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Abstract
We demonstrate the possibility of using a simple functionalization procedure, based on an
initial vapour-phase silanization, to control the size and functionality of solid state nanopores.
The presented results show that, by varying the silanization time, it is possible to modify the
efficiency of probe molecule attachment, thus shrinking the pore to the chosen size, while
introducing a specific sensing selectivity. The proposed method allows us to tune the nanopore
biosensor adapting it to the specific final application, and it can be efficiently applied when the
pore initial diameter does not exceed a limit dimension related to the mean free path of the
silane molecules at the working pressure.

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanopore technology is a growing and spreading research
field, which covers many different areas, from single
molecule stochastic sensing [1, 2] to medical screening and
diagnosis [3, 4], and therefore plays an important role at the
forefront of biotechnology and life science. Nanopore based
devices, both biological [5] and synthetic [6], allow us to
detect and interrogate single molecules by monitoring the
modulation of the pore electrical conductance. This simple
transduction mechanism is particularly powerful because
it allows us to reduce the necessary sample volume and
concentration, greatly decrease time and cost of the analysis,
avoid labelling and mimic basic biological functionalities [7].
Such devices have already been successfully used to count,
sort and manipulate different kinds of molecules and bio-
polymers [8, 9], to study protein folding and unfolding [10],
to investigate biomolecular interactions [11, 12], and they
have also been proposed for use in ultra-rapid DNA
sequencing [13, 14] and gene expression profiling [15]. In
most cases, the information is obtained by simply registering
and analysing the transient ionic current reduction induced
by the physical obstruction of the nanochannel caused by the
molecule translocation. However, even if this ‘resistive pulse
technique’ [16] allows us to maximize the sample processing

speed, avoiding specific target preparation, most of the present
efforts aim to develop smart sensors, with proper selectivity
and specific chemical and biological functionalities [17, 18].
Protein nanopores have been, in fact, modified by replacement
or substitution of amino acids for stochastic sensing of
metal ions [19], engineered by covalent attachment of probe
molecules to sense target DNA molecules or proteins [20]
and also equipped with noncovalent adapters, to allow the
specific binding of analytes [21]. To overcome the limitations
of biological pores, which suffer from a fixed geometry
and limited lifetime and stability, solid state nanopores and
nanochannels have been introduced and realized in silicon
materials [22], polymers [23, 24], glass [25], metals [26, 27]
and graphene [28]. These synthetic counterparts of protein
pores have adjustable size, shape and surface properties, and
can be integrated into complex lab-on-a-chip devices, hence
enhancing their technological applicability. Nevertheless,
they are non-selective and chemically inert. Many strategies
have been so far introduced to chemically modify their
surface with organic coatings, in order to confer on them
sensing selectivity [22, 29, 30]. For instance, self-assembled
organosilane coating was used to control the pH response
of silicon nitride pores [31] and to functionalize them
with amino-terminated molecules [32–34]. The nanopore
is frequently modified by a procedure involving surface
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Figure 1. Scheme of the three-step functionalization procedure of the nanopores. The first step (silanization) is evidenced in the grey box.
Due to the water molecules present on the nanopore surface, silanes can deposit not only as an ordered layer (bottom-left arrow, (A)) but
also as a vertical more complex structure by self-polymerization (bottom right arrow, (B)). The second step of the procedure (number 2 on
the centre of the figure) consists of a liquid-phase treatment with 1,4-phenylene diisothiocyanate cross-linker. Then, an over-night treatment
with amino-modified DNA is performed (step number 3 in the centre of the figure). The functionalized chip is represented as a final product
on the right of the figure.

