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Introduction
Analytical chemistry is facing a growing demand for techniques that are capable of reliably
measuring, monitoring and detecting a large diversity of species ranging from molecules and
molecular associates to nanoparticles and microparticles of either biological or synthetic origin.
Decades ago much of our analytical information stemmed from measurements of molecule
ensembles, but with the development of the instrumentation the available spatial and temporal resolution was extended and it became possible to detect even single molecules. In single
molecule detection methods the obtained information is not limited to the averages of the ensemble but molecules are detected as single entities revealing previously hidden variations,
sub-populations, intermediates or pathways in the ensemble.1
While ensemble methods need a reference material to which one can relate the concentration,
a single-molecule method detects the analyte molecules one-by-one and the only information
needed is the volume from where the analytes are stemming.
A single-molecule method would have an advantage by the concentration determination of
viruses in vaccines, which often uses inactivated virus particles. The amount of active viruses
is determined commonly by utilizing the ability of viruses to replicate in cell cultures by using
the so called plaque assay, which is rather time- and labor-intensive technique. Moreover this
method by definition is not applicable at all to inactivated viruses. Presently the quantitation of
virus particles is rendered difficult by the availability of proper standards. But the lack of virus
particle standards is not surprising given that already the number of commercially available nanoparticle standards with known size is rather small and (to the best of my knowledge) there are
no nanoparticle concentration standards. Nanoparticle manufacturers provide only the w/v% of
the nanoparticle suspension, i.e., the mass of dry matter in the solution along with the average
diameter. Although these data can be used to approximate the particle concentration, it neglects
the particle-to-particle variation, which manifests itself in biased results.
One group of sensors, which inherently possess a spatial resolution comparable to their size are
sensors based on nanopores.2 Nanopore sensors feature a single nanometer range pore or an
array of pores in a suitable insulating membrane and they detect the residence of a species of
comparable volume with the nanopore interior.
Among the plethora of membrane materials and methods used to fabricate nanopores one special type is the nanopipette, which despite their cheap and rapid fabrication possibility, did not
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get much attention from researchers yet.3
The most widespread nanopore based single-molecule detection method is the resistive pulse
sensing (RPS), which implies monitoring changes (pulses or peaks) in the voltage driven ion
current across a nanopore that separates two electrolyte chambers as particles are passing through
the pore. Although the RPS signal carries information about the analyte size and concentration
only a minor fraction of the studies retrieve and report these, partly because of the uncertainty
of the nanopore geometry and partly because of the complexity of the conversion. The reported
data feature usually only the distribution of the pulse amplitudes, and in the rare case of providing size distributions, these are determined by precalibration with standard nanoparticles
(most often polymeric nanoparticles having different properties than the targeted nanoparticles). One of my aims was to create a nanoparticle/virus sizing and quantitation method based on
nanopipettes, which does not need calibration standards but is functional right after nanopipette
fabrication.
In the course of developing such a method I faced the difficulty of validating the RPS quantitation method for inactivated virus particles. Because the scarcity of methods able to determine
the concentration of viruses smaller than 30 nm in diameter without using virus concentration
standards I developed a method to determine the virus concentration based on static light scattering, which is a widely available technique requiring fairly routine instrumentation.
Despite the considerable number of reports on RPS-based nanoparticle counting the limit of detection of the RPS methodology, i.e. the minimal concentration that is still sizable/detectable in a
reasonable time frame has not been studied. Most likely because the systematic comparison/prediction of detectable concentrations is not trivial as it depends on the nanopore geometry, which
show large variation across literature reports. Considering this hiatus my intention was to create a simple prediction algorithm for the minimal sizable/detectable nanoparticle concentration,
which can aid the rational planning of the RPS experiments and provide the performance limits
of the method.
In biological systems ion channels ensure the permselective and/or selective transport of ions
through the lipid membranes, a behavior that can be mimicked with synthetic nanopores through
the appropriate chemical modification of the pore or membrane surface. This permselectivity
(charge sign based discrimination) can serve as the basis for potentiometric detection in which
a difference between ionic concentrations at the two sides of a permselective nanopore can generate a measurable potential difference. Our group investigated this potentiometric nanopore
sensing mechanism and extended it also to polyions. The advantage of potentiometric sensing
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is, that it requires much simpler instrumentation than the dominating nanopore based current
measuring techniques requiring most often pA level current resolution and bandwidths in the
10 kHz range. One such method uses potentiometric measurements for the selective detection of ions, thus offering an alternative to commercial PVC membranes used in ion-selective
electrodes and is also stable in non-aqueous solvents.4 In another method peptide nucleic acid
(PNA) probes, which are uncharged DNA analogues, are functionalized with positive charges
and are immobilized on the nanopore surface. The hybridization of the PNA probes with negatively charged nucleic acids generates a charge inversion at the nanopore surface, which can be
potentiometrically detected. Potentiometric nanopore sensing schemes are extremely scarce in
the nanopore literature thus my aim was to create models that can be used to further understand
the sensing mechanism of nanopore based potentiometric sensors, which can help in their rapid
prototyping.

