
Trends in Analytical Chemistry xxx (2014) xxx–xxx
Contents lists available at ScienceDirect

Trends in Analytical Chemistry

journal homepage: www.elsevier .com/locate / t rac
Review
Electrochemical patterning as a tool for fabricating biomolecule
microarrays
http://dx.doi.org/10.1016/j.trac.2014.03.004
0165-9936/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +49 234 32 26200; Fax: +49 234 32 14683.
E-mail address: wolfgang.schuhmann@rub.de (W. Schuhmann).

Please cite this article in press as: J. Clausmeyer et al., Trends in Analytical Chemistry (2014), http://dx.doi.org/10.1016/j.trac.2014.03.004
Jan Clausmeyer a, Wolfgang Schuhmann a,⇑, Nicolas Plumeré b

a Analytical Chemistry and Center for Electrochemical Sciences – CES, Ruhr-Universität Bochum, Universitätstr. 150, D-44780 Bochum, Germany
b Center for Electrochemical Sciences – Molecular Nanostructures, Ruhr-Universität Bochum, Universitätsstr. 150, D-44780 Bochum, Germany

a r t i c l e i n f o a b s t r a c t
Keywords:
Biomolecule interaction
Biomolecule microarray
Chemoselective patterning
Diagnostics
Electrochemical droplet cell
Electrochemical patterning
Immobilization
Pharmaceutical screening
Reagentless patterning
Scanning electrochemical microscopy
High-density biomolecule arrays are powerful tools for the screening of pharmaceuticals, investigation of
biomolecule interactions and patient diagnostics. Surfaces modified with electrochemically addressable
films combined with electrochemical surface patterning techniques allow local triggering of DNA and
protein immobilization. After a brief overview of classical patterning methods, such as printing, dip-
pen nanolithography (DPN) and photolithography, we critically assess electrochemical strategies for local
surface modification, such as the use of electrode arrays, electro-DPN and scanning electrochemical
microscopy regarding their potential for fabrication and read-out of bioarrays. Capillary-based scanning
probe methods are especially promising tools for truly chemoselective microarray and nanoarray gener-
ation due to their high patterning resolution and the possibility for directly probing the surface
chemistry.
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1. Introduction

Microarrays of biomolecules patterned onto a solid support are
powerful tools for high-throughput investigation of biomolecules
interactions [1–4]. DNA and protein arrays were implemented for
function determination, diagnostics and drug screening. In recent
years, much effort was spent to reduce the dimensions of the bio-
molecule patterns generated in order to increase the density of
information on a given surface area. However, it is often neglected
that function and activity of a biomolecule may change drastically
when confined to a surface as compared with its behavior in solu-
tion [5]. Thus, for patterning surfaces with sensitive, complex bio-
molecules to generate high-density microarrays, well-defined
chemistry with no side reactions is required. The binding chemis-
try should be controlled to ensure not only anisotropic orientation
of the biomolecule to maintain access to its binding site, but also to
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avoid side-reactions inducing denaturation during array fabrica-
tion [6,7].

The design of suitable surface functionalities and patterning
techniques aiming to achieve defined, specific binding of biomole-
cules to the surface will play an increasingly important role. In
many cases, binding events are detected with the help of secondary
reporter molecules, which do not provide information about the
nature of binding. Hence, unspecific adsorption and loss of biocata-
lytic activity may result in erroneous interpretation of the data ob-
tained. To overcome this uncertainty, additional analytical tools
are needed to probe the surface chemistry by giving direct evi-
dence for critical bonds or interactions formed upon immobiliza-
tion. With decreasing patterning dimensions, it becomes
increasingly challenging to maintain and to demonstrate the che-
moselectivity of the immobilization procedure. Moreover, many
characterization techniques fail to provide information about the
identity of the nature of the surface modification itself.

In the light of these considerations, this review is dedicated to
highlight concepts that push forward the limits of array generation
with high spatial resolution and to point out novel analytical meth-
ods for localized characterization of patterned surfaces. Special
attention is given to a critical assessment of the surface chemistry
and chemoselectivity of immobilization procedures. The huge po-
tential of electrochemical techniques has been demonstrated re-
cently due to their ability for both surface patterning at the
microscale and the nanoscale and high-resolution visualization of
the patterned surface chemistry. Whereas classical strategies for
fabrication and analysis of bioarrays were previously reviewed
[1,2,6,8], this work focuses on electrochemical methods for local-
ized surface patterning and read-out of the structures obtained [9].
Fig. 1. Immobilization and synthesis of biomolecules can be triggered electro-
chemically. Reaction schemes for surface modification according to: (a) [11]; (b)
[25]; (c) [20–22]; (d) [17]; and, (e) [42].
2. Switchable reactivity allows biomolecule immobilization

Generally, the surface chemistry has to retain the activity, the
function and the accessibility of the biomolecule and simulta-
neously prevent non-specific adsorption. Whereas any type of ar-
ray that fails in the first task will result in false negative results,
failure in the second leads to false positive results. To prevent
unspecific adsorption and loss of activity, the solid-liquid interface
has to be well balanced between hydrophilicity and hydrophobic-
ity [5]. We need to take into account that charged surfaces may
unspecifically attract or repel biomolecules, especially polyanionic
DNA strands [10].

The most commonly used strategy to suppress protein adsorp-
tion is coating the surfaces with oligoethyleneglycol (OEG) groups,
proteins – typically bovine serum albumin (BSA) – or polysaccha-
ride matrices. Generally, protein attachment to the surface at spe-
cific sites of the protein rather than random attachment is more
likely to result in retention of protein activity. Various covalent,
non-covalent, site-specific and non-specific immobilization strate-
gies for proteins have been reviewed elsewhere [7].

Electrochemical approaches have the inherent possibility for
reagentless activation of the surface, after which the molecule to
be immobilized from bulk solution may be captured at the solid-li-
quid interface. Alternatively, biomolecules may be entrapped in a
polymer matrix that is deposited by electrochemical conversion
of the monomers or by electrochemically generated local changes
of the pH value.

For DNA immobilization, oligonucleotide-modified monomers
may be integrated into the polymer backbone (see Fig. 1a) [11],
but proteins have to be physically incorporated [12] or adsorbed
[13], or a sequence of bioconjugation steps is necessary to couple
proteins to a deposited polymer [14]. There are no restrictions
regarding the nature of immobilized molecules; there is especially
no need for specific chemical pre-modification. Nevertheless, due
Please cite this article in press as: J. Clausmeyer et al., Trends in Analytical Ch
to the entrapment in the polymer film, the accessibility for possible
binding partners may be altered. However, a monolayer of the bio-
logical recognition element adsorbed, covalently or non-covalently
bound to the sample surface is more accessible for a potential
binding partner. As anchor for biomolecule attachment, redox-ac-
tive surface-confined groups that reveal reactivity upon applying
an electrical stimulus are of particular interest [15]. The hydroqui-
none/benzoquinone redox couple has found wide application be-
cause it can be employed as an electrochemically-removable
protecting group {e.g., for biotin [16], carboxyl groups [17],
emistry (2014), http://dx.doi.org/10.1016/j.trac.2014.03.004
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aldehyde groups [18] and amino groups [19] (see Fig. 1d)}. More-
over, a quinone moiety can serve as the anchoring group itself
and capture molecules via electrochemically-induced Michael
addition [20], 1,2-addition [21] or Diels-Alder cycloaddition reac-
tions [22] (see Fig. 1c). All these reactions take place at compara-
tively mild conditions, which are suitable for the immobilization
of sensitive biomolecules. The Cu(I)-catalyzed Huisgen cycloaddi-
tion or ‘‘click reaction’’ may be controlled by electrochemically
triggered unmasking of the alkyne reactant [23] or generation of
the catalyst [24].

