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Chapter 1

Introduction

Analytical chemistry is facing a growing demand for techniques that are capable

of reliably measuring, monitoring and detecting a large diversity of species rang-

ing from molecules and molecular associates to nanoparticles and microparti-

cles of either biological or synthetic origin. The requirements are set to cope

with the needs of clinical analysis, pharmaceutical- and environmental monitor-

ing and other industrial-, safety- or security-related processes.

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 pos-

sible 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

One area where a single-molecule method can have a trivial advantage over

ensemble methods is the concentration measurement. While ensemble meth-

ods 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.
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An example is the concentration determination of viruses in vaccines, which of-

ten 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 availabil-

ity 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 varia-

tion, which manifests itself in biased results.

One group of sensors, which inherently possess a spatial resolution compara-

ble to their size are sensors based on nanopores. Nanopore sensors feature a

single nanometer range pore or an array of pores in a suitable insulating mem-

brane and they detect the residence of a species of comparable volume with the

nanopore interior. These pores are either biological or solid-state origin, where

the former is usually a biological ion-channel integrated in a lipid membrane and

the latter is a channel formed in a solid-state membrane.

Biological nanopores although have a clearly defined geometry and are easy

to functionalize at single molecule level the long-term stability of the membrane

in which they are integrated is usually low. Advances in solid-state nanofabri-

cation techniques can compensate this deficiency of biological nanopores with

additional benefits in terms of integration and large scale fabrication. As the

controlled chemical modification of nanoconfinements is still challenging both

types of nanopores are still used with hybrid nanopores emerging to combine

their advantages. One special type of the solid state nanopores are the nano-

pipettes, which despite their cheap and rapid fabrication possibility, did not get

much attention from researchers yet.
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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 func-

tional 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 count-

ing 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 concen-

trations 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 nanopar-

ticle 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
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transport of ions through the lipid membranes, a behavior that can be mimicked

with synthetic nanopores through the appropriate chemical modification of the

pore/membrane surface. This permselectivity (charge sign based discrimina-

tion) 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 poten-

tiometric nanopore sensing mechanism and extended it also to polyions. The

advantage of potentiometric sensing is, that it requires much simpler instru-

mentation 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. 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.

Because the research during the PhD training is a combination of individual and

joint work, therefore in the text I attempted to denote work that was done mainly

by me by using first-person singular and teamwork by using first-person plural.
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Chapter 2

Background

2.1 Nanopores

Nanopores are straight-trough pores in a membrane with the smallest restric-

tion in the nanometer range. The first use of pores for sensing took place at a

much larger size scale in 1947, when Wallace H. Coulter poked holes in the

cellophane wrapper of a cigarette package and used this membrane to count

cells.2,3 He placed the membrane between two electrolyte chambers and forced

a cell-containing solution through the hole. As the cells passed through they dis-

placed a part of the electrolyte from the pore, leading to a measurable pulse-like

drop in the conductivity (transient increase in the electrical resistance). From

here stems the name of the method, resistive pulse sensing (RPS, Figure 2.1).

The frequency of the pulses indicated the cell concentration while their ampli-

tude and shape denoted the size and geometry of the cells. The Coulter counter

was patented in 19534,5 and revolutionized cell counting in hematology.

The next step in development was reached in the 1970’s in two different re-

search areas. On the one side Deblois and Bean utilized sub-micrometer track-

etched pores to count nanoparticles and viruses.6,7 On the other side elec-

trophysiologists became able to monitor the state of protein ion-channels inte-

15



Figure 2.1: Schematic measurement setup used in resistive pulse sensing (RPS) and the cur-

rent pulses resulting from analyte translocations.

grated in synthetic planar lipid bilayers.3,8 More than two decades were needed

to shrink the pores from the millimeter to the nanometer size to realize the de-

tection of ions, small molecules and biomolecules instead of whole cells. At this

point the development of nanopores proceeded in two main directions: solid-

state nanopores and nanopores of biological origin.

2.1.1 Biological nanopores

At the early times of nanopore sensor development creating a membrane with a

single nanopore was a major technological challenge. One method to overcome

this challenge was to use pore-forming molecules, which can be integrated in

an appropriate membrane. Candidates for such molecules are found in nature,

where their function is to regulate the transport of ions and other charged or

polar molecules across hydrophobic cell membranes.9 These pore-forming pro-

teins and peptides can be readily incorporated in lipid membranes, typically in

highly resistive planar lipid bilayers, enabling the use of nanoporous membranes

with nanopores of reproducible size and geometry.

16



Typically the pores in their natural environment respond to physical stimuli (such

as ligand binding) with a change in conductance, which made them very attrac-

tive to realize selective nanoscale sensing. One of the first such achievement

occurred in 1987 by Sugawara et. al, who used a synthetic lipid membrane,

which changed its molecular assembly and became permeable as a response

to divalent metal ions.10 Not all ion-channels are, however ligand-gated and the

use of so-called non-gating pores, which have no specific response mecha-

nism, enabled for researchers the use of biological pores as nanoscale Coulter-

counters. In 1994 Bezrukov et. al have counted polymers,11 and two years later

Kasianovicz et. al detected individual polynucleotides with resistive pulse sens-

ing12 using an α-hemolysin pore (Figure 2.2A). This latter work gave momentum

to the research aimed to develop an ultra-fast DNA-sequencing method based

on nanopores and made the α-hemolysin ion-channels to the most used biolog-

ical pores (Figure 2.3).

The pore α-hemolysin is a toxin secreted by Staphylococcus aureus, that in-

corporates itself in a cell membrane and induces an uncontrolled ion-transport,

which eventually leads to cell death. This mushroom shaped ion-channel has

a cap with ∼4.5 nm diameter, a stem with ∼1.4 nm smallest diameter and its

whole length is ∼10 nm.3,13 Because of its size α-hemolysin sparkled the field

of nanopore based nucleic acid analysis as its diameter seemed optimal for

threading through a single-stranded DNA and even to sequence DNA strands

based on the different conductivity signatures of the four different type of nu-

cleotides.

Although polymers of above ca. 1 kDa molecular weight14 and polynucleotides

above ca. 200-500 nucleotide length12 translocate through the α-hemolysin

pore on the millisecond scale, the detection of smaller analytes was rendered

difficult by both the small current changes they cause and the very short translo-

cation times (1-10 µs) that are difficult to be time-resolved. This barrier was over-

come by inserting selective analyte-binding sites either chemically or genetically

in the protein pores, which enabled the selective detection of target molecules

and simultaneously increased the analyte translocation time (Figure 2.2B).9
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Figure 2.2: Examples for the use of biological nanopores and the resulting current traces. De-

tection of polynucleotides (A) and small analytes with use of a selective analyte

binding site (B) using an α-hemolysin ion-channel. Controlled translocation of a nu-

cleic acid strand for sequencing application with the use of a DNA polymerase phi29

enzyme using an α-hemolysin (C) and MspA pore (D).
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Figure 2.3: 3D model of the α-hemolysin toxin.

In 2005 Ashkenasy et al. managed for the first time to identify a single base

in a DNA strand with an α-hemolysin pore.15,16 They used a DNA strand with

a terminal hairpin, which did not let the DNA to transport through the pore but

entrapped it reversibly. This entrapment enabled to monitor the conductance

change caused by individual the nucleotides for an extended period of time.

However, this entrapment is not enough to read the whole sequence nucleotide-

by-nucleotide. Thus for sequencing the DNA strand has to pass through the

pore in a controlled manner to give sufficient time to have every nucleotide indi-

vidually detected.9 To reach the controlled translocation various enzymes were

tested, which could drive the DNA through the pore in a ratchet-like way (Fig-

ure 2.2C). But the need to hold the enzyme-DNA complex at the nanopore until

the DNA-sequence is read, remained challenging until 2010 when the suitable

enzyme, i.e. the DNA polymerase phi2916,17 was found.

An additional difficulty of nanopore sequencing was that α-hemolysin was even-

tually found to be too long to detect individual nucleotides, because the resis-

tive pulses were influenced by 10-15 nucleotides residing in the pore at the

same time. Between 2008-2010 two different solutions were proposed, that

were based on (i) engineered α-hemolysin pores with a shorter sensing region

and (ii) a MspA pore, a porin from Mycobacterium smegmatis, which have a
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sensing region with the same diameter as of α-hemolysin but the length of this

region is about tenfold shorter. Although initial experiments were not successful

with the wild-type MspA pore, the use of engineered MspA mutants resulted in

significantly larger ionic-current differences than with α-hemolysin pores (Fig-

ure 2.2D).16

Combining the controlled motion ensured by the DNA polymerase phi29 and

the single molecule sensitivity and resolution of the MspA pore made the nano-

pore based DNA sequencing feasible in 2012. However, to develop this method

to a widely accessible device, the effort of the private sector was needed. Two

years later the MinION device was made accessible by the Oxford Nanopore

Technologies which uses 512 isolated nanopores each in a separated mem-

brane to read the DNA-sequence and one year later this device was used to

assemble the genome of E. Coli with 99.5% identity (at 30x coverage) to a ref-

erence genome.16,18 The device can reach an accuracy of about 92% with a

single read, which can be further improved by higher coverage (multiple reads)

as seen by the E. Coli genome. This accuracy is often sufficient for the identi-

fication of pathogens but is insufficient for the detection of individual nucleotide

substitutions requiring accuracies above 99.99%.19 Also the instrument pro-

vides long (10 kb) average reads, which is a significant improvement over the

about 250 nucleotide lengths dominating before the advent of this technology

but for the rapid sequencing of the whole human genome the increase of the

throughput (the number of pores) is further needed, which is currently under

development.19

Parallel with the development of DNA-sequencing new nanopore based sens-

ing methods emerged. Apart from the techniques, in which the analyte changes

the pore conductance through steric obstruction, biological ion-channels were

also used to detect changes in the membrane surface charge9,20 or be acti-

vated by light,9,21 each of which resulted in measurable changes in the pore

conductance.

Although biological nanopores had the advantage to produce single nanopores
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with reproducible geometry, the fragility of the lipid membrane in which they are

integrated, i.e susceptible to acoustic, chemical and physical perturbations, as

well as their limitations in terms of size and geometry, motivated the develop-

ment of alternative fabrication methods.

2.1.2 Solid-state nanopores

Coulter-counters have a single pore with a diameter down to 10 micrometer,

which was not trivial to scale down to the nanometer range. In fact the first

solid-state nanoporous membranes contained multiple cylindrical nanopores

and were fabricated by bombarding a polymer membrane with heavy ions re-

sulting in multiple straight-through ion-tracks. These ion tracks were then chem-

ically etched until the desired pore size was reached (Figure 2.4A).22 The pore

density of the membrane is adjustable through the irradiation time resulting

in pore densities between 103 − 109 pores on a cm2. Using membranes with

low pore densities single-channel measurements could be also performed after

the manual coverage of all but one pore under a microscope.6 The method

was first mentioned in 196223 but the membranes became widely available

only after the commercialization of different pore size and pore density track-

etched membranes designed for size-selective ultrafiltration applications. In the

last two decades several variations of the etching process appeared producing

pores of conical (Figure 2.4B), bullet-like, funnel-shaped, cigar-like, hourglass

and dumbbell-shaped morphology.22 Because the filter membranes are avail-

able with a finite number of distinct pore diameters a method was developed to

fine-tune the pore size by narrowing it through gold-plating.24,25

Another early pore type is the micropipette, which is fabricated from quartz cap-

illaries by heating and pulling, initially used for isolating nanochannels on cell

membranes for patch-clamp measurements and physiological studies. The lat-

ter application involved the measurement of action potentials, as well as either

intracellular or extracellular ion activities. In all cases the micropipettes were
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Figure 2.4: Examples of solid-state nanopore fabrication methods: Multipore membrane formed

by chemical etching and gold plating (A), conical nanopore fabricated by asymmet-

ric etching (B), nanopore formed by ion-beam sculpting (C), nanopore constructed

by electron-beam lithography, anisotropic etching and controlled shrinking with high-

energy electron beam (D), conical nanopore created by electrochemical etching (E),

glass nanopipettes produced by laser assisted heating and pulling (F), nanopore

created by dielectric breakdown (G).
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filled with an electrolyte and electrically connected through a Ag/AgCl wire. The

ion-selective micropipettes needed additionally the insertion of an ion-selective

membrane plug in the tip of the micropipette after changing the glass surface to

hydrophobic by silanization (Figure 2.4F).26,27 Adjusting the heating and pulling

parameters28 a new cost-effective single-nanopore fabrication method became

available with simple pore size control and short preparation time.

The 1990s marked the introduction of the first carbon nanotubes created by

chemical vapor deposition,29 resulting in pores with high aspect ratio (i.e. high

length/diameter ratio) and atomically smooth surface.22

In the 2000s the solid-state nanopores reached the spatial resolution of bio-

logical ion-channels. Two methods were established, i.e., the ion-beam sculpt-

ing30,31 and electron beam "shaping",31,32 both of which use a beam of high

energy particles to fabricate pores with a diameter as small as 2 nm. In case

of ion-beam sculpting at first a cavity is formed on one side of the membrane

and the other (flat) side is slowly "polished" with a high energy ion-beam (Fig-

ure 2.4C). By the other technique a beam of high-energy electrons is used to

shrink a nanopore in a Si substrate (Figure 2.4D). The nanopore is first prepared

by electron-beam lithography in an anisotropically etched (thinned) Si substrate

followed by thermal oxidation to produce a SiO2 layer on the membrane/pore

surface. Finally the SiO2 layer is fluidized by a high-energy electron beam from

a transmission electron microscope (TEM) and the previously formed nanopore

is shrank to the desirable size under visual control. A similar shrinking effect

was used later (in 2013) to shrink quartz nanopipettes to a desirable size be-

tween 200 nm diameter till complete closure while having continuous visual

feedback.33 While the aforementioned nanopore fabrication techniques for Si

substrate require complex instrumentation a method first reported in 2014 pro-

vides a cost-effective alternative to produce nanopores below 2 nm. By using

a high constant or pulsed electric field and an adequately thin (10-30 nm) SiNx

membrane a dielectric breakdown can be induced, which eventually leads to

controllable pore formation (Figure 2.4G).31,34 An alternative method was also

developed to produce nanochannels in glass, which uses a glass capillary in

23



which an atomically sharp Pt wire is sealed.22,35 The glass capillary is polished

until the tip of the Pt wire is exposed, which is then electrochemically etched

eventually producing a nanopore in the glass membrane (Figure 2.4E). For na-

nopore counting application tunable sized pores based on mechanically punc-

turing a thermoplastic polyurethane membrane were introduced to enlarge the

narrow size range assessable by a given diameter nanopore.36 By changing the

tensile stress applied on the membrane the effective diameter of the pore can be

changed, which is advantageous when analytes with large size difference are

investigated (tunable resistive pulse sensing). For applications, where the length

of the pore should be on the atomic scale the pore must be formed in a several

atomic layer thick membrane. Such pores were created first in a multilayer22,37

and later in single layer22,38 graphene membranes, which have also the advan-

tage that they are defined at atomic level and exploiting the in-plane conductivity

of graphene, the pore wall can be used as an electrochemically active surface.38

Mimicking the self-assembling biological membranes/nanochannels a new mul-

tipore membrane fabrication method was developed based on block copolymer

building blocks, which self-assemble into ordered nanochannel structures with a

controllable size, porosity and membrane thickness.22,39 Another material gain-

ing popularity for nanopore fabrication is nanoporous anodized alumina, which

consists of a hexagonally arranged alumina (Al2O3) nanopore array formed by

anodic oxidation. Although such membranes were known from the 1950s40 the

first use of nanoporous alumina membranes in chemical sensing was reported

only in the 2000s.41,42 Nanoporous anodized alumina has the advantage, that

although it is a multipore membrane, the pore diameter can be easily controlled

through the anodizing voltage and solution composition, while the pore length

is adjustable through the charge passed during the anodic oxidation.22

After 2010 the possibility of site specific functionalization and high reproducibility

of biological pores were combined with the prospect of mass production and ro-

bustness of solid-state nanopores and hybrid nanopores appeared. Examples

of hybrid pores created this way are an α-hemolysin ion-channel43 or a self-

organizing DNA nanochannel (DNA origami)44 integrated in a solid-state mem-
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brane, but the reverse arrangement was also realized, when a single walled car-

bon nanotube was integrated in a lipid membrane creating a nanopore which is

atomically thin and smooth at the same time.22,45 A third combination is where

the nanopore is coated with a lipid bilayer with the use of liposomes, which

ensure the easy tailoring of nanopore surface chemistry or diameter.46

Although the different nanopore fabrication methods ensured unique proper-

ties (e.g. material, structure, shape) to widen the application possibilities vari-

ous functionalization methods were developed in the course of which the sur-

face properties of the membrane and the nanopore are modified. This can be

achieved by attaching directly the functional molecules to the surface, which

can happen through covalent bonding from solution,47 through electrostatic self

assembly48 or plasma modification.49The other way is the modification of the

surface with metals through the use of electroless deposition,50 ion sputtering

deposition51 or electron beam evaporation52 and attaching functional molecules

on this pre-modified surface. The molecules immobilized onto the nanopore sur-

face can act as passive receptors, which selectively bind a target molecule or

can actively respond to pH, temperature, light or ions by changing their charge

or geometry.

2.2 Mass transport through nanopores

Transport through nanopores can be induced by several ways53,54 (pressure-

(P), potential- (U), concentration- (c), magnetic field- (B), temperature- (T) and

electric field (E) gradient) and the combined effect of these gradients results in

a mean translocation velocity. I have listed the transport types and the corre-

sponding mean analyte velocities for a cylindrical pore geometry in Table 2.1,

where η, ǫ, T are the dynamic viscosity, permittivity and temperature of the back-

ground electrolyte, l, d, ζpore are the length, diameter and zeta-potential of the

pore, c [1/m3] , dpart, ζpore and DT are number concentration, diameter, zeta-

potential and thermodiffusion coefficient of the analyte, kB is the Boltzmann-
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Table 2.1: Transport types with the corresponding gradients and mean analyte velocities in na-

nopores. For simplicity a cylindrical shaped pore is assumed and as the end-effects

are ignored the stated values are valid for pores with l/d > 50.

Transport type Gradient
Mean velocity in

cylindrical pore

Predominance

range

hydrodynamic ∇P d2∆P
32ηl d > 10 nm

electrophoretic ∇U
ǫζpart∆U

ηl d < 10 nm

electroosmotic ∇U
−ǫζpore∆U

ηl d < 10 nm

diffusive ∇c kBT
3πηldpart

d < 1 nm

magnetophoretic ∇B
d2partµ0m2∆χ

6π2ηx7
0

-

thermophoretic ∇T DT∆T
l -

dielectrophoretic ∇E 0 -

constant, µ0 is the vacuum permeability, ∆χ is the susceptibility difference be-

tween the analyte and the electrolyte, m is the magnitude of the used magnetic

dipole, x0 is the distance between the magnetic dipole and the membrane, ∆P ,

∆U and ∆T are the pressure-, potential- and temperature difference between

the two side of the pore and it was assumed that only one chamber contains

the analyte.

Depending on the experimental parameters one or more transport mechanism

become more significant than the others. Although general rules cannot be cre-

ated because of the complexity of the experimental parameters Willmott et al.53

have analyzed the magnitudes of different transport mechanisms in six different

nanopore geometries found in the literature while varying also the experimental

parameters (particle size, voltage, pressure, zeta potential). I have condensed

their results to guidelines, which are valid in most experimental conditions. It is

important to note that the use of macroscopic parameters is an approximation,

which loses its validity as the nanopore size decreases below about 10 nm,55
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but through their use the relative magnitudes of the different ways of transport

are easier to handle.