Methods
Preparation and application of gold nanoporous membranes
Gold nanoporous membranes were created by electrolessly plating gold in the pores of track
etched polycarbonate membrane disks. The membranes are 6 µm thick and 25 mm in diameter
having randomly-distributed, straight-through, cylindrical pores with nominal pore diameters
of 80 nm and pore densities of 4x108 pores/cm2 . After proper sensitization the membranes
were placed in a gold-plating bath for different periods of time (2 to 5 h) to obtain nanopores
with different diameters. After the gold plating the amount of gold deposited was determined
by weighing and the effective pore diameter (average inside diameter) of the Au nanoporous
membranes by gas permeation experiments.
The gold nanoporous membranes were functionalized by using thiol derivatives that form selfassembled monolayers on Au surfaces. For generating negative surface charge mercaptoundecane sulfonic acid5 (MDSA) was used while for inducing positive charges N,N,N-trimethyl(mercaptoundecyl)ammonium chloride6 (QT).
Three 7 mm diameter gold nanopore membrane disks were cut from each 25 mm diameter
master membrane. Then the membrane disks were mounted into Philips IS 561 electrode bodies
and the inner solution compartment of the electrodes (ca. 1 mL) was filled with 0.1 mM KCl.
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The above constructed electrodes were placed in KCl solutions of various concentrations and
the EMF was measured against a double junction Ag/AgCl electrode.

Preparation and sensing application of nanopore arrays
Solid-state gold nanopore arrays were fabricated using a combination of silicon based 3D
MEMS/NEMS technology and focused ion beam (FIB) etching. The membrane consists of
three subsequent layers of non-stoichiometric silicon nitride (SiNx ), Ti oxide adhesion layer
and gold with thicknesses of 205, 5 and 150 nm, respectively. In this membrane 7 conical nanopores (half-cone angle of 9.2o ) of equal tip diameters in the range of 30-80 nm were formed
by FIB.7
The gold surfaces were modified using thiol and lysine terminated 18-mer PNA strands. A 22mer microRNA or its DNA analog was used as the complementary sequence target while a
similar length random sequence as the negative control. The PNA strands were immobilized
to the gold nanopore in a prehybridized form with a short complementary 7-mer DNA oligo,
which was recently shown by our group to ensure a self-controlled surface density optimal for
target hybridization.8
The membranes were fastened in a transport cell to separate two compartments (sample and reference), each accommodating a double junction Ag/AgCl electrode. The potential response was
measured by filling the reference compartment with 10-2 M KCl and the sample compartment
with 10-3 M KCl and the nucleic acid samples were added directly into the sample compartment.
The potential change was measured in real-time at 10-11 -10-7 M miRNA concentrations.

Preparation of quartz nanopipettes and their application for RPS measurements
Quartz nanopipettes were fabricated by pulling quartz capillaries of 1 mm outer and 0.7 mm inner diameter with a laser-based micropipette puller. The resulting nanopipettes had tip diameters
between 800-50 nm.
The fabricated nanopipettes were filled with electrolyte and the electrical connection was established by inserting a silver wire covered with silver-chloride (Ag/AgCl wire) into the pipette.
The nanopipette was attached to a polycarbonate holder comprising also a pressure port. The
counting experiments were performed at a constant voltage (for the constant current) and at a
7
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negative pressure (typically 0-1000 Pa) to aspirate the sample suspension through the tip in the
pipette interior.
Peak height, number and width was determined with a self-written peak detection program in
Python/Cython programming language using the NumPy, SciPy and matplotlib libraries. For
counting carboxylate-modified latex nanoparticles (CML) and poliovirus (Sabin-1 strain) was
used. In all cases, the same solution (50 mM KCl or phosphate buffered saline (PBS)) was used
in the sample compartment and the pipette interior.

