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Abstract: This review summarizes recent advances in micro- and nanopore technologies with a focus
on the functionalization of pores using a promising method named contactless electro-functionalization
(CLEF). CLEF enables the localized grafting of electroactive entities onto the inner wall of a microor nano-sized pore in a solid-state silicon/silicon oxide membrane. A voltage or electrical current
applied across the pore induces the surface functionalization by electroactive entities exclusively on
the inside pore wall, which is a significant improvement over existing methods. CLEF’s mechanism
is based on the polarization of a sandwich-like silicon/silicon oxide membrane, creating electronic
pathways between the core silicon and the electrolyte. Correlation between numerical simulations
and experiments have validated this hypothesis. CLEF-induced micro- and nanopores functionalized
with antibodies or oligonucleotides were successfully used for the detection and identification of cells
and are promising sensitive biosensors. This technology could soon be successfully applied to planar
configurations of pores, such as restrictions in microfluidic channels.
Keywords: nanopore; micropore; CLEF; biosensing; electro-functionalization; contactless

1. Introduction
Over the last twenty years, functionalized tridimensional pores have emerged as a specific range
of biosensors offering sensitivities higher than those of conventional methods [1–4]. Pore sensing was
successfully employed to detect and analyze different types of biomolecules and cells: single- and
double-stranded nucleic acids [5], peptides [6], proteins [7], bacteria [8,9], viruses [10,11], and cancer
cells [12,13]. Scheme 1 describes the principle of detection of a single biomolecule passing through a
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cells [12,13]. Scheme 1 describes the principle of detection of a single biomolecule passing through a
pore: When crossing the pore, the target partially blocks the aperture (Scheme 1A), which is detected
by a variation in the ionic current (Scheme 1B). The variations of the transit time (Δt) and electric
current intensity (ΔI) provide information about the length and diameter of the target, respectively,
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121 to distinguish it from other molecules present in the assay medium. To achieve
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can
be9,used
high sensing sensitivity, the pore diameter is preferably chosen to be slightly greater than that of the
target to optimize signal-to-noise ratio. The advantages of the pore sensing technique are: (i) the
pore: When crossing the pore, the target partially blocks the aperture (Scheme 1A), which is detected
detection of single (bio)molecules, (ii) without labeling, and (iii) via a quick and inexpensive electrical
by a variation in the ionic current (Scheme 1B). The variations of the transit time (∆t) and electric
methodology.
current intensity (∆I) provide information about the length and diameter of the target, respectively,
Two main types of pores are considered: biological and solid-state pores. This review describes
which can be used to distinguish it from other molecules present in the assay medium. To achieve high
the principle of pore sensing, with a focus on solid-state pores, and how our contactless electrosensing sensitivity, the pore diameter is preferably chosen to be slightly greater than that of the target
functionalization (CLEF) technology can overcome the limitations of the current functionalization
to optimize signal-to-noise ratio. The advantages of the pore sensing technique are: (i) the detection of
strategies.
single (bio)molecules, (ii) without labeling, and (iii) via a quick and inexpensive electrical methodology.

Scheme 1. Target detection principle with a single pore. (A) Translocation of a biomolecule in a
Scheme 1. Target detection principle with a single pore. (A) Translocation of a biomolecule in a
dielectric membrane. (B) Current decrease caused by the transit of biomolecules.
dielectric membrane. (B) Current decrease caused by the transit of biomolecules.