Above 10 nm pore diameter the most significant way of transport is the hydrody-

namic transport owing to its quadratic dependence on the pore diameter. Below

10 nm pore diameter electrophoresis and electroosmosis dominate depending

on the pore and analyte zeta-potentials. Because the analyte must be smaller

than the pore diameter the diffusive transport scales approximately with 1/d and

its magnitude will become comparable to electrophoresis only in pores having a

diameter smaller than about 1 nm.

Three transport mechanisms rarely utilized in the scientific literature are magne-

tophoresis, which use is limited to magnetic beads or other magnetic analytes,

thermophoresis appearing as a result of a temperature gradient across the na-

nopore and dielectrophoresis, which arises in an inhomogeneous electric field

and push the analyte away from areas with high electric fields (typically the pore

openings). Magnetophoresis and thermophoresis are usually not dominant near

or in the pore but the former can be used to accelerate the analyte transport to

the pore because its magnitude is relatively unaffected by the distance from the

pore and the latter is capable of transporting uncharged analytes to the pore at

the same speed as electrophoresis but drives them through at a much slower

speed.54

2.2.1 Electrokinetic effects

A nanopore needs to have nanoscale dimensions to be able to detect nanoscale

analytes, but this downscaling gives rise to electrokinetic behaviors that cannot

be encountered at the macro- or microscale. The distances at the nanoscale are

of the same magnitude as the distance needed to electrically shield a charged

surface. Within ca. 1-30 nm distance from a charged surface electroneutrality

is not valid and a so-called electrical double layer is formed, which is rich in
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counterions and its thickness is affected by the electrolyte concentration (Fig-

ure 2.5A).56 A commonly used parameter to describe the double layer thickness

is the λD Debye-length, which gives the characteristic length scale at which the

potential of a charged surface decays to its 1/e fraction. For a symmetrical 1:1

electrolyte (such as KCl) at 25 oC and at ci concentration57

λD =
3.04 · 10−10

√
ci

(2.1)

which shows that the double layer thickness increases with the dilution of the

electrolyte. When the radius of a nanopore is smaller than the double layer thick-

ness then the double layers extending from the nanopore walls will overlap and

create an electrostatic barrier for coions resulting in permselective transport.

Owing to the electrical double layer the conductivity of a nanopore with charged

surface does not always equal to the bulk conductivity of the electrolyte.56 At

low bulk ion concentrations the sum of the coion and counterion concentration

in the double layer stays always above the bulk ion concentration resulting in a

higher conductivity in the double layer (surface conduction). This prohibits the

conductivity of a nanopore with a charged surface to fall below a specific value

(Figure 2.5B).

In a charged nanopore there are more counterions than coions. When an elec-

tric field is applied across the pore then the flow of counterions generates an

electroosmotic flow in the bulk solution, which moves in the same direction as

the counterions (Figure 2.5C).

Applying a voltage across a nanopore results in a current, but the magnitude

of the current can be different at the same positive or negative voltage, when

the nanopore possesses an asymmetry in geometry or surface charge distribu-

tion (Figure 2.5D,E). This phenomenon called ion current rectification is anal-

ogous to the behavior of solid-state electronic diodes and is influenced mainly

by surface modifications which alter the surface charge or the geometry of the

nanopore.56
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Figure 2.5: Main electrokinetic effects in a negatively charged nanopore. The electrical double

layer (A), the surface conduction occurring in the double layer and its influence on

the pore conductivity (B), the electroosmotic flow (C) and the ion-current rectifica-

tion (D, E)
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2.3 Electrochemical nanopore sensing methods

Although optical methods42,58–61 were also developed for nanopore sensing,

still their usage as electrochemical sensors dominate the nanopore research,

thus in my thesis I address the electrochemical methods with specific emphasis

on resistive pulse sensing and potentiometry.

2.3.1 Nanopore resistance

Most of the electrochemical nanopore sensors detect the species residing or

translocating through the pore by measuring the pore resistance. The pore re-

sistance can be also used to calculate the pore diameter if the nanopore shape

(cylindrical, conical, ...) and the resistivity of the solution is known. When the

thickness of the double layer is negligible compared to the pore radius then the

specific conductivity of the electrolyte in the pore is homogeneous and the re-

sistance of the nanopore can be approximated with Ohm’s law.62 This means

that the resistance of a nanopore which have a geometry of a body of revolution

can be calculated as

Rpore =
1

σ

∫ l

x=0

1

A(x)
dx (2.2)

where σ is the bulk conductivity of the solution, A(x) is the cross-section of the

nanopore, x is the coordinate along the nanopore axis and l is the pore length,

respectively. From eq. (2.2) follows that for the two most used pore geometry

(cylindrical and conical) the resistance is

Rcyl
pore =

4l

σπd2pore
(2.3)

Rcone
pore =

4l

σπdtipdbase
(2.4)

30



where dpore is the cylindrical pore diameter and dtip, dbase are the diameters

of the smaller and larger conical pore opening, respectively. Although most of

the measured resistance stems from the nanopore, the resistance between the

electrode and the nanopore can also be significant especially for low length-

to-diameter aspect ratio nanopores. This resistance term called "access resis-

tance" originates from the convergence of the electric field lines from the bulk to

the nanopore, which forces the current to flow through a smaller cross-section

close to the pore than far away from it. This term was quantified by Hall who

used an electric analogy to derive the equation for the access resistance of a

circular opening:63

Raccess =
1

2dσ
(2.5)

Equation (2.5) applies to one opening with diameter d thus the whole pore re-

sistance accounting for the two openings is

Rcyl =
1

σ

(

4l

πd2pore
+

1

dpore

)

(2.6)

Rcone =
1

σ

(

4l

πdtipdbase
+

1

2dtip
+

1

2dbase

)

(2.7)

Because eq. (2.5) does not depend on the pore length this term will be only

significant when the pore is short compared to its diameter.

2.3.2 Resistive pulse sensing

RPS implies monitoring changes (pulses or peaks) in the voltage driven ion

current across a nanopore that separates two electrolyte chambers as parti-

cles are passing through (Figure 2.6).64 The uniform cross-section of cylindrical

pores results in square wave pulses, while the growing cross-section in conical
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Figure 2.6: Measured parameters during an RPS measurement with a conical and a cylindrical

nanopore.

pores causes an asymmetric triangle-like pulse shape. The measured parame-

ters are usually the pulse frequency, amplitude and pulse width (fwhm: full width

at half maximum) indicative of the analyte concentration, size, and shape/veloc-

ity respectively. Additional analytical information can be obtained on the analyte

deformability65 by using pressure driven flow and pore sizes smaller than that of

the analyte, or on the surface charge66,67 by probing the electrophoretic mobility

of the analyte.

Resistance change

Since the introduction of the Coulter counter several methods were developed

to establish a connection between the change in resistance and analyte size for

cylindrical pore geometry each valid for a different analyte size range.

The first approximation uses a derivation of Maxwell68 and Lord Rayleigh69 to

express the conductivity of a dilute suspension of insulating spheres as a func-

tion of the volume displaced by these spheres. Applying their equation to an
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infinitesimally small sphere, which resembles the case of an insulating sphere

within a pore, gives

∆RMaxwell−Rayleigh =
4

σπ
·
d3part
d4pore

(2.8)

where dpart and dpore are the particle and pore diameter, respectively. Because

this approximation is valid only for dpart
dpore

≈ 0 an upper6 and a lower70 estimate

were introduced later for the resistance change. The equation, which is accurate

on the widest relative particle size
(

dpart
dpore

)

range was created by Anderson and

Quinn71 based on the works of Smythe,72,73 who investigated the hydrodynamic

resistance change in cylinders caused by spheres. Deblois7 fitted a curve on the

results giving the following equation:

∆RSmythe =
4

σπ
·
d3part
d4pore

· 1

1− 0.8
(

dpart
dpore

)3 (2.9)

In most of the previous equations ∆R scales with d3part, that is the particle vol-

ume. Therefore RPS is highly sensitive to the particle size but the detectable

size range is relatively narrow. The first constraint is that the analyte must be

smaller than the pore diameter but already a 5-fold reduction in the particle di-

ameter causes about 125-fold reduction in the resistive pulse amplitude. For

comparison, classical Coulter counters comprising pores with diameters in the

µm range the detectable particle diameters are only about ∼2 to 60% of the

pore diameter64 (somewhat more then an order of magnitude), while the size

range of dynamic light scattering (DLS) is ca. 4 orders of magnitude. Although it

is feasible to extend the detectable size range by using size-tunable elastomeric

pores,74 node-pore sensing,75 or simply by using a set of pores of different di-

ameters, the niche of nanopore-based counters seems to be the sensing of

specific size analytes with a properly sized nanopore.

The use of conical pores in RPS have a significant advantage over cylindrical
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nanopores. Namely the pulse amplitude caused by an analyte in a conical pore

is usually several times higher than with a cylindrical one if the smallest restric-

tion of the two types of pores and their length is the same. This is due to the fact

that the resistance of a conical pore concentrates to the smaller pore diameter,

while the resistance of a cylindrical pore is equally distributed along the cylin-

der.76 When a particle enters the pore the relative resistance change (and thus

the current pulse amplitude) will be larger for a conical pore than for the cylindri-

cal. However the pulse is also shorter, which requires higher time resolution and

its theoretical description is more complicated than for a pulse measured with a

cylindrical pore. As a consequence of this theoretical complexity to date there is

no simple analytical expression for calculation of RPS pulse amplitudes in con-

ical pores. One approach to relate the pulse amplitude to the particle size and

pore geometry are the approximation of the utmost end of the conical pore with

a cylinder,77 calculating eq. (2.2) for the unoccupied and particle-occupied na-

nopore and using their difference as the resistance change.78 The other method

is a calibration with nanoparticles of known size assuming that the pulse height

is approximately proportional to the particle volume.79 These approaches are

valid only at sufficiently high electrolyte concentrations where the surface con-

duction is negligible. The resistance calculations also assume continuum media,

which is valid for nanopores larger than ca. 10 nm in diameter.55

The previous equations describe the change in resistance, but in a RPS mea-

surement one records the change in current. For practical reasons it is favorable

to use the ∆I
I relative current change, which can be calculated as follows:

∆I

I
= − ∆R

R+∆R
(2.10)

where ∆R is the change in resistance caused by the analyte and R is the re-

sistance of the nanopore with access resistance. From eq. (2.10) follows that

when ∆R
R << 1 then ∆I

I ≈ −∆R
R , that is the two quantities have approximately

equal, but opposite sign values.
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Noise during RPS measurements

After shielding external electrical noise sources with a Faraday cage the regis-

tered current of a nanopore based sensor still consist of several noise compo-

nents, which are generally attenuated by using analog/digital noise filtering and

choosing low-noise/low-capacitance substrates for the nanoporous membrane.

The bandwidth of the measurement (or the measuring instrument) can influence

both the noise level and the shape of the current pulse. While a high bandwidth

increases the noise, a bandwidth lower than the highest frequency component

of a resistance pulse results in signal attenuation/distortion. Considering this

trade-off the cut-off frequency during RPS experiments is usually fc = 10 kHz.

The noise has mainly two sources, the nanoporous membrane and the mea-

surement instrument (headstage and amplifier). The three main noise compo-

nents caused by the membrane are the thermal noise which stems from the

thermal motion of charge carriers, the dielectric noise which stems from the

heat generated by lossy dielectric pore substrate(s) and the flicker (or 1/f) noise

which is unlike the first two sources is present only when voltage is applied.80–82

In an experiment the relative noise is the most important noise-related param-

eter, which sets the level of the minimal detectable relative current change (rel-

ative particle diameter). The corresponding relative root mean square (RMS)

current fluctuations are (assuming a linear I-U curve and excluding external

noise sources and the noise generated by the digitizer):

∆IT
I

= B1

√
Rfc
U

(2.11)

∆ID
I

= B2
R

U

√

DCDf2
c (2.12)

∆IF
I

=

√

ln (Tmfc)αH

Nc
(2.13)
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∆IInst
I

=
R

U

√

B3fc +B4
fc
Rf

+B5
fc
R2

f

+B6C2
t f

3
c (2.14)

where ∆IT, ∆ID and ∆IF are the thermal, dielectric and flicker noise of the

membrane and ∆IInst is the noise of the measuring instrument, I is the mean

current, U is the applied voltage, fc is the cut-off frequency, R is the pore resis-

tance, D is the dissipation factor of the substrate material(s), CD is the capaci-

tance of the dielectric(s), Rf is the resistance of the feedback resistor, Ct is the

total capacitance that interacts with the input of the amplifier, Tm is the length

of the measurement, Nc is the total number of charge carriers in the nanopore,

αH is the so-called Hooge constant of the substrate and B1 − B6 are functions

of temperature and amplifier/filter parameters. These noise components are un-

correlated to each other so the total noise level is

∆Itotalnoise

I
=

√

(

∆IT
I

)2

+

(

∆ID
I

)2

+

(

∆IF
I

)2

+

(

∆IInst
I

)2

(2.15)

which means that the total noise level equals approximately the level of the

largest noise source. Apart from the flicker noise the relative noise could the-

oretically be attenuated by decreasing the nanopore resistance through using

an electrolyte with high concentration and/or applying a high voltage. However

this is not always trivial, because the former is hindered by the stability of the

analyte (i.e. aggregation, denaturation) and the latter is limited because of the

dielectric stability of the membrane to high electric fields83 and the low analyte

translocation time through the nanopore.

Commonly in pores that have smaller resistance than about 10 MOhm usually

thermal noise dominates, while at 100 MOhm resistance the amplifier and di-

electric noise also become comparable in magnitude to thermal noise at fc ≈
20 kHz. Above 100 MOhm pore resistance usually amplifier or dielectric noise

sets the total noise level. As flicker noise generally dominates the lower fre-
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quency range, which is usually attenuated with a highpass filter it is typically not

the dominant noise component.

Limit of detection of RPS

While RPS has single species detection capability, given that the signal is due

to individual species translocating through the nanopore, the limit of detection

(LOD) in terms of concentration is in fact determined by the length of the mea-

surement and therefore it is in fact a matter of practical compromise. At low

concentrations the probability of a species encountering the pore becomes very

small; the limiting situation being the undirected, Brownian motion of a single

particle in a volume V , that requires a mean encounter time of te = V/2Dd (D

is the diffusion coefficient of the target, while d is the pore diameter).84 Thus, in

RPS the translocation frequency decreases with the analyte concentration, but

for statistical analysis there is an fmin
event minimal frequency that results in a prac-

tical measurement time (e.g. 100 pulses in 10 min). It is possible to increase the

event frequency (e.g. by applying hydrostatic pressure), but at the expense of a

higher translocation velocity, that shortens the duration of the current pulse (Fig-

ure 2.7). Shorter pulses than the electronic filter rise time τrise, will be attenuated

and thus useless for analyte sizing.
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Figure 2.7: Change in the pulse amplitude, width and frequency during RPS as a result of

increasing pressure.
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Selective detection

The RPS signals are rich in information, but still it is very unlikely that solely

size or shape information are sufficient to reliably identify a given species in

a complex sample matrix. Therefore, strategies have been developed to impart

selectivity to the RPS methodology, which are based on using selective receptor

probes either immobilized to the nanopore environment or added to the sam-

ple solution to induce characteristic changes in the RPS signal. In the simplest

case of adding a selective receptor to the sample solution the size of the tar-

get species is increased, as detected through an increase in the current pulse

amplitudes (Figure 2.8A). A relevant example for this concept is the selective

detection of viruses by adding virus coat protein-selective antibodies into the

sample solution.85 An alternative approach is to monitor the translocation of a

receptor, which changes its conformation (size) as a result of the target species

addition. An impressive application is the detection of cocaine that implies mea-

suring the translocation of a cocaine-specific single stranded DNA aptamer (a

short DNA molecule selectively binding to the target molecule).86 Upon binding

the cocaine the aptamer changes its native conformation into a 3D structure that

does not fit anymore through the pore, thus the reduction of the translocation fre-

quency is indicative of the cocaine concentration. Another important application

is the detection of single-nucleotide polymorphisms by restriction enzymes.87

Restriction enzymes are specifically cleaving double-stranded DNA segments

at specific recognition sequences. Solid-state nanopores large enough to permit

the translocation of DNA strands but not of the restriction enzyme can be used

to detect presence of the specific sequence in a DNA as the restriction enzymes

bound to this sequence prohibit the translocation of the respective DNAs. The

stability of the DNA-enzyme complex can be also evaluated by the threshold

voltage, i.e., the minimum voltage necessary to drive the DNA strands through

the nanopore by dissociating it from the enzyme.

Receptor-modified nanopores offer also numerous possibilities for selective de-

tection of a wide range of species. In case of having immobilized receptors that
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Figure 2.8: Schematics of nanopore sensing methods made selective for a target species by

using a selective receptor. RPS measurement with a selective reagent added to the

sample (A), receptor modified nanopore having a single (B) or multiple (C) binding

site, membrane having multiple nanopores with multiple binding sites (D).

40



on the time scale of the analysis bind reversible their target and assuming a

simple 1:1 association the pulse duration can be related to the dissociation rate

constant (koff ) of the analyte-receptor complex (Figure 2.8B):

∆t =
1

koff
(2.16)

The mean time between successive binding events is a function of both the

concentration and the association rate constant (kon).88

∆tevent =
1

konc
(2.17)

Thus, for selective stochastic sensing lower affinity receptors need to be used,

which offer beside the prospects of quantitative determination, also the charac-

terization of the kinetics of single molecule binding events, which is a unique

advantage of the nanopore-based selective stochastic sensing.89,90

Quantitative determination is feasible by measuring the mean time elapsed until

the analyte binds to the receptor in given mass transport conditions as this time

is inversely proportional to the concentration (Equation (2.17)).91 In the case

when the single nanopore possess multiple binding sites (Figure 2.8C), char-

acteristic to receptor functionalized solid-state nanopores, the time elapsed be-

tween the first and second binding can be used as a more reproducible modality

for quantitative analysis.92

2.3.3 Other nanopore sensing techniques based on pore resis-

tance change

While for RPS essentially the momentary conductance is measured this re-

quires a current and a measurement bandwidth capability down to the pA and

up to the kHz range. When the kinetics of the detection process is not of interest

the instrumentation requirements are less demanding.
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One example is when the binding of the target to the receptor is “irreversible”,

as common in classical bioaffinity assays, resulting in permanent blockage.91

This can lead to a “Yes-No” type qualitative detection of a given species with

a single nanopore, requiring measurement bandwidths in the Hz range. Using

multichannel pores, a cumulated change of the membrane resistance can be

detected without the possibility to differentiate single binding events enabling

not only the use of lower bandwidths than for RPS, but because of the multipore

nature of the membranes, also less sensitive current detection (Figure 2.8D).41

Another popular way to measure changes in the electrical properties of the

membrane is electrochemical impedance spectroscopy (EIS) which registers

the impedance (resistance and phase shift) over a defined frequency range.93,94

The nanoporous membrane can be modeled as an electrical circuit composed

of resistive and capacitive components like membrane resistance/capacitance,

charge transfer resistance, double layer capacitance etc., which influence the

magnitude and phase of the impedance differently depending on the frequency.

By measuring the impedance over a frequency range and fitting it with the equiv-

alent model of the nanoporous membrane, the resistive, capacitive and faradaic

processes can be separated and the values of the electrical components can

be obtained.

In the previous methods the change in resistance was detected through the ion

flux of the background electrolyte. An alternative technique uses a nanoporous

membrane fabricated on an electrode surface. Instead of ions the markers are

redox active molecules and their flux through the pore modulated by the target

can be measured through the oxidation/reduction current of the markers at the

electrode surface.95

Most of the nanopore based sensing methods are sensitive to a steric block-

age, but measuring the rectification properties of the pore gives also informa-

tion about changes of surface chemistry, specifically about changes in surface

charge (Figure 2.5D, E).96,97 By functionalizing a nanopore with selective re-

ceptors and detecting an analyte, which is charged or can be transformed to

42



a charged state in a specific pH range, an alteration in the I-U curve of the

nanopore can be detected.