Nanoparticle and virus characterization with other techniques
For sizing CML nanoparticles by scanning electron microscopy (SEM), a LEO 1540XB ultrahigh resolution field emission SEM system was used, while a Philips/FEI CM-20 transmission
electron microscope (TEM) was used for imaging poliovirus. Nanoparticle tracking analysis
(NTA) measurements were performed with a Nanosight LM10-HS system. A Malvern Zetasizer
Nano ZS particle analyzer with Zetasizer Software 7.01 was used for dynamic light scattering
(DLS) measurements with a 4.0 mW He-Ne laser at a wavelength of 633 nm.

Finite element simulations
Finite-element simulations of nanoporous membranes were performed in various experimental
conditions with Comsol Multiphysics 3.5 or 4.2 software package using the coupled Poisson,
Nernst-Planck and continuity equations. The simulated geometries consist of two electrolyte
reservoirs connected by a single cylindrical or conical nanopore.
The simulated geometry of gold nanoporous membranes consisted of two electrolyte reservoirs connected by a single cylindrical nanopore, which approximates the average behavior of
the multiple nanopores. The simulations assumed KCl solutions of various concentrations as
the outer solution, while throughout the study the inner solution was 0.1 mM KCl. In the model
the transport of two species K+ and Cl- was simulated and the inner surface of the pore was
charged.
In the simulations of nanopore arrays the simulated geometry consisted of two electrolyte
reservoirs connected by a single conical nanopore. The implemented conical nanopore geometry
was determined by Scanning Electron Microscopy (dtip = 29.3 nm, dbase = 142.8 nm). The
PNA strands and PNA-NA (NA: nucleic acid) hybrids were modeled as a 8.7 nm thick layer
adjacent to the gold surface with homogeneous spatial charge density. In the simulations of
5

PNA-NA hybridization a first order Langmuir type hybridization kinetics was assumed and the
Nernst-Planck and continuity equations were applied to the species K+ , Cl- , H+ and NA. The
kinetic data was fitted with the cma 1.1.06 python package which uses a Covariance Matrix
Adaptation Evolution Strategy (CMA-ES) for non-linear numerical optimization. To facilitate
the comparative overview of the experimental data and their theoretical fitting, the results were
plotted as potential change (∆E), i.e. by shifting the curves to have zero potential when no NA
is hybridized to the PNA-modified nanopores.

