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   Abstract 

 During the last two decades, redox cycling techniques have 
evolved as a promising technique for the electrochemical 
detection of molecules that can undergo subsequent redox 
reactions. In particular, chip-based techniques received grow-
ing attention due to the option of parallel fabrication and easy 
integration into lab-on-a-chip devices. In here, we provide a 
review on current implementations of on-chip redox cycling 
sensors. Advantages and limitations of various approaches 
are discussed with regard to their fabrication process and 
performance.  
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   Introduction 

 Electrochemical techniques are used in a variety of scientifi c 
disciplines ranging from fundamental research on chemical 
reactions to applications such as fuel cells, solar cells, or sen-
sors for operation in biological or environmental analysis. 
These sensors utilize certain surface reactions at interfaces 
between an electrode and a liquid or gaseous sample that link 
chemical reactions to electrical currents. Measured currents 
then allow conclusions regarding analyte concentrations or 
can be studied in order to gain insight into chemical reac-
tions at the device. In most applications, a set of electrode 
probes that feature inert or chemically modifi ed electrode 
surfaces is used in liquid environments. During the measure-
ment, the electrodes are immersed into the sample solution 
and then biased to a well-defi ned potential with regard to the 
solution ’ s potential, which is typically defi ned via a reference 
electrode. Thus, chemical reactions of certain molecules may 
be enabled at the electrode surfaces, while electrode cur-
rents are measured. The detected currents, which are usually 
recorded as a function of the applied voltage as well as the 
applied voltage ’ s chronological sequence, may then provide 
information on various characteristics of the sample, such as 
molecular reactions and diffusion characteristics. Most com-
monly, such investigations are performed using  amperometry , 

a method in which a working electrode is biased to a constant 
potential that is suitable to oxidize or reduce the species under 
investigation, while a reference electrode or a set of a refer-
ence electrode and an auxiliary electrode defi ne the solution 
potential. The current at the working electrode is then pro-
portional to the number of molecules that react per unit time 
at the working electrode and can, hence, be used to calculate 
the analyte concentration. However, amperometry offers little 
selectivity as a wide range of molecules can participate in 
the redox reactions. A more detailed analysis can be done via 
the method of  cyclic voltammetry (CV) . Here, the electrode 
potential of the working electrode is repeatedly swept from 
an oxidizing to a reducing potential in a triangular fashion 
at a low frequency, while the electrode current is recorded 
(Nicholson and Shain  1964 , Nicholson  1965 ). By this means, 
a more specifi c analysis can be performed, as not only the cur-
rent but also the current as a function of the applied voltage 
is recorded. Hence, the analysis can also provide information 
on the analyte redox potential as well as its diffusive behavior. 
However, even though the CV approach can be used in a wide 
fi eld of applications, it holds the disadvantage that the overall 
current and equally the detection limit are always restricted 
by the mass transfer of analyte molecules toward the elec-
trode surface. This limitation can be overcome to some extent 
by the method of  fast-scan cyclic voltammetry (FSCV) , 
which performs CV measurements at frequencies in the kHz 
(Howell and Wightman  1984 ) or even MHz range (Amatore 
et al.  2000 ). The sensitivity is then no longer limited by the 
mass transfer as long as the cycling frequency dominates dif-
fusion and analyte molecules can undergo repeated redox 
reactions. Fast scan rates also lead to an increased selectiv-
ity because mostly,  redox-active  molecules, i.e., molecules 
that can undergo repeated redox reactions, are detected. Even 
though high-capacitive background currents and electrode 
fouling remain as challenges in current research (Swamy and 
Venton  2007 , Keithley et al.  2011 ), today, FSCV is a pow-
erful technique used for the detection and investigation of 
neurotransmitter release of biological cells (Wightman et al. 
 1991 , Wightman  2006 , Bledsoe et al.  2009 , Hern  á ndez and 
Shizgal 2009 , Kraft et al.  2009 , Zachek et al.  2010 ). 