Another approach, referred to as ‘‘electrografting’’, exploits the
electrochemical reduction of aryl-diazonium salts under concomi-
tant formation of a covalent bond to the electrode surface (see
Fig. 1b). Antibodies and DNA modified with aryl-diazonium moie-
ties may be grafted to a suitable surface under electrochemical
control [25,26].

All these techniques require pre-modification of the biomole-
cules before their binding to the surface. However, they are suit-
able for the oriented immobilization of proteins on a surface
[27], which prevents the loss of activity upon immobilization and
may ensure accessibility to the active site.

In the future, electrochemically-cleavable protecting groups
and electrochemically-triggered reactions may be expanded to
the in-situ synthesis of biopolymers.

3. Surface patterning: site-selectivity versus chemoselectivity

The goal in fabricating bioarrays is to assemble as many differ-
ent biological recognition elements as possible on a given surface
area to increase the throughput of the biological assay. At the same
time, the amount of sample consumed for each spot reduces with
decreasing pattern dimensions.

The spatial information to create a laterally heterogeneous sur-
face, the patterning, may originate from various sources. Classi-
cally, different specimens to immobilize are dispensed to discrete
areas on a surface with the help of a nozzle or a pin for printing
or spotting, respectively [3,4]. These approaches imply a serial pat-
terning process, as opposed to parallel patterning employing pho-
tolithographic techniques [8]. Even though there are attempts to
increase the patterning speed by using multiple tips [28,29], serial
patterning is intrinsically slower than parallel patterning, so it is
less suitable for large-scale fabrication of especially high-density
arrays. Parallel patterning techniques typically use a photomask,
and light is irradiated to restricted areas on the sample, triggering
chemical reactions to crosslink [30] or to remove material, such as
Fig. 2. Scanning probe techniques in various configurations are employed to induc
electrophoretic delivery; (c) microreagent mode SECM; (d) direct mode SECM/electro-D
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photo-cleavable protection groups or biomolecule-repelling films
from the surface [31]. The necessity for a template limits the flex-
ibility when designing the biomolecule array. Also, protocols from
classical photolithography, as used in microelectronics fabrication,
cannot be easily adapted to sensitive biomolecules, because the
reaction conditions may affect the structure and the activity of bio-
molecules already immobilized on the array surface. As a conse-
quence, soft lithography, which typically involves elastomeric
stamps as template, has been developed [32].

Template-free, but photolithographic patterning was achieved
by local ablation of protein-repelling coatings based on oligoethyl-
eneglycol (OEG) [33] or bovine serum albumin (BSA) [34] with an
electron beam or UV light. These techniques are limited with re-
spect to the maximum achievable patterning resolution, which
roughly amounts to half of the wavelength of the irradiated light.
While this method yields local modifications larger than
�100 nm (using UV light), scanning probe techniques boost the
patterning resolution for serial patterning methods.

Dip-pen nanolithography [35] consists of an atomic force
microscope tip, which is used to dispense a reagent or the mole-
cules to immobilize (see Fig. 2a).

3.1. Electrode arrays

The distinction between serial and parallel patterning also ap-
plies to electrochemical techniques. In the case of parallel pattern-
ing, photolithography is used to fabricate arrays of small electrodes
rather than to trigger local attachment or detachment of biomole-
cules to the sample surface directly. The electrode array then takes
over the role of the photomask. Individual electrodes at different
locations on the sample may be contacted to trigger an electro-
chemical reaction to immobilize biomolecules. The individual on/
off switching allows for the fabrication of arrays with multiple bio-
logical molecules on multiple electrodes. Various electrochemi-
cally triggered immobilization strategies discussed above have
been exploited, including electrografting of aryldiazonium salts
[25,26], various reactions using surface-confined quinone groups
[36,37], quinone-based protecting groups [16,17], polymer entrap-
ment [11–13] and unspecific adsorption [38].

The read-out of binding events at individual electrodes without
relying – as classical bioarrays do – on fluorescence microscopy
can be achieved using electrode arrays. As most proteins and
DNA are not redox-active by themselves, labeling with redox-ac-
tive reporter molecules is often required. On commercialized elec-
trode arrays consisting of up to 12,544 individually addressable
e local surface modifications. Patterning schemes as for: (a) spotting/DPN; (b)
PN; and, (e) the electrochemical droplet cell.

emistry (2014), http://dx.doi.org/10.1016/j.trac.2014.03.004
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electrodes, each 44 lm in diameter, DNA-hybridization events [39]
and antibody recognition [38] were successfully detected.

Ultimately, instead of classical immobilization of pre-synthe-
sized biopolymers on a surface, the electrode arrays were utilized
for the in-situ synthesis of both DNA [40,41] and peptide arrays
[42] (see Fig. 1e). Electrochemical generation of protons replaced
the addition of acids to deprotect the pH-sensitive protective group
at the growing chain, as in standard solid-phase synthesis proce-
dures. This makes array fabrication faster than serial spotting of re-
agents [43] and more flexible and less costly than array synthesis
based on photochemical cleavage of protecting groups using
photomasks [44–46].

3.2. Electrophoretic delivery

Because most biomolecules are charged, they may be locally
delivered from micropipettes and nanopipettes to the surface by
applying a voltage between an electrode inside the pipette and
an external one (see Fig. 2b). This configuration is also used in
scanning ion-conductance microscopy (SICM) [47] to control pre-
cisely the distance between the fragile nanopipette tip and the
sample surface by measuring the ionic current through the pipette
orifice. The advantage of this technique is that, e.g., immobilized
DNA [48] or proteins [49] are in solution at all times which pre-
vents possible denaturation. The requirement is a surface chemis-
try that is reactive enough to capture instantaneously the
molecules delivered in order to avoid dilution or broadening of
the biomolecule patterns.

Instead of using SICM-based distance control, the nanopipette
was also coupled to atomic force microscopes (AFMs) [50]. This
technique, often called nanofountain, also allowed parallel pattern-
ing using multiple tips [51], but in air.

