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1. Introduction

Gradients of physicochemical properties, that is, their
continuous variation in space and/or time, are of great value
both in solution and on surfaces for many applications and
systems. These properties, such as the chemical composition
in solution, the topography of a surface, and many others, can
be tuned in length and shape, which is a key attribute of
gradients.

Gradients play an important role in biological systems,
both on surfaces (haptotaxis)[1] and in solution (chemo-
taxis),[2] and can occur both inter- and intracellularly.[2a,3]

Biological gradients can be highly dynamic[4] and can display
unexpected kinetic properties.[5] Such gradients have a spatio-
temporal behavior that originates from autocatalysis, feed-
back, and other nonlinear influences.[6] When investigating
such systems, it is therefore a necessity to mimic this dynamic
behavior, and on the appropriate length scale. In the case of
intercellular behavior, the length scale is on the order of
100 microns or below, whereas the size of the cell is the upper
limit for intracellular systems.[1] Gradient-fabrication meth-
ods are gaining importance in biology for the study of cell
behavior, such as the influence of extracellular gradients on
chemotaxis and haptotaxis.[7] There have been several exam-
ples of the formation of artificial intracellular gradients:
Gradients in enzyme were used to study their effect on the
direction of cell motility,[8] whereas gradients in protein were
applied to direct changes in cell morphology or polarize
microtubule fibers.[9] Gradients are also utilized in the high-
throughput screening of biomaterials.[10] The response of cells
to roughness, which is of importance in the field of medical
implants, was investigated by using samples containing
a roughness gradient.[11]

Gradients are also employed in many technologically
relevant applications, for example, in the high-throughput
screening of materials,[12] such as catalysts[13] or sensing
materials.[14] Composition gradients have been utilized for
the discovery of new thin-film dielectrics.[15] Gradients are
also employed when studying or driving motion, for example,

the directional motion of water drop-
lets by an interfacial-surface free-
energy gradient[16] or by light-intensity
gradients.[17] Gradients have even been
utilized to steer molecular motion,

such as the motion of dendrimer molecules on a gradient of
aldehyde groups on a surface,[18] a single poly(ethylene glycol)
molecule on an interfacial-surface free-energy gradient,[19]

and multivalent ligand molecules along a receptor inter-
face.[20]

Often applied gradient-fabrication techniques are based
on diffusion, printing, dip coating, or irradiation.[21] For an
overview of various chemical- and polymer-gradient-fabrica-
tion methods, the reader is referred to earlier reviews.[21,22]

Almost all of the gradient-fabrication methods discussed
therein produce gradients which are static, that is, once
fabricated, the gradients have fixed physicochemical proper-
ties. For several applications, such as high-throughput screen-
ing, static gradients are appropriate. However, when aiming
to control molecular/macroscopic motion or to study dynamic
cell properties, it is a prerequisite that gradients can be
switched on and off or the properties can be gradually
changed over time. The ability to turn off the gradient is also
convenient from an experimental point of view, as it provides
a straightforward and reliable control without the driving
force (the gradient).

Microfluidic gradient-fabrication techniques, for example,
by means of laminar-flow mixing,[23] do offer the possibility to
change solution-gradient properties in space and time and
have been used for many biological applications.[24] Cell
migration under the influence of solution gradients (chemo-
taxis),[7b,c] for example, has been studied extensively, even
with a dynamic solution gradient.[25]

Whereas microfluidic gradient-fabrication techniques can
create dynamic solution gradients, electrochemical gradient-
fabrication techniques can also create dynamic surface

This review surveys recent developments in the field of electro-
chemically generated gradients. The gradual variation of properties,
which is a key characteristic of gradients, is of eminent importance in
technology, for example, directional wetting, as well as biology, for
example, chemotaxis. Electrochemical techniques offer many benefits,
such as the generation of dynamic solution and surface gradients,
integration with electronics, and compatibility with automation. An
overview is given of newly developed methods, from purely electro-
chemical techniques to the combination of electrochemistry with other
methods. Electrochemically fabricated gradients are employed exten-
sively for biological and technological applications, such as high-
throughput screening, high-throughput deposition, and device devel-
opment, all of which are covered herein. Especially promising are
developments towards the study and control of dynamic phenomena,
such as the directional motion of molecules, droplets, and cells.
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gradients, which are essential for the study of haptotaxis and
for dynamic cell-adhesion studies. The properties of gradients
generated by electrochemical techniques can be influenced in
several ways, such as by the positioning and arrangement of
electrodes in combination with diffusion or by spatiotemporal
variation of the applied potential. Electrochemical gradient-
fabrication techniques have many additional beneficial prop-
erties. Electrochemical techniques are highly versatile, com-
patible with organic and inorganic systems and many solvents,
and compatible with both conducting and nonconducting
substrates. They can be integrated with electronics and are
compatible with automation. There are also examples of
gradients (based on so-called bipolar electrodes) that do not
require leads, thus enabling more straightforward scaling up
for high-throughput applications. In some configurations,
electrochemistry can even be useful for quantitative analysis
of the gradient.

There are many gradient-fabrication methods in which
electrochemistry plays a role. The different methods are
discussed in Section 2 of this Review. In Section 3, the diverse
applications—first biological and then technological—of
electrochemically fabricated gradients are described, with
a particular focus on the fields of high-throughput screening/
deposition, the driving of liquid motion, and cell-migration
studies by the use of static and dynamic gradients, and the
addition of functionality to devices.

2. Electrochemical Gradient-Fabrication Methods

There are many different methods based on the use of
electrochemistry to fabricate gradients. First, methods which
rely solely on electrochemistry are discussed, followed by
alternative methods which combine electrochemistry with the
use of light, dip coating, or magnetic fields.

2.1. Electrochemical Gradients Created by Mass Transfer

One of the most straightforward methods for generating
electrochemical gradients is based on mass transfer (Fig-
ure 1a). At the working electrode, an electrochemical reac-
tion generates H3O

+, OH� , a catalyst, or any other species of
interest, which diffuses away from the electrode, thus result-
ing in a concentration gradient of that species as a function of

the distance to the electrode. This concentration gradient can
be the desired result or, by the use of appropriate chemical
reactions, can be used to obtain a gradient in reactivity, for
example, at a substrate.

Abbott and co-workers described in 1999 the fabrication
of electrochemically induced gradients in surface pressure.[26]

This solution gradient originated from the generation of the
surface-active species (11-ferrocenylundecyl)trimethylammo-
nium at one electrode by reduction and its removal at the
other electrode by oxidation.