silanization followed by the attachment of an intermediate
cross-linker and the specific probe molecule. This is a quite
general approach, which exploits the silanol groups present
on the silica surface, and it is widely used to alter the surface
properties of inorganic materials in order to increase cell
adhesion [35], to immobilize proteins for immunoassays [36],
for DNA chips [37] and high resolution imaging of
biomolecules [38]. However, while the functionalization
of planar surfaces for biosensing has been extensively
investigated, the functionalization of nanometric structures
still remains a challenging and complex issue [39, 40]. We
recently demonstrated that, by functionalizing a nanopore
with oligonucleotides, it is possible to simultaneously resize
and activate it [41, 42]. Functionalized nanopores are
characterized by a reduced effective pore diameter (EPD) [43]
depending on contour length, stiffness and total charge of the
used probe molecules, i.e. on their re-orienting and stretching
under the external electric field. As underlined in [33, 43, 44],
this is a very crucial point for many advanced applications,
such as DNA analysis and sequencing. A number of solutions
have been identified to tailor the EPD: controlling the bare
nanopore size during fabrication [45] (also post-depositing
oxide layers on the surface, [32, 33]), carefully choosing
the probe molecules, adjusting the strength of the applied
electric field [43], and altering the persistence length of the
DNA probe molecules by modifying the ionic concentration
of the solution [46]. In the present paper, we introduce a
new approach to tune the EPD of the pore. The proposed

procedure uses vapour-phase silanization with a variable
duration to regulate the thickness of the organic coating, so
adapting the device to the application and target molecule.
Specifically, we use 3-aminopropyl triethoxy silane (APTES)
because it is highly reactive, and can give rise to a number
of possible surface structures [47]. Its attachment on silica is,
in fact, driven by an initial hydrolysis that can occur either
in solution, or at the substrate surface, depending on the
amount of water present [48]. The interaction with surface
silanol groups (SiOH) results in siloxane bonding (Si–O–Si),
accompanied by ROH as a by-product (R = CH2CH3). It is
then possible to produce ordered self-assembled monolayers
(SAMs), but self-polymerization of APTES in solution
usually prevents the formation of homogeneous films, causing
polysiloxane deposition at the surface, due to 3D vertical
polymerization [47]. This partial vertical polymerization of
silane molecules can be interestingly exploited to control the
resizing of nanostructures by chemical functionalization. In
particular, the formation of thick layers of coupling molecules
induced by small amounts of surface water can be used
to attach oligonucleotides to solid state nanopores, so to
produce selective, tunable and sensitive biosensors. For this
purpose, we tested a three-step procedure based on the
vapour-phase silanization suggested in [49] and illustrated in
figure 1 (details are given in section 2). Data presented here
prove that, by varying the silanization time, it is possible
to modify the functionalization efficiency, thus tuning the
thickness of the organic coating, i.e. the size of the nanopore,
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while adjusting the biosensor functionality and selectivity.
This quite simple preparation method, being applicable with
many different probe molecules, i.e. for a range of different
targets, is very powerful and versatile. As shown here, its
efficient application requires a careful consideration of the
parameters influencing the process of chemical modification
of nano-confined regions, a fundamental issue for many
advanced applications of nanopore technology.

2. Experimental details

2.1. Nanopore fabrication

A thin (20–100 nm nominal thickness) SiN film is deposited
on a 300 µm thick Si substrate. The Si side of the chip is
then anisotropically etched until a silicon nitride area 80 ×
80 µm2 large is exposed. Nanopores are fabricated on this
free-standing membrane using a CrossBeam R© workstation
model 1540XB (Carl Zeiss AG, Oberkochen, Germany)
that combines an ultra-high resolution scanning electron
microscope (UHR-SEM) and a focused ion beam (FIB), and
is equipped with a scanning transmission electron microscopy
(STEM) detector. The pore drilling is made by exposing the
membrane for 1 s to a resting and focused ion beam of 2 pA.

2.2. Nanopore functionalization

The Si/SiN chip is initially subjected to an oxygen plasma
treatment (60 s, 30 W) to clean any organic contamination and
produce hydroxyl groups on the SiN surface. As illustrated in
figure 1, the subsequent functionalization procedure consists
of three main steps. First of all, the chip is exposed to silanes
in vapour phase by placing it inside a dynamically pumped
low vacuum chamber near to a glass holder containing 20 µl
of APTES (Sigma-Aldrich), at ambient temperature and base
pressure P ∼ 30 kPa. This first step (silanization) is evidenced
in the grey box in figure 1. Due to the water molecules present
on the nanopore surface, silanes can deposit not only as an
ordered layer (bottom-left arrow, (A)) but also as a vertical
more complex structure by self-polymerization (bottom right
arrow, (B)). The second step of the procedure (number 2 in
the centre of figure 1) consists of a liquid-phase treatment
with 1,4-phenylene diisothiocyanate cross-linker (0.5% P/V
in dimethyl sulfoxide) for 1 h followed by two washes
in dimethyl sulfoxide and two washes in double distilled
water. Finally, an over-night treatment at 37 ◦C with 100 nM
amino-modified DNA (5′-GCC AAA AGG GTC ATC ATC
TCT GCC CCC TCT GCT GAT GCC CCC ATG-3′ sequence,
MWG Biotech, Germany) in ddH2O pH 8–9 is performed
(step number 3 in the centre of figure 1), followed by two
washes with 28% ammonia solution and by two washes with
ddH2O to de-activate the substrate.