Results and discussions
Potentiometric response of gold nanoporous membranes
Near the charged nanopore walls the Coulomb force accumulates ions of the opposite sign
(counterions) while reduces the number of ions of the same sign (coions) resulting in more
counterion and less coion in the nanopore than in the bulk solution. The characteristic distance
at which the Coulomb force decays can be described with the Debye-length, which reduces at
higher ionic strengths. If the radius of the pore is on the scale of the Debye-length then the
Coulomb force makes the pore permselective. Permselectivity is however lost when the pore
radius is much higher than the Debye-length, which can be a result of increasing the pore radius
and/or decreasing the Debye-length by increasing the ionic strength. In essence three parameters
determine the permselectivity of the membranes: the surface charge density, the pore radius and
the ionic strength of the electrolyte in the nanopore.
I have prepared both anion- and cation permselective nanoporous membranes to study their
potentiometric response by inducing surface charge through chemical modification of the bare
gold nanopores with positively and negatively charged thiol derivatives, respectively.
I have studied the effect of various experimental conditions, in particular the diameter of the nanopores and their surface charge densities on the potentiometric response of the respective nanoporous membranes. As usual for many systems the information is not provided by the “ideal”
Nernstian behavior, but rather by deviations from the ideal behavior. Accordingly, deviations
from the Nernstian response at high salt concentration regime, i.e., Donnan failure owing to
coion interference9,10 , were used to estimate the surface charge density of the inner pore walls.
To gather further insight on relevant characteristics of the nanoporous membranes I correlated
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their experimental potential responses with numerical solutions of the Poisson/Nernst-Planck
(PNP) equations obtained by finite-element simulation.
The unmodified (due to the surface adsorbed anions) and MDSA-modified membranes gave
cationic response, while the QT-modified membranes gave anionic response close to the ideal
Nernstian behavior at concentrations lower than 1 mM with slight deviations at the lowest concentration (10-5 M); most likely due to proton interference (see Figure 1). As the concentration
of the outer solution increases (ionic strength increases) the permselectivity is gradually lost
owing to the decrease of the Debye-length. The onset of the deviations from the Nernstian response in the high salt concentration regime is clearly depending on the pore diameter, i.e.,
membranes with larger pore diameters lose permselectivity and deviate from the Nernstian behavior at lower concentrations than those with smaller pore diameters. From a theoretical point
of view these deviations from the Nernstian response hold valuable information on the surface
charge density and the average diameter of the nanoporous membrane. Given that the latter
parameters were determined by gas permeation experiments the surface charge density of the
nanopores could be determined by fitting the simulation results to the experimental data. The
fitted curves (using the surface charge density as fitting parameter) described surprisingly well
the experimental data.
Interestingly, the surface charge densities varied not only with the type of chemical modification
but also with the pore diameter for the same type of surface modification (see Figure 2A). The
exact reason for this behavior is not clear yet, but the results are conclusive in showing that negative surface charge densities induced to gold nanopores either by spontaneous anion adsorption
or by modification with a thiol derivative bearing a sulfonate group are significantly larger than
positive surface charge densities induced by self-assembling layers of a thiol derivative bearing
a quaternary ammonium group.
The deviations from the Nernstian response in the high salt concentration regime could be unambiguously traced back to salt co-extraction in the membrane (see Figure 2B, C). The outer
phase boundary potential is shown to level at high concentrations without exhibiting maximumlike behavior. However, considering the changes in the inner phase boundary potential the theoretically calculated membrane potentials show a good agreement with the experimentally determined maximum-like behavior in the coion interference regime.9
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Figure 1: Potential response of non-modified (A), MDSA-modified (B) and QT-modified (C) gold nanoporous membranes as a function of KCl concentration in the outer solution, while KCl concentration is fixed at 0.1 mM in the inner compartment. The experimentally determined potentials are
denoted with symbols, the simulated values with lines and the corresponding pore diameters
with text. The vertical dashed lines indicate the concentrations resulting from the conversion
of the surface charge density on the inner pore wall to an equivalent volume concentration of
monovalent ion (ceq ).
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Figure 2: Effective surface charge densities on the inner surface of unmodified (•), MDSA-modified
(N) and QT-modified () gold nanopores as a function of the pore radius (A). Simulated
membrane potential and the phase boundary potentials at the nanopore/inner solution and
nanopore/outer solution interfaces (B). Cross-section averaged phase boundary concentrations of K+ and Cl- at the outer solution/pore interface as a function of KCl concentration in the
outer solution (inner solution: 0.1 mM KCl) (C). The simulations refer to a 6 µm long and 18
nm diameter nanopore having a fitted surface charge density of -15.0 mC/m2 (B, C).

Potentiometric response of nucleic acid selective nanopore arrays
Our group proposed a new potentiometric sensing scheme based on equilibrium potential response which exploits the “charge inversion”11,12 phenomena occurring in positively charged
peptide nucleic acid (PNA)-modified nanopores upon selective binding of negatively charged
complementary nucleic acids (NAs). For the proof of principle gold nanopore arrays were used
consisting of 7 hexagonally arranged pores modified with positively charged thiol labeled PNA
strands for the detection of a 22-mer microRNA (miRNA) as a model for conserved short length
single stranded nucleic acids.13 Such membranes exhibit anionic permselectivity, which upon
selective binding of the negatively charged complementary microRNA strands is switched to
cationic permselectivity in a concentration dependent manner and the associated potential increase can be used for quantitation (Figure 3). We were further interested to determine the
concentration dependence of this process and to theoretically describe the response mechanism
considering for the first time the surface density of the PNA probe and its deployment in the
nanopore environment.
Quantitative measurements involving complementary miRNA (Figure 4) indicate that a significant potential response is elicited from 0.1 nM that reaches saturation at around 50 nM
resulting in a sigmoidal shape potential-concentration dependence. The potential span for the
11

Jágerszki, G. et al. Nano Letters 2007, 7, 1609–1612.
Ali, M.; Neumann, R.; Ensinger, W. ACS Nano 2010, 4, 7267–7274.
13
Lautner, G.; Gyurcsányi, R. E. Electroanalysis 2014, 26, 1224–1235.

