrometer-sized patterns of
covalently attached films, without restriction on the pattern
design. Here we describe the use of conventional photoli-
thography to pattern commercial photoresist onto a silicon
surface followed by electrochemical grafting of p-aminoben-
zenediazonium cations to the exposed silicon affording, after
removal of the photoresist, a patterned aminophenyl film.
To demonstrate the potential application of these patterned
surfaces for biomolecule immobilization, we used a conden-
sation reaction to immobilize biotin. This allowed for the
subsequent biomolecular recognition reaction with the fluo-
rescently labeled protein avidin, which was imaged with
fluorescence microscopy.

EXPERIMENTAL SECTION

Milli-Q water (MillQ Plus, Millipore, USA) with resistivity =18
MQ cm, was used for aqueous solutions and cleaning. Citrate
capped colloidal gold nanoparticles were prepared using the
method outlined by Chen et al. (41) and Dong et al. (42).

The procedure for fabrication of patterned aminophenyl
layers on silicon and subsequent attachment of biotin and avidin
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is shown schematically in figure 1. First, highly boron doped
p-type silicon (100) with resistivity <0.001 & cm (Virginia
Semiconductor, Inc.) was cut into 2 cm x 2 cm sized wafers
and cleaned by ultrasonication (Elmasonic S 30H, Elma Hans
Schmidbauer GmbH & Co KG, Germany) in 99.5% acetone
(Mallinckrodt Chemicals) for 5 min followed by 5 min in 99.5 %
isopropyl alcohol (Sigma-Aldrich) with thorough drying with
nitrogen between each solvent. Any remaining surface con-
tamination was removed using an Emitech K1050X plasma
asher (Emitech, UK) operating at 100 W RF power in high purity
oxygen (BOC Limited, Australia) for a period of 10 min. Im-
mediately after cleaning, positive tone photoresist AZ1518
(Microchemicals, Germany) was spin-coated to a thickness of
~2 um at 3000 rpm for 30 s on a PWM32-PS-R790 spinner
system (Headway Research Inc., USA) and soft baked for 60 s
at 100 °C on a standard hot plate. A MA6 mask aligner (Suess
Microtec, Germany) operating in vacuum-mode was used to
pattern the photoresist by a 24 s exposure to a 350 W ultraviolet
lamp through chrome on glass masks. After exposure, the
photoresist was developed by immersion in AZ MIF326 devel-
oper (Microchemicals, Germany) for 25 s, rinsed with water, and
dried with nitrogen.

Patterned silicon substrates were used for the electrochemical
grafting of aminophenyl films from the corresponding diazo-
nium salt, prepared in situ as described by Lyskawa et al. (43)
In brief, 3 mL of 20 mM p-phenylenediamine (Sigma-Aldrich)
in 1 M hydrochloric acid (Sigma-Aldrich) was added to an equal
volume of 20 mM 99 % sodium nitrite (Sharlau Chemie, Spain)
at room temperature to yield the p-aminobenzenediazonium
cation. Aminophenyl films were grafted to the silicon substrate
by applying a potential of —0.5 V vs SCE for 10 min. Im-
mediately after grafting, the silicon substrate was ultrasonicated
in Milli-Q water, acetone and isopropyl alcohol for 5, 15, and 5
min respectively. This treatment removed any loosely bound
film material and also the surrounding photoresist layer leaving
the silicon substrate patterned with aminophenyl groups.

To couple biotin to the patterned aminophenyl film, the
substrate was immersed in 10 mL of degassed 99.9% N,N-
dimethylformamide (DMF) (Southern Cross Scientific Pty. Ltd.)
containing 0.01 M D-biotin and 5 mg of 99.0% N,N’-dicyclo-
hexylcarbodiimide (DCC) (Merck, Germany). After incubation
for 24 h under nitrogen, the substrate was rinsed with copious
amounts of N,N-dimethylformamide and water before being
ultrasonicated for 5 min in 0.5% Tween-20 (Sigma-Aldrich),
rinsed with water and dried with nitrogen. This procedure was
repeated twice, giving a total incubation time of 48 h. Following
immobilization of biotin, the samples were incubated in 0.25
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FIGURE 2. SEM images of (I) patterned photoresist and (II) aminophenyl films after electrografting and removal of photoresist for (a) various

geometric shapes and (b) a resolution test pattern.

mg mL~! of 80% lyophilized avidin fluorescein isothiocyanate
(Sigma-Aldrich) in 0.5% Tween-20 for 1 h, at room temperature
in the dark. Samples were rinsed with 0.5% Tween-20, dried
with nitrogen, and stored in the dark for no longer than 1 h prior
to microscopic analysis.

Electrochemistry. Electrochemical grafting and analyses
were performed with an Autolab PGSTAT3C2 Potentiostat/
Galvanostat (Eco Chemie B.V., The Netherlands). Silicon sub-
strates were mounted in a glass electrochemical cell that
exposed a circular area of surface to the cell solution as
described previously (44). A Viton O-ring defined the geometric
area of the working electrode (0.94 cm?). A copper foil on the
underside of the silicon substrate provided electrical connection
to the working electrode; a platinum wire and saturated calomel
electrode (SCE) were used as counter and reference electrodes,
respectively.