2.3.4 Nanopore-based potentiometry

Biological ion channels naturally provide selective recognition and transport of

ions through the cell membranes in biological systems. Mimicking these func-

tions by appropriate nanopore functionalization/fabrication and utilizing the sta-

bility of solid-state nanopores several methods were developed to selectively

transport analytes through nanoporous membranes based on charge repul-

sion,98,99 size exclusion,100,101 polarity,102–104 antibody-antigen interaction105

or DNA hybridization.106,107

The permselectivity of nanopores is commonly studied by techniques where

the current is measured such as the measurement of the flux (limiting current)

of a redox active molecule to an electrode interfacing a nanopore (nanocav-

ity),108,109 through current rectification effects in asymmetric pore geometries,28,110,111

and through resistance or streaming current measurements.112

Interestingly, potentiometric studies are extremely scarce apart from an early

potentiometric report by Martin’s group,98 which found cation permselectivity for

unmodified cylindrical gold nanopores as result of their negative surface charge

originating in the spontaneous, strong anion adsorption on the gold surface.

When a nanoporous membrane separates two electrolyte solutions containing

the same salt at different concentrations (Figure 2.9), then the electromotive

force (EMF) generated between the two sides for a 1:1 salt is approximately98

EMF = φ2 − φ1 = (t+ − t−)
RT

|z|F ln

(

a1
a2

)

(2.18)

where t+, t− are the transference numbers of the cation and anion, R is the

ideal gas constant, T is the temperature, z is the charge number of the ion,
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Figure 2.9: Schematics of a potentiometric permselectivity measurement with a negatively

charged (cation permselective) nanopore, where a1, a2 and φ1, φ2 are the ion ac-

tivities and electric potentials at the corresponding sides of the membrane (left).

Measurement curve obtained with an ideal cation permselective nanoporous mem-

brane (right).

F is the Faraday constant, a1, a2 and φ1, φ2 are the ionic activities and elec-

tric potentials at the two sides of the membrane. When the nanopore is ideally

permselective for the cations (t+ = 1, t− = 0) or anions (t+ = 0, t− = 1), then

Equation (2.18) simplifies to

EMF = ± RT

|z|F ln

(

a1
a2

)

(2.19)

where "+" denotes the cation and "-" the anion permselective case and plotting

the EMF - log(a1/a2) curve would result in a line starting at the origin with a

slope of about 59.16 mV (at 25 oC).

Martin and coworkers have also introduced the concept of electrochemically

switchable ion-transport selectivity that provides means to confer either cation

or anion permselectivity to gold nanopores by potentiostatic injection of electri-

cal charge, either negative or positive, respectively.98 The qualitative interpre-

tation given for the electrically modulated permselectivity was very recently the
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subject of an in-depth theoretical study by Amatore’s group,113 which was able

to describe and interpret the behavior reported by Martin’s group.

None of these early phenomenological reports were associated to a pertinent

application nor could they demonstrate higher selectivity than discriminating be-

tween given charge sign ions. In 2011 our group have shown, that ionophore

modified nanoporous membranes can be used for selective ion sensing by the

simple potentiometric monitoring of their membrane potential.114 To induce ion-

selectivity, 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 thiol and dithiolane derivatives, i.e., most importantly with an

ionophore to induce selective complexation of the targeted ion (Ag+), as well as

with a cation exchanger and a perfluoro derivative to confer permselectivity and

hydrophobicity to the nanopore environment, respectively. Such solid-state ion

channels based ion-selective electrodes were shown not only to closely match

the performance of their relevant conventional counterparts based on hydropho-

bic polymeric membranes, but even to provide advantages in terms of life time,

and broader applicability.114 Therefore the mechanism of potentiometric signal

generation is clearly worthwhile to be further investigated especially as it of-

fers also a practical alternative to stochastic nanopore-based ion sensing rather

demanding in terms of measuring very low current levels at high temporal res-

olution. Since the permselectivity of the nanopores stays clearly at the core of

generating a potentiometric response, I have studied in my thesis the potentio-

metric response of permselective nanopores from the perspective of their use

for potentiometric ion (Section 4.1) or nucleic acid (Section 4.2) detection.

2.4 Nanoparticle characterization

Owing to the importance of determining the size distribution and concentration

of nanoparticles of synthetic or natural origin in liquid media, a variety of char-

acterization methods have been developed. These methods include (i) separa-
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tion techniques, such as size exclusion chromatography,115 field-flow fraction-

ation,116 electrophoretic techniques,117 and analytical ultracentrifugation;118 (ii)

optical methods e.g. dynamic light scattering (DLS),119 nanoparticle tracking

analysis (NTA),119 UV-Vis absorption,120 turbidimetry,121 laser-induced break-

down detection (LIBD),122 Small-angle X-ray scattering123,124 (SAXS), X-ray

diffraction125 (XRD) and flow cytometry;120 (iii) imaging methods, e.g., scan-

ning probe and electron microscopy techniques; and (iv) other methods based

on electroacoustic phenomena,126 electrochemical detection of microelectrode-

nanoparticle collisions,127,128 gravimetric analysis129 and single particle induc-

tively coupled plasma mass spectrometry (spICPMS).130

These methods are generally used in a complementary fashion as none of them

is able to offer, at least not routinely, simultaneous size, shape, and concen-

tration information without removing the nanoparticles from their natural liquid

environment. Only a fraction of the techniques is able to deliver concentration

and size data at the same time (Table 2.2). Presently, DLS is the gold standard

to assess the size distribution of nanoparticles in suspensions as it enables

their rapid and noninvasive characterization in a broad size and solvent range.

However, limitations of DLS in terms of resolving power gives the way to sizing

methodologies that are based on the direct detection of individual nanopartic-

les and therefore have superior size resolution. Thus, DLS measurements are

commonly complemented with high resolution imaging of nanoparticles, most

often by electron microscopy, to provide their size and shape. Such measure-

ments are generally made with nanoparticle preparates on a solid surface that

may not entirely reflect the properties of nanoparticles in liquid environment.

Individual nanoparticle detection, however, is feasible also in solution with op-

tical and electrochemical methods. Emerging techniques which provide both

size and concentration information include NTA,135 flow cytometry,136 resistive

pulse sensing (RPS) and microelectrode-nanoparticle collision-based electro-

chemical techniques.127,128 Although flow cytometry and NTA both detect sin-

gle particles they require that the particles have a large light scattering coeffi-

cient, which limits the minimal detectable particle size. In special, RPS by using
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Table 2.2: Comparison of nanoparticle characterization methods capable of measuring particle

size and concentration.120

method type of nanoparticle lowest size requirements

dynamic light scattering
(DLS)

no absorbance/fluores-
cence at the laser

wavelength
sub-nanometer

calibration with a
standard nanoparticle

solution (for
concentration
measurement)

resistive pulse sensing
(RPS)

no limitation ≥ ca. 10 nm78

calibration with a
standard nanoparticle

solution (for
concentration
measurement)

single particle
inductively coupled

plasma mass
spectrometry
(spICPMS)

metal (noncarbon)
nanoparticles131

gold nanoparticles ≥ 15
nm, silver nanoparticles

≥ 20 nm

calibration with a
standard nanoparticle

solution

flow cytometry
nanoparticles with
strong scattering or

fluorescence

≥ 24 nm for gold
nanoparticles, ≥ 102
nm for polystyrene
nanoparticles132

calibration with a
standard nanoparticle
solution, or accurate

determination of
sample volume and
detection efficiency

nanoparticle tracking
analysis (NTA)

nanoparticles with
strong scattering of

fluorescence

polymeric nanoparticles
≥ ca. 50 nm, metal and
semiconductor ≥ ca. 10

nm

optimization of
nanoparticle

concentrations to
ensure that all particles

can be followed
individually

transmission electron
microscopy (TEM)

metal nanoparticles,
organic nanoparticles

with staining

depends on image
contrast, many

inorganic nanoparticles
can be imaged with

sub-nanometer
resolution

uniform distribution on
TEM grids and

unbiased counting

microelectrode-
nanoparticle

collision-based
electrochemical

techniques

metal and polymer
nanoparticles, carbon

nanotubes133
≥ ca. 6 nm134 known particle material
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single-nanopore counters offers unique advantages such as wide applicabil-

ity in terms of detectable nanoparticle mixtures (in contrast to collision-based

electrochemical methods), ease of miniaturization,137 and the possibility of pro-

viding information on the shape,138–140 deformability,65 surface charge66,67 and

concentration74 of nanoparticles.

During my research I have used DLS and NTA as cross-validation methods,

which I describe in the following paragraphs.

2.4.1 Dynamic light scattering

When particles in a solution are illuminated and the scattered light intensity is

detected at a fix angle a changing intensity pattern can be registered, which is

caused by the Brownian motion of the particles (Figure 2.10).124 The motion of

the smaller particles is faster, which can be quantified through an autocorrela-

tion function, measuring in time how similar is the speckle pattern to its initial

condition. The smaller the analytes the faster decays the autocorrelation. By

fitting the autocorrelation function the diffusion coefficient of the scattering par-

ticles can be calculated, which in turn can be converted to particle diameter by

using the Stokes-Einstein equation

D =
kBT

6πηrpart
(2.20)

where kB is the Boltzmann constant, T is the temperature and η is the dynamic

viscosity of the solution. This fitting is optimal for monodisperse particles, but if

the size difference is large enough (minimum 3-fold119) then polydisperse an-

alyte mixtures can be also resolved. Another factor which makes polydisperse

analyte mixtures challenging to analyze is that the intensity of the scattered light

(I) depends strongly on analyte size (I ∼ d6part for particles much smaller than

the laser wavelength141). This leads to very large intensity differences stemming
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Figure 2.10: The detection principle of dynamic light scattering.

from large/small particles and the large particles can mask the scattered light

stemming from the smaller ones.

In a certain concentration range the scattered light from the analytes is a linear

function of the concentration

I = const · cpart (2.21)

which can be used for nanoparticle quantitation but this method generally re-

quires calibration, with particles which have the same size and refractive index

as that of the analyte making the quantitation difficult.

2.4.2 Nanoparticle tracking analysis

Nanoparticle tracking analysis is a light scattering based nanoparticle detec-

tion method, which uses a focused laser beam to illuminate the particles in the

solution and detects the scattered light from individual nanoparticles with a mi-

croscope connected camera (Figure 2.11). The scattered light from the particles

appears on a monitor as moving bright spots, due to their Brownian motion.120

The NTA software tracks these spots in two dimensions and calculates their
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Figure 2.11: The detection principle of nanoparticle tracking analysis.

mean square displacement, which can be related to the particle diffusion coef-

ficient and further through eq. (2.20) to the particle diameter.124 The concentra-

tion of the particles can be also calculated by referring the number of scattering

centers to the sensing volume.

One inherent advantage of this technique in comparison with DLS is that NTA is

a single particle technique while DLS is an ensemble method, i.e., NTA detects

a signal from isolated particles and compose a distribution from them, while DLS

detects a signal stemming from a large number of particles and the signals from

distinct particle groups must be isolated. Because NTA is also based on light

scattering the light spots stemming from large particles can be several magni-

tudes brighter than the spots stemming from small particles in a polydisperse

solution. This makes difficult to set an appropriate level of signal amplification

at which both size groups are visible or the scattered light from larger particles

does not mask the smaller analytes.

Because a particle will be followed only for a limited number of steps there will
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always be an uncertainty in its diffusion coefficient and thus in its size causing

an artificial broadening in the size distribution.142 Specifically a particle must

be followed at least for 100 steps to reach an uncertainty of 10%, which is

usually not achievable or the larger/brighter particles/spots will dominate the

size distribution.

2.4.3 Virus characterization with RPS

Viruses are generally characterized by a very narrow size distribution falling in

a size range that provides a better prospective to distinguish them from most

constituents of biological fluids,143 e.g., proteins and cells. In this respect, the

counting and sizing of virus particles contours as a major prospective applica-

tion of RPS.75,79 Indeed, while the feasibility of detecting smaller species with

RPS, e.g., nucleic acids,,12,144 proteins,145 and even organic molecules76 have

been convincingly demonstrated in ideal conditions, their applicability in prac-

tical situations without using specific receptors88,91,146 may be rendered very

difficult by the large variety of similarly sized species coexistent in real samples.

Several attempts have been already made to characterize viruses with RPS, the

first such studies being conducted with cylindrical pores in the 1970’s by De-

blois et al.7,147,148 In these studies different type of viruses were characterized

for size and concentration at the 100-180 nm range by using latex nanoparticles

as standards to calibrate the nanopore for sizing or quantitation. Virus concen-

tration were determined by calculating the RH hydrodynamic resistance of the

pore and then the Q volume flow through Q = P
RH

, which flows as a result of P

pressure. By knowing the solution volume and the number of viruses passing

through the nanopore the virus concentration was calculated.

Despite the positive results the next successful experiments were reported only

about 30 years later by Uram et al. who succeeded at sizing the ca. 200 nm di-

ameter Paramecium bursaria chlorella virus (PBCV-1) and monitoring antibody-

virus interactions in real time using a conical solid-state nanopore.149 The sizing
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was realized by using latex standards in a similar manner as by Deblois et al.

and antibody-virus interactions were monitored by mixing antibodies to the virus

sample. Minutes after the antibody addition they have observed a continuous in-

crease of the resistive pulse height and eventually experienced pore clogging

indicating an effective size increase and immunoprecipitation.

In 2011 the group of Stephen C. Jacobson detected and successfully distin-

guished (based on the pulse heights) two types of hepatitis B virus capsids with

nominal diameters of 31-36 nm by using conical solid-state nanopores.150,151

Although these two studies did not provide information about virus size or con-

centration in the same year Vogel et al. managed to determine the size distribu-

tion of the ca. 90 nm adenovirus by using a tunable elastomeric pore and latex

particles as calibration size standards.

Apart from the work of Deblois et al. none of the foregoing studies provided

simultaneous size and concentration information but stopped at the stage of

reporting current amplitude and/or translocation frequency histograms. In this

thesis I will assess the performance of RPS for quantitative sizing and counting

of nanoparticles in the size range relevant to virus counting and I will compare

the results with DLS, NTA, and SEM measurements. The methodology was

worked out by using latex nanoparticles and was applied for quantifying and

sizing poliovirus, which to my best knowledge, with its size of 24-30 nm,152–154

was the smallest spherical shaped virus ever measured by RPS at the time

of study. From the plethora of nanopores and materials reported for RPS,9,25

which includes biological protein pores,155 silicon nitride,156 polymers,6,7,157,158

glass,159,160 quartz,78,161 elastomers,79 as well as carbon nanotubes,162,163 we

have chosen to use quartz nanopipettes.164 Our choice was motivated by the

fact that probably none of the reported nanopore technologies can compete

with the availability, wide size range, cost-effectiveness, ease, and extremely

short preparation time of nanopipettes by pulling quartz capillaries. Still, studies

on using nanopipettes for nanoparticle sizing are rather scarce,78,161 and their

capabilities as nanoparticle counters for providing both quantitative size and

concentration information have not been explored.
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2.5 Nucleic acid quantitation with nanopores

Although numerous studies aim at the development of rapid nanopore based

DNA sequencing much less effort was made to develop methods for the se-

quence specific detection/quantitation of nucleic acids. In one group of the stud-

ies nucleic acid probes (complementer to the target sequence) was added di-

rectly to the sample and hybridization was detected with RPS through the char-

acteristic alteration of the resistive pulse shape165–167 or by using a strongly

cationic hybridization probe, which can selectively pull the target nucleic acid

through the pore while non-complementer nucleic acids move away from the

pore.168 In the other group of the experiments the complementer probe was im-

mobilized in the nanopore and hybridization was detected through a change in

the resistive pulse shape by RPS,90,107 through the decreased flux of ions mea-

sured with cyclic voltammetry,41 impedance measurements,41 or absorbance169

(in case of charged dyes), or by measuring the ion current rectification induced

by the charged target sequences.170,171

Because of the small size of nucleic acids, the nanopore diameters need to be

decreased, which requires the accurate assessment of extremely small currents

and current changes (nA or pA) often at high time resolution. This makes the

current measurement, e.g., RPS very demanding in terms of instrumentation

and noise reduction, which may be limiting for genuine sensing applications.

Therefore, we were interested to explore potentiometric readout, which only

requires, instrumentation-wise, a high input impedance voltmeter, as a more

practical electrochemical transduction approach for nanopore-based chemical

sensors (Section 4.2).

Although direct potentiometric detection is applicable in principle for any ion, its

simple extension to polyions such as nucleic acids is rendered unpractical by the

very small theoretical sensitivity, because the slope of the Nernstian response

scales inversely with the charge of the ion. This problem has been solved for

conventional liquid membrane-based potentiometric polyion electrodes by em-
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ploying non-equilibrium phase boundary potential measurements producing a

super-Nernstian response, as demonstrated for heparin.172,173 However, these

polymeric ion-exchanger membranes do not provide enough selectivity to ex-

tend the potentiometric method for the determination of other polyions such as

nucleic acids at low concentrations.

2.6 Modeling ion transport in nanopores

Simplified models considering uncharged, cylindrical pores in equilibrium with

the background solution are usually treated with analytical expressions. How-

ever, in many practical cases one or more of the above assumptions are not

valid and therefore numerical solutions are needed to get a reasonably accu-

rate result. Every model is a simplification/generalization of the true system and

generally can be stated that as the model gets more accurate it also needs more

computing power.

2.6.1 Continuum method

A modeling approach widely used for nanopore systems treats the solution,

membrane and nanopore as continuum materials with homogeneous and iso-

tropic properties. The equations successfully used to reproduce the electri-

cal field distribution, mass transport phenomena like electrostatic gating and

rectification are the coupled Poisson, Nernst-Planck and continuity equations

(PNP).109,110,174–179 With x as the position vector in the simulated system the

connection between the φ(x) electrical potential and the ρ(x) spatial charge

density is established by Poisson’s equation:

−∇2φ(x) =
ρ(x)

ε0εr
(2.22)
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where ε0 and εr are the vacuum permittivity and relative permittivity of the so-

lution and ρ(x) = F
∑

i zici(x), where F is the Faraday constant, zi and ci are

the charge number and concentration of species "i", respectively. The flux (N)

originating from the diffusion and migration of the electrolyte ions is described

by the Nernst-Planck equation:180

Ni(x) = −Di∇ci(x)− zi
Di

RT
Fci(x)∇φ(x) (2.23)

where Di is the diffusion coefficient of species "i", R is the ideal gas constant

and T is the temperature. And the conservation of charge is ensured by the

continuity equation

∇ ·Ni(x) = 0 (2.24)

It is important to note that in eq. (2.23) the separation of the flux to diffu-

sional and migrational components is an artificial consequence of using the PNP

model, which treats the ions as point charges moving in the mean electric field.

The real driving force of the ion transport is the gradient of the electrochemical

potential and the contribution of the diffusion and migration is non-separable.

