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Abstract:

Nanopores possess an inherently built-in transduction mechanism that opens up the prospects for
their use as label-free chemical sensors. Species comparable in size with the nanopore restriction that
enter the nanopore are able to effectively change the physico-chemical properties of the nanopore
interior, such as the conductance, which provides sensitive means for their detection. The full
capability of interrogating the sample in the extremely small volume confined by the nanopore interior
is achieved if a single nanopore is used for sensing, which leads to single species detection. We are
going to present the application of this concept for the calibration-free sizing and counting synthetic
and biological nanoparticles (viruses) with nanopipettes. Beside “passive” counting, the chemical
modification of single nanopores and nanopore arrays with functional compounds and receptors offers
new opportunities for selective chemical sensing with nanopores. These “unconventional” sensing
concepts will be presented through the synthesis of solid-state ion channels and their application for
the selective detection of ions and polyions, as well as nanoparticle displacement assays with
nanopore-based sensors.
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geometry nanopipettes enables even

calibration-free sizing and quantifying of
nanoparticles.[3] The performance of the

Resistive pulse sensing of nanoparticles
The most commonly used electrochemical

readout in nanopore sensors is resistive pulse
sensing (RPS).[1] RPS relies on monitoring
changes in the applied voltage-driven ion
current across a nanopore embedded in an
electrically insulating membrane that separates
two electrolyte chambers as the detected
species are passing through the nanopore
sensing zone. This implies that the detected
species cause a measurable change in the pore
conductance, i.e., they act as a stimulus,
opening or closing the nanopore to the flux of
small ions of the electrolyte solution. Since the
concentration of these ions exceeds that of the
target species by many orders of magnitude an
inherent amplification is achieved. Clearly, the
frequency of the resistive pulses and their
amplitude scales with the concentration and
size of the detected species, respectively, but, it
is rather rare that absolute values are provided
from RPS measurements. [2] We found that
using the theoretical description of the resistive
pulse signals combined with well characterized

methodology and the proper choice of the
experimental parameters is shown through the
resistive  pulse sensing of  synthetic
nanoparticles and viruses. The nanopore-based
RPS sensing excels in terms of size resolution
that enables to resolve polidisperse
nanoparticle samples. This is very useful to
follow alteration in size (and concentration) of
nanoparticle solutions subject to different
separation processes, e.g. membrane filtering
and centrifugation.[4]

It is important for analytical applications to
understand also the fundamental limitation of
nanopore sensors, i.e., the sensing zone is
generally infinitesimal with respect of the
probed sample volume. Consequently, the
probability to have in extremely diluted solutions
target species encountering the nanopore
sensing zone is low, the limiting scenario being
the undirected, Brownian motion.[5] Thus, in
RPS the translocation frequency decreases
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with the concentration of the target species, the
lowest detectable concentration being ultimately
determined by the length of the measurement.
Since this is limited by practical circumstances
a number of approaches were considered to
increase the event frequency, such as applying
hydrostatic pressure, which we found to be the
best option to accurately assess the
concentration of target species.

Chemically modified nanopores

While RPS methods offer a wealth of
information, not even the outstanding size
resolution, and further information on the
charge [6, 7] and shape[8] of target species
may provide sufficient selectivity to assess
them in complex samples. To overcome this
problem nanopores were functionalized with
selective receptors [9-11] to generate selective
responses. Chemical functionalization also
enabled the implementation of new sensing
concepts. In this respect we were particularly
interested in the synthesis and analytical
application of selective solid state ion-channels
based on nanopores. To prepare ion-selective
nanopores, in a rather close analogy with the
selectivity filter of biological ion channels, the
inner wall of gold nanopores of a few nm
diameter was modified with three different
functional thiol and dithiolane derivatives, i.e.,
most importantly with an ionophore to induce
selective complexation of the targeted ion (Ag+,
Cu?*), [12, 13] as well as with a cation
exchanger and a perfluorocarbon derivative to
confer permselectivity and hydrophobicity to the
nanopore environment, respectively. Simply
monitoring the membrane potential of these
functionalized nanoporous membranes results
in a Nernstian response to the targeted ions.
Such solid-state ion channels based ion-
selective electrodes were shown to closely
match the performance of their relevant
conventional counterparts and even to provide
advantages in terms of longer life time,
miniaturization to the nanoscale, and selectivity.
Furthermore, the potentiometric transduction
mechanism could be also extended for the
selective detection of nucleic acids with peptide
nucleic acid functionalized nanopores.[14]
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