 Many issues regarding sensitivity and selectivity of elec-
trochemical sensors can be eliminated by the application of 
multi-electrode systems that enable  redox cycling  (Rassaei 
et al.  2011 ). In redox cycling, a second working electrode 
is placed in close proximity to the fi rst electrode, while both 
electrodes are individually biased to potentials above and 
below the redox potential of a reversible redox couple. Driven 
by molecular diffusion, redox-active molecules then par-
ticipate in repeated redox reactions between the electrodes, 
while a charge is transferred from one electrode to the other 
whenever a molecule subsequently reacts at both electrodes 
(see Figure  1  ). These charges can then be detected as a net 
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 Figure 1    Illustration of the redox cycling mechanism. The sketch 
depicts the oxidizing and the reducing electrode as well as a refer-
ence electrode. Redox-active molecules are indicated by the two 
spheres, while the red and the blue colorings represent the oxidized 
and reduced molecule states, respectively.    

current across the electrode gap. Today, redox cycling sen-
sors are used in a wide fi eld of applications (Niwa  1995 ). The 
large signal amplifi cation and the ability to integrate arrays of 
microscopic redox cycling sensors at a high density make the 
technique interesting for detection of localized events, such as 
neurotransmitter release. Hence, redox cycling sensors may 
evolve to a tool for on-chip neuroscience experiments.  

  Redox cycling 

 The sensing performance of redox cycling devices is mainly 
determined by the device geometry. Amplifi cation scales with 
the inter-electrode distance  h , as the average time  T   s   a mole-
cule requires for the shuttling from one electrode to the other 
highly depends on this distance  h . The shuttling time  T   s   for a 
plane-parallel arrangement can be calculated using a general 
solution of the one-dimensional diffusion equation: 

  Δ   x  2   =  2 D  Δ  t  

 ( D  describes the diffusion constant). Substituting  h  for the 
average spatial displacement  Δ   x  and  T   s   for the average time 
interval  Δ  t  this displacement takes, we obtain: 
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 Utilizing  T   s  , one can now calculate the average cycling cur-
rent  I   cycl   across the electrode gap, which is caused by a single 
molecule that is located in between the electrodes and that can 
transfer  n  elementary charges  e   0  : 
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 (Fan and Bard  1995 , Wolfrum et al.  2008 ). In order to quantify 
the redox cycling amplifi cation of the electrochemical current, 
different methods can be employed. The simplest approach is 
given by dividing the current of the working electrode in redox-
cycling mode by the current obtained when the same device is 
used without redox cycling (i.e., only one working electrode 
is connected). However, this defi nition can be misleading, 
as the single-electrode current is strongly dependent on the 
coupling of the sensor and the bulk reservoir. For example, 
consider the extreme case of a redox cycling device within 
a small confi ned box: any such device would yield a fi nite 
steady state current while operating in redox cycling mode. 
However, in single-electrode mode, the resulting current will 
approach zero after all molecules have been either oxidized 
or reduced to the same state in the box system. Thus, with 
the defi nition above, the amplifi cation factor of all strongly 
confi ned redox cycling systems will tend toward infi nity. 
Although the confi nement can be an important parameter of 
the device, we believe that it should rather be addressed in 
terms of effi ciency instead of the amplifi cation factor as we 
will discuss below. Another, and for concentration sensing, 
more useful, way of defi ning amplifi cation can be obtained 
by dividing  I   cycl   by the current that would be expected from 
a microelectrode  I   me   of the same size due to radial diffusion 
(Wolfrum et al.  2008 ). For illustration, we calculated the cur-
rent of an ideal redox cycling device with two plane-parallel 
opposing electrodes at a separation of 50 nm and compared 
this to the result for a single microdisk electrode of the same 
size as introduced by Shoup and Szabo  (1982) : 
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 ( r  represents the radius of the electrode and  F  the Faraday 
constant). By dividing the two currents, we determined 
the amplifi cation factor as a function of time as well as 
a function of the electrode radius  r . The corresponding 
plots are shown in Figure  2  . Using this defi nition, even at 
steady state, the amplifi cation factor does not reach infi nity 
but stays in the range of three orders of magnitude for a 
50- μ m radius electrode. From Figure 2B, we see that the 
amplifi cation factor strongly increases for larger electrodes 
that approach steady-state values. Hence, the use of redox 
cycling in amperometric concentration sensing is particu-
larly effective. 

