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A new molecular structure of azobenzene, which can be reduced
to the corresponding anilines at a low reduction potential for
the site-selective immobilization of biomolecules, is proposed.
Redox-active species, enzymes, peptides, and cultured
hippocampal neurons can be effectively immobilized on the
electrochemically activated surface.

Surface micropatterning of biomolecules such as DNA,
peptides and proteins is a key issue in a variety of applications,
including multiplexing detection' and cellular dynamics.” To
immobilize biomolecules onto the desired part of a substrate,
it is crucial to spatially control surface functionalities. The
demand for this technology has stimulated the search for new
ways of providing site-selective mechanical, chemical and
electrochemical surface activation.”™ Among the strategies
previously proposed, electrochemical methods are particularly
attractive, given the fewer limitations in dimension and
the lack of need for mask-aligning, unlike conventional
lithographic tools, making it suitable for the patterning of
nano-scale electrodes.

There have been many reports of electrochemical strategies
for site-selective surface activation. The most typical method is
to modify the surface with a redox-active molecular layer such
as hydroquinone, which can be transformed to reactive
functional moieties through appropriate electrochemical
stimulation.** Mrksich et al. modified a gold surface with
a hydroquinone monolayer and then oxidized it to benzo-
quinone, where cyclopentadiene-tagged RGD peptides
associated for cell adhesion.>* Others involved the anchoring
of oxyamine-tagged biomolecules to benzoquinone on the
surface.’ These methods, however, commonly employ a critical
step of tagging biomolecules with a reactive group such as
cyclopentadienes or oxyamines, which may harm the biological
functions of large biomolecules, including proteins.

The electrochemical potential for surface activation is of
importance because a positive potential for oxidation among
immobilized hydroquinones readily produces oxide layers on
the underlying electrodes. This causes a serious problem on
a silicon surface, on which many sophisticated functional
components can be integrated. Oxide films on a silicon surface
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make an organic monolayer unstable and electrochemistry
unreliable due to the uncontrolled insulating properties
involved. Therefore, activation via reduction rather than
oxidation is preferable to prevent oxidation of the electrode
surface. Heath e al. introduced a non-oxidative approach
by reducing benzoquinone to produce amines on a silicon
surface.® This method, however, requires a highly negative
potential, which may cause undesirable electrochemical side-
reactions, and involves complex modification processes.

In the present study, as an alternative to conventional
methods, we propose a new molecular structure, azobenzene,
which undergoes 4e~, 4H ™ reduction to yield the corresponding
anilines at a low reduction potential. Azobenzene is electro-
chemically reducible via the 2e~, 2H" process to produce
hydrazobenzene.” We paid attention to the fact that a further
2e”, 2H" process from hydrazobenzene leads to complete
cleavage of the hydrazo bond at low pH, resulting in amines
which is a useful molecular motif for immobilization of
biomolecules.® To date, there has been no report of amines
being created from an azobenzene-modified gold surface
through electrochemical reductive cleavage and used to selectively
immobilize biomolecules. The electrochemical cleavage of
azobenzene is expected to provide a novel way of selective
activation of a specific pattern with a low reduction potential
and protecting it from non-specific adsorption by conjugating
tri(ethylene glycol) (TEG) at the terminus (Fig. 1).

In Fig. 2, the electrochemical cleavage mechanism of the
3-(4-(phenyldiazonyl)phenoxy)propane-1-thiol (1) monolayer,
formed on the gold surface through spontaneous
chemisorptions,® is suggested based on the literature.” The
electrochemical behavior of azobenzene was investigated at
low pH, in a previously reported potential range.”

As shown in Fig. 3A, the reduction of azobenzene to
hydrazobenzene and the oxidation vice versa occurs at
—0.22 V (vs. Ag/AgCl) and 0.08 V in the first scan at pH 2.
The anodic peak around 0.08 V indicates the presence of
hydrazobenzene, created by the electrochemical reduction of
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Fig. 1 Molecules employed in this study: 3-(4-(phenyldiazonyl)-
phenoxy)propane-1-thiol (1), tri-(ethylene glycol)-tethered 3-(4-(phenyl-
diazonyl)phenoxy)propane-1-thiol, TEG-tethered azobenzene (2).
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Fig.2 Electrochemical cleavage mechanism of 3-(4-(phenyldiazonyl)-
phenoxy)propane-1-thiol.

azobenzene on the surface. The cyclic voltammogram in the
extended potential range (dashed line in Fig. 3B) shows two
reduction waves, at —0.22 V and at —0.48 V, during the initial
scan in the negative direction. Subsequently, the 2¢~ and 2H ™
transfer to the hydrazobenzene is responsible for the latter,
where the azo linkages are broken to yield anilines. The
absence of the oxidation peak in the reverse scan indicates
that azobenzene molecules on the surface are completely
cleaved and no hydrazobenzene remained. For the cleavage
of azobenzene, we used a potentiostatic pulse rather than
potential cycling, to prevent undesirable reactions of the
produced aniline monolayer which can be re-oxidizable.'®
After a potentiostatic pulse was optimally applied at —0.4 V
for 15 s, the absence of the anodic peak due to the oxidation of
hydrazobenzene was verified by cyclic voltammetry.