The simultaneous solution of eqs. (2.22) to (2.24) yields the electrical poten-

tial and the solute concentrations at every point of the system. To simultane-

ously solve these equations the most often used approach is the finite element

method (FEM),181 which discretizes the modeling system to a finite number of

elements (in 2D most often triangles), which can be modeled locally with simpler

algebraic equations (Figure 2.12). These equations are then assembled into an

equation system, which now models the entire system and the solution is ap-

proximated by using basis functions (usually linear or quadratic) on the finite

element domains.
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Figure 2.12: Schematic example of the simulation process with the finite element method. First

the three-dimensional simulation domain is reduced to two-dimensional utilizing

the axial symmetry of the system. The the domain is discretized to a finite num-

ber of elements resulting in a mesh. After solution the result is an assembly of

piecewise linear/quadratic functions over the finite elements approximating the

true solution.
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2.6.2 Particle methods

Because the continuum method represents the ions as point charges, which in-

teract with the mean electric field its use is limited to systems where the ionic

concentration does not exceed the close packed limit of the ions and where

ionic correlations are not significant.182 To overcome these limitations simula-

tion methods were developed, in which the simulation system is not a contin-

uum but a collection of interacting particles. Although generally true that particle

methods are more accurate than a continuum method a recent example from

Ható et al. showed that because of the sensitivity on the simulation parameters

it can happen, that a reduced model captures the behavior of a system better

than an all-atom model.183 In this case the rectification behavior of a mutant

OmpF ion channel was reproduced by a method using the Nernst-Planck equa-

tion coupled to a Local Equilibrium Monte Carlo method but not with molecular

dynamics, which is an all-atom method. Although particle methods are more

precise, when one is interested in local effects they require also more comput-

ing power and their use is limited to nanopores of several nm in diameter and

length.184 Furthermore recently was proved that the PNP model is appropri-

ate to reproduce the basic behavior of charged nanopores as small as 1 nm in

diameter, 6 nm long and bearing 160 mC/m2 surface charge.184

Considering the accuracy of the PNP equations on the size scale of nanopo-

res I used the coupled PNP equation system to investigate the potentiometric

response of permselective nanopores.
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Chapter 3

Materials and methods

3.1 Reagents and materials

CML: Carboxylate-modified latex

MDSA: Mercaptoundecane sulfonic acid

PBS: pH 7.4, 0.01 M phosphate buffer, 2.7 mM KCl and 0.137 M NaCl

PBST: PBS with 0.05% Tween-20 non-ionic surfactant

QT: N,N,N-trimethyl(mercaptoundecyl)ammonium chloride

3x SSC: 45 mM trisodium citrate and 450 mM NaCl at pH 7.0 (adjusted with 1

M HCl)

MH: 6-mercapto-1-hexanol

Track etched polycarbonate membranes were obtained from GE Osmonics (Min-

netonka, MN, USA). The membranes are 6 µm thick and 25 mm in diame-

ter having randomly-distributed, straight-through, cylindrical pores with nominal
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pore diameters of 80 nm and pore densities of 4x108 pores/cm2. The gold plat-

ing solution containing Na3Au(SO3)2 (Oromerse SO Part B) was obtained from

Technics Inc. (Cranston, RI, USA).

The PNA and DNA strands used in the experiments were obtained from Euro-

gentec (Seraing, Belgium) and from Sigma-Aldrich, respectively.

CML nanoparticles with 4% w/v concentration and nominal diameters of 330

nm, 110 nm, 73 nm, 67 nm, 45 nm and sulfate-modified latex nanoparticles with

8% w/v concentration and nominal diameter of 25 nm were obtained from Life

Technologies Corporation (Carlsbad, CA). The inactivated poliovirus samples

(Sabin-1 strain) were provided by the National Center of Epidemiology (Hun-

gary). We filled BRANDr UV cuvettes (center height 8.5 mm, chamber volume

70-850 mL, window width x height 2 mm x 3.5 mm) with 80-100 ml solution.

A Malvern Zetasizer Nano ZS particle analyzer with Zetasizer Software 7.01

(Malvern Instruments Ltd.) was used for DLS measurements with a 4.0 mW

He-Ne laser at a wavelength of 633 nm.

Unless stated otherwise in the text the experiments were conducted with reagents

of the highest analytical grade and were obtained from Sigma-Aldrich or Merck.

Solutions were prepared using deionized water of 18.2 MΩ·cm resistivity pro-

duced by a Millipore clean water system (Synergy, Syns50001; Millipore, Bed-

ford, MA).

3.2 Nanopore fabrication methods

3.2.1 Gold nanoporous membranes

I prepared gold nanoporous membranes by electrolessly plating gold in the

pores of track etched polycarbonate membrane disks. For gold plating a modi-

fied procedure114 was used based on a multi-step protocol developed by Mar-

tin’s group.185
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Figure 3.1: Schematic depiction of the reactions occurring during the electroless gold plating of

the track etched polycarbonate membrane disks.

In essence the procedure is as follows.24 At first the membrane is "sensitized"

by Sn2+ (Figure 3.1A), which is then oxidized to Sn4+ by using AgNO3 mean-

while Ag+ is reduced to elemental Ag on the membrane surface (Figure 3.1B)

forming nanoscopic Ag particles. Then by using an Au plating solution contain-

ing formaldehyde the less reactive gold displaces the more reactive Ag on the

pore surface (Figure 3.1C). The formed Au nanoparticles catalyze the oxida-

tion of formaldehyde, which reduces Au+ to Au resulting in a continuous gold

deposition on the newly formed Au surface (Figure 3.2). The reaction can be

represented as follows:

2Au + HCHO+ 3OH− → HCOO− + 2H2O+ 2Au (3.1)
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Figure 3.2: Track etched polycarbonate membranes at different stages of the gold plating

(above) and SEM images of gold plated membranes after 100 and 200 min plating

time. Adapted with permission from ref. 169. Copyright 2007 American Chemical

Society.
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To perform the gold plating I executed the following steps. Before gold plating

glassware was washed with aqua regia (an aqueous mixture of concentrated

HNO3 and HCl in 1:3 ratio). To improve the wettability of the nanopores the

membranes were first immersed in methanol for five minutes. Then they were

immersed for 45 min in a 0.025 M SnCl2 and 0.07 M trifluoroacetic acid solution.

The membranes were immersed in methanol three times for 1.5 min each. The

membranes were immersed in an aqueous ammoniacal AgNO3 solution (0.029

M) for five minutes, following which they were immersed two times in methanol

for 1.5 min. After treatment in AgNO3 the membranes were dried in N2 atmo-

sphere. The dry membrane was placed in the gold-plating bath (100 mL), which

contained 2.5 mL gold plating solution, 0.127 M Na2SO3, 0.625 M formaldehyde

and 0.025 M NaHCO3. The bath temperature was maintained at 1 °C. The pH

was initially 12, but I adjusted it to 10 by adding 0.5 M H2SO4, with constant

stirring. The membranes were placed in the gold-plating bath for different peri-

ods of time (2 to 5 h) to obtain nanopores with different diameters. In the next

step I removed the gold nanoporous membranes from the plating solution and

washed them with deionized water. Before further characterization I placed the

membranes overnight in vacuum at 30 mbar.

3.2.2 Nanopore arrays

Solid-state gold nanopore arrays were fabricated using a combination of sil-

icon based 3D MEMS/NEMS technology and focused ion beam (FIB) etch-

ing. In essence, 380 µm thick Si wafers with three subsequent layers of non-

stoichiometric silicon nitride (SiNx), Ti oxide adhesion layer and gold with thick-

nesses of 205, 5 and 150 nm, respectively, were subjected to anisotropic etch-

ing on the Si layer side to reveal a SiNx /Au membrane of 700x700 µm2. 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 using Ga+ ions (Figure 3.3).186
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Figure 3.3: Optical (A,B) and scanning electron microscopic (C) images of a nanopore chip

used in the experiments (A). The reference side of the chip, i.e., the side from

which the Si layer (blue) was etched until reaching the SiNx layer (the smaller green

rectangular area in the middle of the chip). The pores were milled by FIB from this

side, thus it features the larger entrances of the conically-shaped nanopores. (B)

The sample side of the chip covered with the gold layer (yellow disk) comprising the

smaller entrance of the nanopores. (C) TEM image of the nanopore array indicating

the smaller openings of the 7 nanopores.

3.2.3 Quartz nanopipettes

We fabricated quartz nanopipettes by pulling quartz capillaries of 1 mm outer

and 0.7 mm inner diameter with filament (Sutter Instrument Co. Novato, CA)

with a P2000 laser-based micropipette puller (Sutter Instrument). The filament

is a small rod of glass annealed to the inner wall of the capillary, which facili-

tates the bubble-free filling of the prepared nanopipette through capillary action.

We used a two-cycle pulling program with the following settings: Cycle 1 (Heat

750; Filament 4; Velocity 55; Delay 132; Pull 55) and Cycle 2 (Heat 800; Fil-

ament 3; Velocity 30; Delay 129; Pull 70) resulting in nanopipettes with ∼800

nm tip diameter. For smaller diameter pipettes, we increased the pull value in

Cycle 2 while keeping all other parameters constant, e.g., for the smallest 50

nm diameter nanopipette we used a pull value of 200.
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3.3 Characterization and modification of nanopores

3.3.1 Gold nanoporous membranes

After the gold plating I weighted the membranes and subtracted the original

membrane weight to determine the amount of gold deposited. I determined the

effective pore diameter (average inside diameter) of the Au nanoporous mem-

branes by gas permeation experiments. The gold nanoporous membrane disks

were mounted in filter holders (Whatman plc, Maidstone, UK) and then pressur-

ized one side up to 2 bar using N2 gas. The resulting transmembrane gas flux

was determined by collecting the volume of permeated gas and divided the vol-

ume by the time elapsed from the application of the pressure. I calculated the

effective pore diameter (reff ) by inserting the value of the pressure drop (∆p)

and the molar gas flux (Qg, mol/s) in the following equation:187

r =
3

√

3

4
Qg

(

MRT

2π

)1/2 l

n∆p
, (3.2)

where l is the thickness of the membrane, n is the number of pores, M is the

molecular weight of the gas (kg/mol), R is the universal gas constant (J ·K-1 ·mol-1)

and T is the absolute temperature. Equation (3.2) is valid when the pore size is

on the scale of the mean free path of the gas molecules, so the N2 molecules

collide much more often with the nanopore wall than with each other or with

other molecules.

I functionalized gold nanoporous membranes by using thiol derivatives that

form self-assembled monolayers on Au surfaces. For generating negative sur-

face charge mercaptoundecane sulfonic acid (MDSA) was used while for in-

ducing positive charges N,N,N-trimethyl(mercaptoundecyl)ammonium chloride

(QT), which were synthesized based on recipes by Mandler et al.188 and Tien

et al.,189 respectively. I immersed the gold nanoporous membranes either in 1

mM aqueous QT or 0.1 mM ethanolic MDSA solutions for 42 hours.
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3.3.2 Nanopore arrays

The gold surfaces were modified using thiol terminated 18-mer PNA (N’-Lys-

GCTTTTTGCTCGTCTTAT-AEEA-C6-SH-C’), where C6 is (CH2)6 spacer and

AEEA is 2-(2-aminoethoxy) ethoxyacetic acid. 22-mer microRNA (5’-AUAAGAC

GAGCAAAAAGCUUGU-3’) or its DNA analog was used as the complementary

sequence target while a similar length random sequence (5’-AGUACUAAUUC

GUCUCUGUUCU-3’) as the negative control (NC DNA). The PNA strands were

immobilized to the gold nanopore in a prehybridized form with a short comple-

mentary 7-mer DNA oligo (5’-AAGACGA-3’), which was recently shown by our

group to ensure a self-controlled surface density optimal for target hybridiza-

tion.190 The immobilization was performed in 3x saline-sodium-citrate (SSC)

buffer.

For the modification the following steps were used. The nanoporous membranes

were submerged in 1 mL Caro’s acid (also known as piranha solution, 96%

H2SO4 + 35% H2O2 in 3:1 ratio, cooled to room temperature) for 15 minutes,

then cleaned with copious amount of deionized water. The gold surface of the

chip was modified with the prehybridized PNA-DNA duplex by placing a 10 µl

drop on each side of the nanoporous membrane from a SSC solution containing

5-5 µM PNA and 7-mer DNA and was incubated at 4 oC for 12 h. After washing

with copious amounts of deionized water, the chip was submerged in 1 mL 1

mM water based 6-mercapto-1-hexanol (MH) solution for 30 min to block the re-

maining gold surface. The PNA-DNA duplex was dehybridized by gentle mixing

in 100 mM NaOH for 15 min at 35 oC, then in the same solution at 25 oC for 30

min. Finally the chips were conditioned in 10-3 M KCl + 10-4 M HCl for 15 min at

room temperature.
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Figure 3.4: Scheme of RPS measurements, where at a given pressure, adjusted by a syringe

and a U-tube manometer, the sample is aspirated through the nanopipette. In the

meanwhile the transpore current is measured at an applied voltage between two

Ag/AgCl electrodes placed inside the nanopipette and the sample solution.

3.4 Resistive pulse measurements with nanopipettes

3.4.1 RPS measurements

We filled the fabricated nanopipettes with electrolyte and established the elec-

trical connection by inserting a silver wire covered with silver-chloride (Ag/AgCl

wire) into the pipette. We attached the nanopipette to a polycarbonate holder

comprising also a pressure port. For RPS measurements, custom-made cells

of either 0.1 or 1 mL volume were used comprising an electrolyte/sample solu-

tion and a Ag/AgCl wire reference/counter electrode (Figure 3.4).

For electrical resistance and counting measurements, we used an EPC 10 USB

patch-clamp amplifier (HEKA, Lambrecht/Pfalz, Germany), with the electrodes

connected through a low-noise preamplifier. Both the cell and the headstage

were placed in a Faraday cage. The resistance of the nanopipettes was calcu-

lated from current changes measured upon applying two consecutive 10 ms du-

ration square wave pulses with ±10 mV amplitude in the corresponding solution.
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We performed the counting experiments at a constant voltage of U = 100 mV

in case of carboxylate-modified latex (CML) nanoparticles and at U = 300 mV

in case of the poliovirus measurements. We used a sampling rate of 200 kHz

and the signal was filtered with two analog filters in series (5-pole and 4-pole

Bessel filters) with an effective bandwidth of 7.3 or 10 kHz. We performed the

nanoparticle quantitation by applying a ∆p negative pressure (typically 0-1000

Pa, which corresponds to about 0-10 cm H2O) adjusted with a manometer, to

aspirate the sample suspension through the tip in the pipette interior. In the case

of pore occlusion by larger particles, a short positive pressure pulse was applied

to clean the pore.

3.4.2 Data analysis

I adapted the peak detection algorithm developed by Raillon et al.191 within a

self-written program (in Python/Cython programming language using the NumPy,

SciPy and matplotlib libraries). The algorithm calculates point-by-point the local

mean current (µ, eq. (3.3)) and local variance (σ2, squared deviations of the

current from the local mean, eq. (3.4)) by using two 1-pole recursive digital low-

pass filters (Figure 3.5):

µk = µk−1wµ + (1− wµ) ik (3.3)

σ2
k = σ2

k−1wσ + (1− wσ) (ik − µk)
2 (3.4)

wj = e−2πfj/fs j = µ, σ (3.5)

where ik is the kth point of the current signal, wµ and wσ are the weights cor-

responding to µ and σ, fs is the sampling frequency, while fµ and fσ are the

desirable cut-off frequencies of the filters (usually 1-10 Hz) corresponding to
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Figure 3.5: An overview (left) and zoomed view (right) of an analyzed RPS current trace show-

ing the local mean values (green line), the detection threshold (red dashed line),

peak values (red dot) and the start-/endpoint of the pulse and its fwhm (green and

yellow triangles).

the local mean or variance, respectively. A ξ moving threshold level is also de-

fined which runs below the local mean by a multiple (χ) of the local standard

deviation to ensure that no false positives are detected (typically 5 ≤ χ ≤ 6):

ξk = µk−1 − χσk−1 (3.6)

If the current moves below this threshold a translocation event is detected and

the µ and σ2 values are not updated until the translocation event ends. I defined

the start-/endpoint of the current pulse as the points where the current first

sinks/rises below/above the local mean value by at least 1σ respectively, to re-

duce the pulse-shortening effect of the noise. The peak height is defined as the

difference of the lowest current value in the pulse and the corresponding local

mean value. I also determined the full width at half maximum (fwhm) as the time

difference between the points where the pulse is at its half maximum. Because

of sampling no such points exist in the data thus linear interpolation was used

between the two nearest points. For sizing and quantitation measurements error

propagation calculations were carried out with the "uncertainties" Python pack-

age. For sizing measurements I considered the uncertainties of the following
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quantities: pipette resistance, solution conductivity, tip geometry (angle, tip di-

ameter) and surface conduction calibration curves, while for nanopipette-based

concentration measurements I also included the error of the slope of the event

frequency-pressure curve. For creating the smoothed histograms kernel density

estimation was used with gaussian kernels.

3.4.3 Validation of the sizing and quantitation method

We used a solution of 50 mM KCl with 0.05% Triton-X100 adjusted to pH 10 to

count carboxylate-modified latex nanoparticles (CML) if not indicated otherwise,

while I performed poliovirus counting in PBS with 0.05% Tween-20 at pH 7.4

(PBST). In all cases, the same solution was used in the sample compartment

and the pipette interior.

For RPS, DLS and TEM measurements I centrifuged the poliovirus stock solu-

tion through a 100 kDa Sartorius Vivaspin 500 centrifugal concentrator using an

Eppendorf 5430R centrifuge at 13000 g and diluted it with PBST. For transmis-

sion electron microscopy (TEM) imaging, the resulting solution was also filtered

through a Millex-VV syringe filter unit (Polyvinyl difluoride membrane with 100

nm pore size).

For sizing particles by SEM, a LEO 1540XB ultrahigh resolution field emission

SEM system (Carl Zeiss AG, Oberkochen, Germany) was used. Nanoparticles

suspended in deionized water were drop casted onto the surface of a Si wafer,

dried at room temperature and SEM images were taken. I performed NTA mea-

surements with a Nanosight LM10-HS system (Malvern Instruments Ltd., U.K.).

A Philips/FEI CM-20 TEM was used for imaging poliovirus (Sabin-1) deposited

on a carbon film-coated Cu-grid by wetting with 5 µL of 10x diluted stock solu-

tion for 1 min. The grid was rinsed with 2 x 5 µL of deionized water for 1 min

each, then the virus was stained with 5 µL of 0.5% uranyl-nitrate for 1 min and

let to dry before imaging.
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3.5 Potentiometric measurements

As reference electrodes double junction Ag/AgCl electrodes (No. 60729.100;

Metrohm AG, CH-9101 Herisau, Switzerland) were used with 3 M KCl as inner

and 1 mM KCl as outer filling solution. The transpore potential was measured

with a high-input impedance (1015 Ω) 16-channel pH meter (Lawson Labs, Inc.,

Malvern, PA, USA) at room temperature under continuous stirring.

3.5.1 Gold nanoporous membranes

I cut three 7 mm diameter gold nanopore membrane disks from each 25 mm di-

ameter master membrane. Then the membrane disks were mounted into Philips

IS 561 liquid membrane electrode bodies (Möller Glasbläserei, Zürich, Switzer-

land). I placed the membrane disks between two rings made of self-adhesive

teflon tape and silicone rubber, both having 7 mm outer diameter and respec-

tively 2 and 4 mm inner diameters. The inner solution compartment of the elec-

trodes (ca. 1 mL) was filled with 0.1 mM KCl (Figure 3.6). I placed the above

constructed electrodes, up to 16 at a time, in stirred 500 mL KCl solutions of var-

ious concentrations and measured the EMF against a double junction Ag/AgCl

electrode. The calibrations were performed always from lower to higher concen-

trations. In case of larger pore diameter membranes the measured values were

corrected for potential drifts. To achieve this I followed, how much the poten-

tial drifted by changing back the outer solution to 0.1 mM KCl after measuring

the EMFs in any of the KCl solutions and reported the EMF changes with re-

spect to this new drift-corrected potential value upon stepping to a higher KCl

concentration during the calibration.
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Figure 3.6: Nanoporous membrane-based potentiometric electrode setup.