Two main types of pores are considered: biological and solid-state pores. This review describes the
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2.1. Biological Pores
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replacement of the lipids by amphiphilic polymers [26]. The protein itself is not very stable and has a
relatively short lifetime for detection as a result of the sensitivity of the protein to temperature, voltage,
ion concentrations, and solvents [39,40]. These nanopores cannot therefore be used for detection over
long periods of time. Moreover, the diameter and geometry of the available protein nanopores are in
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the order of a few nanometers (few are more than 5 nm), limiting their scope of sensing to unfolded
proteins or single-stranded DNA [41]. Although targeted amino acid modification is possible, it is still
limited to a small number of amino acids and large parts of protein could not be simply deleted or de
novo fabricated using non-natural amino acids [26]. Careful manipulation is also required to form the
lipid bilayer and to integrate the protein nanopores in the desired location. Coupled with the instability
of the bilayer, the integration of the protein nanopore into a microfluidic system is challenging.
To overcome the limitations of protein nanopores, especially to more simply achieve modulation
of the pore geometry and attachment of chemical functions at their core, nanopores based on
peptides [42,43] and DNA origami were developed [44–46]. Polypeptide nanopores are very limited in
terms of the dimensions of the lumen of the nanopore (<1.5 nm) and in terms of the number of amino
acids (50). The importance of DNA origami in designing nanopores over the polypeptide nanopores
is mainly in the possibility of modulating the nanopore diameter to more than 20 nm. However, the
possible repertoire of DNA is limited to four DNA bases. DNA nanopores with atomically defined
structures of predictable nanomechanical properties have been used for sensing and for controlled
drug release thanks to the possibility of their gating [47–49]. In order to be incorporated in the lipid
bilayer, negative DNA origami should be engineered in order to carry a lipidic molecule capable of
integrating it into the membrane [50]. An alternative method by engineering of non-negative DNA
is applied to avoid lipid anchoring [51]. The limitation of these DNA nanopores comes from their
complex anchoring to the biological lipid membrane with its inherent increased leakage and structural
fluctuation of DNA nanopores compared to protein nanopores [52,53].
2.2. Solid-State Pores
Thanks to advances in lithography and etching, synthetic nanopores with controlled diameters
have been successfully fabricated in solid-state membranes [1,3,4]. Solid-state nanopores, similar
to their biological counterparts, are nanometer-sized apertures, made in thin synthetic films or
thicknesses ranging from a few nanometers to several micrometers. Synthetic nanopores are a
promising alternative because a pore in a solid-state membrane overcomes almost all the drawbacks of
biological nanopores [10,39]: (i) The pores are mechanically stable over time, even in the presence of
electric fields; (ii) they are insensitive to variations of temperature, pH, and salt concentrations; (iii) the
pore diameter can be precisely controlled, with an accuracy in the order of 1 nm for the nanopores,
(iv) the number of pores per unit area can be precisely controlled, which is of great importance for
single-molecule detection [54], and (v) larger surface areas and mass production capabilities, which are
a requisite for commercialization, could be made easier than with biological pores [55].
Depending on the type of membrane material and the pore diameter, the manufacturing technique
can be either chemical etching [56], ion-track etching [57], ion beam sculpting [58], helium ion beam [59],
controlled dielectric breakdown [60], laser ablation [61], controlled optical etching [62], or electron beam
carving [63]. The membranes can be made of polymers, such as polyethylene terephthalate (PET) [64]
or polycarbonate [65], but they are most often made from inorganic materials such as silicon nitride
(Si3 N4 ) [66], silicon oxide (SiO2 ) [63], alumina (Al2 O3 ) [67], or hafnium oxide (HfO2 ) [68]. Despite the
very robust detection obtained with nanopores fabricated in these materials, their key problem was the
high thickness of the membrane which can limit the resolution of sensing [69]. However, crystalline
atomically thin 2D materials have been developed and integrated as membranes for nanopores. Among
others, we may mention 2D materials such as graphene [70,71], molybdenum disulfide (MoS2 ) [72],
heterostructure of graphene and MoS2 [73], boron nitride (BN) [74], and tungsten disulfide (WS2 ) [75].
Despite their advantages of very low thicknesses, these 2D materials suffered from several drawbacks
that prevented their implementation for DNA sequencing, among which were noise upon sensing
and mechanical fluctuations [54,69]. More recently, Mojtabavi et al. investigated the use of atomically
thin flakes of 2D transition metal carbides called MXenes as supports for nanopore sensing [76].
Solid-state nanopores were used in bioassays to discriminate DNA fragments of different lengths [64]
and for distinguishing single-stranded from double-stranded DNAs [77]. Moreover, larger-diameter
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nanopores could distinguish proteins of different sizes [78,79] or investigate the processes of particle
translocation [80,81].
Biological analysis with functionalized synthetic nanopores presents significant advantages over
non-functionalized nanopores. Pore functionalization can provide a variety of changes in the physical
and chemical properties (i.e., selectivity, hydrophobicity, surface charges, and specific molecular
recognition), and, thus, the ionic transport properties are modified. The fixation of a specific probe
within the pore makes the distinction of targets of comparable size become possible: When immobilizing
single-stranded DNA probes in a nanopore, the complementary DNA strand can be discriminated
from other targets with single mismatch specificity [82]. Furthermore, a nanopore functionalized with
an antibody can selectively detect a target protein [83]. Biomimetic ionic nano-channels have also
been made in a PET membrane by functionalizing the nanopore with DNA single strands capable of
selectively generating quadruplexed DNA nanostructures in the presence of potassium ions [84].
2.3. Functionalization of Synthetic Pores and Limitations of Current Techniques
Biological nanopores exhibit high selectivity due to the presence of functional groups at their inner
walls, which permits the traversing analytes to interact with the pore wall. Consequently, accelerating,
slowing, or preventing the passage of analytes by biomolecular interactions inside the pore make
it possible to differentiate between analytes [85]. For instance, some bacterial membrane protein
nanopores are very selective to some kinds of oligosaccharides [86] or do not permit passage except for
one selective analyte [87]. Similarly to what was done for protein nanopores, the local functionalization
of the inner wall of synthetic nanopores is necessary to expand their biomolecule detection capability.
The conventional methods for functionalization of “smart nanopores” rely on one of the following
strategies: (i) deposition techniques (chemical and physical vapor deposition [88–90], electroless
deposition [91], and atomic layer deposition [92]), (ii) chemisorption of functional molecules using
thiol–gold or silanes [93], (iii) chemical modification of the functional group on the nanopore to yield
polymer brushes [94] or hydrogels [95], and (iv) plasma surface modification [84]. The functionalization
of the inner walls of tridimensional nanopores is nevertheless a major technological challenge and a
current barrier to their use. The previously listed conventional methods of surface chemistry, adapted
to the nature of the constituent material, are however imperfectly capable of tackling this task. Indeed,
in addition to pore functionalization, the surrounding membrane is also functionalized [96], which
significantly reduces the sensitivity of the biosensing technique: When the molecular probes are also
immobilized on the membrane surface, a very large part of the species to be detected is captured
and sequestered on the membrane, which leads to a significant loss of sensitivity regarding pore
sensing. Localized functionalization of the inner face of the nanopore in two steps, comprising first the
activation of the inner surface of the nanopore, followed by grafting, has been described [97]. To do
so, a silica layer was first deposited in a nanopore in a silicon nitride membrane, using an electron
beam in an environment containing steam tetraethyl orthosilicate. This method introduced a silanol
termination on the silica surface of pore walls, thus localizing the following silanization step on the
walls of the nanopore. In addition to the difficulty of implementing this technique, this approach offers
very little geometric accuracy during silica deposition. This method of localized functionalization of
nanopore walls is therefore expensive and difficult to implement.
2.4. The CLEF Technology
2.4.1. Principle of Contactless Electro-Functionalization (CLEF)
In 2009, we proposed an innovative functionalization technique of tridimensional pores, inspired
by bipolar electrochemistry methodologies. This process, called “contactless electro-functionalization”
(CLEF) [98], allows the selective functionalization of the inner wall of micro- and nanopores
manufactured in a solid-state semiconductor membrane (Figure 1).
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Figure 1. Implementation of contactless electro-functionalization (CLEF). (A) Principle of the specific
Figure 1. Implementation of contactless electro-functionalization (CLEF). (A) Principle of the specific
functionalization of the inner wall of the pore. SEM characterizations of (B) naked pore, (C) iridium
functionalization of the inner wall of the pore. SEM characterizations of (B) naked pore, (C) iridium
oxide deposit, (D) gold deposit, (E) oligonucleotide-functionalized polypyrrole (PPy-ODN) deposit
oxide deposit, (D) gold deposit, (E) oligonucleotide-functionalized polypyrrole (PPy-ODN) deposit
also revealed using fluorescence microscopy (F).
also revealed using fluorescence microscopy (F).