Fig. 3C shows the electrochemical behavior of TEG-
tethered azobenzene (2). TEG had covalently bonded to
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Fig. 3 Cyclic voltammograms of an azobenzene-modified gold
electrode in Britton—Robinson buffer at pH 2 at a scan rate of
50 mV s~'. (A) Cyclic voltammogram of azobenzene. Reduction of
azobenzene to hydrazobenzene at —0.22 V and oxidation vice versa at
0.08 V occur. (B) Cyclic voltammogram in a wider potential range in
which two peaks appear at —0.22 V and —0.48 V (dashed). Cyclic
voltammogram after potentiostatic stimulation (solid). (C) Cyclic
voltammogram of TEG-tethered azobenzene, in the same conditions
(dashed). Cyclic voltammogram after potentiostatic stimulation
(solid). (D) Cyclic voltammograms of 1 mM potassium ferricyanide
in 0.1 M potassium chloride aqueous solution on bare gold (solid
black). TEG-tethered azobenzene (solid grey) and electrochemically
activated electrodes by applying potentiostatic pulse for 15 s (dashed).

azobenzene and was intended to prevent organic monolayers
from non-specific adsorption. The first reduction occurs at
—0.44 V, which is a larger negative potential than on the
azobenzene-terminated surface. This is not surprising, because
an extra potential difference is required, due to the additional
layer of the terminal TEG, which possibly provides a less
proton-sufficient environment around the azo groups than in
the bulk solution. Nonetheless, the entire process of reductive
cleavage requires no significant modification in the optimal
condition for potentiostatic activation, except a little longer
duration. A complete reduction of azobenzenes was also
confirmed by the absence of the oxidation peak after the
potentiostatic pulse in the cyclic voltammogram. The cyclic
voltammograms of ferricyanide ions before and after electro-
chemical activation (Fig. 3D) show no redox wave from the
TEG-tethered azobenzene electrode, which has long chains
blocking the electron transfer. After the electrochemical
treatment, however, highly reversible electrochemical behavior
is observed on the activated surface. The reversibility of the
cyclic voltammogram from the activated surface appears
better than that from the bare gold electrode. This is because
the electron transfer was facilitated by an electrostatic inter-
action between the negatively charged ferricyanide ions and
the positively charged amines on the activated surface.'’ The
presence of amines was confirmed by conjugating electroactive
ferrocene on the activated surface via a Schiff base formation
using ferrocenecarboxaldehyde (FCA).'> A detailed quantitative
analysis of surface-bound ferrocene is provided (see ESIY).
For further characterization, we analyzed the surface by time
of flight secondary ion mass spectrometry (Tof-SIMS), polarized
infrared external reflectance spectroscopy (PIERS), and a
surface wettability test (see ESIf). The conjugation ability
with proteins was demonstrated by horse radish peroxidases
(HRPs) immobilized exclusively on the electrochemically
treated surface using a homobifunctional NHS crosslinker,
BS? (Fig. S1 in ESIY).

Various cells can also be cultured on the site-specifically
activated area, using the proposed method. For applications
such as electrophysiological recording and stimulation, it is
crucial to control neuronal cell attachment and growth on
conductive materials. We therefore cultured primary hippo-
campal neurons on the electrochemically activated surface
from the TEG-terminated azobenzene (2) layer, which
prevents the non-specific adhesion of cells. Cys-Gly-Gly
(CGG)-linked Ile-Lys-Val-Ala-Val (IKVAV) peptide was
conjugated to the electrochemically activated surface using a
heterobifunctional NHS-maleimide linker, Sulfo-GMBS.
IKVAV is a hippocampal neuron adhesive peptide that originates
from laminin, a well-known cell-adhesive extracellular
matrix.'> CGG linker was used to reserve the cell-adhesion
function of IKVAV by keeping amine groups of N-terminus
and lysine intact. As shown in Fig. 4A, hippocampal neurons
with growing neurites were rarely found on the TEG-terminated
azobenzene monolayer. On the other hand, healthy neurons
with extensive neurites were grown on the IKVAV-conjugated,
electrochemically activated surface (Fig. 4B). In this experiment,
a single piece of gold-deposited wafer was partially immersed
into the solution, where electrochemical activation would take
place. Only the region dipped in the solution was allowed for
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the growth of hippocampal neurons. Fig. 4C clearly shows the
contrast between electrochemically stimulated and non-stimulated
regions, which are found in the lower and upper parts of the
boundary, respectively. Although the entire surface of both the
activated and non-activated areas had been exposed to linker
and peptide solutions, hippocampal neurons grew only in the
activated area. Importantly, the selective spatial control of
neuronal growth on the desired surface pattern has a special
meaning in terms of recent studies on artificial neural networks,
based on surface-patterned neurons'* and the nano-interface
between neurons and electrodes.!®> The proposed method
allows for the culturing and patterning of neurons on a desired
surface with an electrochemically addressable dimension,
possibly as small as the sub-micron level.
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Fig. 4 Hippocampal neuronal cells two days after seeding on the
TEG-tethered azobenzene surface (A), on the electrochemically
activated and then CGG-IKVAV conjugated surface (B). (C)
Comparison in one chip between just the 2-coated surface and
electrochemically stimulated region. By immersing part of the 2-coated
gold surface into the electrolytic solution, only the region dipped in the
solution was electrochemically activated; it was there that the neuronal
cells later adhered and grew. The black solid line is the meniscus of the
solution, which serves as a boundary between the electrochemically
activated and non-activated regions.

In summary, we suggest herein a new molecular scheme for
site-selective protein immobilization and cell patterning on the
basis of electrochemical azo-cleavage. The proposed system
offers valuable advantages including a reductive cleavage
mechanism that is free from the oxidation of electrode
surfaces, and the generation of an amine surface favorable
for immobilization of biomolecules. It should be noted that
the reductive cleavage strategy is useful with silicon surfaces,
where patterning strategies should be applied for more
sophisticated applications.
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