 Another important design feature of redox cycling sen-
sors is the degree to which analyte molecules are confi ned in 
between the electrodes. If a sensor design provides an easy 
access to the inter-electrode space from the bulk solution, 
sensors show a fast response to fl uctuations in concentration 
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 Figure 2    Amplifi cation by the redox cycling effect. The presented 
plots picture the analytically determined amplifi cation factors of the 
Faradaic currents obtained from a redox cycling sensor compared to 
a single disk electrode of equal size. (A) Presents the amplifi cation 
as a function of the time passed since the electrode was biased for an 
electrode radius of 50  μ m. (B) Shows the amplifi cation at t  =  1 s as a 
function of the electrode radius.    

of the analyte. However, the average number of redox cycles 
that each molecule performs inside the sensor is lower com-
pared to more enclosed designs. This effect is insignifi cant for 
most concentration sensing applications, as the net number of 
mole cules inside the sensor remains unaffected. Nevertheless, 
for certain concentration measurements or spectroscopic 
applications, it is desirable that each single molecule performs 
a large number of subsequent cycles. Examples are given by 
the detection of the  “ recyclable ”  molecule dopamine in the 
presence of ascorbic acid, which does not participate in sub-
sequent redox reactions (Wolfrum et al.  2008 ) or the applica-
tion of redox cycling sensors in adsorption spectroscopy as 
described by Singh et al.  (2011) . 

 The degree of confi nement is highly dependent on the 
geometry of the surrounding space that is open for diffusion 
and, hence, depends on a variety of different design features. 
One approach to defi ne a key number that is related to these 
features is given by the  collection effi ciency    η  . It is usually 
defi ned as the ratio of the currents  I   gen   and  I   col   at the generating 
and collecting electrodes (Bard et al.  1986 , Niwa et al.  1990 ) 
and can be calculated as follows: 
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 Even though this defi nition is very illustrative, its use 
can be problematic due to the experimental factors affect-
ing   η  . The measured value is well dependent on the ratio of 
oxidized and reduced analyte molecules in the bulk solu-
tion, as potentially not only molecules that were generated 
at the generator contribute to the current at the collector and 
vice versa. In addition, the concept does rely on temporal 
aspects of the redox cycling itself. If the sensor impacts 

the analyte concentration in its immediate surroundings or 
forms a wide depletion layer of molecules that can react at 
the generator, collection effi ciency will be time-dependent. 
In order to avoid these issues, two additional criteria for 
the experimental determination of   η   can be introduced: 
First, the experimentalist assures that the solution only 
contains analyte molecules of one oxidation state at the 
beginning of the experiment. This can be achieved via an 
additional macroscopic electrode in the bulk solution, for 
example. Second, measurements should be performed after 
the system comes to stationary conditions in currents and 
concentration distribution. As we focus on on-chip sen-
sors, the access to the considered sensors is typically very 
small. In analog to microelectrodes, mass transfer toward 
the sensor is therefore affected by radial diffusion. Hence, 
mass transfer and Faradaic currents will equally converge 
to a steady-state value that can be measured (Shoup and 
Szabo  1982 ).  

  Off-chip implementations of redox cycling 

sensors 

 First redox cycling experiments were performed in the fi eld of 
 thin-fi lm electrochemistry . During the mid-1960s, the group 
of Reilley used a micrometer electrode that was positioned in 
close proximity to an electrically conducting anvil, while the 
inter-electrode distance could be adjusted via a micrometer 
spindle (Anderson and Reilley  1965 , Oglesby et al.  1965 ). 
Furthermore, both electrodes could be biased individually, 
and the current across the gap could be measured, hence, 
allowing confi ned redox reactions in between the electrodes. 
By this means, detailed studies of the redox reactions of the 
Fe(II)–Fe(III) and the quinone-hydroquinone redox couples 
were enabled. 

 During the 1980s, other fi elds of application arose. 
Among the off-chip techniques,  scanning electrochemical 
microscopy  (SECM) evolved as one of the most impor-
tant methods. This technique was fi rst pioneered by the 
groups of Bard and Engstrom (Engstrom et al.  1986, 1987,  
Liu et al.  1986 , Bard et al.  1989 , Fan and Bard  1995 ) and 
later advanced by a variety of other groups. Analog to a 
scanning tunneling microscope (STM), this approach utili-
zes a microprobe that scans the sample surface. However, 
contrasting STM measurements, a microelectrode is 
employed instead of a needle, and the sample is immersed 
in solution. During the measurement, redox cycling can be 
enabled in between the electrode tip and the substrate. In 
case redox cycling occurs, this method is usually referred 
to as  positive feedback mode . It allows the mapping of sur-
faces in detail with regard to their topography and chemical 
reactivity (Barker et al.  1999 , Mirkin and Horrocks  2000 ). 
In 1995, Fan and Bard employed this approach for the detec-
tion of single molecules (Fan and Bard  1995 ). 