12

9

Figure 3: Schematics of the measurement setup (A) and the idealized sensing concept (B) for the potentiometric detection of nucleic acids. Initially the PNA-modified nanopores are positively
charged (due to the terminal labeling of PNA with a lysine residue) resulting in an anionic
permselectivity as indicated by the negative slope of the membrane potential in response to
increasing KCl concentrations on the reference side of the nanopore. The negatively charged
complementary NAs (added to the sample side), upon binding to the PNA strands, will gradually change the charge of the nanopore to negative in a concentration dependent manner.
Accordingly, the slope of the potential response will gradually change to more positive. (C)
During real-time NA analysis the binding of complementary NAs is detected at a fixed salt
concentration on the reference side (10-2 M KCl) as an increase in the potential. For the given
electrochemical cell setup this corresponds to a maximum potential span of about 120 mV
(between ideal anionic and cationic permselectivity).
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whole miRNA concentration range is ca. 50 mV, which is intriguing given that switching from
an ideal anionic to an ideal cationic Nernstian response should result in ca. 120 mV potential
difference (Figure 3) in the setup we used, i.e. 10-3 and 10-2 M KCl at the sample and reference
side of the nanoporous membrane respectively. The reason is that neither the PNA-modified nor
the miRNA saturated nanopores show ideal permselectivity, i.e., there is a mixed ionic transport
with either anionic or cationic transport dominating, respectively, but without full exclusion of
the oppositely charged ions from the nanopore. The non-ideal permselectivity of such diameter
nanopores may be explained either by a low surface charge density and/or that the binding may
not occur along the full length of the nanopore.
My simulations have shown that with this nanopore geometry it is impossible to match the
experimental results at physically meaningful dissociation constant (Kd ) and surface density
values by assuming a homogeneous PNA surface density both inside the pore and on the exterior gold surface. Similarly, if I assumed that a homogeneous PNA layer covers only outside
the exterior membrane surface, the resulting PNA surface densities needed to generate a match
for the experimental results was significantly higher than the (2-4)·1013 cm-2 maximal values
reported in the literature for the surface density of NAs.14,15 After a systematic simulation study
I come to the conclusion that the best fit is obtained for a PNA distribution, which is homoext
) that gradually falls to zero
geneous on the external gold surface with a surface density (σPNA
around the tip of the nanopore. To reach the measured response the PNA surface density on the
ext
external gold surface was an experimentally perfectly feasible value σPNA
= 5.25 · 1012 cm−2
and by fitting I obtained a Kd of 5.65 nM.
The three main fitting parameters, the location of the PNA layer, the surface density of the PNA
layer and the equilibrium dissociation constant of the hybridization have clearly distinguishable influences on the shape of the miRNA calibration curve. The location of the PNA layer
influences the steepness of the calibration (Figure 4A), i.e., if the PNA layer is confined solely
to the outer surface then the dynamic range decreases, while it increases if the in-pore PNA
layer dominated the response. The surface density of the PNA layer determines the magnitude
of the potential response (Figure 4B) as an increased surface density of both the PNA and PNAmiRNA layers increases the charge density on the nanopore, which leads to increased anionic
and cationic permselectivity, respectively. Finally, the Kd determines the concentration corresponding to the inflection point of the sigmoidal curve (Figure 4C) with a smaller Kd shifting
the curve horizontally towards lower concentrations, i.e., toward lower limit of detection.
While the off-line measurement of nucleic acids was made only to be able to independently
14
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Figure 4: Experimental and simulated potential response of the PNA-modified nanopore sensor as a
function of miRNA concentration. The simulated responses considered: (A) different locations
of the active PNA layer according to the insets. (The PNA surface density is σPNA = 5.7 ·
ext
1011 cm−2 (green), σPNA = 8 · 1013 cm−2 (red), σPNA
= 5.25 · 1012 cm−2 (blue) and Kd =
ext
5.65 nM .) (B) Different σPNA PNA surface densities at the outer membrane surface (Kd =
ext
5.65 nM and the PNA layer is the same as on the inset); (C) different Kd values (σPNA
= 5.25 ·
12
−2
10 cm and the PNA layer is the same as on the inset). (D) Measured (dot) and simulated
(line) potential response of the nanopore sensor as a function of time. Arrows indicate changes
in the miRNA concentration. The parameters of the fitted model: kon = 1.44 · 105 (M · s)−1 ,
ext
koff = 8.15·10−4 1/s , Kd = 5.65 nM , σPNA
= 5.25·1012 cm−2 . The inset magnifies the potential
response in the lower concentration range of the complementary miRNA.
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assess the permselectivity of the nanopores at different hybridization stages, this is not a practical scheme for nucleic acid analysis. Therefore, our group pursued the real time detection of
complementary nucleic acids by adding the nucleic acid samples directly into the sample compartment and recording the resulting potential changes in real time. The results confirmed that
the miRNA binding can be followed label-free in real-time until the equilibrium is reached,
which reveals the kinetics of the binding process. The implementation of a time-dependent
model, as opposed to the steady state approach, allowed to determine the association kon and
dissociation koff rate constants by fitting the model to the potential-time trace obtained during
miRNA calibration (Figure 4D). The validity of the theoretical model is further supported by
the excellent fit obtained for the whole miRNA concentration range. Although an exact comparison is difficult because of the different experimental parameters and different NAs used but
the kon , koff and Kd values obtained are in agreement with the range of data previously reported
for PNA-NA hybridization on planar surfaces.16,17
Calibration-free sizing and quantitation of nanoparticles and viruses with quartz nanopipettes
The overall resistance of the nanopipette-based electrochemical cell is dominantly determined
by the smallest constriction of the nanopipette, i.e., by the resistance of the tip. Therefore the geometry of the fabricated nanopipettes was characterized by both scanning electron microscopy
(SEM) and electrical resistance measurements and a correlation was established, which enabled
the calculation of pipette tip diameter (dtip ) and half-cone angle (α) from the electrical resistance of the nanopipette.
I have developed a particle translocation model to calculate the relative current change (∆I/I)
caused by a nanoparticle having a relative diameter dpart /dtip translocating through a pipette tip
with a half-cone angle of α (Figure 5). In a solution of given conductivity, the amplitude of a
resistive pulse is a function of the nanoparticle diameter and the nanopipette geometry (α and
dtip ). Thus, if the geometry of the nanopipette is known, the pulse amplitude can be used to calculate the nanoparticle diameter by fitting the resistive pulse with dpart as the fitting parameter
without the need for calibration with nanoparticle standards of known diameter (Figure 6A, B).
The calibration-free sizing approach by using nanopipette based RPS proved to provide for all
monodisperse nanoparticles in our experiments mean diameters that agreed well with values
stemming from SEM, DLS, and NTA measurements (an example is on Figure 6). In most cases
the difference between the diameters determined by RPS and SEM was less than 1.5%.
16
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Figure 5: Relative current changes as a function of the particle position along the pipette axis for (A) a
nanopipette with α = 8o at different dpart /dtip ratios and (B) for nanopipettes with different α at
dpart /dtip = 0.5. The length where the current pulse is higher than 5% of their maximum value
is indicated by dashed lines for each half-cone angle. At x = 0, the center of the particle is at
the tip orifice. The insets help to visualize the different dpart /dtip ratios (A) or α values (B).