Well-studied gradients fabricated electrochemically in
combination with mass transfer are diffusion-based pH
gradients, as commonly generated by the electrolysis of
water on a small[27] or a larger scale.[28] These gradients
typically belong to fully developed fields, such as isoelectric
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Figure 1. a) Creation of gradients by electrochemistry in combination
with mass transfer. The species generated at the working electrode
(WE) diffuses away, thus resulting in a concentration gradient of that
species as a function of the distance to the electrode. This concen-
tration gradient can be used to obtain a gradient in reactivity (red
arrows). b) Fluorescence microscopy image (top) and corresponding
fluorescence-intensity profiles (bottom) after the fabrication of bicom-
ponent surface gradients of two different dyes.[29] Copyright 2013, The
Royal Society of Chemistry. c) Thickness gradient of brushes prepared
by SI-ATRP on Si, as a function of position and time.[30] Copyright
2013, American Chemical Society.
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focusing and reversed-phase liquid chromatography, which
fall outside the scope of this Review.

To circumvent problems that may occur during water
electrolysis, for example, when high voltages or high current
densities result in bubble formation or partial denaturation of
proteins or enzymes, pH gradients have been formed by the
electrochemical reduction of a “proton consumer”. Yao and
co-workers demonstrated such a process in 2007 by using p-
benzoquinone or H2O2 as the proton consumer. The proton
consumption that occurred during this electrochemical reac-
tion gave rise to a pH gradient under much milder conditions
than those used for the electrolysis of water.[31] An electro-
chemically active species was also used to prevent water
electrolysis, in particular, to eliminate pH fluctuations, during
the formation of noncovalent gradients of a charged dye-
modified lipid and a protein by supported lipid bilayer
electrophoresis.[32]

We recently employed platinum microelectrode arrays on
glass for the establishment of a Cu+ solution gradient by the
local electrochemical reduction of Cu2+ at the cathode and
oxidation of the generated Cu+ back to Cu2+ at the anode
under ambient conditions.[29,33] The Cu+ generated was used
for a copper(I)-catalyzed azide–alkyne 1,3-dipolar cycloaddi-
tion (CuAAC; “click” reaction), which enabled the attach-
ment of functional molecules to azide-terminated surfaces.
This method was used to fabricate 1D and 2D gradients of
alkyne-modified dyes (Figure 1b) and alkyne-modified biotin
on the micron scale, both in between the electrodes and on
external substrates.

The method was also applied to polymer gradients by the
use of surface-initiated atom-transfer radical polymerization
(SI-ATRP) by Zhou and co-workers,[30] who fabricated
gradients of grafted PSPMA brushes (Figure 1c) on conduc-
tive and nonconductive substrates (Si, PDMS, Ti, Au) covered
with the corresponding initiator. A gradient in the concen-
tration of the Cu+ catalyst was obtained by tilting the
substrates with respect to the working electrode.

A similar method was used by Oscarsson and co-workers
to fabricate gradients on planar substrates and spherical
particles.[34] Electrochemical oxidation of a gold electrode in
a phosphate-buffered saline (PBS) solution led to the release
of gold(III) chloride complexes, which reacted with thiols to
form gold(I) thiolate complexes. The gold(I) thiolates in turn
reacted with thiol-terminated molecules and proteins (in this
case, immunoglobulin G labeled with fluorescein isothiocya-
nate, IgG(FITC)). Gradients on planar substrates were
obtained by tilting the substrate with respect to the working
electrode, thus yielding a gradient as a function of the distance
to the working electrode. For spherical particles, nonconduct-
ing, thiolated magnetic beads were directed to the Au working
electrode by a permanent magnet. A gradient in the gold(I)
thiolate was formed by the distance dependence of the bead
surface to the working electrode, and functionalization with
IgG(FITC) in turn resulted in a gradient in protein on the
bead surface.

A closely related method was used by Yousaf and co-
workers.[35] The depletion of a hydroquinone-terminated thiol
species in a microchannel, in combination with varying
surface-exposure times, was used to generate a surface

gradient of this thiol. The electrochemically active hydro-
quinone gradient was oxidized to the quinone form, which
constituted a reactive gradient for the immobilization of an
RGD–oxyamine peptide. This depletion method was used by
the same group to form a gradient of I� in combination with
electrochemical Au etching.[36] The gold topography gradient
formed in this way on glass was further functionalized with
tetra(ethylene glycol)undecanethiol or -hexadecanethiol to
give a cell-repelling or cell-spreading gradient, respectively.

2.2. Electrochemical Gradients Derived from In-Plane Potential
Gradients

An often used and relatively simple method for fabricat-
ing gradients solely by electrochemistry involves the use of an
in-plane potential gradient (Figure 2a). This method makes it
possible to generate a gradient in electrochemical potential,

which results in a gradient in reactivity, as a function of
distance on the surface of a thin electrode. It relies on the
relatively high resistance of the thin electrode (for example,
Au with a thickness of < 50 nm). When different voltages are
applied to the two working electrodes, the largest potential
drop occurs over this thin electrode. If variations in roughness
and thickness are disregarded, the potential gradient is linear.

In 2000, Bohn and co-workers described the use of this
method to fabricate gradients on a gold electrode.[37] They
created octanethiol gradients by the reductive desorption of
thiols by using an in-plane potential gradient. The octane-
thiol-coverage gradient was backfilled with 3-mercaptopro-
panoic acid, thus resulting in a bicomponent gradient in
surface free energy. By surface plasmon resonance (SPR),
they showed that the application of gradually changing
potentials enabled dynamic removal of the thiols, thus leading

Figure 2. a) Creation of gradients by electrochemistry by the use of an
in-plane potential gradient over a thin electrode. A reactivity gradient
(red arrows) of an electrochemical reaction is formed. b) Normalized
fluorescence profiles of gradients of fluorescently labeled NPs. The
gradient center shifts according to the cathodic potential.[40] Copyright
2002, American Chemical Society.
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to a shift in the boundary between thiol-covered and bare Au
towards the anode.

This method was extended to the formation of other
alkanethiol gradients exhibiting counterpropagating gradi-
ents in end-group or chain length.[38] Furthermore, it was
shown that Cu gradients on Au could be deposited and
stripped,[38a] down to a scale of tens of microns,[39] and that the
oxidation of H2O2 could be controlled in a spatial manner to
generate a gradient of O2 bubble formation.[38a] In a similar
way, gradients have been formed of fluorescently labeled
nanoparticles (NPs),[40] of the extracellular matrix protein
(ECM) fibronectin (FN),[41] of RGD peptides,[42] of signaling
molecules, such as epidermal growth factor,[43] of polymers,[44]

and of polymer brushes.[45] As an example, profiles of
fluorescently labeled NP gradients fabricated by reductive
desorption of 2-aminoethanethiol with an in-plane gradient
are shown in Figure 2b. The profiles show clearly how the
gradient centers shift according to the cathodic potential.