Microscopy. Atomic force microscope (AFM) images were
taken in air with a Dimension 3100 and Nanoscope Illa control-
ler (Digital Instruments, Veeco, USA). Silicon cantilevers (TAP300Al-G
series, Budget Sensors, Innovative Solutions Bulgaria Ltd.) with
a fundamental resonance frequency of 200—400 kHz were used
in tapping mode. Topographic (height) images were obtained
at a scan rate of 0.5 Hz with the parameters set point, ampli-
tude, scan size, and feedback control optimized for each
sample. All images presented are background subtracted data
using the flatten feature in the Digital Instruments software.

Fluorescence microscopy was undertaken using an Eclipse
80i microscope equipped with a D-FL universal epi-fluorescence
attachment and a 100 W mercury lamp (Nikon Instruments,
Japan). Samples were focused using LU Plan Fluor BD objectives
(50x, 20x and 10x) (Nikon Instruments, Japan) and passed
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through an FITC filter block (465 — 495 nm excitation filter, 505
nm dichroic, 515—555 BA emission filter). Fluorescence images
were captured under darkened conditions by a DS-5Mc-U1
cooled CCD camera and recorded with the NIS-elements v3.07
(Nikon Instruments, Japan) software.

Scanning electron microscope (SEM) images were obtained
using a 7000 HRSEM (JEOL, Japan) with an accelerating voltage
of 15 kV. For the patterned photoresist films on silicon a thin
layer of gold and palladium was sputter deposited onto the
substrate with an E5000 SEM coating unit (Quorum Technolo-
gies, Ringmer, UK).

RESULTS & DISCUSSION
Figure 2a, I shows SEM images of the AZ1518 photoresist

on silicon after patterning by ultraviolet light exposure for
24 s through fabricated chrome on glass masks. A series of
simple geometric shapes with dimensions as low as 15 um
were patterned into the photoresist. Each shape was pat-
terned multiple times with increasing dimensions up to a
maximum of 120 um. For each pattern the corresponding
image after electrografting of an aminophenyl film and
removal of photoresist is shown in Figure 2a, II. In these SEM
images, regions patterned by aminophenyl film appear dark
compared to the surrounding silicon. This is most likely due
to the long electrografting time producing a relatively insu-
lating film (43, 45—48). To determine the maximum attain-
able resolution with this technique, we patterned a resolution
test into the photoresist as shown in Figure 2b, I. A series of
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FIGURE 3. SEM images of citrate-capped gold nanoparticles immobilized on (a) a patterned aminophenyl film with (b, c) magnified regions to
highlight the highly defined nature of the pattern.

lines, squares, and circles from 10 to 1 um were patterned.
Increments of 1 um in width were used for the lines and
squares, and circle diameters of 1, 2, 4, 8, and 10 um were
used. For each shape, a 500 nm feature was also fabricated;
however, photoresist exposure and development issues led
to poorly defined features, which is particularly evident in
the case of the 500 nm line in Figure 2b, I.

Upon aminophenyl film deposition and photoresist re-
moval, Figure 2 b, 11, it can be seen that all structures from
10 to 1 um can be resolved; however, none of the 500 nm
structures are evident. This is assumed to be due to incom-
plete removal of the photoresist during patterning, which
would prevent contact between the solution and the under-
lying silicon substrate during electrografting. It can also be
seen in Figure 2b, II that in the case of sub-4 um squares
and circles, the dimensions of the aminophenyl features
appear smaller than the corresponding photoresist feature.
Tapering of the edges of the photoresist that define the
feature during photoresist development is the likely origin
of this effect.

The maximum lateral resolution, which is easily repro-
ducible with this technique using the equipment in our
laboratory is between 1 and 4 um. This is comparable to
the 1 um line widths achieved by Charlier et al. (35)
utilizing local silicon doping as a promoter of patterned
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electrografting of diazonium salts. However, unlike that
work, the technique presented here is applicable to a wide
range of surfaces, not solely materials suitable for patterned
doping. It is anticipated that this approach can be applied
to graphitic carbons, metals, semiconductors, and even
insulating materials (such as Teflon and glass) (49, 50).
Although aryldiazonium salt-derived films have been pat-
terned to significantly higher lateral resolutions, utilizing an
atomic force microscope cantilever tip (37, 38) that approach
is limited by the slow serial nature of atomic force micro-
scope lithography (15, 33).

To verify the presence of amine functionality on the
modified surface, the patterned electrografted films were
immersed in gold nanoparticle solution (pH ~5) for 40 min.
The SEM image in Figure 3a shows gold nanoparticles
(lighter regions) self-assembled onto the aminophenyl! film
modified areas. The self-assembly of gold nanoparticles onto
amine terminated layers has been observed many times in
the past and is driven by the electrostatic attraction between
the negatively charged, citrate-capped, gold nanoparticles
and the partially protonated amine layer (pKa ~7.5) (51—54).
These results thus confirm the presence of the amine
functionality. It can also be seen in the enlarged images b
and c that the edges of the aminophenyl pattern are well-
defined.
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FIGURE 4. AFM image of a 15 um “checkerboard” pattern (a) before and (b) after coupling with biotin and avidin fluorescein isothiocyanate

and corresponding average line profiles.