Briefly, as schematized in Figure 1A, the application of an electric field through a unique
Briefly, as schematized in Figure 1A, the application of an electric field through a unique pore
pore etched in a silicon membrane (Figure 1B) leads to the functionalization of its inner silica
etched in a silicon membrane (Figure 1B) leads to the functionalization of its inner silica walls with
walls with electroactive species present in the surrounding media. No deposition is observed in
electroactive species present in the surrounding media. No deposition is observed in the absence of
the absence of a voltage drop applied between the two electrodes present on each side of the
a voltage drop applied between the two electrodes present on each side of the pore. This methodology
pore. This methodology has proved to be rather versatile since it enabled the functionalization of
has proved to be rather versatile since it enabled the functionalization of pore walls with
pore walls with electrodeposited films or objects independently of the involved redox phenomena
electrodeposited films or objects independently of the involved redox phenomena (i.e., anodic or
(i.e., anodic or cathodic electrodeposition), leading to the deposition of iridium oxide (Figure 1C),
cathodic electrodeposition), leading to the deposition of iridium oxide (Figure 1C), gold nanoparticles
gold nanoparticles (Figure 1D), and polypyrrole-bearing oligodesoxyribonucleotide (PPy-ODN)
(Figure 1D), and polypyrrole-bearing oligodesoxyribonucleotide (PPy-ODN) (Figure 1E,F). To
(Figure 1E,F). To illustrate the robustness of pore functionalization, we submitted PPy-ODN deposits to
illustrate the robustness of pore functionalization, we submitted PPy-ODN deposits to
recognition/revelation/washing cycles using complementary DNA strands [98]. Up to four cycles were
recognition/revelation/washing cycles using complementary DNA strands [98]. Up to four cycles
carried out without significant loss of fluorescence response despite the harsh denaturation conditions,
were carried out without significant loss of fluorescence response despite the harsh denaturation
thus demonstrating the robustness of the electrodeposited polymer film.
conditions, thus demonstrating the robustness of the electrodeposited polymer film.
Moreover, the CLEF deposition process can be applied to a wide range of pore diameters (from
Moreover, the CLEF deposition process can be applied to a wide range of pore diameters (from
70 µm down to 50 nm), and, as displayed in Figure 1D,E, appears to be independent of the surface
70 µm down to 50 nm), and, as displayed in Figure 1D,E, appears to be independent of the surface
roughness of the pore walls. As seen in Figure 1E, and as expected with bipolar processes, the
roughness of the pore walls. As seen in Figure 1E, and as expected with bipolar processes, the electroelectro-induced deposition process is dependent on the field vector, as the micropore exit (according to
induced deposition process is dependent on the field vector, as the micropore exit (according to the
the picture orientation) is selectively functionalized with the polypyrrole layer.
picture orientation) is selectively functionalized with the polypyrrole layer.
Two hypotheses were initially proposed for the process of surface functionalization [98]. First, the
Two hypotheses were initially proposed for the process of surface functionalization [98]. First,
micropore inner walls could exhibit their own conductivity and behave like a dipole, creating a bipolar
the micropore inner walls could exhibit their own conductivity and behave like a dipole, creating a
effect through the formation of a couple of electrodes at each side of the pore. The second hypothesis
bipolar effect through the formation of a couple of electrodes at each side of the pore. The second
relied on the role of oxygen that could be activated under these specific conditions. However, both
hypothesis relied on the role of oxygen that could be activated under these specific conditions.
hypotheses were invalidated by the existence of radial growth of iridium oxide films in oxygen-free
However, both hypotheses were invalidated by the existence of radial growth of iridium oxide films
CLEF experiments. Nevertheless, Figure 2 depicting the distributions of the electric field in two
in oxygen-free CLEF experiments. Nevertheless, Figure 2 depicting the distributions of the electric
configurations of solid-state micropores clearly suggests the existence of electrochemical reactions at
field in two configurations of solid-state micropores clearly suggests the existence of electrochemical
the silica/electrolyte interface. Therefore, numerical modeling of the overall system was carried out
reactions at the silica/electrolyte interface. Therefore, numerical modeling of the overall system was
to better identify important features associated with the CLEF configuration such as electrical field
carried out to better identify important features associated with the CLEF configuration such as
localization and distribution within the solution and the silicon substrate or influence of the membrane
electrical field localization and distribution within the solution and the silicon substrate or influence
composition and its geometric parameters.
of the membrane composition and its geometric parameters.

2.4.2. CLEF’s Mechanism
Numerical Simulations of the Electric Field Distribution Inside a Pore

silica layer of 4 µm thickness. The mathematical underlying model was based on the complex
electrokinetic equation which takes into account both the conductive and capacitive common
properties of the materials (electrolyte, pore membrane composed of silicon and silicon dioxide
[100]). The electrolyte conductivities used in the numerical model were measured. The Ag/AgCl
electrodes
were considered as perfect electrodes so that the applied potential was defined at their
Biosensors 2019, 9, 121
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Figure 2. Distribution of the electric field in a micrometric pore made in a silica-covered silicon
Figure 2. Distribution of the electric field in a micrometric pore made in a silica-covered silicon
membrane. (A) Schematic side-view of a 15 µm-wide micropore. (B) Numerical simulation of a
membrane. (A) Schematic side-view of a 15 µm-wide micropore. (B) Numerical simulation of a
perfectly insulated pore membrane immersed in a 100 mM KCl solution in contact with two Ag/AgCl
perfectly insulated pore membrane immersed in a 100 mM KCl solution in contact with two Ag/AgCl
electrodes at applied potentials +100 mV (top electrode) and −100 mV (bottom electrode). (Left) The
electrodes at applied potentials +100 mV (top electrode) and −100 mV (bottom electrode). (Left) The
complete potential drop is confined inside the pore at 1 MHz (colors). Vectors (black) represent the
complete potential drop is confined inside the pore at 1 MHz (colors). Vectors (black) represent the
resulting electric field distribution. (Right) Electric field vectors along the pore membrane boundary:
resulting electric field distribution. (Right) Electric field vectors along the pore membrane boundary:
As expected, the electric field is tangential to the membrane surface. (C) Numerical simulation taking
As expected, the electric field is tangential to the membrane surface. (C) Numerical simulation taking
into account the dielectric properties of the pore membrane (Si covered by a 4 µm-thick SiO2 layer).
into account the dielectric properties of the pore membrane (Si covered by a 4 µm-thick SiO2 layer).
(Left) The SiO2 layer of the pore membrane is highly polarized as it experiences the complete drop
(Left) The SiO2 layer of the pore membrane is highly polarized as it experiences the complete drop of
of the applied potential (+100 to −100 mV). (Right) Electric field vectors along the pore membrane
the applied potential (+100 to −100 mV). (Right) Electric field vectors along the pore membrane
boundary: The electric field displays a non-zero component normal to the membrane surface.
boundary: The electric field displays a non-zero component normal to the membrane surface.
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This numerical model revealed the influence of the membrane on the electrical field distribution
inside the pore: If the pore membrane is considered as a perfect insulator, numerical simulations
confirm that the electric field is tangential to the pore membrane (Figure 2B right). However, CLEF does
not work under this experimental configuration. It means that a more complex membrane structure is
necessary to provoke the CLEF phenomenon: The “sandwich-like” structure of the Si/SiO2 membrane
proves to be a key parameter in allowing electrochemical grafting onto the pore walls [99]. When the
electrical properties of the inner core silicon layer are included in the numerical model, numerical
simulations show that the electrical field has a non-zero component normal to the pore membrane
(Figure 2C right).
These simulation results suggest that an electrochemical grafting at the surface of the inner walls
of a pore is possible only if an electrical pathway is created between the electrolyte and the membrane
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silicon core through the SiO2 layer, creating in this way a possible exchange of electrons between the
electrolyte and the conducting core silicon. This pathway could be caused by defaults in the silicon
electrolyte and the conducting core silicon. This pathway could be caused by defaults in the silicon
oxide layer or by high electrical voltage.
oxide layer or by high electrical voltage.