2.3. SEM and STEM imaging

SEM images of the nanopores, before and after the
functionalization, are obtained by using an accelerating
voltage of 20 kV and an aperture size of 30 µm. The sample

is placed at 2 mm working distance, and the in-lens detector
is used to image surface structures. The images are taken at a
scan rate with a dwell time of 6.4 µs, averaging over 10 line
scans, so as to obtain a good signal to noise ratio. In these
conditions, SEM artefacts are minimized, carbon deposition
above all, and, despite the sample being non-conductive, there
is no drift of the electron beam.

STEM imaging of the nanopores, before and after the
functionalization, is obtained by using an accelerating voltage
of 30 kV in bright field mode.

2.4. Electrical measurements

To perform electrical measurements, both before and after
the functionalization procedure, the nanopored chips are
mounted between rubber gaskets in a microfluidic cell placed
in a double Faraday cage enclosure on an anti-vibration
table. The cell is made of two facing plexiglas chambers
filled with filtered 1 M KCl ionic solution (conductivity ∼
10 S m−1, pH = 7). Two Ag/AgCl pellet electrodes (Warner
Instruments, E206) are used to apply a voltage bias and
collect the ion current by means of a patch-clamp amplifier
(Axopatch 200B, Axon Instruments, 250 kHz sampling rate,
low-pass four-pole Bessel filter set at 10 kHz).

3. Results and discussion

Different nanopores with similar initial diameter (about
80 nm) were functionalized by just varying the duration
of the vapour-phase silanization step (that is the part of
the procedure contained in the grey box of figure 1) while
maintaining unaltered both the sequence of steps depicted in
section 2.2 and the external parameters. The reaction occurs
very quickly, so that the time of exposition to the silane
molecules, te, was set between 60 and 420 s. At the end of
the functionalization procedure, after the attachment of the
oligonucleotides, the chips, represented as a final product on
the right of figure 1, were analysed by SEM imaging, to point
out the surface modifications induced in the nanopore area by
the chemical activation. The collected SEM images are shown
in figure 2 for a non-functionalized nanopore (te = 0 s), and
five nanopores treated with silanes for te = 60 s, 180 s, 240 s,
300 s and 420 s, respectively. The presence of the organic
layer is associated to the appearance of a ragged edge on the
circular pore, and, as evident in figure 2, it depends on the
silanization time: 60 s are not sufficient to produce noticeable
modifications, but once the silane film starts covering the
nanopore surface, the binding of biomolecules becomes more
and more efficient, producing a progressive shrinking of the
diameter. In this regards, the final effect of the 300 and 420 s
silanization treatment is quite similar, consisting in an almost
complete coverage of the nanopore aperture with the probe
molecules, and resulting in an organic layer having a thickness
(20–23 nm, as deduced by SEM images) slightly larger than
the contour length of the used oligonucleotides (45 bases,
corresponding to about 15 nm). This result is consistent with
a functionalization which is not initiated with the formation
of a simple monolayer of silane molecules. For te ≥ 600 s,
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Figure 2. SEM images (accelerating voltage of 20 kV and aperture size of 30 µm) obtained on, respectively, a non-functionalized nanopore
(silanization time te = 0 s) and five nanopores treated with silanes for te = 60, 180, 240, 300 and 420 s. The presence of the organic layer is
associated to the appearance of a ragged edge on the circular pore, and depends on te.

almost all the nanopores appear clogged to the SEM analysis,
indicating a progressive disordered linking and superposing of
the probe molecules that causes the fouling of the nanometric
aperture.