 Even though advances in thin-fi lm electrochemistry and 
SECM paved the way for the development of on-chip redox 
cycling techniques, in the following, this review will solely 
focus on on-chip approaches.  
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  Interdigitated arrays 

  Interdigitated array sensors  (IDAs) represent a group of on-
chip electrochemical sensors that utilize the redox cycling 
technique. IDAs were initially described by Sanderson and 
Anderson in 1985 and then further studied by other groups 
with regard to miniaturization and applicability for the detec-
tion of various redox-active species (Sanderson and Anderson 
 1985 , Chidsey et al.  1986 , Feldman and Murray  1986 , Aoki 
et al.  1988 ). Today, IDAs are commonly used on-chip 
redox cycling sensors and are employed in a wide range of 
applications. 

 A single IDA sensor consists of two coplanar electrodes that 
feature comb-like shapes and are arranged in an interdigitated 
fashion (see Figure  3  ). Electrodes are typically fabricated 
from inert metals and exhibit inter-electrode distances from 
the nanometer up to the micron scale (Ueno et al.  2005 ). 

 In most sensing applications, IDAs are operated in amper-
ometric or cyclic voltammetry mode. During amperometric 
operation, electrodes are biased individually to potentials 
above and below the redox potential of the species under 
investigation, hence, enabling redox cycling in between the 
electrodes. The overall current across the electrode gap is 
then measured, and conclusions regarding the analyte con-
centration can be drawn. In contrast to that, in CV mode one 
electrode remains biased to a potential below or above the 
redox potential, while the other is repeatedly swept from an 
oxidizing to a reducing potential and vice versa. During the 
measurement, the current at the constantly biased electrode is 
recorded. By this means, cyclic voltammograms are obtained 
that are mainly limited by the diffusive shuttling of reactive 
molecules in between the electrodes instead of the diffusive 
mass transfer from the bulk solution toward the electrode. 
This mode of data acquisition offers an additional insight into 
molecular kinetics at the electrode surface in a trade off for a 
better temporal resolution in amperometric operation. 
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 Figure 3    Illustration of an interdigitated array sensor. Both elec-
trodes can be biased individually via feed lines that are covered under 
a thin passivation layer. Inset: Redox cycling occurs in between the 
electrodes. Oxidized molecules are indicated by a red sphere, reduced 
molecules by a blue sphere.    

 Besides their good measurement capabilities, the wide use 
of IDAs is also based on their comparable simple and cheap 
fabrication process in comparison to other microelectrode-
based approaches. Simple sensor designs can be fabricated 
via a single lateral structuring step using microfabrication 
techniques such as optical lithography or nanoimprint lithog-
raphy for parallelized production or electron beam lithography 
for prototyping. This results in a quick and inexpensive fab-
rication of nano-scaled devices. Regarding larger structures, 
printed electronics evolve as a cheap alternative. However, 
IDAs also exhibit certain disadvantages. First, the amplifi ca-
tion by the redox cycling effect is always limited by the dis-
tance between the electrodes, which itself is limited by the 
structuring method applied. Therefore, high amplifi cation can 
only be achieved by sets of nanoelectrodes that were produced 
via more complex fabrication methods. Also, nanoelectrodes 
exhibit poorer stability at decreasing structure sizes, which 
results in shorter disabilities in sensing applications. Second, 
the redox cycling effi ciency does not reach the level achieved 
by confi ned redox cycling approaches, as a signifi cant part of 
the analyte molecules does not participate in repeated redox 
cycling but diffuse away. 

 Recent developments related to the design of IDAs mainly 
focus on the increase of sensitivity by optimizing the senor 
geometries toward more confi ned redox cycling (Goluch et 
al.  2009 ). During the last decade, various methods were intro-
duced that increase the aspect ratio of the interdigitated elec-
trodes for better redox cycling effi ciency (Honda et al.  2003 , 
Kim et al.  2004 , Dam et al.  2007 ). Furthermore, performance 
was increased signifi cantly by scaling the inter-electrode dis-
tance down to sizes of 30 nm in IDAs or below 4 nm in a 
single nanogap (Ueno et al.  2005 , McCarty et al.  2010 ). New 
developments aim for advanced on-chip signal amplifi cation 
or high-throughput processing based on addressable micro-
arrays (Ino et al. 2011, Takeda et al. 2011, Zhu et al. 2011) 
and  complementary metal oxide semiconductor (CMOS) 
technology (Zhu and Ahn 2006, Zhan et al. 2007, Huang and 
Lu 2010).  