Validation
Validation of
of the
the Numerical
Numerical Model
Model Using
Using Impedance
Impedance Measurements
Measurements
Impedance
Impedance measurements
measurements (Bode
(Bode plots)
plots) were
were performed
performed using
using aa commercial
commercial impedance
impedance
spectrometer
(Biologic
SP300)
in
the
frequency
range
1–7
MHz,
by
applying
a
potential
of
100 mV
to
spectrometer (Biologic SP300) in the frequency range 1–7 MHz, by applying a potential
of 100
the
two
Ag/AgCl
electrodes
located
at
each
side
of
the
pore
[99].
The
resistivity
of
the
inner
silicon
mV to the two Ag/AgCl electrodes located at each side of the pore [99]. The resistivity of the inner
core
was
0.010−0.025
Ω·cm.Ω·cm.
FigureFigure
3 compares
the the
measured
impedance
(Bode
silicon
core
was 0.010−0.025
3 compares
measured
impedance
(Bodeplots)
plots)with
with the
the
numerical
impedance
computed
from
the
previous
numerical
simulations
(Figure
2C).
numerical impedance computed from the previous numerical simulations (Figure 2C).

Figure 3.
3. Validation
Validation of
of the
the numerical
numerical model
model by
by comparing
comparing measured
measured impedances
impedances(continuous
(continuouslines)
lines)
Figure
against computed
computed impedances
impedances (dashed
(dashed lines)
lines) for
for different
different KCl solutions. (A)
(A)Bode
Bodeplots
plotsof
ofimpedance
impedance
against
norm. (B)
(B)Bode
Bodeplots
plotsof
ofimpedance
impedancephase.
phase.
norm.

The numerical
numerical impedance
measurements
as
The
impedance norm
norm showed
showedgood
goodagreement
agreementwith
withthe
theexperimental
experimental
measurements
supported
by
the
similarity
observed
between
the
curve
shapes,
validating
the
developed
numerical
as supported by the similarity observed between the curve shapes, validating the developed
model (Figure
3A).
As the
electrical
a function
the square
rootsquare
of theroot
electrolyte
numerical
model
(Figure
3A).
As the capacity
electricaliscapacity
is aoffunction
of the
of the
concentration
in
the
diffuse
layer,
the
frequency
increases
logically
with
growing
KCl
concentrations.
electrolyte concentration in the diffuse layer, the frequency increases logically with growing KCl
However, a frequency
shift
between the
theoretical
and experimental
was observed
all
concentrations.
However,
a frequency
shift
between curve
the theoretical
curve anddata
experimental
dataat
was
KCl concentrations.
This must be due
to the
factbethat
conditions
are ideal
and may are
not
observed
at all KCl concentrations.
This
must
duethe
tosimulation
the fact that
the simulation
conditions
take
into
account
environmental
or
material
factors
(pH,
quality
of
silica,
etc.).
ideal and may not take into account environmental or material factors (pH, quality of silica, etc.).
However, aacapacitive
(impedance
phase
around
−90◦−90°)
) decreased
the impedance
norm above
However,
capacitiveeffect
effect
(impedance
phase
around
decreased
the impedance
norm
a
cutoff
frequency
whose
value
does
not
coincide
with
the
numerical
model
(Figure
3B).
This
capacitive
above a cutoff frequency whose value does not coincide with the numerical model (Figure 3B). This
effect mayeffect
comemay
from
the Si/SiO
from thefrom
SiO2the
/electrolyte
interface
or fromorthe
silicon
2 interface,
capacitive
come
from the
Si/SiO2 interface,
SiO2/electrolyte
interface
from
the
light illumination.
DespiteDespite
this difference
in the cutoff
this numerical
model can
provide
silicon
light illumination.
this difference
in thefrequency,
cutoff frequency,
this numerical
model
can
indicative
explanations
of the role
in the CLEF
mechanism.
provide
indicative
explanations
of of
theeach
rolematerial
of each material
in the
CLEF mechanism.
2.4.3. Importance
Importanceof
ofthe
theCore
Core Silicon
Silicon
2.4.3.
Our results
role
of the
silicon
core core
of theofmembrane
in the bipolar
process
Our
results suggested
suggesteda apredominant
predominant
role
of the
silicon
the membrane
in the bipolar
(Figure
2C),
and
further
exploration
of
its
influence
in
the
CLEF
process
needed
to
be
undertaken.
process (Figure 2C), and further exploration of its influence in the CLEF process needed to be
However, for
manufacturing
reasons, experiments
could only be
carried
with one
undertaken.
However,
for manufacturing
reasons, experiments
could
only out
be carried
outmembrane
with one
thickness.
We
therefore
used
our
numerical
model
to
simulate
the
effect
of
other
thicknesses
[99],
and
membrane thickness. We therefore used our numerical model to simulate the effect of
other
the
obtained
data
are
reported
in
Figure
4A.
thicknesses [99], and the obtained data are reported in Figure 4A.
The phase
phase component
component of
of the
the membrane
membrane impedance
impedance strongly
strongly differs
differs for
for solid-state
solid-state membrane
membrane
The
only
constituted
of
silica
and
for
Si/SiO
membranes
(Figure
4A).
No
difference
is
seen
for silicon
silicon
only constituted of silica and for Si/SiO22 membranes (Figure 4A). No difference is seen for
cores
exhibiting
thicknesses
ranging
from
1
to
2
µm.
Importantly,
some
electro-functionalization
cores exhibiting thicknesses ranging from 1 to 2 µm. Importantly, some electro-functionalization
experiments were
were run
run on
on purely
purely insulating
insulating membranes
membranes (silicon
(silicon nitride
nitride membranes)
membranes) and
and led
led to
to no
no
experiments
surface
functionalization
(data
not
shown).
Such
contrasting
behaviors
clearly
highlight
the
major
role
surface functionalization (data not shown). Such contrasting behaviors clearly highlight the major
of the
silicon
corecore
on the
fieldfield
repartition.
role
of semiconductive
the semiconductive
silicon
onelectric
the electric
repartition.

Since silicon is a material for which both doping and lighting may induce significant changes in
its semiconductive properties, these two conditions may also have an influence on the CLEF process.
The influence of light on the CLEF process was especially assayed through the application of the