Hillier and co-workers used this method to deposit
a surface-coverage gradient of a Pt catalyst on indium tin
oxide (ITO) by inducing a gradient in the platinum-deposi-
tion rate.[46] They also used an in-plane potential gradient on
an electrode surface consisting of a homogeneous Pt catalyst
layer on ITO to produce pH gradients on the millimeter
scale.[47] These pH gradients could be switched on and off, and
both the position and magnitude of the change in the
pH value could be controlled. Furthermore, the method of
creating an in-plane potential gradient was expanded to the
formation of 2D gradient patterns as shown for the electro-
deposition of different polymers.[48]

Rubinstein and co-workers showed the formation of
gradients in the height of electrodeposited nanowires
(NWs) upon the deposition of Cu in nanoporous alumina
membranes by using an in-plane potential gradient at the
working electrode.[49] By using the same setup, they fabricated
compositional gradients by the electrochemical codeposition
of Au and Pd in the membrane to form an alloy that showed
a continuous gradient in the Au/Pd ratio.[50] Hybrid polymer/
metal NWs with a gradient in the length of the polymer were
also fabricated. An in-plane potential gradient was used for
the electrodeposition of polyaniline, which was followed by
the electrodeposition of Ag or Cu.[51]

Another dynamic application of electrochemical gradi-
ents by the use of an in-plane potential gradient was shown by
Yamada and Tada.[52] A charge gradient formed in a ferro-
cenyl-terminated alkanethiol monolayer by the application of
an in-plane potential gradient gave a dynamically controlled
wettability gradient.

2.2.1. Bipolar Electrochemical Gradients

A subclass of electrochemical gradients generated by an
in-plane potential gradient is the bipolar electrochemical
gradient. In contrast to the situation in Figure 2a, there are no
conducting leads to either side of the bipolar electrode
(Figure 3a), and the single bipolar electrode is both the anode
and the cathode. Furthermore, there is a potential gradient in
solution, whereas the bipolar electrode has a potential that is
(roughly) equal everywhere on its surface. As a result,

a potential difference is generated between the surface of
the bipolar electrode and the solution, and this potential
difference varies in-plane along the surface. When sufficient
voltage is applied to an electrolyte solution containing
a bipolar electrode, the potential difference between the
bipolar electrode and the electrolyte solution drives electro-
chemical reactions, with the highest reaction rates at the edges
of the bipolar electrode. Both 1D and 2D gradients can be
fabricated with this method.[53] This section only focuses on
the gradient-specific uses of bipolar electrochemistry. A more
thorough description of this field can be found in two recent
reviews.[54]

Bjçrefors and co-workers used bipolar electrochemistry in
2008 for the fabrication of thiol gradients.[55] The potential-
difference gradient used, which was induced by the solution
potential gradient, was characterized by SPR by oxidizing
[FeII(CN)6]

4� to [FeIII(CN)6]
3� (Figure 3b). The position and

width of the electrochemical gradient could be controlled,
and the sigmoidal curves were explained by the logarithmic
relationship between overpotential and the concentration
ratio of [Fe(CN)6]

3� and [Fe(CN)6]
4�. The fabricated thiol

gradient consisted of a bicomponent gradient of methoxy-
terminated and carboxylic acid terminated thiols. The car-
boxylic acid groups were used, after transformation into
succinimide esters, to generate a protein (lysozyme) gradient.
This setup was extended to the fabrication of radial gradients
in thiol coverage by using an additional, pointed, Pt counter
electrode positioned over the center of the bipolar elec-
trode.[56]

Figure 3. a) Creation, at a bipolar electrode, of an in-plane potential-
difference gradient with respect to the solution by the use of a potential
gradient in solution. A reactivity gradient (red arrows) of an electro-
chemical reaction is formed. b) SPR response, originating from
a change in refractive index, of the anodic part of the bipolar electrode
during the oxidation of [FeII(CN)6]

4� to [FeIII(CN)6]
3� at different

currents.[55] Copyright 2008, Wiley-VCH.

.Angewandte
Reviews

J. Huskens and S. O. Krabbenborg

9156 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 9152 – 9167

http://www.angewandte.org


Berggren and co-workers generated a wettability gradient
by the fabrication of an oxidation gradient in a layer of
conducting polyaniline doped with dodecylbenzenesulfonic
acid as the active surface.[57] Fuchigami and co-workers
fabricated conducting polymer films of poly(3-methylthio-
phene)[58] and other polymers[59] on ITO containing a gradient
in electrochemical doping or chlorination. A conducting
polymer of poly-3,4-(1-azidomethylethylene)dioxythiophene
(PEDOT-N3) was functionalized with a wettability or rhod-
amine gradient by click chemistry, by generating a gradient in
the electrochemically generated Cu+ catalyst.[60] A conducting
fluorene-based polymer layer on boron-doped diamond
(BDD) was used to carry out parallel reactions of a polymer
that resulted in two functional polymers produced at the
respective electrodes.[61] Furthermore, Shannon and co-work-
ers fabricated Cd–S and Ag–Au alloy gradients by electro-
deposition on a bipolar electrode,[62] whereas Sen and co-
workers and Kuhn and co-workers created pH gradients by
using bipolar electrochemistry.[63]

2.2.2. Electrochemical Gradients Derived from an Asymmetric
Electrode Configuration

Another subclass of electrochemical gradients formed by
an in-plane potential gradient is based on an asymmetric
electrode configuration in the experimental setup (Fig-
ure 4a). The in-plane potential gradient on the working
electrode is governed by the placement of the counter
electrode. At positions further away from the counter
electrode, there is a larger component of solution resistance,
which lowers the applied potential at those positions, thus
leading to a gradient in an electrochemical reaction.

Sailor and co-workers described in 2002 the use of this
technique to electrochemically create a pore-size gradient in
silicon.[64] The in-plane potential gradient resulted in a reac-
tivity gradient for the electrochemical oxidation of Si in an
HF solution in water/ethanol. In the same year, Arwin and co-
workers demonstrated a similar method for the creation of
a pore-size gradient on the back of a silicon wafer.[65] The
same method was also used to fabricate nanoporous anodic
alumina.[66]

Miskelly and co-workers fabricated gradients in the
chemical modification of pore walls in thin-film porous
silicon layers. By the electrochemical reduction of organo-
halides, gradients of methyl, pentyl acetate, and decyl groups
covalently attached to silicon were formed.[67] Also, counter-
propagating gradients of decyl groups in one direction and
methyl groups in the other were fabricated by adjusting the
position of the counter electrode after the first gradient was
fabricated. Furthermore, 2D gradients were recently fabri-
cated by combining a porous-silicon pore-size gradient (Fig-
ure 4b–i) with an orthogonal density gradient of a cyclic RGD
peptide ligand.[68]

Macpherson and co-workers fabricated density and size
gradients of Ag and Pt NPs electrodeposited on networks of
single-walled carbon nanotubes (SWNTs).[69] They used
a deposited Au strip at the edge of the SWNT substrate for
contact, thus creating a potential drop in the SWNT network
as a function of distance to the Au strip.