As shown in figure 3, this resizing behaviour is
nicely confirmed by electrical measurements performed on
a series of nanopored chips functionalized by using different
silanization times. For each nanopore, a voltage–current curve
was measured both before and after the probe attachment, and
a linear fit was used to estimate the electrical resistance. As
an example, figure 3(A) presents the voltage–current curves
obtained on the same chip before and after the chemical
modification produced by using a 240 s silanization. The
measured relevant increase in the electrical resistance from
about R = 5.5 M�, for the bare nanopore (NP), to about
Rf = 21.2 M�, for the functionalized nanopore, is caused
by the size reduction produced by the probe attachment.
In fact, the values of R/Rf reported in figure 3(B) as a
function of the silanization time, allow us to estimate the
continuously growing percentage reduction of the pore area
with the thickness of the organic coating. As shown in the
figure, the revealed behaviour can be fit by an exponential
decay with a single time constant of 116 s, whose value
is likely related to the pressure and temperature conditions
used during the silanization. Even if an exact analysis of the
dynamics of the process will require further investigation,
electrical measurements clearly demonstrate the possibility of
building a specific calibration curve for the pore resizing. We
further tested the reproducibility of the procedure by means of
STEM imaging. Figure 4(A) presents a STEM image realized
on a pore having similar dimension with respect to those used
for electrical measurements. The enhanced contrast between
the electron transmitting and not transmitting regions permits
a fine determination of the initial area. Similarly, the STEM

image realized on the pore after the functionalization obtained
by using a 300 s silanization, shown in figure 4(B), allows us
to precisely distinguish the residual open area from the region
covered by the probe molecules (grey reticulated area). The
analysis performed on the STEM image gives an estimation
of the ratio between the open areas after and before the
functionalization of 0.14, which is a value in good agreement
with the electrical estimation of 0.16 obtained for 300 s
silanization (see figure 3(B)).

The preparation procedure thus requires precise control
of the first activation step, which is highly dependent on
the chosen probe molecules and on the final diameter
needed for the specific application, but is extremely
simple and effective, enabling a very fast realization of
a selective solid state nanopore biosensor. Such kinds of
functionalized pores have been successfully used to perform
translocation experiments of long dsDNA molecules, thanks
to the sensitivity acquired through the diameter reduction,
and hybridization experiments with complementary target
sequences, thanks to the selectivity of the interaction between
the probe attached to the sensor surface and the dispersed
target molecules [50].

The use of the chemical functionalization to tune both
the size and the functionality of the nanopore biosensors,
enables us to elaborate a manufacturing strategy which does
not require, in principle, a very demanding nano-fabrication
technique. As demonstrated by the data reported in figures
2–4, nanopores with a quite large initial diameter of about
60–80 nm can be, in fact, modified and resized to be used
for single molecule sensing. One might wonder to what extent
this mechanism is flexible: is it possible to start from even
larger pores, having dimension compatible with lithographic
techniques, and still obtain functional biosensors? To test
this hypothesis we prepared a Si/SiN chip containing a
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Figure 3. Electrical measurements performed on a series of nanopored chips functionalized by using different silanization times. As an
example, (A) presents the voltage–current curves obtained on the same chip before and after the chemical modification produced by using a
240 s silanization. A linear fit allows us to estimate a relevant increase in the electrical resistance from about R = 5.5 M�, for the bare
nanopore (NP), to about Rf = 21.2 M�, for the functionalized nanopore, caused by the size reduction produced by the probe attachment.
(B) Reports the values of R/Rf as a function of the silanization time, showing a continuously growing percentage reduction of the pore area
with the thickness of the organic coating.

Figure 4. STEM images (accelerating voltage of 30 kV, bright field mode) realized on the same nanopore before, (A), and after, (B), the
functionalization obtained by using a 300 s silanization. The enhanced contrast between the electron transmitting and not transmitting
regions permits us to precisely distinguish, for the functionalized pore, the residual open area from the region covered by the probe
molecules (grey reticulated area).