applied electric field was therefore varied to investigate its influence on PPy-ODN bipolar deposition.
Three different current pulse intensities (2, 5, and 11 µA) were applied across 18 µm-wide micropores.
No deposition was obtained for the smaller current whereas fluorescence was observed for the higher
ones (Figure 4B), confirming the existence of an electric field amplitude threshold above which
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contactless
electro-functionalization
on the pore walls is obtained.
In addition, increased electric field amplitudes generated higher fluorescence levels, suggesting
larger deposited quantities. At higher current amplitudes, the fluorescence image showed local
Since silicon is a material for which both doping and lighting may induce significant changes
spreading onto the membrane at the circumference of the micropore (Figure 4B). To confirm that this
in its semiconductive properties, these two conditions may also have an influence on the CLEF
larger fluorescence ring was not simply due to fluorescence diffusion linked to a higher fluorescence
process. The influence of light on the CLEF process was especially assayed through the application
signal, polypyrrole-amine was deposited on the pore walls using CLEF. The primary amines on the
of the functionalization process using the same current density either in the dark or under white
pore walls were then used for gold nanoparticle fishing so that the trapped gold nanobeads could be
light illumination (data not shown). The putative electro-induced deposition of PPy-ODN was
used as localization revelators of the CLEF deposits using SEM (Figure 4C–E). No bead deposition
revealed by hybridization with a fluorescently labeled complementary DNA strand. For the
was observed for pulses of 2 µA, confirming the existence of an electric field amplitude threshold
electro-functionalization process performed in the dark, no fluorescence was detected, whereas under
(Figure 4C). Furthermore, the deposit is partly localized on the membrane for electroillumination a strong ring-shaped fluorescence signal was observed with a diameter corresponding to
functionalization at higher electric field amplitudes (Figure 4D,E). The depositions of gold nanobeads
the pore size. This observation highlights again the role of the silicon core. Presumably, the illumination
confirm those obtained by fluorescence and show that, for a similar pulse duration, depositing larger
could provoke an increase in the charge carrier density in the membrane through the generation of
quantities by applying higher currents comes at the cost of a weaker localization of the grafting,
electron–hole pairs that are firmly separated by the electric field, thus increasing the conductivity of
which is no longer localized to the pore walls.
the membrane silicon core.

Figure4.4.Evidences
Evidencesfor
forthe
theinfluence
influenceofofthe
thecore
coresilicon
siliconon
onCLEF
CLEFdeposition.
deposition.(A)
(A)Computed
Computedimpedance
impedance
Figure
phasesofofthe
thesandwich-like
sandwich-likemembranes
membraneswithout
withoutany
anycore
coresilicon
siliconlayer
layer(red
(redline)
line)or
orwith
withvarious
various
phases
thicknesses
of
the
core
silicon
layer
(blue,
green,
and
dashed
lines
are
overlapped).
(B)
Fluorescence
thicknesses of the core silicon layer (blue, green, and dashed lines are overlapped). (B) Fluorescence
revelationofofthe
thedeposition
depositionof
ofPPy-ODNs
PPy-ODNsin
inmicropores.
micropores.SEM
SEMpictures
picturesofofgold
goldnanobead
nanobeaddeposits
deposits
revelation
usingcurrent
currentintensities
intensitiesof
of(C)
(C)22µA,
µA,(D)
(D)55µA,
µA,and
and(E)
(E)11
11µA.
µA.
using

Under a certain resistance threshold, the silicon membrane may not contribute actively in the
charge transport within the system. In other words, the CLEF process only appears if the electric
field lines are not confined within the electrolytic pathway present in the pore. The amplitude
of the applied electric field was therefore varied to investigate its influence on PPy-ODN bipolar
deposition. Three different current pulse intensities (2, 5, and 11 µA) were applied across 18 µm-wide
micropores. No deposition was obtained for the smaller current whereas fluorescence was observed
for the higher ones (Figure 4B), confirming the existence of an electric field amplitude threshold above
which contactless electro-functionalization on the pore walls is obtained.
In addition, increased electric field amplitudes generated higher fluorescence levels, suggesting
larger deposited quantities. At higher current amplitudes, the fluorescence image showed local
spreading onto the membrane at the circumference of the micropore (Figure 4B). To confirm that this
larger fluorescence ring was not simply due to fluorescence diffusion linked to a higher fluorescence
signal, polypyrrole-amine was deposited on the pore walls using CLEF. The primary amines on the
pore walls were then used for gold nanoparticle fishing so that the trapped gold nanobeads could be
used as localization revelators of the CLEF deposits using SEM (Figure 4C–E). No bead deposition
was observed for pulses of 2 µA, confirming the existence of an electric field amplitude threshold
(Figure 4C). Furthermore, the deposit is partly localized on the membrane for electro-functionalization
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at higher electric field amplitudes (Figure 4D,E). The depositions of gold nanobeads confirm those
Biosensors 2019,
9, 121
9 ofby
19
obtained
by fluorescence
and show that, for a similar pulse duration, depositing larger quantities
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applying higher currents comes at the cost of a weaker localization of the grafting, which is no longer
2.4.4. Geometric
Effects
of the Pore Walls
localized
to the pore
walls.
2.4.4.
Geometric
Effects
of the Pore Walls

In CLEF, the applied electric field is directional during the deposition process, and this
2.4.4.InGeometric
Effects
of the
Pore Walls
CLEF,isthe
applied
field
is directional
during
and this
polarization
illustrated
inelectric
the model
presented
in Figure
2C. Inthe
thisdeposition
model, we process,
have integrated
the
polarization
is
illustrated
in
the
model
presented
in
Figure
2C.
In
this
model,
we
have
integrated
the
scalloped
inner
profile
thatfield
is generated
during
the etching
processprocess,
(deep reactive
etching).
In CLEF,
thewall
applied
electric
is directional
during
the deposition
and this ion
polarization
scalloped
wall profile
that“needle”
is generated
during
the
etching process
reactive
ion
etching).
wallinner
roughness
creates
effects
onIn
the
a(deep
few
reversalsthe
ofscalloped
the wall
isThis
illustrated
in the model
presented
in Figure
2C.
thissurface
model,with
we have
integrated
This
wall roughness
creates
“needle”
effects onreversals
the surface
withroughness
a few reversals
of thethe
wall
polarization
along
the
depth.
Polarization
on (deep
pore
explain
full
inner
wall profile
that
ispore
generated
during
the etching process
reactive ionmay
etching).
This wall
polarization
along
the
pore
depth.
Polarization
reversals
on
pore
roughness
may
explain
the
full
coverage of
the pore
walls.effects on the surface with a few reversals of the wall polarization along the
roughness
creates
“needle”
coverage
of the pore this
walls.
To investigate
CLEF
ontomay
a pore
exhibiting
a smooth
surface
ridge
pore depth.
Polarizationeffect,
reversals
onwas
poreapplied
roughness
explain
the full
coverage
of thewith
poreawalls.
Tomiddle
investigate
this
effect, CLEF
was
appliedpore
ontowall
a pore
exhibiting
athe
smooth
surface
with
a ridge
in the
[101].
In
contrast
to
the
scalloped
(Figure
2C
on
right
side),
no
polarization
To investigate this effect, CLEF was applied onto a pore exhibiting a smooth surface with a ridge
ineffects
the middle
Inthe
contrast
to (Figure
the scalloped
pore wall (Figure
2C onisotropy
the rightbetween
side), nopore
polarization
were [101].
seen
on
surface
5A). Consequently,
a strong
entry and
in the middle
[101].
In contrast
to the scalloped
pore wall (Figure
2C on the right
side), no polarization
effects
were
seen
on
the
surface
(Figure
5A).
Consequently,
a
strong
isotropy
between
pore
entry and
exit appeared
to on
exist.
a configuration
leads to non-symmetric
pore wall
functionalization
effects
were seen
theSuch
surface
(Figure 5A). Consequently,
a strong isotropy
between
pore entry with
and
exit
appeared
to
exist.
Such
a
configuration
leads
to
non-symmetric
pore
wall
functionalization
with
electrodeposited
goldSuch
particles
on the cathodic
of the pore pore
(Figure
Again, a strong
exit
appeared to exist.
a configuration
leads toside
non-symmetric
wall5B,C).
functionalization
with
electrodeposited
gold the
particles
on
the cathodic
side of the pore
5B,C). Again,
aobtained,
strong
correlation between
model
prediction
pore(Figure
wall Again,
decoration
wascorrelation
electrodeposited
gold particles
on the
cathodicand
side experimental
of the pore (Figure
5B,C).
a strong
correlation
between
the model
prediction
and experimental
wall decoration was obtained,
highlighting
the existence
of the
polarization
the decoration
porepore
entries.
between
the model
prediction
andradial
experimental
poreofwall
was obtained, highlighting the
highlighting the existence of the radial polarization of the pore entries.
existence of the radial polarization of the pore entries.