3.5.2 Nanopore arrays

The chips were fastened in a transport cell to separate two compartments, each

accommodating a double junction Ag/AgCl electrode. For off-line detection of

the NA binding, the nanopore membranes were incubated outside of the trans-

port cell by placing a drop of the nucleic acid sample (10-7-10-6 M) in SSC at 4
oC to avoid evaporation. After rinsing with SSC and deionized water the mem-

brane was mounted in the transport cell. The potential response indicating the

type and magnitude of the permselectivity was measured by filling the sample

compartment with 10-3 M KCl and measuring the potential change upon increas-

ing the KCl concentration from 10-4 M to 10-2 M in the reference compartment

(facing the SiNx layer of the nanoporous membrane). For on-line measurements

the same cell setup was used as above but the reference compartment was

filled with 10-2 M KCl and the nucleic acid samples were added directly into the

sample compartment (facing the tip of the conical nanopore) and the potential

change was measured in real-time (at 10-11-10-7 M miRNA concentrations).

72



3.6 Finite element simulations

I performed the finite-element simulations of nanoporous membranes in various

experimental conditions with Comsol Multiphysics 3.5 or 4.2 software package.

The simulations assumed 298 K in the system and the highest precision values

available were used for all constants (R, ε0, F). The diffusion coefficients of K+

and Cl- implemented in the simulations were 1.957 · 10-9 m2 s-1 and 2.03 × 10-9

m2 s-1, respectively.

The simulated geometries consist of two electrolyte reservoirs connected by a

single cylindrical or conical nanopore. The axis of the nanopore bears an axial

symmetry boundary condition. One of the electrodes (at the end of the simu-

lation geometry) was always at zero potential (φ = 0), and when not explicitly

stated otherwise (as in section 3.6.1), then I treated the remaining boundaries

as uncharged walls (−∇φ · n = 0) and impermeable to ions (Ni · n = 0), where

n is the normal unit vector of the given surface, φ is the electric potential and

Ni is the flux of species "i". At the two electrodes I assumed the same ion con-

centrations as in the bulk of the solution in the respective compartments. In the

solution satisfying these boundary conditions the transpore current is zero and

the potential difference between the two electrodes is obtained.

3.6.1 Gold nanoporous membranes

The simulations assumed KCl solutions of various concentrations as the outer

solution, while throughout the study the inner solution was 0.1 mM KCl (Fig-

ure 3.7).

In the model I simulated the transport of two species K+ and Cl- with the spa-

tial charge density ρ(x) = F (zK+cK+(x) + zCl−cCl−(x)) and the Nernst-Planck

and continuity equations Equations (2.23) and (2.24), which are defined for

i = K+, Cl−. The inner surface of the pore is charged which requires the

σpore = −ε0εrE · n surface charge boundary condition for Poisson’s equation.
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Figure 3.7: Schematic axisymmetric simulation geometry of the cylindrical nanopore and the

electrochemical cell used in the simulations (not to scale). The pore has a length

of l, and a radius of rp, while the two solution reservoirs have a height of h and a

radius of rr.

As the PNP model operates with concentrations, I used concentrations and not

activities for reporting both experimental and simulated results. Given that only

monovalent ions are present in the system dramatic deviations are expected

only at salt concentrations higher than 0.1 M. This concentration regime is,

however associated with higher uncertainty because the nanopores lose their

permselectivity and the larger diffusional fluxes through the high pore density

membrane can significantly change the ionic activity in the electrode body (inner

solution), where the solution cannot be homogenized with stirring. This leads to

the drift of the experimental potential responses and suggests that because the

individual hemispherical diffusion layers at the nanopores might overlap at high

concentrations the single nanopore approximation with hemispherical diffusion

is not anymore valid. Therefore, although I presented data also for the high salt

regime (c > 0.1 M), I excluded them from the fitting of the experimental results

with simulated values and surface charge density determinations.

3.6.2 Nanopore arrays

The simulated geometry consisted of two electrolyte reservoirs connected by

a single conical nanopore, which approximates the average behavior of the

seven nanopores used in the measurements (Figure 3.8). The implemented
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Figure 3.8: Schematic axisymmetric simulation geometry of the nanopore based nucleic acid

sensor (A) and different locations of the PNA layer considered: (B) uniform coverage

of the whole gold surface, (C) coverage of the external membrane surface, (D)

coverage of the external surface with the surface density steeply falling to zero at

the nanopore entrance.

conical nanopore geometry was determined by Scanning Electron Microscopy

(dtip = 29.3 nm, dbase = 142.8 nm). The PNA strands and PNA-NA hybrids were

modeled as a 8.7 nm thick layer adjacent to the gold surface. I have approx-

imated this length as the sum of the lengths of a 18-base PNA-DNA double

helix (18 · 0.34 = 6.12 nm), twice the radius of gyration of a 4-base ssDNA

(2 · 0.7 = 1.4 nm) and twice the radius of gyration of a 3-base nucleic acid con-

sidering steric effects only (neglecting electrostatic effects), which approximates

the length of the AEEA and C6-SH linkers (2 · 0.584 = 1.168 nm). I used the val-

ues for the radius of gyration reported by Sim et al.192 Although the thickness of

this layer may depend on the PNA surface density, ionic strength and the state

of hybridization, my simulations showed that the variation of layer thickness in

a realistic range (4–9 nm) will change the results to only a minor extent, i.e.,

causing less than 7% error.
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In the simulations the spatial charge density is

ρ(x) = F

(

∑

i

zici(x) + zNAcNA−PNA

)

, i = K+, Cl−, H+, PNA (3.7)

where z is the charge number, c is the concentration and F is the Faraday

constant. Specifically cPNA = σPNA

hlayerNA
and cNA−PNA are the effective PNA and

NA-PNA hybrid concentrations in the PNA layer, σPNA

[

1/m2
]

is the surface

density of the PNA strands, hlayer is the thickness of the PNA layer, NA is the

Avogadro constant, zPNA and zNA are the charge numbers of the PNA and NA

strands. In the simulations I assumed first order Langmuir type hybridization

kinetics with the hybridization reaction rate of193

rhybr = kon(cPNA − cNA−PNA)cNA − koffcNA−PNA (3.8)

where kon and koff are the association and dissociation rate constants and cNA is

the concentration of free target ssDNA/ssRNA. Although deviations from Lang-

muir kinetics were reported for the real-time PNA-NA binding (non-equilibrium

conditions)194–196 this assumption is reasonable for equilibrium conditions, which

were well described by Langmuir isotherms.194 The non-specific adsorption of

NA was excluded and no free PNA or NA-PNA complexes outside the PNA layer

were assumed, thus the terms corresponding to cPNA and cNA−PNA in Equa-

tion (3.7) are zero outside the PNA layer. Inside the PNA layer I considered that

the PNA strands and NA-PNA duplexes have a homogeneous space charge

distribution. I have applied the Nernst-Planck and continuity equations to the

species i = K+, Cl−, H+, NA In the simulations the free ssDNA/ssRNA were

treated as uncharged components that transport only by diffusion to their bind-

ing location (i.e. zNA = 0). Although this treatment neglects to explicitly consider

the electrostatic effects on the target nucleic acids these effects are implicitly

contained in the kinetic parameters, i.e. mainly by lowering the apparent kon.
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Table 3.1: The values of the constants and ranges of the parameters used in the simulations.

Parameters Values Description

DNA 9.35 · 10−11 [m2/s] Diffusion constant of 22-mer microRNA198

zPNA 5.75 Charge number of 18-mer ssPNA with terminal lysine (at pH 4.2)

zNA −12.7 Charge number of 22-mer microRNA (at pH 4.2)

σPNA 5.4 · 1011 − 7.5 · 1013 [1/cm2] Surface density of PNA

Kd 10−9 − 10−8 [mol/l] Dissociation constant of the PNA-NA complex, Kd = koff/kon

kon 104 − 105 [l/(mol·s)] Association rate constant of the PNA-NA complex

koff 10−4 − 10−3 [1/s] Dissociation rate constant of the PNA-NA complex

cNA 10−11 − 10−7 [mol/l] Concentration of microRNA in the sample

I have summarized the parameters used in the simulation in Table 3.1. The

kinetic data was fitted with the cma 1.1.06 python package which uses a Co-

variance Matrix Adaptation Evolution Strategy (CMA-ES) for non-linear numeri-

cal optimization. CMA-ES is a stochastic derivative-free method,197 which uses

only the ranking between candidate solutions and is useful to avoid noise stem-

ming from derivation. To facilitate the comparative overview of the experimental

data and their theoretical fitting, I plotted the results as potential change (∆E),

i.e. by shifting the curves to have zero potential when no NA is hybridized to the

PNA-modified nanopores.
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Chapter 4

Results and discussions

4.1 Potentiometric response of 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 (see eq. (2.1)), 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.

From the perspective of potentiometric sensing, to preserve the inherent sim-

plicity of the methodology, the most convenient way to confer permselectivity

to the nanoporous membranes is to chemically modify the wall of the nanopo-

res with charged components, such as for gold nanopores with thiol derivatives

79



bearing “permanent” negative or positive charge. Therefore, I have studied the

potentiometric response of bare gold nanopores, as well as nanopores modified

with thiol derivatives bearing either quaternary ammonium or sulfonate func-

tional groups.

As usual for many systems the information is not provided by the “ideal” Nerns-

tian behavior, but rather by deviations from the ideal behavior. Accordingly, devi-

ations from the Nernstian response at high salt concentration regime, i.e., Don-

nan failure owing to coion interference,199,200 were used to estimate the surface

charge density of the inner pore walls. I have further 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 nano-

porous membranes. To gather further insight on relevant characteristics of the

nanoporous membranes I correlated their experimental potential responses with

numerical solutions of the Poisson/Nernst-Planck (PNP) equations obtained by

finite-element simulation (see section 3.6.1), which was proved to be very use-

ful to describe the transient and steady state potential response of polymeric

membrane based ion selective electrodes.180,201–203

The working principle of ion-exchanger membranes and charged nanoporous

membranes are similar with the main difference that ion permselectivity is en-

sured by the nanopore surface charges instead of ion-exchangers. Unlike for

conventional polymeric ion-exchange membranes, to simulate the operating

mechanism of nanoporous membranes is rather challenging with the Poisson

and Nernst-Planck equations in one dimension. This is the result of the inhomo-

geneity of the surface charge and ionic concentration as well as the geometric

complexity of nanopores.180,204,205 Furthermore while polymeric ion-exchange

membranes are practically immiscible with water the hydrophilic nanopores are

wetted by aqueous electrolytes.

To evaluate experimentally the effect of the pore diameter, I plated electrolessly

track etched membranes having a nominal pore diameter of 80 nm with gold for

various times. Owing to the cubic root dependence of the pore diameter on the
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Figure 4.1: Pore diameters as determined by N2 gas permeation experiments (A), measured

(blue dots) and calculated (red triangles) mass of the 25 mm diameter track etched

polycarbonate membrane disks at various plating times (B). The measurement un-

certainties are smaller than the marker size.

experimental parameters (see eq. (3.2)) the gas permeation experiments are

a very robust way to assess the effective pore diameter of multichannel nano-

porous membranes (Figure 4.1). This is apparent also through the low, ± 0.2

nm, uncertainty of the determined values. For comparison I have calculated the

mass of the gold plated membranes assuming that the gold layer have the same

thickness on the outer membrane surface as in the nanopores (Figure 4.1B).

The initial membrane had 80 nm diameter pores and a mass of 3.44 mg. If the

pores are narrowed to 50 nm diameter (with a gold layer of 15 nm) this would

mean a membrane mass of 4.43 mg (close to the measured value), while for

a membrane with 6.6 nm diameter pores (a gold layer of 36.7 nm) this value

is 5.25 milligrams. The latter value is significantly smaller than the measured

membrane mass, which means that as the pores become narrower the trans-

port in the pores becomes progressively limited and the gold deposition will be

faster on the outer membrane surface.

I created a model for the steady state potential response of gold nanoporous
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membranes. Although the experiments were performed with multichannel gold

nanoporous membranes, given the close to monodisperse pore size distribu-

tion and the >280 nm average inter-pore distance I simulated the potentiometric

response with a single nanopore having a length corresponding to the mem-

brane thickness and a pore diameter that equals the effective pore diameter

of the multipore membrane determined by gas permeation experiments. Since

steady-state potential responses were simulated this is a valid simplifying ap-

proach and discrepancies may be foreseen only for low permselectivity mem-

branes with significant transpore diffusional flux.

4.1.1 Potentiometric response of bare gold nanopores

The potential response of the bare gold nanoporous membranes for different

KCl concentrations in the outer solution is shown in Figure 4.2 (for the mea-

surement method see section 3.5.1). All membranes gave cationic response

(due to the surface adsorbed anions) close to ideal Nernstian response at con-

centrations lower than 1 mM with slight deviations at the lowest concentration

(10-5 M); most likely due to proton interference. 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 perms-

electivity and deviate from the Nernstian behavior at lower concentrations than

those with smaller pore diameters. From a theoretical point of view these de-

viations 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 the-

ory (see section 3.6.1) to the experimental data. The fitted curves (using the

surface charge density as fitting parameter) describe surprisingly well the ex-

perimental data.
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Figure 4.2: Potential response of non-modified 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. I denoted the experimentally determined potentials with

symbols and the simulated values with lines. Pore diameters and the corresponding

simulated surface charge densities were 6.6 nm (-19.0 mC/m2), 18.0 nm (-15.0

mC/m2), 29.3 nm (-2.5 mC/m2), and 49.4 nm (-2.5 mC/m2). 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 (see eq. (4.1)).
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I obtained the best fits for pore diameters in the middle of the studied pore size

range (18-29.3 nm). This is logical as large pore diameters can be associated

with drifting potential responses at higher KCl concentrations owing to high dif-

fusional transpore ion flux, while very narrow pores may exhibit deviation from

the perfectly cylindrical geometry.

I found that the surface charge densities resulting from the fitting increased from

-2.5 mC/m2 to -19 mC/m2 as the pore diameter decreased from 49.4 nm to 6.6

nm. Such pore diameter dependent surface charge densities were observed

previously for nanopores in polymeric materials (a factor of ca. 4 from 20 nm

to 200 nm)206 with absolute values and dependences also highly reliant on the

measuring technique.112 An obvious question is whether it is justified to use

a constant surface charge density for all salt concentrations at a given mem-

brane diameter or the surface charge density should be varied. Variable surface

charge densities as a function of the ionic strength were reported earlier for SiO2

nanopores207 where experimental pore conductance vs. electrolyte concentra-

tion curves could be theoretically described only if the chemical reactivity of the

surface was considered. However, the discrepancy did not occur in the high-

salt regime (c > 0.1 M) where I obtained the largest errors (for other reasons

as well), but at lower concentrations. As it will be shown later a similar depen-

dence for cation exchanger-modified nanopores was found, where the surface

charge should not change as a function of the salt concentration. Therefore,

I assume that slight deviations of the calculated values from the experimental

values within a calibration curve are predominantly caused by the non-ideality

of the assumed cylindrical geometry and at very large concentrations and pore

diameters by uncertainties owing to drifting potential responses. Therefore, at

this stage I decided to perform all simulations by using constant surface charge

density within one calibration experiment.

As visible in Figure 4.2 the calibration curves exhibit a maximum at high con-

centrations in a similar manner as polymeric ion-exchange electrodes.199,200

The finite-element simulations indicate that the deviation from the Nernstian re-

sponse has the same origin as in case of polymeric ion-exchanger electrodes,
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Figure 4.3: Simulated membrane potential and the phase boundary potentials at the

nanopore/inner solution and nanopore/outer solution interfaces (A). 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) (B). The simulations refer to a 6 µm long and 18 nm diameter nanopore

having a surface charge density of -15.0 mC/m2.

i.e., the coion interference. Figure 4.3/B shows cross-section averaged phase

boundary concentrations at the outer solution/pore interface of both K+ and Cl-

in a 18 nm diameter nanopore as a function of the KCl concentration in the outer

solution. We introduced the surface charge equivalent concentration

ceq =
4 |σpore|
Fdpore

(4.1)

where σpore is the surface charge density of the pore and F is the Faraday

constant. This parameter is the conversion of the surface charge density on the

inner pore wall to an equivalent volume concentration of monovalent ion and

I marked its value with a horizontal line in Figure 4.3/B. Thus I reported the
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total charge on the pore surface (-15 mC/m2) as the amount of monovalent ion

of equal charge in the volume surrounded by the surface, which corresponds

in this particular case to a concentration of 0.035 M. This is a concentration

that closely resembles to that of ion-exchangers in polymeric ion-exchanger

electrodes and shows the effectiveness of the large surface area/volume ratio

nanopores in providing large ionic site concentrations even at fairly low surface

charge densities. For comparison highly charged surfaces have surface charge

densities of ca. 0.2-0.3 C/m2 corresponding to 1-2 charges per nm2.208

In the Nernstian response range the phase boundary K+ concentration in the

nanopore remains constant and closely matching the surface charge equivalent

concentration. The onset of the deviation from the Nernstian response can be

clearly traced back to the salt co-extraction in the nanopore that increases the

K+ concentration over the level of ceq.

The phase boundary Cl- concentration increases continuously with increasing

salt concentration in the outer solution. However, its concentration remains very

low in the Nernstian response range (note the logarithmic scale) with respect

to the K+ concentration confirming the cation permselectivity of the nanopore.

The maximum of the membrane potential response corresponds to the Cl- con-

centration level reaching the surface charge equivalent concentration. Further

increase of the KCl concentration in the outer solution results in the conver-

gence of the phase boundary concentrations of Cl- and K+ in the nanopore and

the complete loss of permselectivity. This corresponds to the negative slope

region of the membrane potential which ultimately should reach the liquid junc-

tion potential value (in a symmetrical cell ca. 0 mV for KCl with close to equal

mobilities of its counterions) at complete breakdown of the permselectivity.200

Of note, the outer phase boundary potential follows closely the trend predicted

by Bühlmann (ref. 199, Fig. 1A (curve g)) for ion-selective electrodes based on

charged and neutral ionophores, i.e., the potential levels at a constant value

in the high salt concentration regime without going through a maximum (see

Figure 4.3A). Thus the experimentally observed reversal of the slope can be ex-
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Figure 4.4: Simulated steady-state K+ (solid lines) and Cl- (dashed lines) concentration profiles

at different KCl concentrations in the outer solution ranging from 10-5 M (a) to 1 M

(f). The concentration profiles extend from the outer solution, through the nanopore

to the inner solutions. I calculated the plotted concentration values by averaging the

concentrations at the corresponding cross sections along the nanopore. A nano-

pore with 6 µm length, 9.0 nm radius and -15.0 mC/m2 surface charge density was

used in the simulations. It is important to note, as due to the logarithmic scale is not

obvious, that the concentration profiles within the nanopore are linear.

plained only by considering the contribution of the inner phase boundary poten-

tial to the membrane potential. The inner phase boundary potential as expected

is constant for most of the concentration range, but starts to increase at very

high salt concentrations owing to the significant transpore ion flux in this region

that causes concentration polarization at the inner solution interface. Figure 4.4

shows clearly that at high KCl concentrations in the outer solution (e and f) the

inner face boundary concentrations are very much affected by the transpore ion

transport. However, the membrane potential, which is the difference of the outer

and inner phase boundary potentials (in the convention that I used), is properly

describing the experimental potential response (Figure 4.3A).
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In addition to Figure 4.3B, Figures 4.2, 4.5 and 4.6 also show that the maxi-

mum in the response curve is reached at a salt concentration closely matching

the surface charge density equivalent concentration. Owing to the larger sur-

face/volume ratios the same surface charge density in pores of smaller diame-

ters results in an increased ceq offering an intuitive approach for predicting the

onset of the potential reversal (negative slope). Thus it seems that as a rule

of thumb one can formulate that the upper range of the cationic response is

reached at KCl concentrations close to ceq .