Larsen and co-workers employed this method for the
fabrication of 2D monolayer surface gradients.[70] They used
a Cu electrode as the anode, with a patterned insulating layer
blocking the conduction path to the cathode in certain areas.
As a cathode, an azide-terminated conductive polymer
(PEDOT-N3) was used. The varying distance to the anode
gave a gradient in reduction of the inert Cu2+ to the
catalytically active Cu+, which was used for a click reaction
of the azide with alkynylated molecules. Gradients of an
alkyne functionalized with nitrilotriacetic acid (NTA) were
used to capture His-tagged enhanced green fluorescent
protein for visualization.

2.3. Gradients Formed by the Combination of Electrochemistry
with Other Methods

2.3.1. Gradients Created by Electrochemistry and Light

The intensity of light can be applied in a gradient manner,
for example, by using a photomask with a gradient pattern, to
induce a chemical reaction that deprotects an electroactive
layer (Figure 5 a). Further electrochemical surface function-
alization of the deprotected electroactive layer can then
provide surface gradients.

Figure 4. a) Creation of electrochemical gradients by the use of an
asymmetric electrode-configuration. The in-plane potential gradient
results in the reactivity gradient (red arrows) of an electrochemical
reaction. b–g) SEM images showing a pore-size gradient in Si fabri-
cated with an asymmetric electrode configuration: b) below the
counter electrode, 0 mm (scale bar (sb) = 5 mm), c) 2 mm (sb =5 mm),
d) 6 mm (sb = 5 mm), e) 9 mm (sb = 2 mm), f) (sb = 200 nm),
g) 12 mm (sb = 200 nm). h,i) Graphs of the average pore size (h) or
pore depth (i) as a function of the distance to the counter electrode.[68]

Copyright 2012, The Royal Society of Chemistry.
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Mrksich, Yousaf, and Dillmore developed this technique
in 2004 for the immobilization of fluorescein in patterns and
gradients (Figure 5b).[71] A photochemically active nitrover-
atryloxycarbonyl (NVOC)-protected hydroquinone mono-
layer was deprotected by UV illumination through a photo-
mask to expose the redox-active hydroquinone in patterns
and gradients. Subsequent electrochemical oxidation of the
hydroquinone produced the quinone, which reacted with
a fluorescein-modified cyclopentadiene derivative in a Diels–
Alder coupling (Figure 5 c,d). In a follow-up study, Yousaf
and Chan used the quinone monolayer in combination with
aminooxy-terminated ligands to form a stable oxime con-
jugate through chemoselective ligation, which resulted in
ligand-density gradients on Au electrodes.[72]

In another case, a digital micromirror device was used to
create a light pattern that generated conducting patches on
a light-addressable electrode.[73] By using the conductive
patches as a photoanode or -cathode and applying positive or
negative voltages to generate protons or hydroxide ions,
micron-scale pH gradients were generated. The gradients
were formed around the conducting patches by diffusion.

2.3.2. Gradients Created by Electrochemistry and Dip Coating

A simple technique for the electrochemical fabrication of
gradients is by the withdrawal of a substrate from a solution,

for example, by draining the solution, while applying a poten-
tial (Figure 6 a). This method effectively creates a gradient in
reaction/deposition time as a function of position, thus
resulting in a surface gradient.

Encinas and co-workers used this method in 2011 to
fabricate arrays of magnetic Ni nanowires with a gradient in
length.[74] The gradient was formed by gradual withdrawal of
a vertically positioned commercial porous anodized alumina
(Al2O3) template with a thickness of 60 mm from the electro-
deposition solution by draining the liquid with a syringe
pump. Ni NWs were formed by electrodeposition only when
in contact with the solution and thus exhibited a gradient in
reaction time as a function of position, which resulted in
a gradient in the length of the NWs.

In the same year, Aizenberg and co-workers created
geometry gradients of high-aspect-ratio (HAR) structures of
an electrodeposited conductive polymer. With this method,
which was termed “structural transformation by electro-
deposition on patterned substrates” (STEPS),[75, 76] arrays of
HAR nano- and microstructures could be transformed in
terms of their size and shape. Different methods of evapo-
ration gave different structures (Figure 6b). The combined
use of dip coating led to a gradient in deposition time and
thus, in combination with metal evaporation and scalloping,
a gradient in the shape of the cones (Figure 6c). The
formation of 2D gradients was possible by combining
a gradient of the pitch between uniformly sized pillars in
one direction with a gradient of the pillar diameter in the
orthogonal direction. This method was extended to the

Figure 5. a) Creation of gradients by using a gradient in light intensity.
The light deprotects an electroactive layer, on which further electro-
chemical surface functionalization is possible. b) Immobilization of
fluorescein in patterns and gradients. Upon deprotection of a nitro-
veratryloxycarbonyl (NVOC)-protected hydroquinone by UV illumina-
tion, followed by electrochemical oxidation to the reactive quinone,
fluorescein–cyclopentadiene is immobilized by Diels–Alder coupling.
c,d) Fluorescence microscopy images: c) illumination through a gradi-
ent mask. d) sequential illumination through a mask with parallel lines
(slits) in perpendicular orientations.[71] Copyright 2004, American
Chemical Society.

Figure 6. a) Electrochemical formation of gradients by the withdrawal
of a substrate from a solution by draining the solution while applying
a potential. b) Different fabrication methods of STEPS. The differences
arise from the use of the techniques sputtering (I), evaporation (II), or
evaporation at an angle (III). c) Gradient in the shape of the cones
resulting from the combination of STEPS with dip coating.[75] Copyright
2011, American Chemical Society.
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creation of gradients of concentric gold rings with controlled
gap sizes.

Pesika and co-workers used this method to create a Ag
roughness gradient by combining the withdrawal of a sample
from a potassium silver cyanide solution with a changing
overpotential of the whole electrode over time. The Ag
roughness gradient was transferred into a gradient in rough-
ness of polystyrene and polyurethane surfaces.[77]

2.3.3. Gradients Created by Electrochemistry and Magnetic Fields

The influence of magnetic fields on electrochemical
processes is long-known,[78] but only recently has this tech-
nique been used to deposit structured Cu layers by the
superposition of magnetic-field gradients.[79] Gradients were
obtained by the application of a magnetic-field gradient
perpendicular to the working electrode used for the electro-
deposition of paramagnetic ions (Figure 7). The highest

amount of deposition was obtained close to the maxima of
the magnetic-field gradients. The influence of a magnetic-
field gradient on the electrodeposition of paramagnetic Cu2+

ions was proven to be governed by electrolyte flow induced by
the force of the magnetic-field gradient towards regions close
to the gradient maxima (see Figure 7 a, red gradient).[80] This
flow-enhanced transport of paramagnetic ions from the bulk
electrolyte close to the gradient maxima increases the
reactivity in mass-transport-limited reactions, such as Cu
electrodeposition.[80] Coey and co-workers and Gebert and
co-workers utilized this behavior in 2011 to fabricate Cu
deposition gradients.[81] With this method, gradients from
a few hundreds of microns up to the centimeter scale could be
obtained.[80,81] An example in which Cu deposition gradients

were obtained by pulse-reverse plating in a magnetic-field
gradient is shown in Figure 7b,c. Figure 7b shows the
calculated distribution of the magnetic-field gradient at the
Au electrode. The template for the magnetic-field gradient
consisted of 21 Fe wires embedded in poly(vinyl chloride).
The profile plots of the central deposit in Figure 7c for 1, 10,
and 20 cycles clearly show the gradient in Cu deposition.
After one cycle, a thickness of almost 40 nm was measured.