Figure 5. Correlation between numerical simulation and experimental data when analyzing the
Figure
5.
simulation
and
data
when
Figure
5. Correlation
Correlation
betweennumerical
numerical
simulation
andexperimental
experimental
datafield,
whenEanalyzing
analyzing the
the
r) showing the
influence
of
the porebetween
geometry.
(A) Numerical
simulation
(radial electrical
r
)
showing
the
influence
of
the
pore
geometry.
(A)
Numerical
simulation
(radial
electrical
field,
E
influence
of the
pore
geometry.
(A)membrane.
Numerical(B,C)
simulation
(radial
electrical
field,
Er ) showing
the
polarization
of one
side
of the pore
The side
of gold
deposition
could
be controlled
polarization
of
one
side
of
the
pore
membrane.
(B,C)
The
side
of
gold
deposition
could
be
controlled
polarization
of
one
side
of
the
pore
membrane.
(B,C)
The
side
of
gold
deposition
could
be
controlled
experimentally by achieving (B) electro-oxidation or (C) electro-reduction.
experimentally
experimentallyby
byachieving
achieving(B)
(B)electro-oxidation
electro-oxidationor
or(C)
(C)electro-reduction.
electro-reduction.

CLEF can also be operated either under potentiostatic or galvanostatic control [101]. Depending
CLEFcan
can alsobe
beoperated
operatedeither
eitherunder
underpotentiostatic
potentiostaticor
orgalvanostatic
galvanostaticcontrol
control[101].
[101].Depending
Depending
CLEF
on the
appliedalso
stimulation,
metal electrodeposition
is obtained
either as rods crossing
the diameter
onthe
the appliedstimulation,
stimulation, metalelectrodeposition
electrodepositionisisobtained
obtainedeither
eitheras
as rodscrossing
crossingthe
thediameter
diameter
on
at theapplied
cathodic side of the metal
pore under galvanostatic
control (Figure
6A)rods
or as nanoparticles
located
at
the
cathodic
side
of
the
pore
under
galvanostatic
control
(Figure
6A)
or
as
nanoparticles
located
atalong
the cathodic
sidesurface
of the for
pore
under
galvanostatic
control
(Figure
6A) effective
or as nanoparticles
located
the overall
the
potentiostatic
control
(Figure
6B). The
potential across
the
alongthe
theoverall
overallsurface
surfacefor
forthe
thepotentiostatic
potentiostaticcontrol
control(Figure
(Figure6B).
6B).The
Theeffective
effectivepotential
potentialacross
acrossthe
the
along
pore is variable under potentiostatic control, thus, favoring nucleation behavior. On the opposite, by
poreisisvariable
variable underpotentiostatic
potentiostaticcontrol,
control,thus,
thus,favoring
favoringnucleation
nucleationbehavior.
behavior.On
Onthe
the opposite,by
by
pore
maintaining a under
constant current, the
potential across
the pore is maintained
stable, opposite,
leading to a
maintaining
a
constant
current,
the
potential
across
the
pore
is
maintained
stable,
leading
to
a
growing
maintaining
a constant
the potential
across
the porehighlights
is maintained
stable,can
leading
to a
growing process
insteadcurrent,
of nucleation.
The latter
experiment
how CLEF
also control
process instead
ofinstead
nucleation.
The latterThe
experiment
highlights highlights
how CLEFhow
can also
control
the grafting
growing
process
of
nucleation.
latter
experiment
CLEF
can
also
control
the grafting morphology by varying the stimulation protocol.
morphology
by varying the
stimulation
protocol. protocol.
the
grafting morphology
by varying
the stimulation

Figure
morphologies
for gold
according
to (A) current
or (B)
voltage
Figure6.6.Different
Different
morphologies
for deposition
gold deposition
according
to (A)
current
or applications
(B) voltage
Figure
6. Different
morphologies
in
the CLEF
protocol.
applications
in the CLEF
protocol. for gold deposition according to (A) current or (B) voltage
applications in the CLEF protocol.

2.5. Applications in Detection
2.5. Applications in Detection
2.5. Applications
in Detection
The possibility
of using CLEF-functionalized micro- and nanopores for biosensing was
The possibility of using CLEF-functionalized micro- and nanopores for biosensing was
demonstrated
using PPy-ODN
grafted on the inside
walls
solid-state nanoand micropores.
The possibility
of using probes
CLEF-functionalized
microandof
for biosensing
was
demonstrated
using PPy-ODN
probes grafted on the inside
walls
ofnanopores
solid-state nanoand micropores.
demonstrated using PPy-ODN probes grafted on the inside walls of solid-state nano- and micropores.

2.5.1. Detection of Bio-Functionalized Particles in Nano- and Micropores
2.5.1. Detection of Bio-Functionalized Particles in Nano- and Micropores
Solid-state nanopores were functionalized with ODNs using CLEF [97]. Nanopores of 200 nm in
Solid-state
werePPy-ODN
functionalized
using
CLEF
[97].
of 200 nmnonin
diameter
werenanopores
covered with
and with
then ODNs
saturated
with
BSA
in Nanopores
order to minimize
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Solid-state nanopores were functionalized with ODNs using CLEF [97]. Nanopores of 200 nm in
diameter adsorption
were covered(Figure
with PPy-ODN
and nanoparticles
then saturated (AuNPs,
with BSA in
minimize
non-specific
specific
7A). Gold
100order
nmtoin
diameter)
bearing
adsorption (Figure
Gold nanoparticles
(AuNPs,
100 nm
in diameter) bearing
complementary
complementary
or 7A).
non-complementary
ODN
sequences
(c-ODN-AuNPs
and nc-ODN-AuNPs,
or non-complementary
ODN sequences
(c-ODN-AuNPs
nc-ODN-AuNPs,
respectively)
were
respectively)
were transported
through the
pore using a and
stationary
electric field.
SEM pictures
of
transported through
the porerevealed
using a stationary
electric
field.of
SEM
pictures of functionalized
nanopores
functionalized
nanopores
a higher
density
cODN-AuNPs
close to the
ODNrevealed a higher
of cODN-AuNPs
closesuggesting
to the ODN-functionalized
pore pore
compared
to the
functionalized
poredensity
compared
to the naked pore,
hybridization between
and particle
naked pore,
suggesting
hybridization between pore and particle ODNs (Figure 7B).
ODNs
(Figure
7B).