Figure 6: Typical current trace (A) with magnified current peaks after data analysis (B) recorded during
the RPS of 67 nm diameter CML particles (1.5 x 1010 mL-1 ). The experimental traces (filled
circles) are overlapped with simulated current peaks (lines). (C) Comparison of the size distributions determined by RPS (n67 = 147), SEM (n67 = 312), NTA (n67 = 1393), and DLS. RPS
measurements on this figure were carried out with a 140 ± 9 nm diameter nanopipette and
the nanoparticle concentration was 1.5 x 1012 mL-1 for SEM and DLS measurements and 2.5
x 108 mL-1 for NTA measurements.
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The translocation event frequency (fevent ) scales linearly18 with the concentration of the nanoparticles as long as the concentration is low enough to avoid particle-particle interactions.
Consequently, the nanoparticle concentration can be determined based on previous calibration
with relevant nanoparticle concentration standards. However, the slope of the calibration curves
can differ from particle to particle owing to their different size and/or surface charge density
that determines their electrical mobility. Therefore, a calibration with nanoparticle standards
should be performed for each type of nanoparticle, which is very difficult and impractical. Alternatively, if the volume of liquid drawn under pressure through the nanopipettes is known,
relating it to the event frequency would allow for a calibration-free concentration determination. However, the flow rate established through nanopores is generally too small (pL/min or
less) to be directly and accurately measured. I overcame this limitation by calculating the hydrodynamic resistance (RH ) of the nanopipette from the known pipette geometry, which, if the
applied pressure (P ) is known, can be used to calculate the volume flow rate (Q) through the
pore.
The concentration of nanoparticles determined by the calibration-free RPS methodology were
14-28% higher than the nominal values provided by the manufacturer based on gravimetric
measurement (Figure 7). This deviation could be stemming from inaccuracies in the particle
sizing performed by the manufacturer and/or from the uncertainty of the pipette geometry.
Using the previously validated particle sizing model I measured the mean diameter of the poliovirus particles as 26 ± 2 nm by RPS, 32.6 ± 4.5 nm by DLS and 24.3 ± 3.3 nm by TEM
(Figures 8 and 9), all close to the range of 24-30 nm reported previously.19,20,21
Comparing the size distributions obtained by RPS and DLS suggests that the narrower size
range of the nanopipette-based counting is advantageous when tuned to measure the size distribution of a given size target with high resolution. Of note, the broad size distribution obtained
by TEM reflects the uncertainty of the size measurement by staining rather than the virus size
dispersion.
I determined also the virus concentration by RPS with the same method that was used with
latex nanoparticles as (6.5 ± 1.8) · 1012 1/mL with two different nanopipettes having ca. 53 nm
tip diameters. Since the concentration of the poliovirus samples were unknown, to validate the
concentrations determined by RPS I adopted a method suggested by Vysotskii et al.22 for the
determination of nanoparticle concentrations based on static light scattering measurements.
18
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Figure 7: Correlation between concentrations determined by RPS and nominal values of CML nanoparticles with 73 nm (A) and 110 nm determined with two different nanopipettes (B,C). The
applied voltage was U = 100 mV, while the pipette tip diameters were 162 ± 10 nm (A),
300 ± 21 nm (B), 220 ± 15 nm (C). The blue lines show the perfect correlation.