3.3. Surface patterning in scanning electrochemical microscopy
(SECM)

Most scanning-probe microscopy techniques rely on a purely
physical signal to characterize a sample surface with spatial reso-
lution (i.e., usually the topography is mapped but the chemical
properties or identity of the specimen remain unknown). However,
SECM yields localized chemical information (see Fig. 2c, d). SECM
employs a microelectrode or a nanoelectrode, which can be moved
with high precision along the three directions in space. Typically,
an electrochemical reaction is carried out at the microelectrode
tip and the tip is brought close to the sample surface. This results
in perturbation of the typical electrochemical behavior of the
microelectrode observed in bulk solution. For instance, kinetics of
electrochemical reactions or production of electrochemically-ac-
tive species at the sample can be detected, quantified and visual-
ized [52].

The advantage of SECM for patterning of surfaces is that inter-
facial reactions with biomolecules can be locally triggered without
prior loading of the tip, as it is necessary in dip-pen nanolithogra-
phy or nanofountain technology. Surface patterning using SECM
has two modes of operation, whose advantages and disadvantages
we discuss below:

� microreagent mode (see Fig. 2c) and,
� direct mode (see Fig. 2d).

3.3.1. Local production of reagents
Active reagents can be locally generated at a microelectrode or a

nanoelectrode by electrochemical conversion of precursors
available in bulk solution (see Fig. 2c). The chemistry at the
microelectrode tip is precisely controlled by the applied potential.
A follow-up chemical reaction with specific functional groups at
Please cite this article in press as: J. Clausmeyer et al., Trends in Analytical Ch
the sample surface may promote localized attachment, detach-
ment or deactivation of biomolecules. This principle is referred to
as microreagent mode or indirect mode of SECM.

In the microreagent mode, changes in surface functionality may
be induced by local changes in the pH value invoked by electro-
chemical splitting of water at the microelectrode tip. For example,
the protective SiO2 layer on silicon was etched by anodic genera-
tion of H+ in an electrolyte solution containing F� ions [53]. The
resulting corrosion pits were backfilled by the reduction of
aryldiazonium salts. The modified areas obtained could be further
(bio)-functionalized in subsequent steps.

Localized cleavage of ester functionalities from self-assembled
monolayer (SAM)-modified gold electrodes induced by proton pro-
duction at the SECM tip was demonstrated. An alkylalcohol residue
was removed from a sample surface modified with an ester-termi-
nated SAM, while carboxyl functionalities remained at the surface
and were later activated and used to attach proteins covalently
(see Fig. 3b). To prevent unspecific adsorption of proteins to non-
activated areas, a chemical lift-off process was suggested [54].
After specific local immobilization of the protein to the carboxyl
functions, the remaining ester groups were cleaved globally and,
by this, removed together with the proteins that were unspecifi-
cally adsorbed to areas surrounding the activated spots.

Since the electrochemical reaction takes place at the microelec-
trode, an advantage of patterning in the microreagent mode of
SECM is that the sample surface does not necessarily have to be
electrically conductive. For example, glass substrates were locally
functionalized through click chemistry [24] or polystyrene slides
were oxidized by the generation of reactive radicals from Ag+ or ni-
trate in solution [55]. The resulting functional groups on the poly-
styrene surface were suitable for the unspecific attachment of
proteins and cells. A cathodic pathway was demonstrated by per-
forming a localized Fenton’s reaction, which gives rise to hydroxyl
radicals to corrode various alkylsilane layers [56]. Through unspe-
cific adsorption or after further bioconjugation steps, the sample
surface was patterned with an enzyme.

The most widespread patterning scheme is to use the micro-
electrode for the electrochemical conversion of bromide into bro-
mine/hypobromous acid. A homogenous layer of enzyme
immobilized on the surface was locally inactivated through local
oxidation by bromine [57]. When the sample surface was covered
with protein-repelling coatings prior to patterning, the locally pro-
duced bromine degraded the film and allowed spatially restricted
immobilization of cells at these positions. Bio-resistant layers
based on BSA [58] or OEG [59] have been used to suppress
unspecific adsorption. While probing the nature of the local surface
modification induced in the microreagent mode (see section
below) was challenging, it was possible to perform control
experiments on macroscopic electrodes globally treated with
electrogenerated bromine. Extensive characterization using IR
spectroscopy elucidated the mechanism of degradation and the
nature of the final product [60]. Recently, the local generation of
bromine was also used, in combination with a scanning multiple
tip consisting of eight individually addressable electrodes, which
significantly increased the intrinsically low speed of serial pattern-
ing techniques [29].

However, the microreagent mode often employs rather aggres-
sive conditions to induce the local surface modification. Either the
precursors in bulk solution or the electrogenerated species them-
selves, which diffuse away from the microelectrode, may harm
the sensitive biomolecules. For arrays modified with multiple
and different (bio)molecules, where repeated activation and
immobilization steps are necessary, the conditions for local activa-
tion may affect the activity of the molecules that were already
immobilized on the array surface. To limit such side reactions, dif-
fusion of the active species may be controlled with a quenching
emistry (2014), http://dx.doi.org/10.1016/j.trac.2014.03.004
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Fig. 3. Scanning electrochemical microscopy (SECM) allows for localized biomol-
ecule attachment in the direct and microreagent modes of operation. Patterning
schemes according to: (a) [62]; and, (b) [54].
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agent. For example, in an application involving electrochemically-
generated acids, adjusting the buffer strength or the pH value of
the electrolyte enables fine tuning of the extent of diffusional
transport of the protons to the restricted area targeted for modifi-
cation [42,61].
3.3.2. Direct electrochemical reaction at the sample surface
Instead of producing or delivering a reagent from a scanned tip

in proximity to the sample surface, SECM also allows to perform a
localized electrochemical reaction at the sample surface directly,
using a rather peculiar configuration of electrodes, namely the di-
rect mode of SECM. The sample surface to be locally modified is
used as the working electrode whereas the SECM tip serves as
the counter electrode (see Fig. 2d). If a short potential pulse is ap-
plied to the sample, the current necessary to drive the localized
electrochemical reaction is restricted to the area directly under-
neath the microelectrode tip. While the potential at the sample is
controlled, the potential applied to the counter electrode is driven
to whatever value is necessary to provide the necessary current to
charge the large sample electrode and to carry out the Faradaic
Please cite this article in press as: J. Clausmeyer et al., Trends in Analytical Ch
reaction at it. Hence, in most cases, the electrochemical reaction
taking place at the microelectrode tip is electrolysis of the solvent.

For patterning with biomolecules the direct mode of SECM was
first applied to remove a SAM locally and backfill the resulting
holes with a differently functionalized alkanethiol to which glu-
cose oxidase was coupled [62] (see Fig. 3a). Also exploiting SAM
formation, gold was locally deposited and redox enzymes were
bound to the gold spots [63]. A SAM terminated with nitro groups
was locally reduced electrochemically to give rise to spots of ami-
no/hydroxylamine groups. Using classical coupling reagents, en-
zymes could be immobilized exclusively to the modified areas
[64]. These examples all required further ligation steps after pat-
terning of the sample surface.