Gebert and co-workers expanded this technique to
diamagnetic ions, such as Bi3+. Bi gradients were formed by
adding electrochemically inert paramagnetic Mn2+ ions.[82] In
this way it became possible to apply the method to almost
every electrochemical system. A crucial difference with
regard to the previous results, however, was that the
deposited gradients were reversed with respect to the Cu
gradients. This difference also originates from the increased
electrolyte flow as a result of the magnetic-field gradient,
although in this case the flow is directed away from the
electrode in regions of high magnetic-field gradient, which
reduces the deposition rate in those regions.[83]

3. Applications of Electrochemically Fabricated
Gradients

Gradients have been used for a myriad of applications.
Herein, we focus on the application of gradients fabricated by
purely electrochemical methods or by electrochemistry in
combination with other methods. Biological applications are
discussed first, and then technological applications. A focus
lies on the areas of high-throughput screening, (electro)-
deposition, cell-migration studies, the addition of function-
ality to devices, and the driving of motion.

3.1. Biological Applications
3.1.1. High-Throughput Screening and Deposition

One of the most well-known applications of static
gradients is high-throughput screening, for example, in
materials science,[12] biomaterials,[10] and sensing materials.[14]

Static gradients are often applied for biological applications in
the screening of parameters that influence cell adhesion, cell
morphology, and downstream signaling processes.[10, 22b, 24a,84]

Electrochemically generated gradients are used for these
purposes. Gradients in carboxylic acid terminated self-assem-
bled monolayers (SAMs), after functionalization with fibro-
nectin (FN), have been used to study cell adhesion.[41a]

Gradients in Au topography on glass and a gradient in the
density of hexadecanethiol SAM have been used for the same
purpose.[36]

More elaborate studies have been performed with gra-
dients in topography, in particular, the use of pore-size
gradients. By using a pore-size gradient in Si, cell density and
morphology were studied as a function of topography.[85]

Besides cell density and morphology, the number of cell–
cell interactions was also studied by using a similar pore-size
gradient in alumina.[66] Furthermore, 2D gradients combining
a pore-size gradient in Si with an RGD-ligand-density

Figure 7. a) Creation of gradients by using magnetic-field gradients
coupled with electrochemistry. Gradients in mass-transport-limited
reactivity are obtained by electrolyte flow induced by the force of the
magnetic-field gradient towards regions close to gradient maxima.
b) Calculated distribution of the magnetic-field gradient. c) Profile
plots of the central deposit after 1, 10, and 20 cycles.[81b] Copyright
2011, Elsevier.
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gradient were used to probe two parameters pertaining to cell
density at the same time.[68]

Recently, Malliaras and co-workers used the in-plane-
potential-gradient method, applied to an ITO/conductive-
polymer hybrid, to gain electrical control over protein
conformation.[86] By the use of Fçrster resonance energy
transfer (FRET), the conformation of FN was characterized
to be compact and partially unfolded for high and low FRET
ratios, respectively. The results show a gradient in FN
conformation, from compact to partially unfolded (Fig-
ure 8a). This control over the conformation of FN was used
to compare cell-adhesion behavior. A 60% higher cell density
was found on an oxidized patch. This finding was correlated
with the well-established integrin binding model, according to
which two of the peptide sequences of FN should be in close
proximity for efficient binding to occur.

Another well-known application of gradients is high-
throughput deposition. pH gradients created by the electrol-
ysis of water or other chemical reactions (electrochemical
reduction of p-benzoquinone or H2O2) are a prime example of
gradients used for the deposition of materials. The working
mechanism is most often pH-triggered precipitation. Many
biologically relevant polymers have been deposited, such as
chitosan,[31, 87] alginate,[88] and agarose.[88b] For an in-depth
overview of the deposition of biologically relevant polymers,
the reader is referred to several reviews.[89] Molecular
gelators, such as 9-fluorenylmethoxycarbonyl (Fmoc) amino
acids, Fmoc-peptides,[90] and Fmoc-dipeptides,[91] can also be
deposited by this method with spatial control of the deposi-
tion in normal and lateral directions. Furthermore, pH

gradients have been used to induce the controlled assembly
of collagen molecules, which could even be aligned in highly
oriented and densely packed elongated bundles.[28a] These
collagen bundles were beneficial for cell proliferation and
imposed their orientation on the tendon cells (Figure 8b).

3.1.2. Cell-Migration Studies

Static gradients are used to study cell migration. Endo-
thelial cell migration on surfaces was studied by Jiang and co-
workers,[41b] who employed thiol gradients obtained by an in-
plane potential gradient. Proteins were covalently immobi-
lized through their amino groups on activated esters by
activating a backfilled COOH-terminated thiol gradient with
N-hydroxysuccinimide/EDC to fabricate gradients of FN,
vascular endothelial growth factor (VEGF), or a combination
thereof. Cell-displacement rates were compared on different
surfaces with gradients of three different compositions and
two different degrees of steepness. It was found that for the
size range studied (approximately the millimeter range), the
gradient steepness did not play a role. The surface with
a combination of FN and VEGF displayed the largest
displacement.

Yousaf and Chan used a system which combined light and
electrochemistry to fabricate ligand patterns and gradients in
ligand density on Au.[72] RGD-peptide-density gradients were
used to investigate the ligand density needed to support cell
adhesion along the gradient. Differences for high/low cell
seeding were found, as well as a dependence on the slope of
the gradient (Figure 9). For steeper slopes, higher ligand
densities were necessary to support cell adhesion. Factors that
influence and regulate cell polarity were also investigated.
Cells were found to polarize consistently in the higher-density
direction, except at high cell densities, when the cell–cell
interactions dominated the ligand gradient.