  Pore-based approaches 

 A different group of on-chip redox cycling sensors is given by 
pore-based designs. In contrast to IDAs, which feature elec-
trodes that are positioned in a coplanar fashion on the wafer 
surface, pore-based designs utilize electrodes that are aligned 
in parallel to each other and the wafer surface. The sensors 
consist of a stack of two or more electrodes that are sepa-
rated by insulating layers for the option of individual bias-
ing. Diffusive access to a bulk reservoir is enabled via small 
openings in the form of pores that interpenetrate the stack 
(see Figure  4  ). Hence, the inter-electrode distance is no lon-
ger limited by the lateral resolution of the structuring method, 
but by the minimal thickness of the intermediate layer that is 
still suffi cient for electrical isolation. In that way, the inter-
electrode distance and, thus, the redox cycling amplifi cation 
can be enhanced signifi cantly, even though the overall active 
surface of the sensor is smaller in comparison to many other 
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sensor designs. Sensitivity in terms of the ratio of Faradaic 
current per sensor area can be improved further by scaling 
pore size and electrode spacing down, as the overall available 
electrode surface is mostly defi ned via the pore outline and 
density. Owing to their short-access-channel design, open-
pore sensors are strongly coupled to the reservoir via molecu-
lar diffusion. This coupling increases the sensor ’ s response 
characteristics to rapid concentration fl uctuations making 
them especially suitable for time-resolved sensing applica-
tions. However, good coupling also leads to low degrees of 
confi nement of the molecules inside the sensor pores and 
equally lowers redox cycling effi ciency and amplifi cation. 
As the coupling can be tuned via the aspect ratio of the pore 
dimensions, there is always a trade off between temporal res-
olution and redox cycling effi ciency. 

 During the last 15 years, various approaches to technical 
implementations of pore-based sensors have been described. 
In 1999, Henry and Fritsch introduced devices that feature 
stacks of gold electrodes separated by insulating polyimide 
layers (Henry and Fritsch  1999a,b ). Each sensor is character-
ized by a single, several micron wide opening that is etched 
perpendicularly into the stack in order to enable diffusive 
access to the bulk reservoir. In operation, electrodes are 
biased individually to facilitate redox cycling-enhanced elec-
trochemical detection. By this means, dopamine concentra-
tions as low as 2  μ  m  were detected at micron-scaled sensors 
featuring inter-electrode distances of about 4  μ m (Vandaveer 
et al.  2003 ). Another approach was introduced by collabora-
tion between the groups of Spatz, Stelzle, and Schuhmann in 
2006. In contrast to the work by Henry and Fritsch, here, elec-
trode stacks do not feature only a single pore but are porous 
themselves (Neugebauer et al.  2006, 2008 , Lohm  ü ller et al. 
2008 ). Unlike the formerly described sensors, structures are 
obtained via a bottom-up process. During fabrication, self-
aligning nanoparticles are fi rst disposed over the wafer sur-
face and later utilized as a shadow mask in a lift-off process. 
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 Figure 4    Illustration of a pore-based redox cycling sensor. Two 
porous metal electrodes are separated by an insulating layer. Redox-
active molecules are indicated by the two colored spheres, whereas 
different colors represent different oxidation states.    

By this means, dense patterns of pores were obtained that 
featured pore sizes down to 330 nm at an average spacing 
of about 650 nm. This method allows distinctly higher den-
sities of active surface area compared to conventional top-
down pore-based approaches and, hence, an increased redox 
cycling performance. An alternative bottom-up approach to 
the fabrication of pore-based redox cycling sensors makes 
use of nanoporous aluminum oxide templates ( H ü ske and 
Wolfrum 2011 ). Aluminum is deposited directly onto an elec-
trode-insulator-electrode stack and anodized on spot, generat-
ing nanoscaled pores that form self-aligned in a hexagonal 
pattern. The porous alumina layer is then used as a shadow 
mask for reactive ion etching, thus, transferring the structure 
of the porous aluminum into the stack. This approach aims 
to scale down pore sizes and interpore spacings in a large-
scale fabrication process without the use of electron beam or 
focused ion beam patterning.  