4.1.2 Potentiometric response of cation exchanger-modified nano-

pores

I have further investigated the potential response of mercaptoundecane sulfonic

acid-modified (MDSA-modified) gold nanopores. The thiol modification may re-

duce the pore size and therefore gas permeation experiments were performed

to investigate this possibility at the two extremes of the studied pore size range.

While for larger pore radii (∼20 nm) the MDSA modification resulted in a radius

decrease of ca. 0.4 nm (ca. 2%), for smaller membranes the result was not con-

clusive. Therefore I used the effective diameters of the bare gold membranes for

simulation and found again a very good correlation between the simulated and

experimentally determined potential values (Figure 4.5). Comparing with bare

gold nanopores for the same pore diameters the surface charge densities were

found to be significantly and consistently higher for MDSA modified membranes,

ranging from -6.5 mC/m2 up to -40 mC/m2. In general, I observed the same ten-

dency as for bare gold nanopores in terms of assessing higher surface charge

densities on membranes with smaller diameter pores. For comparison, planar

gold surfaces modified with 3-mercaptopropionic acid were reported to have

surface charge densities of ca. -6 mC/m2.209 On the other hand by simulating

current rectification effects with 2-mercaptopropionic acid modified conical gold

nanopores a surface charge density of -1 e/nm2 (-160 mC/m2) was reported.110

Thus while the data reported in the literature vary considerably, the values that
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Figure 4.5: Potential response of MDSA-modified, gold-plated membranes as a function of KCl

concentration in the outer solution. I denoted the experimentally determined po-

tentials with symbols and the simulated values with lines. Pore diameters and the

corresponding simulated surface charge densities were 6.6 nm (-30.0 mC/m2), 18.0

nm (-39.0 mC/m2), 29.3 nm (-6.0 mC/m2), and 49.4 nm (-7.0 mC/m2). The vertical

dashed lines indicate ceq for the corresponding nanoporous membrane.

I obtained are well within the reported range. If one assumes that all negative

charges originate from the singly charged MDSA molecules the surface charge

density can be transformed into surface concentration. We found that the sur-

face concentration of MDSA within the nanopores varied from 7.4·10−12 mol/cm2

(dpore = 49.4 nm) to 3.1 · 10−11 mol/cm2 (dpore = 6.6 nm), which corresponds to

ca. 1 and 4% of a full monolayer coverage, respectively. Thus a densely packed

thiol monolayer is not formed within the nanopores and consequently the MDSA

molecule may easily lay down on the gold surface. This possibility is further en-

forced by the proneness of the gold surface towards adsorbing sulfonate an-

ions.210 The results give a satisfactory explanation for difficulties in determining

the pore diameter restricting effect of MDSA by gas permeation experiments

and support the use of the diameter of bare gold nanopores in the simulations.

Nevertheless the concentration at which the response of the MDSA modified na-

nopores deviates from the Nernstian behavior is about 2-3 times higher than for
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the unmodified gold nanoporous membranes. This approach of using MDSA to

adjust the permselectivity of ionophore modified nanopore-based ion-selective

electrodes was previously used by our group114 and together with the present

findings highlight the importance of high surface charge densities for obtaining

Nernstian responses.

4.1.3 Potentiometric response of anion exchanger-modified nano-

pores

I modified the same pore diameter gold membranes as used in the previous

studies with N,N,N-trimethyl(mercaptoundecyl)ammonium chloride (QT), which

is a thiol derivative bearing quaternary ammonium functionality. As expected

the positively charged thiol conferred anion permselectivity to the nanoporous

membranes with Nernstian responses up to 10-2 M KCl (Figure 4.6). This is

an important finding as anion-exchanger electrodes might have a practical rel-

evance by themselves without further modification with ionophores. An exam-

ple is the potentiometric enzyme immunoassay developed by our group, which

uses anion-exchanger electrodes for potentiometric immunoassays.211 With ex-

cept of the largest diameter pore (ca. 50 nm), where the large diameter and

extremely small surface charge density induced strongly drifting potential re-

sponses, the correlation between the theory and experimental results was again

good.

The fitted effective surface charge densities of QT-modified nanopores (0.9-4.0

mC/m2) are significantly lower than those found for negatively charged surfaces

as shown in Figure 4.7, which summarizes the surface charge densities for all

type of nanopores presented in this thesis.

Similar smaller surface charge densities, with a factor of at least 5, were re-

ported for mercaptoethylammonium as compared with 2-mercaptopropionic acid

modified gold nanopores at pH values where the respective functionalities are

charged.110 As suggested also qualitatively in a recent work,209 it is likely that
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Figure 4.6: Potential response of QT-modified, gold-plated membranes as a function of KCl

concentration in the outer solution. I denoted the experimentally determined po-

tentials with symbols and the simulated values with lines. Pore diameters and the

corresponding simulated surface charge densities were 6.6 nm (2.0 mC/m2), 18.0

nm (4.0 mC/m2), 29.3 nm (2.9 mC/m2), and 49.4 nm (0.9 mC/m2). The vertical

dashed lines indicate ceq for the corresponding nanoporous membrane.

Figure 4.7: Fitted 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.
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only a part of the inherent negative charges (adsorbed anions) are replaced by

QT and therefore the effective positive surface charge is strongly diminished by

the charge neutralizing effect of the remaining negative charges. Other effects

may also contribute to the low positive surface charge densities but the fact that

thiols with charged terminal groups do not form densely packed monolayers and

especially not in nanopores, makes this explanation the most likely one.

4.2 Potentiometric response of nucleic acid selective nanopore

arrays

Our group proposed a new potentiometric sensing scheme based on equilib-

rium potential response which exploits the “charge inversion”169,171 phenomena

occurring in positively charged peptide nucleic acid (PNA)-modified nanopo-

res 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 con-

served short length single stranded nucleic acids.212 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 4.8). We were further interested to determine the

concentration dependence of this process and to theoretically describe the re-

sponse mechanism considering for the first time the surface density of the PNA

probe and its deployment in the nanopore environment.

Since PNAs are neutral at physiological pH a positively charged, lysine ter-

minated 18-mer PNA strand was custom-synthesized and used. This ensured

anion permselectivity indicated by a negative slope of the transmembrane po-

tential as a result of increasing the KCl concentration on the reference side of

the nanopore. However, it was found that the anionic response is more robust if
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Figure 4.8: 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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Figure 4.9: The pH dependent net charge of nucleic acids used in the experiments (the vertical

dashed line indicates the values at pH 4.2).

the positive charge of the PNA was further increased by lowering the pH of the

solutions, i.e., by using 0.1 mM HCl as background (actual pH was 4.2).

According to the measurement conditions, the simulations assumed a pH of 4.2

where I approximated the charge of the nucleic acids based on their nucleotide

and lysine content and the nucleotide pKs213,214 with the use of the Henderson-

Hasselbalch equation (Figure 4.9 and Table 3.1):

QDNA/RNA = −(Nb − 1) +
∑

N

q− + q+ · 10pKN−pH

10pKN−pH + 1
(4.2)

QPNA = 2 +
∑

N

q− + q+ · 10pKN−pH

10pKN−pH + 1
(4.3)

QDNA/RNA and QPNA are the charges of the DNA/RNA and PNA strands, where

a DNA/RNA strand with base number Nb have (Nb− 1) phosphate groups each

bearing a negative charge on pH 4.2, q− and q+ are the charges of the de-

protonated and protonated forms of the corresponding pK and summation is
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performed on every N nucleotide. In case of PNA strands the backbone is un-

charged and the lysine at the N-terminal has a charge of +2 at pH 4.2.

The direct immobilization of PNA for optimal hybridization efficiency is rendered

difficult on planar gold surfaces by the strong nonspecific adsorption of the PNA

strands and our group found this to be even more critical within a nanoconfine-

ment with curved surface. To overcome this problem the thiol-terminated PNA

strands were immobilized in a prehybridized form with a short 7-mer compli-

mentary DNA strand that our group found earlier by surface plasmon resonance

(SPR) to self-regulate the surface density of immobilized strands for optimal hy-

bridization efficiency without the need of lengthy optimization experiments190

and also to reduce the extent of non-specific adsorption.186 After immobiliza-

tion of the prehybridized strand a cationic response was observed that could

be turned into an anionic response by removing the weakly bound short DNA

strand with 0.1 M NaOH (Figure 4.10).

The anionic response could be then reverted back to cationic upon contact with

the complementary NA (the larger slope than for the 7-mer PNA-DNA complex

is due to the larger negative charge of the 22-mer RNA strand). Despite of the

subnernstian responses, the potential stability at each KCl level was found to

be remarkably stable. Of note ion current rectification may also be used to in-

vestigate the surface charge of nanopores however, to exhibit rectification the

nanopores should feature a marked geometrical or charge distribution asymme-

try.215 In principle such asymmetries are not required for potentiometric detec-

tion, where even cylindrical nanopores can be used and no external perturbation

is needed, which in case of current rectification often manifests in hysteresis and

scan-rate dependence.216

The effect of the nanopore diameter on the observed potential response was

studied using nanopores with various diameters down to 26 nm. After modifi-

cation with PNA, the nanopores were challenged with 1 µM NA and the poten-

tial change before and after incubation was determined. Our group found that

the nanopore with the smallest restriction gave the largest potential response
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Figure 4.10: Typical potential responses for KCl after off-line modifications of the nanopore

array: (A) cationic response after immobilization of PNA - 7-mer DNA duplexes

indicating negative surface charge on the nanopores (cation-permselectivity). (B)

Anionic response after dehybridizing the negatively charged 7-mer DNA indicating

positively charged nanopores (anion permselectivity). (C) Cationic response after

hybridization of PNA with 100 nM miRNA. The slope is larger than with 7-mer

hybridized PNA due to the higher negative charge number of the bound 22-mer

miRNA.
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Figure 4.11: (A) Potential change measured in response to 1 µM complementary NA as a

function of pore diameter and (B) response to 1 µM complementary and non-

complementary (NC) miRNA with a membrane comprising an array of 7 nanopo-

res of 26.5 nm diameter.

while pores with diameters exceeding 60 nm show practically no response (Fig-

ure 4.11). These findings are in agreement with my results on the effect of the

diameter and surface charge density of the nanopores on their permselectiv-

ity. The potential response was selective for the ca. 26 nm diameter nanopore

array, i.e., the response for NC NA remained under 5 mV (Figure 4.11B). A sim-

ilarly small nonspecific response was found earlier by SPR,190 which indicates

that the detected response for the NC NA reflects the selectivity of the PNA

probe rather than being a deficiency of the nanopore sensing. For the following

investigations membranes with 7 nanopores of diameters between 26 and 30

nm were used. This size range was a compromise rather than an optimum as

the fabrication of smaller diameter pores by FIB would have been possible at

much lower yields and higher geometrical uncertainty.

Quantitative measurements involving complementary miRNA (Figure 4.12) indi-

cate that a significant potential response is elicited from 0.1 nM that reaches sat-

uration at around 50 nM resulting in a sigmoidal shape potential-concentration
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dependence. Interestingly, the same sigmoidal response with narrow dynamic

range is also characteristic for potentiometric polyelectrolyte measurements that

use polymeric ion exchanger membrane-based electrodes,173 but their limit of

detection is ca. an order of magnitude higher.

The potential span for the whole miRNA concentration range is ca. 50 mV, which

is intriguing given that switching from an ideal anionic to an ideal cationic Nern-

stian response should result in ca. 120 mV potential difference (Figure 4.8) 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 dominat-

ing, 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 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 re-

sults was significantly higher than the (2-4)·1013 cm-2 maximal values reported

in the literature for the surface density of NAs.217,218 After a systematic sim-

ulation study I come to the conclusion that the best fit is obtained for a PNA

distribution, which is homogeneous on the external gold surface with a surface

density (σext
PNA) that gradually falls to zero around the tip of the nanopore, as

described by a power function σPNA
ext (2β/π)γ , where β is the angle as seen on

Figure 3.8D and the exponent γ is an additional fitting parameter. To reach the

measured response the PNA surface density on the external gold surface was

an experimentally perfectly feasible value σext
PNA = 5.25 · 1012 cm−2. By fitting I

obtained a Kd of 5.65 nM and an exponent γ = 2.44. The three main fitting
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Figure 4.12: Experimental and simulated potential response of the PNA-modified nanopore

sensor as a function of miRNA concentration. The simulated responses consid-

ered: (A) different locations of the active PNA layer according to Figure 3.8B-D.

(The PNA surface density is σPNA = 5.7 ·1011 cm−2 (green), σPNA = 8 ·1013 cm−2

(red), σext
PNA = 5.25 · 1012 cm−2 with γ = 2.44 (blue) and Kd = 5.65 nM.) (B) Dif-

ferent σext
PNA PNA surface densities at the outer membrane surface (Kd = 5.65 nM

and the PNA layer is the same as on the inset with γ = 2.44); (C) different Kd

values (σext
PNA = 5.25 · 1012 cm−2 and the PNA layer is the same as on the inset

with γ = 2.44). (D) Simulation of the relative potential response upon PNA-NA

hybridization as a function of the PNA distance from the nanopore tip (see in-

set). I have run the simulations by moving a PNA layer of 2 nm width (in 3D this

corresponds to a PNA “ring”) independently, both along the external and internal

gold surface and calculating the relative potential change in response to 100 nM

complementary NA.
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parameters, the location of the PNA layer, the surface density of the PNA layer

and the equilibrium dissociation constant of the hybridization have clearly distin-

guishable influences on the shape of the miRNA calibration curve. The location

of the PNA layer influences the steepness of the calibration (Figure 4.12A), 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 4.12B) as an increased surface density of both the PNA and

PNA-miRNA 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 sig-

moidal curve (Figure 4.12C) with a smaller Kd shifting the curve horizontally

towards lower concentrations, i.e., toward lower limit of detection.

Thus contrary to the general belief that the immobilization of nucleic acids oc-

curs in a straightforward manner within nanopores of only few tens of nm di-

ameter, my results show that this may not be always the case. At this stage

the exact reason for the deficient in-pore immobilization is not known, however,

I assume that the access of larger polyectrolytes solely by diffusion in the na-

nopores is hindered by both entropic and charge repulsion effects. The latter

means that since already small ions are excluded from the permselective nano-

pores, the binding of charged species in the vicinity of the smallest restriction

may effectively hinder the access of similar charge-sign polyelectrolytes even at

the relatively high ionic strength employed during immobilization.

Given the slightly conical shape of the nanopores made by FIB, the chemical

environment of the smallest restriction of the nanopore (smaller diameter en-

trance) that includes both the outer membrane surface and the inner pore sur-

face in its close vicinity should have the largest effect on the potential response.

I performed simulations to better quantify the relative contribution of the in-pore

and outer pore contributions to the potential response. Figure 4.12D shows that

the closer the PNA layer is located to the pore entrance the larger the poten-

tial response, however this vanishes when the PNA layer is further apart than
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ca. 100 nm from the tip entrance. Interestingly, while the PNA layer in the pore

has a larger contribution to the response, as expected, at sufficiently small dis-

tances from the entrance (in this case ca. 30 nm) the response starts to be more

equally influenced by the outer and inner PNA layers, i.e., the slope of the rel-

ative responses as function of the distance from the tip becomes comparable.

Overall, however, the contribution of the PNA layer on the outer membrane sur-

face may not exceed ca. 70% of the PNA layer in the pore at the same distance

from the entrance. Certainly, the results are valid for the particular pore geom-

etry used in the experiments but it is easy to foresee that conical pores with

larger solid angles will increase the contribution of the outer membrane surface

to the overall response.

While the off-line measurement of nucleic acids was made only to be able to in-

dependently assess the permselectivity of the nanopores at different hybridiza-

tion 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. 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 deter-

mine the association kon and dissociation koff rate constants by fitting the model

to the potential-time trace obtained during miRNA calibration (Figure 4.13). 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 dif-

ficult 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.194,196,219–224

It is important to note that under the experimental conditions used only the

miRNA bound to the sensing zone of the nanopore influences the potential sig-

nal and therefore the unbound target strands in the sample bulk do not need to

be removed. This is a clear advantage of the proposed potentiometric label-free
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Figure 4.13: 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 , koff = 8.15 · 10−4 1/s
, Kd = 5.65 nM, σext

PNA = 5.25 · 1012 cm−2 and γ = 2.44. The inset magnifies the

potential response in the lower concentration range of the complementary miRNA.

sensing principle compared with conventional heterogeneous phase hybridiza-

tion assays based on labels and end-point detection. Furthermore the time-

dependent model enables the determination of the kinetic parameters without

regeneration between subsequent miRNA additions.

The theoretically achievable LOD based on the standard deviation of the po-

tential signal in the blank solution (σ = 0.08mV ) was estimated to ca. 100 pM,

which is in good agreement with the experimentally detected NA concentration

(Figure 4.13 inset). While the present investigation focused on the fundamental

understanding and demonstration of potentiometric signal transduction mech-

anism for nanopore-based nucleic acid detection, this non-optimized setup al-

ready provides better LOD than our group obtained with SPR measurements

(ca. 800 pM),190 the golden standard method for studying biomolecular interac-

tion kinetics. In addition our method compares favorably with other nanopore-

based nucleic acid sensing principles without amplification (typically with LODs
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between ca. 0.1 nM and 1 nM)166,168,169 but lags behind methods using salt

gradient amplification.167

4.3 Calibration-free sizing and quantitation of nanoparticles and

viruses with quartz nanopipettes

4.3.1 Correlating pipette geometry and electrical resistance

The geometry of the fabricated nanopipettes was characterized by both scan-

ning electron microscopy (SEM) and electrical resistance measurements in 1

M KCl solution containing 0.05% Triton-X100 nonionic surfactant. We used 1

M KCl to avoid the effects of surface conduction and rectification (see sec-

tion 2.2.1) and the nonionic surfactant was used in particle counting experi-

ments to avoid aggregation. To use the same nanopipette for SEM and electro-

chemical measurements is not practical because one could not ensure that the

pipettes will not be damaged during the transport to and from SEM measure-

ments. Therefore, the identical pair of nanopipettes stemming from a single cap-

illary/pull was used for the two measurements. The resistance deviation of these

pipette pairs was typically lower than 2% (Table 4.1). According to the SEM im-

ages, the nanopipette cross sections were slightly elliptic (Figure 4.14/A) so I

calculated the tip diameter as the diameter of a circle of equivalent area. We fab-

ricated nanopipettes with tip diameters between ca. 50 and 1400 nm by setting

different pull parameters in the second pulling cycle (Figure 4.14/B). Adjusting

the tip diameter through a single parameter is very convenient and the relative

uncertainties remain in the same range at lower pipette diameters, enabling the

investigation of the performance of nanopipettes with < 200 nm diameter.

In agreement with others,161 we also found by SEM that the conical shape of

the tip is an approximation as the angle of the tip decreases further away from

the nanopipette tip. Thus, α is in fact the half cone angle right at the tip open-

ing. As a consequence the relationship between the resistance and tip diameter
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Table 4.1: Electrical resistance comparison of nanopipette pairs (a and b) stemming from the

same quartz capillary. The measurements were made in 1 M KCl + 0.05% Triton-

X100.