series of seven pores of increasing diameter, from 250 nm
to about 2 µm. The chip was then subjected to the same
functionalization procedure used for the nanopore of figure 4
(te = 300 s), and analysed by SEM imaging. The upper part
of figure 5 presents a large scale image of the entire set of
nanopores realized by FIB drilling on the SiN membrane.
For each of them, two images are reported in figure 5: a
numbered one (from 1 to 7), obtained on the pore before the
treatment, and, immediately below, that collected after the
functionalization. These images show that all the pores are
clogged and coated with a layer of material whose thickness
and density appear even to increase with the increase of
the diameter, a result clearly not comparable with that
obtained with smaller nanometric apertures. We ascribe this
behaviour to the specific flow regime of the vapour-phase
silanization process. Indeed, the pressure distribution inside
the vacuum chamber during the exposition of the Si/SiN
nanopored chip to the silanes, being dynamically generated,
cannot be considered uniform, so that a pressure difference
is present across the nanopore, allowing a gas flow through
the orifice [51, 52]. The flow regime through the nanopore is
determined by the ratio between the pore diameter d, and the

molecule mean free path λ. The mean free path of a molecule
depends on its diameter D, the temperature T and the pressure
P according to the relationship:

λ =
kBT
√

2πD2P
(1)

where kB is the Boltzmann constant. By considering the
parameters set during the functionalization, P = 30 kPa,T ∼
25 ◦C (see section 2.2), and the diameter of silane molecules,
D = 3.55 Å [53], equation (1) gives an estimated mean free
path λ = 245 nm. The silanization of the smaller nanopores
of figures 2–4 hence occurs in the molecular flow regime
(d < 100 nm < λ). The gas molecules follow independent
trajectories and interact preferentially with the pores’ surface,
so that a controllable and tunable functionalization of the
surface is possible [54]. Differently, the chemical modification
of the larger pores of figure 5 takes place in a viscous flow
regime (d > 250 nm > λ). In this case, the gas downstream
from the orifice is dense, and the convergent flow towards the
axis of the pore causes its clogging [54]. As a consequence,
the functionalization cannot be steered, and rather requires
a different setting of the parameters affecting λ. Similar
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Figure 5. Upper part of the figure: large scale SEM image of a set of seven pores of increasing diameter, from 250 nm to about 2 µm,
realized by FIB drilling on a SiN membrane. For each of them, two images are reported in the figure: a numbered one (from 1 to 7),
obtained on the pore before the treatment, and, immediately below, that collected after the functionalization.

considerations have been used in the literature to control the
process of nanoscale patterning of organosilane thin films
directly from the gas phase, and are fundamental to the design
and manufacture of multifunctional surfaces [55].

In conclusion, we demonstrated the possibility of using
a simple functionalization procedure to produce effective
single molecule biosensing devices by starting from FIB
fabricated solid state nanopores. Our approach is based
on the simultaneous tuning of pore size and functionality
as induced by the chemical covalent attachment of probe
biomolecules on its surface. The developed protocol does
not involve a tough deposition of organic material, being
based, instead, on a vapour-phase silanization of the entire
chip surface. SEM and STEM imaging, and electrical
measurements have been used to show that, by varying
the silanization time, it is possible to control and tune
the functionalization efficiency, thus shrinking the nanopore
till the chosen size, while introducing a specific sensing
selectivity. We found that, by using 45-mer oligonucleotides

as probe molecules and 300 s of vapour-phase silanization
at P = 30 kPa and ambient temperatures, it is possible
to obtain the complete coverage of the nanopore aperture.
Under these conditions, the functionalization produces an
∼80% size reduction of the pores, the process being driven
by the vertical polymerization of the silane molecules. The
great advantage of the proposed strategy is its simplicity
and versatility. Indeed, being adaptable to different probe
molecules, it allows the preparation of biosensors for a variety
of different applications and target biomolecules. Finally, we
verified that the process is only steerable for nanopores having
an initial size less than the mean free path of the silane
molecules at the working pressure. Under these conditions,
the silane flow regime is molecular and the functionalization
process is sufficiently ordered so as not to cause the rapid
clogging of the nanometric aperture, which is a fundamental
issue in the field of chemical modification of nano-confined
regions for advanced biotechnological applications.
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van Nies P, Lim R Y H and Dekker C 2011
Single-molecule transport across an individual biomimetic
nuclear pore complex Nature Nanotechnol. 6 433–8

[8] Li J and Golovchenko J A 2009 Solid-state nanopore for
detecting individual biopolymers Methods Mol. Biol.
544 81–93

[9] Kumar H, Lansac Y, Glassef M A and Maiti P K 2011
Biopolymers in nanopores: challenges and opportunities
Soft Matter. 7 5898–907
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