Alternatively, the direct mode allows local deposition of bio-
molecules in one step by incorporation into electrodeposited poly-
mers. As tested for macroscopic electrodes and electrode arrays,
incorporation of oligonucleotide-modified pyrrol monomers into
a polypyrrol backbone may be used to generate DNA arrays [65].
Similarly, robust enzymes, such as glucose oxidase, can be co-
deposited physically inside a chitosan matrix by generating a pH
gradient in the gap between the microelectrode and the sample
surface through proton reduction at the sample and water oxida-
tion at the counter electrode [66]. The same enzyme was also
deposited by the more specific avidin-biotin interaction with bio-
tinylated electropolymerized polypyrrol [67].

In general, the direct mode allows patterning without reagents
in solution. A surface uniformly modified with a redox-active spe-
cies may be locally activated to capture biomolecules from solu-
tion. Nevertheless, its limitations are mainly due to the processes
taking place at the counter electrode. Aggressive species generated
during electrolysis of the solvent at the SECM tip may (as in the
microreagent mode) reach the sample surface and damage sensi-
tive surface groups used for immobilization of biomolecules.

We have found that the attempt to activate surface-confined
quinone groups locally for subsequent biofunctionalization leads
to massive corrosion of the electrode material [68] (see Fig. 4).
Moreover, patterning in the direct mode is restricted exclusively
to conducting surfaces. However, to the present day, this particular
configuration is probably the one with the highest patterning res-
olution of all electrochemical techniques. By applying a voltage be-
tween an AFM or scanning tunneling microscopy (STM) tip and the
sample, nanostructured surfaces suitable for biofunctionalization
were generated through localized metal reduction [69] or changes
in organic surface functionalities [70,71]. In these cases, high volt-
ages have to be applied and the problem of an ill-defined surface
chemistry is even more pronounced because of the absence of sup-
porting electrolyte and a reference electrode.

3.4. Electrochemical droplet cells

In a droplet cell, the electrochemically active area on the sample
is defined by the dimensions of a droplet of electrolyte located on
the sample surface [72]. Some authors refer to the scanning droplet
cell (SDC) as scanning electrochemical cell microscopy (SECCM) or
electrospotting, emphasizing its possibilities for imaging and pat-
terning applications, respectively. Usually, a glass or plastic capil-
lary filled with the electrolyte and housing the counter and
reference electrodes is brought in close proximity to the sample
surface (see Fig. 2e).

Because the sample serves as the working electrode, electro-
chemical activation is precisely controlled by the potential applied
to it. The droplet size and, thus, the patterning resolution are de-
fined by the dimensions of the orifice of the capillary. Just as in di-
rect mode patterning, application of the droplet cell is restricted to
conducting surfaces but also exhibits the possibility for local
reagentless electroactivation on previously uniformly modified
emistry (2014), http://dx.doi.org/10.1016/j.trac.2014.03.004
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Fig. 4. The scanning droplet cell is used for truly chemoselective patterning. Direct mode SECM patterning results in substrate corrosion (AFM image, left branch). The droplet
cell yields successful localized electrochemical cleavage of the TBDMS protecting group as confirmed by SECM imaging and locally recorded cyclic voltammograms showing
the typical redox signals for the surface-confined quinone groups (right branch) [68].
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surfaces without the need for photolithographic techniques. How-
ever, in contrast to the direct mode configuration, electrochemical
reactions taking place at the counter electrode do not have to be
considered, since the counter electrode is located far away from
the patterning site. Consequently, reactive species potentially gen-
erated during the counter electrode reaction do not reach the
working electrode during the time-scale of the experiment. Hence,
the droplet-cell configuration can be applied to the patterning of
sensitive surface functionalities suitable for biomolecule
attachment.

Until now, SDC patterning for biofunctionalization has been
used for local deposition of conducting polymer films [73,74]
including oligonucleotide-modified polypyrrol [75]. Nevertheless,
the potential of the SDC approach goes far beyond that. We have
used the scanning droplet cell for the local electroactivation of sur-
face-confined quinone groups through the cleavage of an electro-
chemically removable protecting group to demonstrate its
applicability for patterning of sensitive surface functionalities
[68]. The droplet-cell approach proved to be the only possible pat-
terning tool, while other techniques, namely the direct mode of
SECM, failed to provide the anticipated local surface modification
but instead led to corrosion of the sample surface (see Fig. 4).

Also, the SDC has the potential for further decrease of the
dimensions of the structures generated. So far, capillaries with
dimensions significantly below 1 lm were employed [76]. Using
novel top-down nanofabrication, glass capillaries and nanoelec-
trodes with dimensions of 10 nm can be fabricated with little tech-
nical effort [77–79]. Ultimately, the patterning resolution may
almost reach that of techniques based on AFM and STM, but with
the additional advantage of the possibility for truly chemoselective
surface modification. Instead of using a droplet to confine the elec-
trochemically-activated area, nanocapillaries may also be used to
pattern the sample while it is completely immersed in solution.
Please cite this article in press as: J. Clausmeyer et al., Trends in Analytical Ch
With the counter electrode located inside the capillary, the current
upon electroactivation is, as in the direct mode of SECM configura-
tion, restricted to the area underneath the nanopipette. However,
reactions at the counter electrode do not interfere with the electro-
chemical modification at the sample surface. In contrast to SDC,
this configuration is envisioned to allow surface patterning with
sensitive biomolecules because the molecules already immobilized
on the array are surrounded by electrolyte at all times to prevent
denaturation during drying.
4. Label-free characterization of surface chemistry

The application of a bioarray usually comprises the immobiliza-
tion of at least two elements, namely the biological recognition ele-
ment and the target. For the detection of the binding of the target
molecule, fluorescence microscopy is the method predominantly
used due to its high sensitivity. The biological target itself or a sec-
ondary specific reporter molecule in the case of sandwich assays is
labelled with a fluorophore that is detected upon localized binding
to the biological recognition element. Label-free detection is desir-
able because labelling requires tedious purification steps and may
affect the molecular recognition event by steric hindrance. Even
though label-free detection strategies are difficult to realize for
protein arrays, DNA-hybridization events between non-labelled
strands can be detected electrochemically. Using SECM, DNA arrays
were read out so that spots of single-stranded capture DNA could
be distinguished from the double-stranded DNA after complemen-
tary hybridization due to an increase of electrostatic repulsion of
the negatively-charged redox mediator [80].

When evaluating a strategy for biopatterning, it is also impor-
tant to assess the nature of binding of the initial biorecognition
element. To make the surface-bound biorecognition element
emistry (2014), http://dx.doi.org/10.1016/j.trac.2014.03.004
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optimally accessible to the target molecules, unspecific interac-
tions between the biomolecule and the surface have to be kept at
a minimum and must be restricted to the attachment site without
involving other parts, especially the target-binding sites of the
molecule. Structural knowledge of the interfacial region, especially
the termination of the surface with specific functional groups, is
necessary to predict and potentially to influence the nature of bio-
molecule binding. Because of the difficulty in visualizing the sur-
face chemistry at the microscale or the nanoscale, direct
chemical information about local surface modifications induced
during the patterning process is often missing. Many studies use
the local immobilization of a model biomolecule in combination
with negative control experiments as indirect evidence for the lo-
cal surface modification.