Pull parameter
R [MΩ]

Deviation [%]
a b

70 1.59 1.59 <0.7
100 2.81 2.75 2.2
140 11.0 11.1 0.9
200 14.4 14.7 2.1

Figure 4.14: (A) SEM images of a nanopipette with a tip diameter of 300 nm at a stage angle of

45°and 0°to the pipette axis. (B) SEM determined tip diameters of nanopipettes

made with different pull values.
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Figure 4.15: Diameter (up) and half-cone angle (down) of the nanopipette tip as a function of

the pipette resistance in 1 M KCl. In case of dtip I fitted the experimental points

with a 7th degree polynomial in the form of dtip ≈
7∑

i=0

Ci/R
i
1MKCl (with Ci fitting

parameters), while for α linear fitting was used.

deviates from the theoretical one at higher dtip values and for an appropriate

fit must be fitted with a polynomial (Figure 4.15). We could measure only the

outer angle by SEM, but by assuming that the ratio of the inner and outer di-

ameter of the original quartz capillary (γ, in our case γ = 1/0.7) remains con-

stant along the nanopipette225 the inner half-cone angle can be calculated as

α = arctan(tan(αout)/γ). The α values for nanopipettes made by the proposed

fabrication method varied in a narrow range of 7-10°, slightly decreasing as the

nanopipette diameter decreased (or pipette resistance increased, Figure 4.15).

To avoid particle aggregation, we performed nanoparticle and virus counting

at lower ionic strengths (50 mM KCl or PBS) than 1 M KCl used for measur-

ing the resistance of the nanopipette in rectification-free conditions. Therefore,

we correlated the resistances measured in 1 M KCl with those measured at

lower ionic strength, e.g., 50 mM KCl and PBS (Figure 4.16), to correct for
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Figure 4.16: The conductivity-normalized resistances measured for various nanopipettes in 1

M KCl as a function of the normalized resistance measured in 50 mM KCl and

PBS. The two set of experimental points were fitted with third order polynomials

with the dashed line corresponding to the case when the pipette bears no surface

charge.

surface conduction effects in the dilute electrolytes. The obtained relationship

allowed us to convert the resistance of the nanopipettes measured in a lower

ionic strength solutions to the resistance of the same pipette measured in the

solution where surface conduction is minimized (1 M KCl). For convenience I

normalized the resistance of the nanopipette R with the bulk conductivity (σ) to

obtain Rσ (Rσ = Rσ), which is not dependent on the electrolyte conductivity but

still depends on the pipette geometry and surface effects.

The surface effects become more significant at smaller tip diameters (at higher

electrical resistance), i.e., the deviation from the ideal, 45o slope curve increases.

This is in agreement with the theoretical prediction that at lower ionic strength

the contribution of the counter-ions of the charged surface to the total current

increases and as such the normalized resistance decreases.207 The curve also

has an offset as it does not pass through the origin, although the slope at larger

pipette diameters is close to 45o. The source of this deviation is unknown to us
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at present and needs further investigation.

In essence using the correlation on Figure 4.16 we were able to measure the

resistance of the nanopipette during a counting experiment in 50 mM KCl or

PBS and calculate what would be the pipette resistance in 1 M KCl. By using

the connections between the resistance in 1 M KCl and the nanopipette tip

geometry (Figure 4.15) we were able to calculate dtip and α.

4.3.2 Simulation of particle translocation

For the nanopipette sizes used by us the overall resistance of the nanopipette-

based electrochemical cell is dominantly determined by the smallest constric-

tion of the nanopipette, i.e., by the resistance of the tip. Therefore, I did not

consider the resistance contribution of the cylindrical part of the pipette in my

treatment. I approximated the shape of the tip by a truncated cone and accord-

ingly calculated its resistance by using a finite length conical geometry (Fig-

ure 4.17). If the surface conduction effects are minimized by using a high ionic

strength solution the nanopipette resistance (Rpipette
l ) is given by:

Rpipette
l =

1

σ

∫ l

x=0

1

A(x)
dx =

4l

πdtipσ(dtip + 2l tan (α))
(4.4)

where σ is the bulk conductivity of the solution, A(x) is the cross-section of the

nanopipette, x is the coordinate along the pipette axis, dtip is the diameter, α the

inner half-cone angle, and l the length of the pipette tip, respectively. Because

the length of a nanopipette tip is at least 3 orders of magnitude larger than

the tip diameter, I approximated eq. (4.4), which is the most extensively used

expression for the resistance of a conical pore,62,76 with its infinite length form:

lim
l→∞

Rpipette
l = Rpipette =

2

πdtipσ tan (α)
(4.5)
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Figure 4.17: Schematic of the conical geometry nanopipette tip with a nanoparticle in its sens-

ing zone.

Since the greatest resistance change in conical nanopores is expected when

only a part of the nanoparticle is in the nanopipette interior, I also considered

the resistive contribution of the out-of-pipette part of the sensing zone originat-

ing from the convergence of the electric field lines, i.e., the access resistance

(Raccess).226 Therefore, my method is expected to provide more accurate size

distributions than those considering only the resistive contribution of the nano-

particles within the nanopore.76,78 For Raccess I used the expression derived by

Hall.63

R = Rpipette +Raccess =
2

πdtipσ tan (α)
+

1

2dtipσ
(4.6)

In my calculations I treated nanoparticles as electrical insulators of spherical

shape, and considered the solution conductivity in the nanopore equal to that of

the bulk solution. Therefore, nanoparticles passing through the sensing zone of

the nanopipette are causing transient decreases in the transpore current (neg-

ative pulses/peaks). To calculate the amplitude of the current pulses, I used the

model developed by Willmott and Parry,227 which considers the out-of-tip ac-

cess zone as a second truncated cone connecting to the nanopore entrance
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and having a half-cone angle of β = arctan(4/π) ≈ 51.85o (Figure 4.17). At this

particular angle, the infinitely long "access" cone will have the same resistance

as the access resistance. With these assumptions, I calculated the resistance

of a nanopipette having a particle within its sensing zone (Rpart) using eq. (4.4)

for the two conical sections, i.e., the tip and out-of-tip access zone, with the

alteration that A(x) is now the cross-section not occupied by the particle. To

calculate the resistance change during particle translocation, I placed the par-

ticle at different positions along the x axis, and calculated the resistances as

described above (see Section 8.1 in the Appendix for analytical solutions). Of

note, this model might slightly underestimate the relative current changes as it

assumes that the unoccupied cross section along the nanopipette varies slowly

with length, which especially for very small relative particle sizes is not true.6

Figure 4.18 shows the calculated relative current changes as a function of

the particle position along the x coordinate for different relative particle sizes

(dpart/dtip) and nanopipette half cone angles, respectively. The relative current

change is roughly proportional to the nanoparticle-to-pore (sensing zone) vol-

ume ratio and accordingly are relatively small, e.g., less than 4% for particles

close to our upper detectable size limit (dpart/dtip = 0.6) for a nanopipette with

α = 8o, which is representative for nanopipettes used by us. As the volume

of the sensing zone is strongly dependent on α, the relative current change

increases by using tips with larger angles. However, the half cone angle also

impacts the sensing zone length, lsens, that I defined here as the length where

the signal is higher than 5% of its maximum value. The sensing length consists

of two sections, a shorter (lsens, out) in the access cone outside the pipette and

a longer (lsens, in), which is inside the pipette. Larger cone angles increase the

contribution of lsens, out to the total sensing length, e.g., for a relative particle size

of 0.5 from less than 2% at 1°to ∼12% at 10°, and I observed a similar trend if

the relative particle size increases (Figure 4.19). Of note, while using tips with

larger α is beneficial in terms of increasing the amplitude of the current pulses, it

also leads to shorter sensing zones and consequently smaller pulse durations,

which requires larger bandwidths to minimize pulse distortion.
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Figure 4.18: 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 of the sensing zone

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 4.19: The relative length of the sensing zone (lsens/dtip) as a function of the nanopipette

half-cone angle at a relative particle size of 0.5 (A), and as a function of the relative

particle size in a nanopipette with α = 8o (B). In the insets I calculated lsens, out as

the percentage of the full length of the sensing zone for different half cone angles.
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4.3.3 Particle sizing method

The algorithm that I proposed for calibration-free sizing is based on the parti-

cle translocation model presented above and follows the steps shown in Fig-

ure 4.20. 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 without the need for cali-

bration with nanoparticle standards of known diameter. First the maximal rela-

tive current change of the blockade events was calculated caused by the parti-

cle translocation for a pertinent range of half cone angles and relative particle

sizes. Then I further transformed the relative current changes (∆Ipeak/I) into

resistance changes (∆Rpeak) and eventually to normalized resistance changes

(∆R∗
peak) the latter being independent of the electrolyte conductivity and the

pipette tip diameter:

∆Rpeak = −R
∆Ipeak/I

∆Ipeak/I + 1
(4.7)

∆R∗
peak = σdtip∆Rpeak (4.8)

Plotting ∆R∗
peak as a function of the relative particle size and half cone angle of

the nanopipette results in a 3D plot (Figure 4.20). We determined the dtip and

α values of the nanopipettes for RPS measurements by using the relationship

between the nanopipette resistance in 1 M KCl and the pipette geometry (see

Section 4.3.1). To determine the particle size distribution of a suspension, I iden-

tified the current peaks detected during RPS with a self-written signal process-

ing program and calculated the normalized resistance changes corresponding

to the maximal relative current change for each peak. I calculated the particle

diameter by inserting the geometrical parameters into the fitted two-dimensional

polynomial equation, first α to obtain the relative particle size (dpart/dtip), which

I have multiplied with dtip to obtain dpart.
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Figure 4.20: Overview of the algorithm for the calibration-free determination of the nanopar-

ticle size from nanopipette-based RPS. The main experimental input parameters

are the geometry of the pore (α and dtip determined by SEM or estimated from

the nanopipette resistance), and the relative amplitude of the blockade events

(∆Ipeak/I) measured during RPS experiments. As shown graphically, the inter-

section of ∆R∗
peak and α in the 3D plot provides the relative particle size, and as

dtip is known, the particle diameter can be ultimately calculated.
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4.3.4 Particle quantitation method

The translocation event frequency (fevent) scales linearly162 with the concentra-

tion 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 concen-

tration 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 nanopar-

ticle standards should be performed for each type of nanoparticle, which is very

difficult and impractical. Alternatively, if the volume of liquid drawn under pres-

sure through the nanopipettes is known, relating it to the event frequency would

allow for a calibration-free concentration determination in a similar way as in

commercial Coulter counters with micrometer diameter apertures. 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, which, if the applied pres-

sure (P ) is known, can be used to calculate the volume flow rate (Q) through

the pore.

Q =
P

RH
(4.9)

Recently the expression for the hydrodynamic resistance of conical geome-

try pores was derived based on the Hagen-Poiseuille equation74,228 to allow

the calibration-free assessment of nanoparticle concentrations with elastomeric

nanopores.74 In the case of a nanopipette, the hydrodynamic resistance of

the sensing zone dominates the overall hydrodynamic resistance of the sys-

tem (based on my calculation 95% of the hydrodynamic resistance of the na-

nopipette is given by the conical tip segment having a length of 6dtip (Fig-

ure 4.21). Therefore, I treated the nanopipette as having an ideal conical ge-

ometry:74,228,229
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Figure 4.21: The relative hydrodynamic resistance of an infinitely long pipette with an inner

half-cone angle of 8o as a function of the distance along its axis.

Rpipette
H, l =

8µ

π

l
∫

x=0

1

r(x)4
dx =

128lµ(3d2tip + 6 tan(α)ldtip + 4 tan(α)2l2)

3πd3tip(dtip + 2 tan(α)l)3
(4.10)

where µ is the dynamic viscosity of the solution and l is the length of the cone.

I further simplified the expression by considering that the pipette tip is at least 3

orders of magnitude longer than the tip diameter:

lim
l→∞

Rpipette
H, l = Rpipette

H =
64µ

3πd3tip tan(α)
(4.11)

The streamlines of the solution outside the pipette are converging to the nanopi-

pette orifice and create a hydrodynamic access resistance, that I approximated

using the half of the hydrodynamic resistance measured across an aperture with

dtip diameter (Raccess
H = 12µ/d3tip).230 Thus, the overall hydrodynamic resistance

is given by RH = Rpipette
H +Raccess

H . The particle concentration can be evaluated
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by calculating the hydrodynamic resistance and measuring the event frequency:

cpart =
fevent
P

RH (4.12)

However, eq. (4.12) is valid only if the sole transport mechanism is hydrody-

namic, i.e., if the fevent − P calibration line goes through the origin, which is

seldom the case. This limitation can be overcome by substituting the (fevent/P )

ratio by (∆fevent/∆P ), where ∆fevent is the event frequency change correspond-

ing to a given applied pressure change ∆P :

cpart =
∆fevent
∆P

RH (4.13)

This allows one to calculate the volume flow through the nanopipette and cal-

culate the particle concentration from the slope of a linear event frequency-

pressure curve. Of note, there might be a deviation from linearity at high and low

applied pressures, therefore a multipoint calibration is preferred against a two-

point74 approach. A line fitted on the fevent - pressure curve often has nonzero

intercept, which is due to the combined effect of the electrophoretic force acting

on the charged particles, the electroosmotic flow induced by the charged pipette

wall and the capillary pressure (200-300 Pa) induced inward flow of the solution

(Figure 4.22). For nanopipette-based concentration measurements I considered

the uncertainties of the following quantities: pipette resistance, solution conduc-

tivity, tip geometry (angle, tip diameter), surface conduction calibration curves,

and the slope of the event frequency-pressure curve.
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Figure 4.22: A linear event frequency-pressure curve of 67 nm diameter CML nanoparticles

showing the contribution of pressure and the driving forces that we held con-

stant during the measurement. The nominal particle concentration is 7.5 x 1010/mL

(dtip = 145± 10 nm).

4.3.5 Validation of the sizing method

To evaluate the sizing capabilities of nanopipettes, RPS measurements were

performed on suspensions consisting of monodisperse latex nanoparticles as

well as on mixtures of closely sized nanoparticle dispersions. Typical transients

and processed data for characterizing a monodisperse CML nanoparticle sus-

pension (diameter = 67 nm, 1.5 x 1010 particles/mL) are presented in Fig-

ure 4.23. I used the calibration-free algorithm to determine the size distribution

shown in Figure 4.23D from RPS measurements. We found an excellent agree-

ment between the mean particle diameter determined by nanopipette-based

RPS and those stemming from DLS, NTA, and SEM measurements (Table 4.2

and Figure 4.24). Moreover, there is a very good overlapping between the RPS

and SEM derived size distributions, which is in agreement with previous re-

ports.142,143,231 The validity of my simple nanoparticle translocation model is

also supported by the excellent agreement between the experimentally deter-

mined and theoretically calculated shapes of the individual blocking events (Fig-
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Table 4.2: Comparison of particle diameter distributions determined by RPS, SEM, DLS, and

NTA

nominal mean diameter ± standard deviation [nm]
diameter [nm] RPS SEM DLS NTA

45 55 ± 5 55 ± 6 54 ± 12 52 ± 12
67 69 ± 5 68 ± 6 75 ± 15 67 ± 16
73 70 ± 7 70 ± 5 74 ± 10 67 ± 17

110 104 ± 5 110 ± 6 108 ± 18 118 ± 28

ure 4.23B).

In the studied size range, the size resolution of the nanopipette-based measure-

ments were comparable to that of the SEM measurements. Additionally, while

the mean particle diameters provided by light scattering methods for monodis-

perse nanoparticle suspensions are in the same range as with RPS and SEM,

the NTA and DLS size distributions are much broader. While the diameter of

the nanoparticles determined by SEM and RPS agreed within the experimental

error (Table 4.2), discrepancies in the shape of the histograms were also ob-

served (Figure 4.24). One part of these differences may arise because of the

finite sample size, that induces an error on the shape of the size distributions

(Figure 4.24A,B) and because of the uncertainty of the pipette geometry, which

effectively causes the whole distribution to slide along the horizontal axis (as on

Figure 4.24C). The other part probably originates from some background debris,

which is not present on SEM images and from aggregated particles that were

counted as separate objects during SEM measurements. The magnitude of the

uncertainty stemming from the error of pipette geometry is indicated as black

error bars at the peak of the RPS based size distributions. To illustrate the effect

of the finite sample size I created a spaghetti plot from 1000 SEM derived size

distributions in which every size distribution is created from the same number of

particles as the corresponding RPS based size distribution (Figure 4.24D). To

achieve this the same number of particles were chosen from the SEM dataset

that were detected during the RPS measurements and the resulting size his-

togram was plotted. By repeating this procedure I obtained a density plot of the
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Figure 4.23: 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). The

experimental traces (filled circles) are overlapped with simulated current peaks

(lines) for particles traversing through the pipette orifice by hydrodynamic transport

at ∆p = 280 Pa. (C,E,F) Event histograms constructed from the detected peaks.

(D) 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 concen-

tration was 1.5 x 1012/mL for SEM and DLS measurements and 2.5 x 108/mL for

NTA measurements.
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Figure 4.24: Comparison of CML nanoparticle size distributions determined by RPS (n45 =
121, n73 = 129, n110 = 132), SEM (n45 = 472, n73 = 278, n110 = 289), NTA

(n45 = 639, n73 = 2251, n110 = 879), and DLS with 45 (A), 73 (B) and 110

(C) nm nominal diameters. Illustration of the uncertainty originating from the finite

sample size (D). RPS measurements were carried out with different nanopipettes

(dtip = 142 ± 9 nm). The nanoparticle concentration was 1.5 x 1012/mL for SEM

and DLS measurements and 2.5 x 108/mL for NTA measurements. The black error

bar indicates the uncertainty stemming from the error of pipette geometry (A-C)
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size distributions that reflects the uncertainty stemming from the finite sample

size of the RPS dataset.

4.3.6 Validation of the quantitation method

Figure 4.25 illustrates the correlation between concentrations determined with

the calibration-free RPS method and nominal values provided by the manufac-

turer for 73 and 110 nm diameter CML nanoparticles. The concentration of 110

nm diameter particles were measured by two different sized nanopipettes. The

measured concentrations are 14% higher than the nominal values for the 73 nm

particles, while 22 and 28% larger for the 110 nm particles measured with the

300 and 220 nm diameter nanopipettes respectively. Since there are no certified

concentration standards available for such nanoparticles it is difficult to ascer-

tain the exact origin of this bias. The deviation could be stemming from the fact

that the manufacturer provides only the w/v% of the nanoparticle suspension,

i.e., the mass of dry matter in the solution. We converted this to number con-

centration using the density and the nominal diameter of the nanoparticle. Thus,

the accuracy of the nanoparticle diameter is essential for concentration calcu-

lation. Another possibility is the uncertainty stemming from the pore geometry.

The accuracy of the results are in agreement with those obtained by Roberts et

al. with elastomeric nanopores (1-24%),74 however, for much larger polymeric

particles and bacteria than on Figure 4.25, i.e., with diameters between ∼200

nm and 1 µm.
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Figure 4.25: Correlation between concentrations determined by RPS and nominal values of

CML nanoparticles with 73 nm in PBST (A) and 110 nm in 50 mM KCl with 0.05%

Triton-X100 adjusted to pH 10 (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.
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4.3.7 Characterizing poliovirus samples

Counting viruses is more challenging than counting stabilized synthetic nano-

particles, as viruses are known to be susceptible to aggregation and, addi-

tionally, adsorption onto nanopipettes might also occur. Studies suggest that

poliovirus suspensions behave like classical colloids,232 but in case of aggre-

gation significant deviations occur. Though counterintuitive, because repulsive

electrostatic forces should hinder aggregation, poliovirus aggregation is more

significant at low ionic strength.233,234 Aggregation occurs also at a pH below

6-7154,235 although the isoelectric point of the virus is around 8,154,236 which

indicates that the virus is effectively positively charged in this pH-range. Since,

PBS was found to be remarkably efficient in preventing and/or reversing po-

liovirus aggregation,234 I used PBST to suspend the poliovirus samples in RPS

experiments. I measured the mean diameter of the poliovirus particles as 26 ±
2 nm by RPS, 32.6 ± 4.5 nm by DLS, and it was measured as 24.3 ± 3.3 nm

by TEM measurements (Figures 4.26 and 4.27), all close to the range of 24-

30 nm reported previously.152–154 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. The broad distribution provided by DLS is most

likely biased toward larger size by aggregates, while the ca. 50 nm nanopipette

is sensing dominantly the nonaggregated virus particles with results character-

istic of the inherent monodispersity of the poliovirus. Of note, the broad size

distribution obtained by TEM reflects the uncertainty of the size measurement

by staining rather than the virus size dispersion. 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.141 for the determination

of nanoparticle concentrations based on static light scattering measurements

(see Table 4.5 in Section 4.5). I determined also the virus concentration by

RPS with the same method that was used with latex nanoparticles (Figure 4.28

and Table 4.3) and found that the virus concentrations determined by the two
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Figure 4.26: TEM image of poliovirus capsids after 0.5% uranyl-nitrate staining.