Figure 8: TEM image of poliovirus capsids after 0.5% uranyl-nitrate staining.
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Figure 9: (A) Typical current signal (after baseline drift correction) with peaks originating from the
translocation of inactivated poliovirus particles through a 53 ± 3 nm diameter nanopipette
at U = 300 mV. (B) Size distribution of inactivated poliovirus particles determined by RPS (N
= 286), DLS and TEM (N = 58) measurements.

Light scattering based method to validate the RPS quantitation of poliovirus samples
My method is based on the work of Vysotskii et al., which uses the Rayleigh approximation to
convert scattered light intensity stemming from one particle population to another. The Rayleigh
approximation states that if the diameter of the light scatterer is smaller than ca. 1/10th of the
wavelength of the light source then the scattered light intensity depends on the scatterer concentration, diameter, and the ratio of the scatterer and solution refractive index. The expression
for the calculation of virus particle concentration is the following:

cv = cstd

Iv
Istd



dstd
dv

6





nstd
nsol
nstd
nsol

2
2

−1
+2


·

nv
nsol
nv
nsol

2
2

2

+ 2

−1

(1)

where cv is the virus concentration, dv and dstd are the virus and the standard nanoparticle diameters, Iv and Istd are the scattered light intensities stemming from the virus and the nanoparticle
standards, nsol , nstd and nv are the refractive indices of the solution, the standard particles and
the virus, respectively.
Thus by having two types of nanoparticles (e.g., latex and virus particles) which have different,
but known diameters and refractive indices, one can determine the concentration of one of them
(e.g., virus) if the concentration of the other (e.g., latex nanoparticle) is known by measuring
the respective scattered light intensities. With this method the concentration of the virus is referenced against the concentration of a conveniently chosen nanoparticle standard without the
need for virus particle concentration standards, which are very difficult to obtain.
The virus concentrations that I calculated with the light scattering based method (Table 1) are in
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Table 1: Calculated poliovirus concentration values with the use of different size latex nanoparticles used as
reference.