Figure 7. Functionalized nanopore sensing of oligodesoxyribonucleotide (ODN)-coated nanoparticles.
Figure
7. Functionalized
nanopore
of oligodesoxyribonucleotide
(A) A nanopore
electro-functionalized
with sensing
oligonucleotides
via CLEF was employed for(ODN)-coated
the detection
nanoparticles.
(A)
A
nanopore
electro-functionalized
with
oligonucleotides
CLEFODNs.
was employed
of gold nanoparticles carrying complementary (red) or non-complementaryvia
(black)
(B) SEM
for
the detection of
nanoparticles carrying
complementary (red)
or non-complementary
(black)
characterization
of gold
(a) functionalized
or (b) non-functionalized
nanopores.
(C) Electrosensing.
ODNs.
(B)
SEM
characterization
of
(a)
functionalized
or
(b)
non-functionalized
nanopores.
(C)
The current, measured via platinum electrodes, distinguishes the passage of complementary and
Electrosensing.
The targets
current,
measured
via platinum electrodes,
distinguishes the passage of
non-complementary
in the
ODN-electro-functionalized
nanopore.
complementary and non-complementary targets in the ODN-electro-functionalized nanopore.

Figure 7C shows the scatter plots of current amplitude variations, ∆I, versus translocation time,
7C shows
the nanoparticles.
scatter plots of current
variations,
ΔI, versus
translocation time,
∆t, ofFigure
ODN-coated
gold
The ∆I amplitude
distributions
were similar
for c-ODN-AuNPs
and
Δt,
of ODN-coatedconfirming
gold nanoparticles.
The
ΔI populations
distributionsofwere
similar for had
c-ODN-AuNPs
and ncnc-ODN-AuNPs,
that these
two
nanoparticles
a similar diameter.
ODN-AuNPs,
two populations
of nanoparticles
had higher
a similar
diameter.
However, the ∆tconfirming
distributionthat
wasthese
dramatically
different: c-ODN-AuNPs
showed
∆t values
than
However,
the
Δt
distribution
was
dramatically
different:
c-ODN-AuNPs
showed
higher
Δt
values
nc-AuNPs, reflecting the fact that c-ODN-AuNPs were slowed down or temporarily stopped in the
than
reflecting therecognitions,
fact that c-ODN-AuNPs
were slowed down
or temporarily
stopped
in
pore nc-AuNPs,
because of biochemical
contrary to nc-ODN-AuNPs
which
passed through
much
the
pore
biochemical
contrary
to nc-ODN-AuNPs
which
through
faster
andbecause
did not of
hybridize
with recognitions,
grafted ODNs.
The average
translocation time
forpassed
c-ODN-AuNPs
much
faster
did not
hybridize
with
ODNs. The average
timeconsiderable
for c-ODNwas 490
ms and
whereas
it was
only 2.2
ms grafted
for nc-ODN-AuNPs.
The ∆ttranslocation
values showed
AuNPs
was
msdue
whereas
it variation
was onlyin2.2
for nc-ODN-AuNPs.
The established
Δt values between
showed
variability,
no 490
doubt
to a huge
the ms
number
of specific interactions
considerable
variability,
no doubt
to atransit
huge variation
in not
the perfectly
number of
specificnanoparticle
interactions
c-ODN-AuNPs
and the pore
wallsdue
during
and due to
identical
established
between
c-ODN-AuNPs
and show
the pore
walls during
transit
due to not
perfectly
velocities within
the pore.
These results
the potential
of the
CLEFand
technology
in providing
identical nanoparticle velocities within the pore. These results show the potential of the CLEF
technology in providing selective and specific nanopore biosensors and extend the application of
CLEF-functionalized nanopores to the detection of nanometric objects such as nanoparticles and
biomolecules.
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selective and specific nanopore biosensors and extend the application of CLEF-functionalized nanopores
to theInvestigations
detection of nanometric
objectsof
such
as nanoparticles
and biomolecules.
about the transit
20 µm-wide
polystyrene
microparticles through micropores
theatransit
µm-widefor
polystyrene
microparticles
through
were
wereInvestigations
also carried about
out as
proofofof20concept
the biosensing
capabilities
of micropores
CLEF-modified
also
carried
out
as
a
proof
of
concept
for
the
biosensing
capabilities
of
CLEF-modified
micropores
for
cell
micropores for cell detection [101]. PPy-ODN-modified micropores were incubated with
detection
[101].
PPy-ODN-modified
micropores
were
incubated
with
complementary
ODN-modified
complementary ODN-modified polystyrene (c-ODN-PS) particles. Observations by optical
polystyrene
Observations
optical transmission
microscopy
and
monitoring
of
transmission(c-ODN-PS)
microscopyparticles.
and monitoring
of theby
variation
of the ionic current,
in real
time,
confirmed
the
variation
of
the
ionic
current,
in
real
time,
confirmed
that
c-ODN-PS
particles
were
immobilized
in
that c-ODN-PS particles were immobilized in ODN-functionalized micropores whereas no capture
ODN-functionalized
micropores
whereaspolystyrene
no capture of(nc-ODN-PS)
non-complementary
ODN-modified
of non-complementary
ODN-modified
particles
was observed.polystyrene
Figure 8A
(nc-ODN-PS)
particles
was observed.
Figure
8A shows to
short
intensity
corresponding
shows short drops
in current
intensity
corresponding
thedrops
transitinofcurrent
nc-ODN-PS
particles
through
to
the
transit
of
nc-ODN-PS
particles
through
the
pore
with
no
interaction
with
ODNs
on
its
walls.
On
the pore with no interaction with ODNs on its walls. On the opposite, the long drop in current
the
opposite,
the long
in current
intensity
in Figure
8B suggested
pore blockage
bywith
a c-ODN-PS
intensity
in Figure
8Bdrop
suggested
pore
blockage
by a c-ODN-PS
particle
interacting
grafted
particle
interacting
with
grafted
ODNs.
ODNs.