  Nanocavity devices 

 Nanocavity sensors (also referred to as  “ nanofl uidic elec-
trochemical sensors ” ) currently represent the most spatially 
confi ned redox cycling technique on-chip. First, sensors were 
fabricated in the group of Lemay in 2007 and tested in vari-
ous fi elds of application soon after (Zevenbergen et al.  2007 , 
Wolfrum et al.  2008 ). During the fabrication process, a later-
ally aligned stack of a micron-sized bottom electrode, a thin 
sacrifi cial layer, and a second top electrode are deposited on 
the wafer surface and subsequently buried under a mechani-
cally stable passivation layer. Afterwards, a small opening is 
etched into the passivation in order to enable fl uidic access 
to the sacrifi cial layer. This layer is then removed using an 
anisotropic etch, hence, forming a cavity that separates the 
top and bottom electrode. Similar to pore-based approaches, 
the inter-electrode distance is defi ned by the layer thickness of 
a deposited layer instead of a lateral structuring method; how-
ever, compared to formerly introduced methods, signifi cantly 
larger opposing electrode surfaces can be produced with this 
technology. In operation, both electrodes are biased indi-
vidually for redox cycling through additional feed lines (see 
Figure  5  ). Diffusive access to the bulk reservoir is enabled via 
the opening in the passivation that formerly provided access 
to the sacrifi cial layer. 

 The central advantage of nanocavity sensors is the strong 
signal amplifi cation in combination with high redox cycling 
effi ciency, which is due to the large surface areas that are 
obtained at nano-scaled inter-electrode distances. This 
combination allows sensitivity down to the ultimate limit: 
Zevenbergen et al. recently demonstrated the electrochemi-
cal detection of a single molecule inside a nanofl uidic cavity 
(Zevenbergen et al.  2011 ). In their experiment, each indi-
vidual molecule contributed with an average electrochemi-
cal current of 78 fA to the overall current. Although sharp 
transitions due to molecule fl uctuations were not observed 
because of the limited bandwidth, the results nicely dem-
onstrate the possibilities for single molecule studies using 
on-chip electrochemical redox cycling amplifi cation. Other 
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 Figure 5    Illustration of the fabrication process of a nanocavity 
redox cycling sensor in a cross-section view. The sketch shows the 
individual production steps, i.e., the deposition of the bottom elec-
trode (A), the sacrifi cial layer (B), the top electrode (C), and the 
passivation layer after the anisotropic etch (D). The last illustration 
depicts the fi nal sensor after the removal of the sacrifi cial layer (E).    

advantages of nanocavity devices include the applicability in 
spectroscopic methods. In 2009, the same group introduced 
the method of electrochemical correlation spectroscopy 
(ECS), which determines the fl uctuations in the number of 
redox-active molecules within a given volume (Zevenbergen 
et al.  2009a ) and exhibits great potential for the in-depth 
investigation of adsorption and de sorption effects. Another 
application is given by the characterization of fast electron-
transfer kinetics inside nanofl uidic channels (Zevenbergen et 
al.  2009b ). Design-related limitations mostly apply to the sen-
sor response to rapid concentration fl uctuations. Owing to the 
sensor ’ s comparable high degree of confi nement inside the 
cavity, diffusive coupling between the analyte concentration 
inside the sensor and the bulk reservoir is weak. This leads to 
longer response times in the case of fast localized changes in 
concentration. However, for typical sensor designs, this effect 
impacts sensing performance on the millisecond scale and 
can be neglected in many applications. Experimentally, tem-
poral sensing applicability for the detection of dopamine was 
recently confi rmed and characterized in microfl uidic environ-
ments ( K ä telh ö n et al. 2010a,b ).  

  Outlook and conclusions 

 We suppose that the recent concepts of nanocavity- and 
nanopore-based redox cycling sensors will receive growing 
attention during the next years and equally expect a steady 
increase in activity in this fi eld of research. 

 On the one hand, the production method of these new types 
of sensors allows the fabrication of highly sensitive devices 
at comparably low fabrication costs and efforts. Contrasting 
IDAs, the inter-electrode distance is not limited by means of 
lateral structuring but only by the distance of an insulating 
layer. This can be easily downscaled to the nanometer level 

using low-cost and standard clean-room methods, hence, 
enabling ultra-high sensitivity. Also, the required structuring 
methods are limited to solely optical lithography, which is 
widely available in research and industry. 

 On the other hand, we adopt the view that current research 
on nanocavity and nanopore devices just started to pioneer a 
wide range of potential future applications. Particularly, with 
regard to biosensing, spectroscopic electro-analysis, as well 
as applications in neuroscience, we see an enormous potential 
that is still waiting to be explored. We further expect advances 
in theory and simulation science that provide new impulses to 
the development of novel spectroscopic applications.   
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