By contrast, additional spectroscopic data containing chemical
information are considered direct evidence for the surface modifi-
cation. This requires surface-sensitive spectroscopic methods with
the possibility for lateral resolution of the signals obtained. For
example, X-ray photoelectron spectroscopy (XPS) studies con-
firmed the local removal of protein-repelling coatings [33] and
the local oxidation of polystyrene [55]. Similarly, the absence of
PEG moieties after patterning was also proved directly by second-
ary ion mass spectrometry (SIMS) [31]. Also, infrared reflection
absorption spectroscopy (IRRAS) has helped to characterize local
polystyrene oxidation [55] and corrosion of OEG moieties [60].
The lateral resolution of these three methods is relatively low so
that local modifications at the lower lm scale and below cannot
be resolved.

SDC or SECCM can be used to investigate the local surface
chemistry with high resolution. Even though strictly no structural
information is obtained, surface-bound groups may be unequivo-
cally identified by their electrochemical properties. Using SDC,
the electrochemistry of locally deposited conducting polymers
was directly probed by recording localized cyclic voltammograms
[81] or the electrocatalytic activity of single metal nanoparticles
was measured [82]. After patterning of hydroquinone-modified
surfaces using the SDC, the redox activity of the quinone moieties
was exploited to give direct evidence for the anticipated surface
modification [68] (see Fig. 4). This reflects the potential of droplet
cells as a tool for localized modification of surfaces, because pat-
terning and subsequent characterization of the generated patterns
are performed in one device. However, use of the SDC for pattern-
ing and biofunctionalization is restricted to electrochemically ac-
tive surfaces. In future, application of nanosized capillaries will
increase the patterning resolution while maintaining high che-
moselectivity of the localized surface treatment.

5. Conclusion

Control over the localized immobilization of biomolecules to re-
tain biomolecule activity is necessary to generate functional micro-
arrays for high-throughput bioanalytical applications. SECM
techniques are powerful tools both for biological surface pattern-
ing and subsequent read-out of the generated patterns at the
microscale and the nanoscale. Localized surface activation can be
induced using scanning electrochemical droplet cells by triggering
surface-confined functional groups to capture biomolecules. This
constitutes a truly chemoselective, reagentless route to electro-
chemical-surface modification.

Further decrease of electrochemical probe dimensions will
boost the patterning resolution of bioarray fabrication while still
maintaining control over the surface chemistry. This development
will be empowered by the recently proposed top-down fabrication
of nanopipettes and needle-type nanoelectrodes. Nanocapillaries
hosting a counter electrode may be employed for direct electro-
chemical nanopatterning even with the sample immersed in elec-
Please cite this article in press as: J. Clausmeyer et al., Trends in Analytical Ch
trolyte solution to avoid denaturation of previously surface-bound
biomolecules by desolvation. Moreover, by combining electro-
chemically-addressable protective groups and modern SECM tech-
niques, arrays of biomolecules could be fabricated in situ.
References

[1] P. Mitchell, A perspective on protein microarrays, Nat. Biotechnol. 20 (2002)
225–229.

[2] M. Campàs, I. Katakis, DNA biochip arraying, detection and amplification
strategies, TrAC Trends Anal. Chem. 23 (2004) 49–62.

[3] G. MacBeath, S.L. Schreiber, Printing proteins as microarrays for high-
throughput function determination, Science 289 (2000) 1760–1763.

[4] H. Zhu, Global analysis of protein activities using proteome chips, Science 293
(2001) 2101–2105.

[5] J.N. Talbert, J.M. Goddard, Enzymes on material surfaces, Colloids Surf. B 93
(2012) 8–19.

[6] D.S. Wilson, S. Nock, Functional protein microarrays, Curr. Opin. Chem. Biol. 6
(2002) 81–85.

[7] P. Jonkheijm, D. Weinrich, H. Schröder, C.M. Niemeyer, H. Waldmann,
Chemical strategies for generating protein biochips, Angew. Chem. Int. Ed.
47 (2008) 9618–9647.

[8] I. Barbulovic-Nad, M. Lucente, Y. Sun, M. Zhang, A.R. Wheeler, M. Bussmann,
Bio-microarray fabrication techniques – a review, Crit. Rev. Biotechnol. 26
(2006) 237–259.

[9] F. Meiners, I. Plettenberg, J. Witt, B. Vaske, A. Lesch, I. Brand, G. Wittstock, Local
control of protein binding and cell adhesion by patterned organic thin films,
Anal. Bioanal. Chem. 405 (2013) 3673–3691.

[10] M. Gebala, W. Schuhmann, Understanding properties of electrified interfaces
as a prerequisite for label-free DNA hybridization detection, Phys. Chem.
Chem. Phys. 14 (2012) 14933.

[11] S. Szunerits, L. Bouffier, R. Calemczuk, B. Corso, M. Demeunynck, E. Descamps,
Y. Defontaine, J.-B. Fiche, E. Fortin, T. Livache, P. Mailley, A. Roget, E. Vieil,
Comparison of different strategies on DNA chip fabrication and DNA-sensing:
optical and electrochemical approaches, Electroanalysis 17 (2005) 2001–2017.

[12] C. Kurzawa, A. Hengstenberg, W. Schuhmann, Immobilization method for the
preparation of biosensors based on pH shift-induced deposition of
biomolecule-containing polymer films, Anal. Chem. 74 (2002) 355–361.

[13] J. Cooper, N. Yazvenko, K. Peyvan, K. Maurer, C.R. Taitt, W. Lyon, D.L. Danley, S.
Bereswill, Targeted deposition of antibodies on a multiplex cmos microarray
and optimization of a sensitive immunoassay using electrochemical detection,
PLoS One 5 (2010) e9781.

[14] A. Glidle, T. Yasukawa, C.S. Hadyoon, N. Anicet, T. Matsue, M. Nomura, J.M.
Cooper, Analysis of protein adsorption and binding at biosensor polymer
interfaces using X-ray photon spectroscopy and scanning electrochemical
microscopy, Anal. Chem. 75 (2003) 2559–2570.

[15] I. Choi, W.-S. Yeo, Self-assembled monolayers with dynamicity stemming from
(bio)chemical conversions: from construction to application, ChemPhysChem
14 (2013) 55–69.

[16] K. Kim, H. Yang, S. Jon, E. Kim, J. Kwak, Protein patterning based on
electrochemical activation of bioinactive surfaces with hydroquinone-caged
biotin, J. Am. Chem. Soc. 126 (2004) 15368–15369.

[17] K. Kim, M. Jang, H. Yang, E. Kim, Y.T. Kim, J. Kwak, Electrochemically induced
and controlled one-step covalent coupling reaction on self-assembled
monolayers, Langmuir 20 (2004) 3821–3823.