Because the dynamic processes in biological systems are
for a large part governed by spatiotemporal concentration
gradients on a surface or in solution, methods to investigate
this behavior should be able to mimic the spatiotemporal
behavior. Many cells employ such processes, for example,
leukocytes during inflammatory responses, and neuronal and
embryonic cells during development, and such processes also
play a role in certain types of cancer.[92] The use of artificial
methods to generate such gradients may give insight into the
intercellular and extracellular processes that govern cell
motility and cell–cell communication, and may lead to
applications in tissue engineering.[72] In the simplest form of
such a method, cell adhesion is turned on and off on a dynamic
surface.[84,93] A short and select overview focused on electro-
chemistry is given herein. For a more general overview of all
the different methods and uses of dynamic substrates for cell
studies, the reader is referred to two recent reviews.[94]

One of the most common approaches to the use of
electroactive substrates for cell studies is the changing of
ligand density in space or in an on/off manner. For example,
Mrksich and Yousaf used quinone-terminated monolayers,
which were formed by electrochemical oxidation of the
hydroquinone, to immobilize proteins with a cyclopentadiene
group by a Diels–Alder reaction.[95] This method was

Figure 8. a) Gradually changing FN conformation along a surface with
an in-plane potential gradient, as shown by the FRET ratio as a function
of applied potential (PEDOT:TOS is PEDOT doped with tosylate).[86]

Copyright 2012, Wiley-VCH. b) Fluorescence microscopy image of
three intertwined, oriented collagen bundles stained with Alexa-
Fluor 488 Phalloidin, showing the migration and proliferation of
tendon-derived fibroblasts.[28a] Copyright 2008, Elsevier.
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extended to include the option of electrochemically releasing
the ligand by reduction to the hydroquinone.[95] By electro-
chemically promoting the release or adhesion of an RGD
peptide, this system was used to selectively release adherent
cells from the surface; in this way, cell migration was turned
on.[96] Furthermore, a combination of the two methods was
reported:[97] Cells were released from parts of the surface by
the release of an RGD ligand by electrochemical oxidation.
Cell migration was switched on by treating the resulting
quinone with a cyclopentadiene-tagged RGD peptide in
a Diels–Alder reaction. This system was also used to pattern
the cell adhesion of two different cell populations.[98]

Yousaf and Chan used an electroactive system that
deviated slightly from the previously described system.[99]

The same (hydro)quinone SAM, in which the quinone is
reactive, whereas the hydroquinone is not, was used, now with
the subsequent coupling of an aminooxy derivative to give an
oxime. The biggest advantage of this method is that both the
oxime and the quinone are electroactive, which makes it
possible to determine the yield of the reaction in a controlled
manner in real time.[99] By combining this system with
microfluidic depletion and different surface-exposure times,
a gradient in the density of an oxyamine-terminated RGD
peptide was fabricated. In combination with microcontact
printing (mCP) of hexadecanethiol (HDT), which formed
a “starting” cell-adhesive patch after FN physisorption,
spatial and temporal (on/off) control over cell migration

was achieved.[35] This system was used to study the influence
of the direction of the surface gradient on haptotactic
migration. Cells only attached to and proliferated on the
HDT patch covered with FN before activation of the hydro-
quinone gradient, which intersected the HDT patch. After
oxidation, which created a quinone gradient, and the immo-
bilization of the oxyamine-terminated RGD peptide, the
migration was turned on, and cells were found to migrate
along the gradient, towards the higher density of RGD.

The hydroquinone system was also combined with a light-
sensitive protecting group (NVOC), which gave the system
dual functionality and provided a straightforward method of
patterning the electrochemically active regions.[71] Yousaf and
co-workers developed this system further and showed how
a dynamic, reversible electroactive substrate was able to
immobilize ligands, proteins, and cells in patterns and
gradients and later release them.[100] The same chemical
system of the electroactive quinone SAM was used in
combination with oxyamine ligands. UV illumination depro-
tected the NVOC groups to reveal patterns and gradients of
the hydroquinone, which could be oxidized to the quinone
functionality. The addition of an oxyamine-terminated RGD
ligand led to an oxime conjugate, thus rendering the surface
cell-adhesive. Several immobilization and release steps could
be repeated, thus resulting in a switchable and reusable
system.

This system was used to probe the influence of haptotactic
gradients, especially their direction and steepness, on the
migration speed of cells.[101] The cells were confined to cell-
adhesive patches created by mCP, and in a gradient manner,
the NVOC groups were removed in two dumbbell-shaped
patterns, which were positioned across the two patches. The
two gradients had different degrees of steepness (the left-
hand gradient was steeper). After the oxidation and immobi-
lization of oxyamine-terminated RGD, the gradients were
switched to the cell-adhesive mode, and cell migration was
studied (Figure 10a). Migration was investigated without (D),
up (B, F), or down (A, C, E, G) the gradient, and zones were
set from 0 to 100 % (Figure 10 b). The results of the migration
study are shown in Figure 10c, in which the migrated distance
is plotted as a percentage versus time. The fastest migration
was found on the steeper gradient, both up and down the
gradient. Overall, the cells migrated faster down the gradient
than up the gradient.

3.2. Technological Applications
3.2.1. High-Throughput Screening

There are also many examples of technological applica-
tions of static gradients for high-throughput screening. Hillier
and Jayaraman used electrochemical gradients as early as
2001 for catalyst discovery and characterization.[46] A gradient
in Pt coverage was created by the use of an in-plane potential
gradient on an ITO surface. This catalyst gradient was
characterized by scanning electrochemical microscopy
(SECM) in combination with a noncatalytic redox probe. A
uniformly reactive surface was found. However, imaging with
a catalytic redox probe showed variations in reactivity toward

Figure 9. Determination of the ligand density needed for cell adhesion
and the effect on cell polarization for different RGD-peptide gradients.
a) Fluorescence microscopy images of an immobilized oxyamine–rhod-
amine gradient. b) Fluorescence microscopy images of cell cultures
attached to RGD immobilized gradients. For high cell-seeding density,
cell adhesion is dependent on the gradient slope and density of the
RGD peptide. c) Plots of relative ligand density versus distance (D is
distance in (a–c) in mm, and G is ligand density). For higher gradient
slopes, a higher ligand density is necessary for cell adhesion.[72]

Copyright 2008, The Royal Society of Chemistry.
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the hydrogen oxidation reaction on the surface. Furthermore,
by using an in-plane potential gradient combined with
a homogeneous-catalyst (Pt) layer, several electrochemical
reactions were investigated as a function of potential, such as
the oxidation of [Ru(NH3)6]

2+ and H2, the latter in the
absence and presence of adsorbed CO.[102]

A closely related set of studies based on the use of bipolar
electrochemistry was reported from 2002 onward by Crooks
and co-workers. From a practical perspective, bipolar electro-
chemistry is convenient, as electrical leads to the electrodes in
solution are not needed, which makes scaling up for high-
throughput screening a lot easier. Direct optical readout of
the electrochemical reactions was also possible on the basis of
the electrogenerated chemiluminescence (ECL) of [Ru(2,2’-
bipyridine)3]

2+, which was chemically decoupled from, but
electrically coupled to, the electrochemical sensing reac-
tion.[103] Because of the in-plane potential gradient and the
fact that the bipolar electrode acts as both an anode and
a cathode, the illuminated length of the electrode is a function
of the formal potential of the half-reaction under study. This
method was modified to use the electrodissolution of Ag as
a reporter reaction instead of ECL.[104] Thus, the result, that is,
the shortening of the Ag microband, was permanent, and it
could be read out by the naked eye or with a magnifying glass.
Also, the sensitivity and limit of detection of the method
could be adjusted by changing the cross-sectional area of the
Ag microband.