Further investigation of the patterned surface by atomic
force microscopy, as shown in figure 4 (a), reveals the
unmodified silicon surface is clean, indicating complete
removal of the photoresist material. The electrografted film
is “grainy” in appearance, consistent with the branching
growth (55) of multilayer films that results in a loosely
packed structure (44, 56, 57). Upon taking the average cross
section over a 7.5 x 23 um, area as defined by the dashed
lines in Figure 4a, the corresponding line profile gives a film
thickness of 5.7 & 0.2 nm. This is in strong agreement with
previous film thickness measurements made using an atomic
force microscope tip to remove a section of the film followed
by scanning across the film and the scratch to obtain the film
thickness. By this method an aminophenyl film, electro-
grafted to silicon under identical conditions to those used
here (=0.5 V vs SCE for 10 min) was shown to have a
thickness of ~5.5 nm (48). (We note that the result obtained
here also provides further validitation to the atomic force
microscope scratching method as used in many previous
experiments for the determination of film thickness (44).)

The same surface shown in Figure 4a was also imaged
with atomic force microscopy after coupling the aminophe-
nyl film with biotin followed by incubation with avidin
fluorescein isothiocyanate (Figure 4b). As can be seen by
comparison of the line profile graphs, the height of the
modified area has now increased by 2.3 nm. This increase
confirms the immobilization of biotin and avidin on the
aminophenyl film. The egg white avidin molecule has a size
of 5 nm as determined by X-ray diffraction (58—60); how-
ever, in air, the size of the molecule is typically smaller than
in an aqueous environment due to denaturation (58). Fur-
thermore, in addition to denaturation, it is well-known that
because of their softness, most biological samples can easily
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be deformed or damaged by an atomic force microscope
cantilever (61) and this effect may contribute to the mea-
sured height of the biotin—avidin layer. Values of between
1.7 and 3 nm have previously been determined by atomic
force microscopy (58, 60) and are in agreement with our
work.

Fluorescence microscopy was also used to visualize avi-
din fluorescein isothiocyanate immobilized on the patterned
aminophenyl layers. Figure 5 shows the characteristic green
fluorescence on a (a) 15 um “checkerboard” pattern (b) 100
um wide cross, and (c) 60 um diameter circle. Traces of
nonspecific binding of avidin were observed on the unmodi-
fied silicon areas; however, increased protection against
nonspecific adsorption can be afforded by passivating the
background silicon with a protein resistant poly(ethylene
glycol) silane (27, 62), or using a blocking agent such as
bovine serum album (BSA). Control samples patterned with
aminophenyl film were incubated in avidin fluorescein
isothiocyanate without first immobilizing biotin, and as
expected, only trace levels of fluorescence was observed
within the patterns or the background. Furthermore, an
aminophenyl film placed in a biotin/DMF solution in the
absence of DCC prior to incubation in avidin fluorescein
isothiocyanate showed little fluorescence, demonstrating
that covalent attachment is a prerequisite for biotin im-
mobilization. These observations, consistent with selective
interaction of avidin and, by inference, biotin, at the modi-
fied silicon surface confirm that biotin can be covalently
coupled to the aminophenyl film and subsequently form a
complex with avidin. This provides a simple and straight-
forward method for patterned immobilization of proteins via
complexation of biotin-labeled proteins with immobilized
avidin.

Flavel et al. www.acsami.org
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FIGURE 5. Fluorescence microscopy image of avidin fluorescein isothiocyanate immobilized on (a) 15 um “checkerboard” pattern, (b) 100

um wide cross, and (c) 60 um diameter circle.

CONCLUSION
This work has demonstrated a simple, convenient pho-

tolithographic method for patterning silicon with electro-
grafted aminophenyl films. Attractive features of the method
are that removal of the native oxide layer is not necessary
prior to grafting and the method is suitable for rapid pat-
terning of large surface areas. Use of diazonium salts for
grafting gives films that are sufficiently stable to withstand
the cleaning steps necessary for removal of photoresist. It
is anticipated that this method can be extended to many
different substrates and a variety of aryldiazonium salts.
Patterns with lateral features down to 1 um were achieved,
however, with the use of electron beam lithographic tech-
niques, lower dimensions should be possible. To demon-
strate the potential application of patterned substrates in
biosensing devices, biotin was covalently coupled to the
patterned aminopheny! film to facilitate the immobilization
of the protein avidin. Atomic force and fluorescence micros-
copy confirmed the selective immobilization of avidin on the
aminophenyl film. In work currently under way, we are
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investigating preparation of patterned aminophenyl films
that are amenable to electrochemical as well as fluorescence
detection methods.
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