[18] S.K. Dondapati, J.M. Montornes, P.L. Sanchez, J.L.A. Sanchez, C. O’Sullivan, I.
Katakis, Site-directed immobilization of proteins through electrochemical
deprotection on electroactive self-assembled monolayers, Electroanalysis 18
(2006) 1879–1884.

[19] R.D. Rohde, H.D. Agnew, W.-S. Yeo, R.C. Bailey, J.R. Heath, A non-oxidative
approach toward chemically and electrochemically functionalizing Si(111), J.
Am. Chem. Soc. 128 (2006) 9518–9525.

[20] H.J. Jung, I. Hwang, B.J. Kim, H. Min, H. Yu, T.G. Lee, T.D. Chung, Selective and
direct immobilization of cysteinyl biomolecules by electrochemical cleavage
of azo linkage, Langmuir 26 (2010) 15087–15091.

[21] W. Luo, E.W. Chan, M.N. Yousaf, Tailored electroactive and quantitative ligand
density microarrays applied to stem cell differentiation, J. Am. Chem. Soc. 132
(2010) 2614–2621.

[22] M.N. Yousaf, B.T. Houseman, M. Mrksich, Turning on cell migration with
electroactive substrates, Angew. Chem. 113 (2001) 1127–1130.

[23] I. Choi, Y.-K. Kim, D.-H. Min, S. Lee, W.-S. Yeo, On-demand electrochemical
activation of the click reaction on self-assembled monolayers on gold
presenting masked acetylene groups, J. Am. Chem. Soc. 133 (2011) 16718–
16721.

[24] S.-Y. Ku, K.-T. Wong, A.J. Bard, Surface patterning with fluorescent molecules
using click chemistry directed by scanning electrochemical microscopy, J. Am.
Chem. Soc. 130 (2008) 2392–2393.

[25] B.P. Corgier, A. Laurent, P. Perriat, L.J. Blum, C.A. Marquette, A versatile method
for direct and covalent immobilization of DNA and proteins on biochips,
Angew. Chem. Int. Ed. 46 (2007) 4108–4110.

[26] J.C. Harper, R. Polsky, D.R. Wheeler, S.M. Dirk, S.M. Brozik, Selective
immobilization of dna and antibody probes on electrode arrays:
simultaneous electrochemical detection of DNA and protein on a single
platform, Langmuir 23 (2007) 8285–8287.
emistry (2014), http://dx.doi.org/10.1016/j.trac.2014.03.004

http://refhub.elsevier.com/S0165-9936(14)00058-2/h0005
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0005
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0010
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0010
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0015
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0015
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0020
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0020
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0025
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0025
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0030
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0030
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0035
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0035
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0035
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0040
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0040
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0040
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0045
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0045
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0045
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0050
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0050
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0050
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0055
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0055
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0055
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0055
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0060
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0060
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0060
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0065
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0065
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0065
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0065
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0070
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0070
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0070
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0070
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0075
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0075
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0075
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0080
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0080
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0080
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0085
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0085
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0085
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0090
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0090
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0090
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0090
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0095
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0095
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0095
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0100
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0100
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0100
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0105
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0105
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0105
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0110
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0110
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0115
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0115
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0115
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0115
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0120
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0120
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0120
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0125
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0125
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0125
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0130
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0130
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0130
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0130
http://dx.doi.org/10.1016/j.trac.2014.03.004


8 J. Clausmeyer et al. / Trends in Analytical Chemistry xxx (2014) xxx–xxx
[27] P.-C. Lin, D. Weinrich, H. Waldmann, Protein biochips: oriented surface
immobilization of proteins, Macromol. Chem. Phys. 211 (2010) 136–144.

[28] Z. Zheng, W.L. Daniel, L.R. Giam, F. Huo, A.J. Senesi, G. Zheng, C.A. Mirkin,
Multiplexed protein arrays enabled by polymer pen lithography: addressing
the inking challenge, Angew. Chem. Int. Ed. 48 (2009) 7626–7629.

[29] A. Lesch, B. Vaske, F. Meiners, D. Momotenko, F. Cortés-Salazar, H.H. Girault, G.
Wittstock, Parallel imaging and template-free patterning of self-assembled
monolayers with soft linear microelectrode arrays, Angew. Chem. Int. Ed. 51
(2012) 10413–10416.

[30] A. Revzin, R.J. Russell, V.K. Yadavalli, W.-G. Koh, C. Deister, D.D. Hile, M.B.
Mellott, M.V. Pishko, Fabrication of poly(ethylene glycol) hydrogel
microstructures using photolithography, Langmuir 17 (2001) 5440–5447.

[31] S.S. Shah, M.C. Howland, L.-J. Chen, J. Silangcruz, S.V. Verkhoturov, E.A.
Schweikert, A.N. Parikh, A. Revzin, Micropatterning of proteins and
mammalian cells on indium tin oxide, ACS Appl. Mater. Interfaces 1 (2009)
2592–2601.

[32] R. Singhvi, A. Kumar, G. Lopez, G. Stephanopoulos, D. Wang, G. Whitesides, D.
Ingber, Engineering cell shape and function, Science 264 (1994) 696–698.

[33] N. Ballav, H. Thomas, T. Winkler, A. Terfort, M. Zharnikov, Making protein
patterns by writing in a protein-repelling matrix, Angew. Chem. Int. Ed. 48
(2009) 5833–5836.

[34] A. Schwarz, J.S. Rossier, E. Roulet, N. Mermod, M.A. Roberts, H.H. Girault,
Micropatterning of biomolecules on polymer substrates, Langmuir 14 (1998)
5526–5531.

[35] K.B. Lee, S.J. Park, C.A. Mirkin, J.C. Smith, M. Mrksich, Protein nanoarrays
generated by dip-pen nanolithography, Science 295 (2002) 1702–1705.

[36] E.W.L. Chan, M.N. Yousaf, Immobilization of ligands with precise control of
density to electroactive surfaces, J. Am. Chem. Soc. 128 (2006) 15542–15546.

[37] Y.L. Bunimovich, G. Ge, K.C. Beverly, R.S. Ries, L. Hood, J.R. Heath,
Electrochemically programmed, spatially selective biofunctionalization of
silicon wires, Langmuir 20 (2004) 10630–10638.

[38] K. Dill, D. Montgomery, A. Ghindilis, K. Schwarzkopf, S. Ragsdale, A. Oleinikov,
Immunoassays based on electrochemical detection using microelectrode
arrays, Biosens. Bioelectron. 20 (2004) 736–742.

[39] A.L. Ghindilis, M.W. Smith, K.R. Schwarzkopf, K.M. Roth, K. Peyvan, S.B. Munro,
M.J. Lodes, A.G. Stöver, K. Bernards, K. Dill, A. McShea, CombiMatrix
oligonucleotide arrays: genotyping and gene expression assays employing
electrochemical detection, Biosens. Bioelectron. 22 (2007) 1853–1860.