The reporting by electrodissolution of Ag was used for the
screening of electrocatalyst candidates for the oxygen reduc-
tion reaction (ORR).[105] As a proof of principle, Pt, ITO and

Au were compared, and a direct relationship between the
activity of the electrocatalyst and the number of dissolved Ag
microbands was shown. More recently, electrocatalysts were
compared by this method in parallel experiments by prepar-
ing 11 distinct compositions of three bimetallic electrocata-
lysts (Pd-M, in which M = Au, Co, W).[106] Cr instead of Ag
microbands were used to reduce the risk of poisoning of the
catalysts. Figure 11a shows optical microscopy images of
a bipolar electrode before and after such a screening experi-
ment. The red stripes indicate the final number of Cr
microbands removed for the different compositions of Pd–
Co; this number is related to the onset potential of the ORR.
Thus, the different compositions could be reliably compared
and evaluated.

The in-plane potential gradient created by an asymmetric
electrode configuration was used by Macpherson and co-
workers to fabricate gradients in the density and size of Ag
NPs on SWNT networks.[107] These gradients were used for
the investigation and optimization of surface enhanced
Raman scattering (SERS) as a function of NP size and
density. An in-plane potential gradient formed by bipolar
electrochemistry was used by Shannon and Ramaswamy to
fabricate Ag–Au alloy gradients on stainless steel.[62b] These
gradients were screened for the maximum SERS intensity,

Figure 10. a) Time-lapse microscopy images used for the investigation
of the influence of gradient direction and steepness on the migration
speed of cells. Two dumbbell-shaped gradients of RGD ligands with
different slopes were positioned across two parallel cell-adhesive
patches created by mCP. After RGD-ligand immobilization, cells
migrated up and down the two gradients (sb = 100 mm). b) Schematic
overview of the two gradients positioned across the two patches.
Zones of migration were defined as without (D), up (B, F), or down
(A, C, E, G) the gradient (sb =200 mm). c) Graph showing the
migrated distance as a percentage versus time for each zone.[101]

Copyright 2011, American Chemical Society.

Figure 11. a) Optical microscopy images showing the number of Cr
microbands removed by different compositions of Pd–Co. The red
stripes indicate the final number of Cr microbands removed.[106]

Copyright 2013, American Chemical Society. b) A 3D reactivity map of
the e-click reaction kinetics showing the kobs values mapped in space
between the two electrodes.[33]
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which occurred at 100 % Ag and at an alloy composition of
70% Ag/30% Au.

Recently, our research group used electrochemically
generated solution gradients to study the efficiency of surface
reactions in a highly parallel manner.[33] Electrochemically
derived solution gradients of a reaction parameter (pH) and
a catalyst (Cu+) were used to fabricate surface gradients on
the micron scale and to study the kinetics of (surface-
confined) imine hydrolysis and the copper(I)-catalyzed
azide–alkyne 1,3-dipolar cycloaddition, respectively. A 3D
reactivity map of the e-click reaction kinetics is shown in
Figure 11 b. By combining experimental and modeling data,
the reaction order of the click reaction in the CuI catalyst was
deduced (second-order dependence on CuI).

3.2.2. High-Throughput Deposition

Aizenberg and co-workers developed two methods for
high-throughput deposition. One system consisted of a micro-
fluidic gradient of a reaction parameter in combination with
electrochemical deposition. It was used to identify the
conditions that govern the morphology of the resulting
electrodeposited polypyrrole (PPy).[108] By varying the con-
centration of the pyrrole monomer, PBS, and the pH value,
the deposition conditions were optimized to produce PPy
surfaces with a high surface area and a large scattering and
absorption cross-section or with superhydrophobic proper-
ties. The second method was STEPS, as discussed in
Section 2.3.2.[75] Several applications of this method were
shown, including its combination with nanoskiving to create
ordered periodic arrays of metallic concentric rings, so-called
ring resonators, with a gradient in gap size (Figure 12 a,b).
Also, the spontaneous patterning of rod-shaped bacteria was
investigated by fabricating a surface exhibiting a range of
HAR structures with variable pitch, post diameter, and gap
width (Figure 12 c,d).[75, 109]

High-throughput deposition has also been performed on
particles. Oscarsson and co-workers reported the fabrication
of many micron-sized particles with one or multiple function-
alized patches,[110] but also Au and protein gradients.[34] Kuhn
and co-workers reported a high-throughput method of
fabricating Janus particles, mostly on the hundreds-of-
microns scale, by bipolar electrochemistry.[63b] When an in-
plane potential gradient was used on a single particle, two
different electrochemical reactions could take place on either
side of the particle. The pH gradient achieved by electrolysis
of water on opposite sides of the particle, for example, could
be used for controlled polymerization or precipitation. This
approach was used in sol–gel processes to deposit silica,
silicone, and TiO2, but also to deposit organic layers, such as
paints (by electrophoretic deposition), on one side of a glassy-
carbon particle. The method was extended further to smaller,
micron-sized particles and wires, on which metals (Au, Ag)
were deposited.[111] Other applications of high-throughput
deposition consist of the electrodeposition of Au–Pd in
gradients to create NWs with a continuously changing Au–
Pd alloy composition.[50]

3.2.3. Driving Motion

Static gradients can drive motion, for example, of liquid
droplets. Berggren and co-workers showed liquid motion on
static wettability gradients fabricated by the use of an in-plane
potential gradient.[57] The working principle is based on the
large differences in the water contact angle between an
oxidized and reduced surface of conducting polyaniline doped
with dodecylbenzenesulfonic acid.