Figure 8. Typical
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2.5.2. Cell Capture and Identification in Antibody-Functionalized Micropores
2.5.2. Cell Capture and Identification in Antibody-Functionalized Micropores
In a more complex approach, a micropore biosensor was conceived to study the passage of
In a more complex approach, a micropore biosensor was conceived to study the passage of living
living cells [102]. ODN-modified 15 µm-large micropores were converted into antibody-modified
cells [102]. ODN-modified 15 µm-large micropores were converted into antibody-modified
micropores by using antibody–ODN conjugates, as previously described [39,103–105] (Figure 9A).
micropores by using antibody–ODN conjugates, as previously described [39,103–105] (Figure 9A).
Mouse spleen cells, containing a mixture of B- and T-lymphocytes, were used as a biological model
Mouse spleen cells, containing a mixture of B- and T-lymphocytes, were used as a biological model
to evaluate the recognition properties of the functionalized micropores. B- and T-lymphocytes are
to evaluate the recognition properties of the functionalized micropores. B- and T-lymphocytes are
undistinguishable in optical microscopy without prior labeling because of their similar morphologies.
undistinguishable in optical microscopy without prior labeling because of their similar
However, they express different markers at their surface that can be recognized by specific antibodies,
morphologies. However, they express different markers at their surface that can be recognized by
i.e., anti-CD19 and anti-CD90 for B- and T-cells, respectively. In the experiment, for visualization
specific antibodies, i.e., anti-CD19 and anti-CD90 for B- and T-cells, respectively. In the experiment,
purposes, only T-lymphocytes were selectively labeled with R-phycoerythrin conjugated with an
for visualization purposes, only T-lymphocytes were selectively labeled with R-phycoerythrin
anti-CD3 antibody. The devices were positioned over an inverted fluorescence microscope allowing
conjugated with an anti-CD3 antibody. The devices were positioned over an inverted fluorescence
visual access to the micropore (Figure 9B). Two behaviors could be observed in functionalized
microscope allowing visual access to the micropore (Figure 9B). Two behaviors could be observed in
micropores: The cells were either translocated through the pore or remained trapped inside the
functionalized micropores: The cells were either translocated through the pore or remained trapped
pore. Epifluorescence microscopy revealed that T-lymphocytes were trapped in anti-CD90-modified
inside the pore. Epifluorescence microscopy revealed that T-lymphocytes were trapped in anti-CD90micropores and B-cells in anti-CD19-functionalized micropores, respectively. No cell capture could
modified micropores and B-cells in anti-CD19-functionalized micropores, respectively. No cell
capture could be observed in non-functionalized or ODN-modified control micropores. The CLEFfunctionalized micropores can therefore be useful tools for ensuring selective capture of well-defined
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2.6. From “Through” to “Planar” Pores
2.6. From “Through” to “Planar” Pores
As discussed in Section 2.2, micro- and nanopores are fabricated by drilling an aperture in
As discussed in Section 2.2, micro- and nanopores are fabricated by drilling an aperture in a
a solid-state membrane. This kind of “through” pore suffers from complex handling in terms of
solid-state membrane. This kind of “through” pore suffers from complex handling in terms of fluidic
fluidic connections coupled with electrical connections. Recently, Long and collaborators reported
connections coupled with electrical connections. Recently, Long and collaborators reported the
the advantage of combining bipolar electrochemistry with pore technology [22,106–109] through the
advantage of combining bipolar electrochemistry with pore technology [22,106–109] through the
development of a metal-coated wireless nanopore electrode for the detection of single small molecules
development of a metal-coated wireless nanopore electrode for the detection of single small
and ions [107] and the real-time monitoring of NADH in living cells [108]. It is therefore relevant to
molecules and ions [107] and the real-time monitoring of NADH in living cells [108]. It is therefore
shift from “through” to “planar” pores, i.e., restrictions inside microfluidic channels. These restrictions
relevant to shift from “through” to “planar” pores, i.e., restrictions inside microfluidic channels.
are
easy
to fabricate
substrates
assubstrates
silicon, silicon
andsilicon
PDMSoxide,
and can
similar
These
restrictions
areusing
easy to
fabricatesuch
using
such oxide,
as silicon,
andhave
PDMS
and

can have similar applications as through micropores [110–115]. Such restrictions permit the optical
view through transparent covering materials in addition to simpler fluidic control, parallelization,
and multiplexing.
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3. Conclusions and Prospects
3. Conclusions and Prospects
Contactless electro-functionalization is an innovative methodology to achieve the localized
Contactless electro-functionalization is an innovative methodology to achieve the localized
grafting of various electroactive entities exclusively on the inside walls of micro- and nanopores.
grafting of various electroactive entities exclusively on the inside walls of micro- and nanopores. This
This very versatile technique overcomes the challenge of selectively functionalizing the inside walls of
very versatile technique overcomes the challenge of selectively functionalizing the inside walls of a
a pore manufactured in a solid-state dielectric membrane. Numerical simulations provided relevant
pore manufactured in a solid-state dielectric membrane. Numerical simulations provided relevant
cartographies of the electrical field in the pore environment. The developed numerical model was
cartographies of the electrical field in the pore environment. The developed numerical model was
validated by achieving a good correlation between simulated and experimental impedance spectra.
validated by achieving a good correlation between simulated and experimental impedance spectra.
Two necessary conditions for CLEF efficiency are the presence of a sandwich membrane, made of
Two necessary conditions for CLEF efficiency are the presence of a sandwich membrane, made of
silicon covered with silicon oxide, and a threshold value for the applied voltage. Above this threshold
silicon covered with silicon oxide, and a threshold value for the applied voltage. Above this threshold
value, the sandwich-like structure of the membrane induces the polarization of the dielectric silicon
value, the sandwich-like structure of the membrane induces the polarization of the dielectric silicon
oxide, and the applied voltage creates a pathway for charge carriers between the inner silicon core and
oxide, and the applied voltage creates a pathway for charge carriers between the inner silicon core
the electrolyte. The major role of the silicon inner layer was also corroborated by the major influence of
and the electrolyte. The major role of the silicon inner layer was also corroborated by the major
influence of light on the CLEF process. CLEF finds promising applications in biosensing, particularly
in living cell analysis. The presence and the identification of B- and T-lymphocytes was achieved
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light on the CLEF process. CLEF finds promising applications in biosensing, particularly in living
cell analysis. The presence and the identification of B- and T-lymphocytes was achieved using a
micropore functionalized via CLEF with specific antibodies whereas these cells are indistinguishable
by optical microscopy without prior labeling. This opens opportunities for the analysis of other types
of cells. We anticipate that CLEF will open the way, in the next years, to new electrochemically inspired
methodologies for localized grafting in micro- and nanopores.
The limitations of the CLEF methodology lie mainly in the relatively complex experimental setup
needed for its implementation. A solution to simplify the experimental process is to switch to “planar”
pores, far easier to conceive and parallelize than membrane-through pores and to which CLEF could
be adapted.
Funding: This research was funded by Labex Arcane and CBH-EUR-GS (ANR-17-EURE-0003) and the
French National Research Agency (Sensopore ANR-05-JC05-046166, Precis ANR-08-NANO-049, Planarpore
ANR-15-CE18-0027-04).
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