[40] R.D. Egeland, E.M. Southern, Electrochemically directed synthesis of
oligonucleotides for DNA microarray fabrication, Nucleic Acids Res. 33
(2005) e125.

[41] K. Maurer, J. Cooper, M. Caraballo, J. Crye, D. Suciu, A. Ghindilis, J.A. Leonetti,
W. Wang, F.M. Rossi, A.G. Stöver, C. Larson, H. Gao, K. Dill, A. McShea, J.
Hoheisel, Electrochemically generated acid and its containment to 100 micron
reaction areas for the production of DNA microarrays, PLoS One 1 (2006) e34.

[42] K. Maurer, A. McShea, M. Strathmann, K. Dill, The removal of the t-BOC group
by electrochemically generated acid and use of an addressable electrode array
for peptide synthesis, J. Comb. Chem. 7 (2005) 637–640.

[43] U. Reineke, R. Volkmer-Engert, J. Schneider-Mergener, Applications of peptide
arrays prepared by the SPOT-technology, Curr. Opin. Biotechnol. 12 (2001) 59–64.

[44] S. Fodor, J. Read, M. Pirrung, L. Stryer, A. Lu, D. Solas, Light-directed, spatially
addressable parallel chemical synthesis, Science 251 (1991) 767–773.

[45] X. Gao, E. Gulari, X. Zhou, In situ synthesis of oligonucleotide microarrays,
Biopolymers 73 (2004) 579–596.

[46] B.Y. Chow, C.J. Emig, J.M. Jacobson, Photoelectrochemical synthesis of DNA
microarrays, Proc. Natl. Acad. Sci. USA 106 (2009) 15219–15224.

[47] C.-C. Chen, Y. Zhou, L.A. Baker, Scanning ion conductance microscopy, Annu.
Rev. Anal. Chem. 5 (2012) 207–228.

[48] A. Bruckbauer, L. Ying, A.M. Rothery, D. Zhou, A.I. Shevchuk, C. Abell, Y.E.
Korchev, D. Klenerman, Writing with DNA and protein using a nanopipet for
controlled delivery, J. Am. Chem. Soc. 124 (2002) 8810–8811.

[49] A. Bruckbauer, D. Zhou, L. Ying, Y.E. Korchev, C. Abell, D. Klenerman,
Multicomponent submicron features of biomolecules created by voltage
controlled deposition from a nanopipet, J. Am. Chem. Soc. 125 (2003) 9834–
9839.

[50] Y. Lovsky, A. Lewis, C. Sukenik, E. Grushka, Atomic-force-controlled capillary
electrophoretic nanoprinting of proteins, Anal. Bioanal. Chem. 396 (2010)
133–138.

[51] O.Y. Loh, A.M. Ho, J.E. Rim, P. Kohli, N.A. Patankar, H.D. Espinosa, Electric field-
induced direct delivery of proteins by a nanofountain probe, Proc. Natl. Acad.
Sci. USA 105 (2008) 16438–16443.

[52] G. Wittstock, M. Burchardt, S.E. Pust, Y. Shen, C. Zhao, Scanning
electrochemical microscopy for direct imaging of reaction rates, Angew.
Chem. Int. Ed. 46 (2007) 1584–1617.

[53] G. Valenti, L. Bardini, D. Bonazzi, S. Rapino, M. Marcaccio, F. Paolucci, Creation
of reactive micro patterns on silicon by scanning electrochemical microscopy,
J. Phys. Chem. C 114 (2010) 22165–22170.

[54] L. Stratmann, M. Gebala, W. Schuhmann, A chemical lift-off process: removing
non-specific adsorption in an electrochemical Epstein-Barr virus
immunoassay, ChemPhysChem 14 (2013) 2198–2207.

[55] N. Ktari, P. Poncet, H. Sénéchal, L. Malaquin, F. Kanoufi, C. Combellas,
Patterning of polystyrene by scanning electrochemical microscopy.
Biological applications to cell adhesion, Langmuir 26 (2010) 17348–17356.

[56] H. Shiku, I. Uchida, T. Matsue, Microfabrication of alkylsilanized glass substrate
by electrogenerated hydroxyl radical using scanning electrochemical
microscopy, Langmuir 13 (1997) 7239–7244.
Please cite this article in press as: J. Clausmeyer et al., Trends in Analytical Ch
[57] H. Shiku, T. Takeda, H. Yamada, T. Matsue, I. Uchida, Microfabrication and
characterization of diaphorase-patterned surfaces by scanning
electrochemical microscopy, Anal. Chem. 67 (1995) 312–317.

[58] H. Kaji, M. Kanada, D. Oyamatsu, T. Matsue, M. Nishizawa,
Microelectrochemical approach to induce local cell adhesion and growth on
substrates, Langmuir 20 (2004) 16–19.

[59] C. Zhao, I. Witte, G. Wittstock, Switching on cell adhesion with
microelectrodes, Angew. Chem. Int. Ed. 45 (2006) 5469–5471.

[60] I. Brand, M. Nullmeier, T. Klüner, R. Jogireddy, J. Christoffers, G. Wittstock,
Structural analysis of HS(CD2)12(O�CH2�CH2)6OCH3 monolayers on gold by
means of polarization modulation infrared reflection absorption spectroscopy.
Progress of the reaction with bromine, Langmuir 26 (2010) 362–370.

[61] D. Battistel, S. Daniele, D. Fratter, A scanning electrochemical microscopy
procedure for micropatterning Al2O3-thin films deposited on a platinum
substrate, Electrochim. Acta 78 (2012) 557–562.

[62] G. Wittstock, W. Schuhmann, Formation and imaging of microscopic
enzymatically active spots on an alkanethiolate-covered gold electrode by
scanning electrochemical microscopy, Anal. Chem. 69 (1997) 5059–5066.

[63] I. Turyan, T. Matsue, D. Mandler, Patterning and characterization of surfaces
with organic and biological molecules by the scanning electrochemical
microscope, Anal. Chem. 72 (2000) 3431–3435.

[64] S. Schwamborn, L. Stoica, S. Neugebauer, T. Reda, H.-L. Schmidt, W.
Schuhmann, Local modulation of the redox state of p-nitrothiophenol self-
assembled monolayers using the direct mode of scanning electrochemical
microscopy, ChemPhysChem 10 (2009) 1066–1070.

[65] E. Fortin, Y. Defontaine, P. Mailley, T. Livache, S. Szunerits, Micro-imprinting of
oligonucleotides and oligonucleotide gradients on gold surfaces: a new
approach based on the combination of scanning electrochemical microscopy
and surface plasmon resonance imaging (SECM/SPR-i), Electroanalysis 17
(2005) 495–503.

[66] P.-C. Chen, R.L.C. Chen, T.-J. Cheng, G. Wittstock, Localized deposition of
chitosan as matrix for enzyme immobilization, Electroanalysis 21 (2009) 804–
810.

