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Christian Ulrich, Olof Andersson, Leif Nyholm, and Fredrik Bj�refors*

Surfaces with gradients in their chemical properties or
molecular functionalities are highly attractive because of
their potential sensor and biomimetic applications. Surface-
tension effects[1, 2] and protein adsorption[3,4] can also be
studied by using molecular gradients. Several gradient-form-
ing approaches have been demonstrated to date; these
approaches are based, for example, on diffusion,[5] electric
fields,[6] microfluidic systems,[7] and immersion procedures.[8]

Bohn and co-workers proposed an electrochemical method to
form gradients on very thin metal substrates (of about 50 nm)
by using in-plane electrochemical potentials.[9] In that
method, a potential gradient was generated across the surface
using a bipotentiostat. Monolayer gradients of alkane thiols
with varying widths and positions could thus be created on the
surface.

Herein, we propose the use of a bipolar electrode as a
means to establish a potential gradient across a surface. A
voltage (or current) source and two electrodes are used to
induce an electric field in a solution containing a conducting
surface (see Figure 1). The surface can then become a bipolar
electrode, that is, an electrode that acts as both anode and
cathode. This occurs when the electric field parallel to the
surface exceeds a certain threshold value, thereby inducing
redox reactions at both ends. Thus, in the present approach, a
potential gradient is induced across an electrode by creating
an electric field in the solution and not by controlling the
potential of the electrode. Duval et al.[10] modeled the
electrochemical behavior of planar bipolar electrodes in a
lateral electric field in conjunction with electrokinetic experi-
ments. Bipolar electrodes have further been used in industrial
applications[11] as well as in poorly conducting media[12] or for
electrochemiluminescence-detection purposes.[13]

The potential difference between a point on the bipolar
electrode and the solution varies laterally along the surface,
and the driving force for electrochemical reactions varies
accordingly. The rate of the redox reactions is highest at the
edges of the electrode and decreases towards the center of the

surface. This behavior can be used to create a surface gradient
of molecular functionality, because the adsorption or desorp-
tion of a specific molecule can be controlled through the
bipolar-electrode reactions. However, to our knowledge,
these properties have not been exploited until now to
generate molecular gradients. The major advantage of this
technique is that the electrode can be of virtually any
thickness, shape, and material (as long as it is conductive).
Furthermore, the method is fast and based on a simple
experimental setup and the surface itself does not have to be
electrically contacted.

Imaging surface plasmon resonance[14] (iSPR) was used to
display the cathodic and anodic regions of the bipolar
electrode and thus characterize the electric-field-induced
potential gradients. A setup similar to that shown in Figure 1
was placed on top of a prism in an iSPR instrument. The cell
consisted of a polytetrafluoroethylene (PTFE) body pressed
against a gold surface with an O-ring in between. If the
electrochemical reactions give rise to any changes in the
refractive index close to the surface, the SPR response will
change accordingly. In the experiments, a current was passed
through a solution of K4[Fe(CN)6] (200mm) using two
stainless-steel electrodes. The oxidation of the species could
be monitored at different locations on the surface because of
the difference in the refractive indices of [Fe(CN)6]

3� and
[Fe(CN)6]

4�. Figure 2 depicts the changes in the SPR response
of the anodic part of the bipolar electrode for different total
currents. To ensure that only the reactions of interest were
being monitored, we evaluated the intensity differences
between the images taken five seconds after the current was
switched on and those obtained at open circuit. The main
cathodic reaction at the other end of the surface was the
reduction of water. Upon increasing the current, the width of
the gradient decreases and the gradient region shifts towards
the center of the surface. This behavior is the result of a larger

Figure 1. Experimental setup showing the current paths arising from
electrochemical reactions taking place on the bipolar electrode. The
bipolar electrode typically consists of a metal layer deposited on an
insulating substrate. A variable voltage source is used to control the
total current between two electrodes (for example, two stainless-steel
electrodes).
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iR drop in the electrolyte, and it clearly demonstrates the
possibility to control the position and the width of the
gradient region. The sigmoidal curves shown in Figure 2
results from the logarithmic relationship between the poten-
tial difference and the concentration ratio of [Fe(CN)6]

3� and
[Fe(CN)6]

4�. The small response increase observed for a
distance of about 2 mm (at a current of 140 mA) can be
attributed to the geometry of the iSPR cell close to the O-ring,
which influences the mass transport of the redox species.