Dynamic gradients have clear advantages over static
gradients for controlling liquid motion, because they open up
the option of controlling the motion in space and time. Abbott
and co-workers used dynamic gradients, fabricated by elec-
trochemistry and diffusion, of surface-active species ((11-
ferrocenylundecyl)trimethylammonium) to control the
motion and position of aqueous and organic liquids.[26] The
motion of droplets of a nematic liquid crystal (LC, 4-n-pentyl-
4’-cyanobiphenyl) could be dynamically controlled in micro-
channels, in the direction of the oxidizing electrode and away
from the reducing electrode (Figure 13a,b). Furthermore,
sulfur microparticles floating on top of a solution containing
surface-active species could be controllably moved away from
the reducing electrodes (Figure 13c). By changing the poten-
tial at different points in time, the direction and speed could
be adjusted (Figure 13 d). Tada and Yamada used electro-
chemically controlled in-plane potential gradients to generate
a dynamic wettability gradient that enabled the movement of

Figure 12. a) Schematic illustration of the creation of different ring
resonators exhibiting a gradient in gap size (green: core epoxy parent
structure; yellow: sputter-coated gold; blue: PPy). b) SEM images of
a sample with ring resonators exhibiting a gradient in gap size.
c,d) Fluorescence microscopy images of spontaneous bacterial pattern-
ing on a surface exhibiting a gradient in the interstitial space between
HAR nanopillars. No bacterial patterning was observed with a large
interstitial space (c), whereas patterning occurred on widened pillars
with a smaller interstitial space (d).[75] Copyright 2011, American
Chemical Society.
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nitrobenzene, dichloromethane, and hexadecane droplets in
a controllable manner.[52] The gradient could be varied by
moving the position of the E1/2 potential of Fc (ferrocene) on
the surface by changing the applied offset voltage and the
total applied potential gradient. Furthermore, a rudimentary
method to manipulate microparticles was shown in which the
moving droplet pushed glass beads with a size of 40 mm.

3.2.4. Towards Devices

Several reports describe the fabrication of gradients for
device development. In 2002, Sailor and co-workers showed
the electrochemical fabrication of a pore-size gradient in Si by
using an asymmetric electrode configuration, and its use as
a size-exclusion matrix in the determination of the size of
proteins.[64] The same research group also demonstrated pH-
controlled protein gating, whereby detection was performed
by optical-reflectivity measurements. A rugate optical filter
with a gradient in rejection-band wavelengths was fabri-
cated,[112] as well as an ethanol sensor for aqueous solutions
based on a gradient in the chemical modification of pore walls
in thin-film porous silicon layers.[67]

Encinas and co-workers developed a microwave phase
shifter with improved microwave nonreciprocal behavior by
fabricating a nonreciprocal microstrip line containing a gra-
dient in the length of magnetic Ni NWs through simultaneous
electrodeposition and dip coating.[74] The gradient in NW
length (Figure 14 a,b) effectively created a gradient in per-
mittivity along the width of the microstrip. This device
displayed improved behavior (Figure 14 c) as compared to
a device with an asymmetrical arrangement of NW lengths in
a stairwaylike profile.

4. Summary and Outlook

In the last 10 to 15 years there has been tremendous
development in the field of gradients fabricated by the use of
electrochemistry. New methods have been developed, from
purely electrochemical methods, such as the use of diffusion-
based systems or in-plane potential gradients, to the combi-
nation of electrochemistry with other methods, such as the use
of light and magnetic fields. In terms of their application,
electrochemically fabricated gradients have also shown con-
siderable progress. They are used extensively for biological
applications, for example, for the high-throughput screening
of parameters that influence cell adhesion and morphology,
and for the high-throughput deposition of responsive, film-
forming biopolymers and molecular gelators. They also have
many technological applications, for example, in the high-
throughput screening of catalysts, in high-throughput depo-
sition, for the optimization of deposition conditions, and for
the fabrication of Janus particles. Such gradients are also
being used for device development and for driving motion,
such as that of liquid droplets.

Most described applications use static gradients; however,
a trend is emerging towards the use of dynamic gradients. The
dynamic nature of these gradients plays a crucial role, as it
enables the spatiotemporal probing of processes or control
over processes. The use of spatial and temporal control over
electrochemical gradients is still in its infancy. A few very
interesting and promising studies have been reported recently
that show the flexibility and power of this control. Such
control has allowed the investigation of the influence of
haptotactic gradients, and in particular their direction and
steepness, on the motility of cells, for example, or on the
controlled and directional driving of liquid-droplet motion.

Figure 13. Time-lapse images (ca. 0.5 Hz) showing dynamic control of
the motion of LC droplets within a microfluidic network. a) The LC
droplet originates from the bottom; the right channel has a potential
of 0.3 V and the bottom channel a potential of �0.3 V versus SCE.
b) The LC droplet originates from the right; the right channel has
a potential of �0.3 V and the left channel a potential of 0.3 V versus
SCE. c) Time-lapse image (ca. 0.3 Hz) of the controlled motion of
sulfur microparticles floating on top of a solution containing surface-
active species, away from the reducing left and top Pt electrodes.
d) Graph of the velocity of the droplet versus the applied potential of
the anode and cathode.[26] Copyright 1999, AAAS.

Figure 14. a) SEM image of a 390 mm wide NW array with a gradient in
NW length. b) Schematic representation of a nonreciprocal microstrip
line. c) Graph showing the differential phase shift of the nonreciprocal
microstrip line.[74] Copyright 2011, American Chemical Society.
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We envision that the spatial and temporal control of
electrochemical gradients in the millimeter-to-centimeter size
range will be used for applications of droplet motion, for
example, in nanochemistry. In this size range, in-plane
gradients are of particular interest. The temporal and spatial
control of micron-sized gradients enables cell interactions,
migration (haptotaxis, chemotaxis), and other characteristics
to be probed in ensembles and on the single-cell level,[25,101]

especially in health-related systems, such as angiogenesis and
wound healing, or in certain types of cancer.[92] A very
interesting development is the extension of these methods to
the production of gradients inside cells,[8, 9,113] with the
potential to probe or affect a variety of cellular processes.[4]

In this size range, electrochemical gradients created by the in-
plane-potential-gradient and diffusion methods are applica-
ble. Besides the powerful electroactive SAMs described
herein, it would be interesting to see some newly developed
electroactive SAMs (for example, electroactive supramolec-
ular SAMs of b-cyclodextrin[114] and cucurbiturils,[115] or other
reversible electroactive layers[116]), which have been used for
the reversible attachment of proteins, peptides, and cells,
combined with in-plane potential gradients. Furthermore, it is
envisioned that temporal and spatial control of micro/nano-
meter-sized gradients could be used for the controlled and
directed motion of nanoobjects, such as NPs,[117] nanocon-
tainers (e.g. virus capsids), and single molecules, for example,
in nanochemistry and nanolocomotion. In this case, the
methods for creating electrochemical gradients must also be
developed further. For example, the diffusion method and the
coupling of electrochemistry with light hold the potential for
the fabrication of gradients on the sub-micrometer scale.
Overall, this Review has dealt with both established and new
methods of electrochemical gradient formation. These meth-
ods have paved the way for the development of a myriad of
new applications. Especially promising are the developments
towards the investigation of dynamic phenomena, which is
expected to have a bright future.
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