[nm]
dnominal
part
25
45
73

cvirus [1/mL]
(2 ± 0.6) · 1013
(1.3 ± 0.4) · 1013
(1.2 ± 0.4) · 1013

good agreement with the (6.5 ± 1.8) · 1012 1/mL concentration, which was previously measured
by RPS measurements, but the uncertainty of the RPS results was significantly smaller.

Limit of detection of the resistive pulse sensing
The lowest detectable concentration is ultimately determined by the measurement time. Howmin
ever, for practical reasons there is an fevent
minimal event frequency (or vmin minimal particle
velocity) that ensures that a statistically significant number of current pulses will be detected in
a reasonable time range (for example 100 pulses in 10 minutes).
Because the pulse height bears the information on particle size it is important to retain it without
attenuation. This means that there is a minimal translocation time (or vmax maximal particle
velocity) that the current measuring device can follow without significant pulse distortion.
After equating the vmin necessary minimal velocity with the vmax maximal detectable velocity
one can derive the cmin minimal concentration which can be measured in a reasonable time
without significant pulse height attenuation:

cmin =

min
1.36 fevent
d2t πlrise NA fcmax

(2)

where lrise is the length between the analyte positions which correspond to the start of the current
pulse and to the end of the peak value, fcmax is the upper limit of the cut-off frequency at which
the analyte is detectable despite the current noise, dt is the diameter of the smaller orifice, c is
the molar concentration of the analyte and NA is the Avogadro-constant.
According to Figure 10 the limit of detection of cylindrical pores is always lower than that
of conical pores at equal pore/tip diameters. However, in practice for the same particle size
conical pores of much larger diameter than cylindrical pores can be used owing to their higher
sensitivity (the sensing volume is significantly smaller).
By transforming eq. (2) to another form I was able to define an upper limit to the throughput of
RPS measurements, above which significant signal attenuation occurs. By comparing the values
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Figure 10: Limit of detection for particle sizing as a function of the tip diameter for a conical pore and
the pore diameter for cylindrical pores with various lengths (dpart /dt = 0.5; fcmax = 10 kHz,
event
fmin
= 1/6 Hz). On the figure the particle positions are indicated that correspond to the start
of the current pulse and to the end of the peak value. Black dots are recommended analyte
concentrations for RPS-based instruments with different sized nanopores commercialized by
Izon Science (www.izon.com/products/nanopores/).

found in the literature and in the measurements of our group I found that researchers use the
RPS sensors at their near maximum throughput, which is the expected result and it supports the
validity of the approximation.
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New scientific results
1. I have prepared anion and cation permselective nanoporous membranes by electroless
gold plating and subsequent chemical modification with thiol derivatives bearing positive
and negative charges, respectively. I have shown that the potential response of such nanoporous membranes can be described by the Nernst-Planck/Poisson model and I have
successfully applied the developed finite element model to determine the surface charge
density of the nanopores.vi
2. I have developed a numerical model for nanopore based potentiometric nucleic acid sensors, which theoretically describes the steady-state and real-time potential responses. By
using this model I determined the peptide nucleic acid (PNA) surface density and the most
probable PNA distribution on the nanopore/membrane surface. With the use of the model
I determined for the first time the apparent association and dissociation rate constants of
the hybridization reaction in the nanopore sensing zone between immobilized PNA and
solution based complementary microRNA.i
3. I have developed an improved resistive pulse sensing (RPS) method for the calibrationfree sizing and quantitation of nanoparticles/viruses with nanopipettes. The method was
validated with latex nanoparticle standards and was successfully used for the quantitation
and sizing of the smallest virus assessed till then by RPS method, i.e. poliovirus of ca.
24-30 nm.iv
4. I have introduced an expression for the limit of detection of resistive pulse sensing for both
conical and cylindrical nanopores. I have validated the expression by performing RPS
measurements and comprehensive processing of pertinent experimental data available in
the scientific literature.v
5. I have developed a virus quantitation method based on static light scattering, which does
not require virus concentration standards and is applicable to viruses smaller than 70 nm.iii
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