Different gradients (for various applications) can be
formed using this method; for example, we prepared gra-
dients of both copper and electropolymerized polypyrrole on
gold. As a demonstration of the possibility to straightfor-
wardly design and modify surfaces containing gradients in
their chemical properties—and attach biorelevant molecules
to such surfaces—we used self-assembled monolayers
(SAMs) and protein-immobilization procedures. SAMs
offer an easy way to form molecular gradients on surfaces,
because thiols can be electrochemically desorbed both
cathodically and anodically. A gold surface covered with a
SAM of HS�C2H4�(O�C2H4)6�OCH3 (mPEG) was
employed as the bipolar electrode (Figure 1). A current of
15 mA was then passed through the electrolyte (1m KOH in
ethanol) for 30 s to remove the thiol species from the cathodic
part of the bipolar gold electrode. Imaging null ellipsometry
was then used to measure the thickness of the SAM on the
cathodic side. As can be seen in Figure 3a (line 1), a
molecular-gradient region with a width of about 0.5 mm was
formed. A similar gradient was also observed on the anodic
side but because of the possible formation of gold oxide, this
gradient was not further evaluated. Figure 3 a also suggests
that the surface in the electrochemically desorbed region was
not perfectly clean, which can be deduced from the thickness
indicated by line 1 (which is of about 0.8 nm). We ascribe this
result to the contamination of the bare gold surface with
hydrocarbon species present in the surrounding air during the
ellipsometric analysis. The same effect was also observed after
the reduction of a SAM on a gold working electrode in a
standard three-electrode setup. However, this is a minor

problem because the contaminants can be displaced by
immersing the surface in a backfilling solution containing a
second thiol species. To provide binding sites for the protein,
the surface was backfilled for 60 s with HS�C2H4�(O�
C2H4)8�COOH (aPEG). The gradient after the backfilling
step can be seen in Figure 3a (line 2). A longer incubation
time results in a full aPEG monolayer, but it may also give a
higher degree of substitution of the mPEG species. The
carboxy groups were then activated for 20 min and used as
binding sites when the surface was incubated in lysozyme
(30 min). The thickness of the resulting lysozyme layer on the
activated aPEG was around 2.4 nm, which almost corre-
sponds to a full monolayer of the protein.[15] The lysozyme
film on the mPEG part of the surface had a thickness of about
0.6 nm, which is possibly the result of an unspecific phys-
isorption of the protein and/or the substitution of some
mPEG molecules with aPEG species during the backfilling
step. A section of the thickness map obtained on the protein
surface is shown in Figure 3 b, where—as expected—no
thickness variations are observed on the surface parallel to
the protein gradient.

In conclusion, the method described herein is suitable for
the generation of functional molecular gradients on conduct-
ing surfaces. It is a fast and straightforward technique that
does not require access to advanced laboratory equipment.
Moreover, a wide variety of setup geometries and electrolytes
can be used, thus making it a very versatile approach. One
way to widen the gradient region would be to place the
bipolar surface at a given angle with respect to the other two
electrodes, an approach that is currently being studied.
Moreover, it is possible to produce a semispherical electric
field in the solution by replacing one of the two electrodes
with a wire and placing it above the bipolar electrode. This
setup would generate a reaction region in the middle of the
surface, with gradients on both sides of the wire. Future

Figure 2. Changes in the SPR response owing to the change in the
refractive index when [Fe(CN)6]

4� is oxidized to [Fe(CN)6]
3� (at different

total currents). The lines show the mean intensity change in the SPR
images.

Figure 3. a) Line profiles, obtained from imaging-null-ellipsometry
measurements, in which the thicknesses of the gradients observed
after the different preparation steps are shown. Line 1 exhibits the
result of the desorption of mPEG, line 2 shows that obtained after
backfilling with aPEG, and line 3 represents the resulting protein
gradient. b) Thickness map of the protein gradient (the line shows the
region from which the line profile was taken).
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studies on the composition, the degree of phase separation,
and the organization of the thiol gradients will be performed
by using electron spectroscopy for chemical analysis (ESCA),
scanning probe techniques, and FT-IR microscopy.

Experimental Section
For experimental details about the iSPR and ellipsometric measure-
ments, see the Supporting Information.

The carboxy groups were activated using a mixture of 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC, 0.2mm) and N-hydroxy-
succinimide (NHS, 0.05mm). The result was a reactive succinimide
ester which was able to form covalent bonds with the amine groups in
the protein. Lysozyme was dissolved in Bis-Tris buffer (30mm,

pH 7.0) to a concentration of 1 mg mL�1.
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