[67] S.A. Evans, K. Brakha, M. Billon, P. Mailley, G. Denuault, Scanning
electrochemical microscopy (SECM): localized glucose oxidase
immobilization via the direct electrochemical microspotting of polypyrrole–
biotin films, Electrochem. Commun. 7 (2005) 135–140.

[68] J. Clausmeyer, J. Henig, W. Schuhmann, N. Plumeré, Scanning droplet cell for
chemoselective patterning through local electroactivation of protected
quinone monolayers, ChemPhysChem 15 (2014) 151–156.

[69] G. Agarwal, R.R. Naik, M.O. Stone, Immobilization of histidine-tagged proteins
on nickel by electrochemical dip pen nanolithography, J. Am. Chem. Soc. 125
(2003) 7408–7412.

[70] D.A. Unruh, C. Mauldin, S.J. Pastine, M. Rolandi, J.M.J. Fréchet, Bifunctional
patterning of mixed monolayer surfaces using scanning probe lithography for
multiplexed directed assembly, J. Am. Chem. Soc. 132 (2010) 6890–6891.

[71] Y. Cai, B.M. Ocko, Electro pen nanolithography, J. Am. Chem. Soc. 127 (2005)
16287–16291.

[72] M.M. Lohrengel, A. Moehring, M. Pilaski, Electrochemical surface analysis
with the scanning droplet cell, Fresenius J. Anal. Chem. 367 (2000) 334–
339.

[73] K. McKelvey, M.A. O’Connell, P.R. Unwin, Meniscus confined fabrication of
multidimensional conducting polymer nanostructures with scanning
electrochemical cell microscopy (SECCM), Chem. Commun. 49 (2013) 2986.

[74] N. Aydemir, J. Parcell, C. Laslau, M. Nieuwoudt, D.E. Williams, J. Travas-Sejdic,
Direct writing of conducting polymers, Macromol. Rapid Commun. 34 (2013)
1296–1300.

[75] P. Guedon, T. Livache, F. Martin, F. Lesbre, A. Roget, G. Bidan, Y. Levy,
Characterization and optimization of a real-time, parallel, label-free,
polypyrrole-based DNA sensor by surface plasmon resonance imaging, Anal.
Chem. 72 (2000) 6003–6009.

[76] S.C.S. Lai, A.N. Patel, K. McKelvey, P.R. Unwin, Definitive evidence for fast
electron transfer at pristine basal plane graphite from high-resolution
electrochemical imaging, Angew. Chem. 124 (2012) 5501–5504.

[77] B. Vilozny, A.L. Wollenberg, P. Actis, D. Hwang, B. Singaram, N. Pourmand,
Carbohydrate-actuated nanofluidic diode: switchable current rectification in a
nanopipette, Nanoscale 5 (2013) 9214.

[78] J. Clausmeyer, P. Actis, A. López Córdoba, Y. Korchev, W. Schuhmann,
Nanosensors for the detection of hydrogen peroxide, Electrochem. Commun.
40 (2014) 28–30.

[79] P. Actis, S. Tokar, J. Clausmeyer, B. Babakinejad, S. Mikhaleva, R. Cornut, Y.
Takahashi, A. López Córdoba, P. Novak, A.I. Shevchuck, J.A. Dougan, S.G.
Kazarian, P.V. Gorelkin, A.S. Erofeev, I.V. Yaminsky, P.R. Unwin, W.
Schuhmann, D. Klenerman, D.A. Rusakov, E.V. Sviderskaya, Y.E. Korchev,
Electrochemical nanoprobes for single-cell analysis, ACS Nano 8 (2014)
875–884.

[80] F. Turcu, A. Schulte, G. Hartwich, W. Schuhmann, Label-free electrochemical
recognition of DNA hybridization by means of modulation of the feedback
current in SECM, Angew. Chem. Int. Ed. 43 (2004) 3482–3485.

[81] C. Laslau, D.E. Williams, B. Kannan, J. Travas-Sejdic, Scanned pipette
techniques for the highly localized electrochemical fabrication and
characterization of conducting polymer thin films, microspots, microribbons,
and nanowires, Adv. Funct. Mater. 21 (2011) 4607–4616.

[82] S.C. Lai, P.V. Dudin, J.V. Macpherson, P.R. Unwin, Visualizing zeptomole
(Electro)catalysis at single nanoparticles within an ensemble, J. Am. Chem. Soc.
133 (2011) 10744–10747.
emistry (2014), http://dx.doi.org/10.1016/j.trac.2014.03.004

http://refhub.elsevier.com/S0165-9936(14)00058-2/h0135
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0135
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0140
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0140
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0140
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0145
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0145
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0145
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0145
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0150
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0150
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0150
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0155
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0155
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0155
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0155
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0160
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0160
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0165
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0165
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0165
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0170
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0170
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0170
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0175
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0175
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0180
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0180
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0185
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0185
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0185
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0190
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0190
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0190
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0195
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0195
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0195
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0195
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0200
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0200
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0200
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0205
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0205
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0205
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0205
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0210
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0210
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0210
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0215
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0215
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0220
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0220
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0225
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0225
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0230
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0230
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0235
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0235
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0240
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0240
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0240
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0245
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0245
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0245
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0245
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0250
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0250
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0250
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0255
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0255
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0255
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0260
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0260
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0260
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0265
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0265
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0265
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0270
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0270
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0270
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0275
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0275
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0275
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0280
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0280
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0280
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0285
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0285
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0285
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0290
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0290
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0290
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0295
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0295
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0300
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0305
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0305
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0305
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0305
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0305
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0310
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0310
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0310
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0315
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0315
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0315
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0320
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0320
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0320
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0320
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0325
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0325
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0325
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0325
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0325
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0330
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0330
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0330
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0335
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0335
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0335
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0335
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0340
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0340
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0340
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0345
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0345
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0345
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0350
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0350
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0350
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0355
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0355
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0360
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0360
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0360
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0365
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0365
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0365
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0370
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0370
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0370
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0375
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0375
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0375
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0375
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0380
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0380
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0380
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0385
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0385
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0385
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0390
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0390
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0390
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0415
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0415
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0415
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0415
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0415
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0415
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0400
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0400
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0400
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0405
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0405
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0405
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0405
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0410
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0410
http://refhub.elsevier.com/S0165-9936(14)00058-2/h0410
http://dx.doi.org/10.1016/j.trac.2014.03.004

	Electrochemical patterning as a tool for fabricating biomolecule microarrays
	1 Introduction
	2 Switchable reactivity allows biomolecule immobilization
	3 Surface patterning: site-selectivity versus chemoselectivity
	3.1 Electrode arrays
	3.2 Electrophoretic delivery
	3.3 Surface patterning in scanning electrochemical microscopy (SECM)
	3.3.1 Local production of reagents
	3.3.2 Direct electrochemical reaction at the sample surface

	3.4 Electrochemical droplet cells

	4 Label-free characterization of surface chemistry
	5 Conclusion
	References