Table 4.3: Concentration of Poliovirus-S1 stock solution from RPS measurements. I also in-

dicated the geometric and hydrodynamic properties of the two nanopipettes used

during experiments.

dtip [nm] α [deg] RH [Pa min/pL] cvirus [1/mL]
53.1 ± 2.8 nm 6.3 ± 0.7 7400 ± 1600 (6.8 ± 1.6) · 1012

53.4 ± 2.9 nm 6.4 ± 0.8 7100 ± 1600 (6.1 ± 1.4) · 1012

method agreed within the experimental error, but the uncertainty of the virus

concentration determined by RPS was significantly smaller.
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Figure 4.27: (A) Typical current signal (after baseline drift correction) with peaks originating

from the translocation of inactivated poliovirus particles through a 53 ± 3 nm di-

ameter nanopipette at U = 300 mV. (B) Size distribution of inactivated poliovirus

particles determined by RPS (N = 286), DLS and TEM (N = 58) measurements.

The DLS and RPS measurements were performed in PBST. The virus stock solu-

tion was diluted 15-fold for RPS (∼4 x 1011/mL) and 3-fold for DLS (∼2 x 1012/mL)

measurements.

Figure 4.28: Correlation between the event frequency of poliovirus capsids and the applied

pressure during RPS measurements. I used two different nanopipettes with tip

diameters of 53.1 ± 2.81 nm (A) and 53.4 ± 2.85 nm (B). I performed the RPS

measurements with the virus stock solution diluted 15-fold in PBST. The green

lines note the linear fits on the data.
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4.4 Limit of detection of the resistive pulse sensing

The lowest detectable concentration is ultimately determined by the measure-

ment time. However, for practical reasons there is an fmin
event minimal event fre-

quency (or vmin minimal particle velocity) that ensures that a statistically signif-

icant number of current pulses will be detected in a reasonable time range (for

example 100 pulses in 10 minutes):

fmin
event =

d2tπ

4
vmincNA (4.14)

where dt is the diameter of the smaller orifice, c is the molar concentration of

the analyte and NA is the Avogadro-constant. After expressing vmin one obtains

vmin =
4fmin

event

d2tπcNA
(4.15)

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.

vmax =
lrise

τmin
rise

=
lrisef

max
c

0.34
(4.16)

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, τrise is the rising

time of the analog filter at a specific fc cut-off frequency that was used as an

approximation for the sensor reaction time, and fmax
c is the upper limit of the

cut-off frequency at which the analyte is detectable despite the current noise

(Figure 4.29). In cylindrical geometries I used lcylrise = dpart/2 + l and in conical

geometries lconerise = dpart/2 as approximations, where l is the length of the cylin-

drical pore. For the filter rise time the τrise = 0.34/fc relationship was utilized,
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which is valid for Gaussian filters, but is a good approximation for the commonly

used Bessel filters in nanopore measurements.237,238

Then I equated the vmin necessary minimal velocity with the vmax maximal de-

tectable velocity to derive the cmin minimal concentration which can be mea-

sured in a reasonable time without significant pulse height attenuation:

cmin =
1.36

d2tπlriseNA

fmin
event

fmax
c

(4.17)

I note that because in the majority of experiments the electrophoretic or hydro-

dynamic transport is dominant, for the derivation it was assumed that the nano-

particle flux is continuous, i.e. it is the same through every cross-section of the

nanoparticle flow. This is not necessarily true for the diffusive, magnetophoretic

and dielectrophoretic transport. The above approach is valid only for spherical

analytes but can be extended to elongated targets by using lcylrise = max(l, lpart)

and lconerise = lpart/2, where lpart is the length of the elongated analyte.

Because the tolerable measurement time slightly differs for every researcher

and measurement time is often not included in the presented data, the mini-

mal analyte concentration that could be detected in the literature is not a good

parameter to test eq. (4.17). To overcome this situation I used the slope of the

fevent - concentration curve for which I could define a maximal value by rear-

ranging and differentiating eq. (4.17):

(

dfevent
dc

)

max

=
d2tπlriseNAf

max
c

1.36
(4.18)

Slopes greater than this value indicate that particles translocate the pore so fast

that some pulse attenuation could happen.

Because the practical limit of detection scales roughly with the inverse of the

pore volume (in cylindrical pores) or the third power of the tip diameter (in coni-

cal pores) smaller pores require higher concentrations of the analyte. According
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Figure 4.29: 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; fmax

c = 10 kHz, f event
min = 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 TRPS-based

instruments with different sized nanopores commercialized by Izon Science.239
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to Figure 4.29 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). Unless violating continuity one cannot produce higher translocation

frequency with a single nanopore without shortening the translocation time. One

way to overcome this barrier is the use of multipore membranes, where event

frequency increases proportionally to the pore number because of the increased

cross-section, while the pulse amplitude scales inversely with the number of

pores because the analyte decreases current only through one nanopore dur-

ing translocation. But this method is applicable only when the signal to noise

ratio is reasonably high to trade it for higher signal frequency (lower limit of

detection). Another way is the use of a salt concentration gradient,174 where

the sample compartment has a lower salt concentration as the reference com-

partment. The lower salt concentration (higher electrical resistance) results in a

higher electric field in the analyte chamber, which facilitates the transport of the

analyte to the pore. Additionally an electroosmotic flow is created that retards

the analyte in the pore, if the pore surface charge and analyte charge has an

opposite sign.240 The velocity of the analyte is no longer the function of just the

cross-section thus continuity is violated. This practically means that the analytes

are preconcentrated before they enter the pore.

Comparing my approximation for the maximal fevent - concentration curve slopes

with measured values in the literature (Table 4.4) resulted in good agreement.

Some experimental parameters were missing in TRPS measurements, but I ap-

proximated the dtip values based on the type of nanopore membranes used,

while the values of fc are based on information from the work of Ali Nadiah241

and Kozak et al.242 Considering that the pore size (especially in TRPS), parti-

cle concentration and my approximation may not be completely accurate I ob-

served that researchers (including our group) use the method near its maximum

throughput, which is the expected result and it supports the validity of the ap-

proximation. Equation (4.17) is valid strictly for sizing measurements where re-
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Table 4.4: Comparison of the fevent - concentration curve slopes found in the literature with

the approximation derived in this thesis regarding the maximal slope value, which

ensures that no significant pulse attenuation occurs. I marked with an asterisk the

dtip and fc values, which were not explicitly specified but a reliable approximation

could be given.

dtip [nm] dpart [nm] fc [kHz] dfevent
dc [Hz·mL]

(

dfevent
dc

)

max
[Hz·mL] ref.

400* 100 50* 7.8·10-10 9.2·10-10 243
650 203 10 4.0·10-9 1.0·10-9 149
400* 203 50* 8.3·10-9 1.9·10-9

244
400* 115 50* 1.4·10-9 1.1·10-9

1700* 400 50* 2.5·10-8 6.7·10-8 74
720 100 50* 1.7·10-9 3.0·10-9 245
778 330 10 6.9·10-9 2.3·10-9

246153 110 10 4.5·10-11 3.0·10-11

153 73 10 6.2·10-11 2.0·10-11

500 320 10 7.2·10-10 9.2·10-10
160

480 160 10 3.9·10-10 4.3·10-10

950 300 50 6.25·10-9 1.56·10-8 242

covering pulse height without distortion is critical. However if the signal-to-noise

(pulse-to-noise) ratio is large enough and analyte size is not a concern one may

trade pulse height for a higher pulse frequency as long as fevent shows a linear

relationship with respect to the driving force (e.g. pressure, voltage,...) which

marks that no pulse is missed.

In summary the minimal measurable concentration which is given by my ap-

proximation is a reliable guideline for planning RPS measurements, and a good

reference for the evaluation of future improvements considering concentration

measurements.
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4.5 Light scattering based method to validate the RPS quantitation

of poliovirus samples

My method is based on the work of Vysotskii et al.,141 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 concentra-

tion, diameter, and the ratio of the scatterer and solution refractive index. 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 inten-

sities. 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

adapted expression for the calculation of virus particle concentration is the fol-

lowing:

cv = cstd
Iv
Istd

(

dstd
dv

)6







(

nstd

nsol

)2
− 1

(

nstd

nsol

)2
+ 2

·

(

nv

nsol

)2
+ 2

(

nv

nsol

)2
− 1







2

(4.19)

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 refrac-

tive indices of the solution, the standard particles and the virus, respectively.

The expression is valid for virus and standard nanoparticles that are Rayleigh

scatterers. I brought eq. (4.19) to a more accurate form by replacing the ratio

of Istd/cstd with the slope of the line fitted to the linear range of the standard

particle intensity-concentration plot, s (s = ∆Istd/∆cstd):
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Figure 4.30: Intensity distribution plot of the 45 nm diameter nanoparticle standard at 1014

(blue) and 1010 (red) 1/mL concentrations. It is apparent that at the lower concen-

tration the scattered light intensity from other particles (e.g., impurities) becomes

significant and the total light intensity needs to be corrected with the percentage

stemming from the standards. At higher concentration however the peak of the

standard particles is the dominant one and the total intensity of the scattered light

can be used for calculation.

cv =
Iv
s
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dstd
dv

)6
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(4.20)

The method proceeds with determining the parameters involved in eq. (4.20).

The concentration dependent scattered light intensities stemming from the virus

and latex nanoparticle solutions (and the corresponding slope) can be mea-

sured using a light scattering instrument, which has the option to determine the

static light scattering. Using a dynamic light scattering (DLS) instrument is ad-

vantageous because it can calculate the scattered light stemming from different

sized particles instead of just reporting the total scattered intensity (Figure 4.30).

The virus diameter is generally well known from literature or can be determined
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Figure 4.31: A typical intensity distribution plot of the poliovirus sample showing peaks at ca.

8, 31 and 297 nm diameter. The peak corresponding to the virions is the one

centered at ca. 31 nm.

by electron microscopy (EM),247 nanoparticle tracking analysis (NTA),248 or re-

sistive pulse sensing (RPS). The refractive index of viruses are however more

difficult to be retrieved from the literature, but can be estimated by calculation.

As standard I proposed well-characterized commercially available spherical la-

tex nanoparticles with diameters close to that of the virus particles. I chose

the latex nanoparticles as standard because the availability of all their relevant

characteristics: concentration, refractive index and diameter.

The refractive index of the dispersant can be found tabulated in databases (e.g.,

Handbook of Chemistry and Physics) or can be readily measured using a re-

fractometer.

Note that when measuring the virus sample it is especially important to deter-

mine only the fraction of the total scattered light intensity stemming from virus

particles as virus particle solutions unlike polymeric nanoparticle standards may

contain a significant amount of other particles that scatter the light (Figure 4.31).

132



To convert the scattered intensity distributions to size distributions we used a

refractive index of ns = 1.58 and an absorption of ks = 0.01 for CML nano-

particles and a refractive index of nv = 1.45 and an absorption of kv = 0.001

for poliovirus. For CML nanoparticles water was used as dispersant at 25 oC

with µsol = 0.8872 cP dynamic viscosity and nsol = 1.33 refractive index. For

poliovirus I used phosphate buffered saline (constructed as “complex solvent”

with the “dispersants manager” from 0.137 M NaCl, 0.0027 M KCl and 0.01 M

Na3PO4 with the Zetasizer software) as dispersant at 25 oC with µsol = 0.9103

cP dynamic viscosity and nsol = 1.332 refractive index. We also used the dis-

persant viscosity as the sample viscosity and the experiments were performed

at a measurement angle of 173o in backscatter mode.

4.5.1 Determination of the diameter representative of the whole

particle distribution

Ideally one can determine a diameter that represents the whole standard or

virus particle distribution in terms of light scattering. As the scattered light inten-

sity scales with d6part, larger particles will have more statistical weight so that a

simple arithmetic mean cannot be used. Having a particle size distribution stem-

ming from electron microscopy or RPS which have minimal artificial distribution

broadening, the so called scattering mean diameter can be calculated as

dmean
scatter =

6

√

√

√

√

1

n

n
∑

i=1

d6i (4.21)

where di are the particle diameters, and n is the number of particles in the dis-

tribution. If this information is not available one can approximate the scattering

mean diameter as the mean diameter of the size distribution stemming from

another nanoparticle sizing method or as the mean diameter provided by the

manufacturer.
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4.5.2 Determination of the refractive index of the virus

The preferred method is to use values previously reported in literature, but be-

cause of their limited availability they can be estimated by one of the following

methods.

(a) If the specific volume (or density) and amino acid composition of the virus

is known then the refractive index of the virus should be calculated as

described by McMeekin et al.249–251 This means that by knowing the molar

refractivity of the amino acids (Ra, [mL/mol]) and knowing their mole or

mass fraction in the virus, a weighted molar refractivity (Rv, [mL/mol]) can

be calculated for the virion. To do this, first the molar refractivity of each

amino acid needs to be converted to molar refraction per gram by using:

Rag,i =
Ra,i

Ma,i
[mL/g] (4.22)

where Ma,i is the molecular weight of amino acid ”i”. Then the molar

refractivity per gram for the virus is calculated using:

Rv =
∑

i

Rag,iwi (4.23)

where wi is the mass fraction of amino acid ”i”. Finally the refractive in-

dex of the virus is calculated from eq. (4.23) by using the Lorentz-Lorenz

formula:

nv =

√

2Rv + v̄v
v̄v −Rv

(4.24)

where v̄v [mL/g] is the specific volume of the virus as obtained from the

literature.
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(b) If the only parameter that is known is the specific volume (or density) of

the virus, the refractive index may be calculated as the refractive index of

a protein layer with a specific volume equal to that of the virus:

nv = ns +
1

v̄v

dn

dc
(4.25)

where ns is the refractive index of the solvent and dn/dc is the refractive in-

dex increment of the virus (approximated as 0.1888 ± 0.0025 mL/g which

is valid for human proteins above 100 kDa molecular weight251).

(c) The third approach is to approximate the refractive index of the virus with

the refractive indices of similarly sized viruses found in the literature.

The virus concentration can be calculated using eq. (4.20) after implementing

all previously determined parameters.

4.5.3 Method validation

The scattered light intensity was measured as a function of latex nanopar-

ticle concentration in aqueous solution for 25, 45 and 73 nm diameter nano-

particles and the s slope of the linear range on the curves were calculated

(s = ∆Istd/∆cstd, see Table 4.5). Owing to the strong (d6part) dependency of

the scattered light intensity on the particle diameter the value of s increases

accordingly. The limits of the linear range at low concentrations is given by the

limit of detection of the instrument while at high concentrations multiple scatter-

ing events occur that will artificially lower the scattered light intensity reaching

the detector. The method was validated by comparing the nominal concentra-

tion values of the three different size nanoparticles with the values calculated

with Equation (4.20) and the aforementioned size and concentration limitations

were also tested.252
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Table 4.5: Calculated poliovirus concentration values along with the parameters used for their

calculation, i.e., the experimentally determined scattered light intensity-concentration

slopes (s), and the dscattermean . Parameters with the same value for every calculation were

dscattermean, polio = 26.40± 0.142 nm, Ivirus = (2.048± 0.056) · 106 cps (photon counts per

second), nstandard = 1.59± 0.005, nsolution = 1.331± 0.001 and nvirus = 1.58± 0.04.

dnominal
part [nm] dscattermean [nm] s [cps mL] cvirus [1/mL]

25 32.36 ± 0.225 (3.78 ± 0.175) · 10-7 (2 ± 0.6) · 1013

45 56.60 ± 0.275 (1.60 ± 0.040) · 10-6 (1.3 ± 0.4) · 1013

73 70.08 ± 0.273 (6.27 ± 0.961) · 10-5 (1.2 ± 0.4) · 1013

In the following, I approximated the refractive index of poliovirus with the afore-

mentioned methods. I found the value of nv = 1.535 in the literature; how-

ever as pointed out by the authors, this can be considered only as a lower

approximation of the refractive index, because of the unknown water content

of the virus crystal.253 The refractive index was calculated based on the virus

amino acid composition254,255 and specific volume (0.685 mL/g)256 resulting in

n = 1.542 ± 0.005, while that based on the specific volume and refractive in-

dex increment is n = 1.619 ± 0.004. Because a significant part of the virus can

stem from DNA or RNA (31.6 mass percent for poliovirus)256 I examined if it is

reasonable to treat the whole virus like a protein aggregate in terms of its light

scattering properties. According to the literature, DNA films have a refraction in-

dex in the range 1.51-1.58,257 This is close to the refractive indices determined

by my calculations, which assumed that the whole virus is made of proteins,

thus it is reasonable to approximate the whole poliovirus as a protein regarding

light scattering. I approximated nv = 1.55 − 1.67 for poliovirus using the refrac-

tive indices of bacteriophage MS2, which has a diameter of 25-30 nm and an

icosahedral symmetry similar to the poliovirus.258 Considering that protein re-

fractive indices are in the range of 1.45-1.65,249,250 the values calculated by me

are reasonable and in the following I considered the nv = 1.58 ± 0.04 range for

the refractive index of poliovirus. I note that in case of enveloped viruses, where

the viral protein capsid is covered by a lipid envelope the methods based on

calculations may become too complex and uncertain as the lipid bilayer has a

refractive index of 1.48-1.49.259 In such a case relying on refractive index values
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of similar viruses or the target virus is the preferred method.

In the next step the concentration of the poliovirus sample was calculated using

all three size latex nanoparticles as standard that were shown to be Rayleigh

scatterers. The virus concentrations that I calculated with the light scattering

based method are in rather good agreement with the (6.5 ± 1.8) · 1012 1/mL

concentration, which was previously measured by RPS measurements (see

Section 4.3.7). According to my calculations the virus refractive index should

lie in the 1.68-1.80 range (depending on the diameter of standard particles) to

obtain the same concentration as determined by RPS. I summarized the results

along with the parameters used for the calculation in Table 4.5.
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Chapter 5

Summary

Because of the growing demand for detecting smaller analytes, lower concen-

trations and revealing previously hidden differences in the analyte populations,

single molecule/single particle methods became especially important. Nanopo-

res are capable of detecting single analytes and providing information about

parameters such as concentration, size, shape and charge.

Although the literature of nanopore sensors is extensive there are less inves-

tigated methods of detection and fabrication. One example is the nanopipette,

which despite its cheap and rapid fabrication possibility was only rarely used

by researchers for sensing applications. Another example is the use of nano-

pores for quantitative size and concentration measurement, which is hard to

handle mathematically therefore it often requires a plus calibration step. Be-

cause of these hiatuses I have investigated the possibility of using nanopipettes

for the calibration-free sizing and quantitation of nanoparticles and viruses. I

have proved that nanopipettes feature a size resolution comparable to that of

an electron microscope, while because of their single particle sensitivity they

are also able to quantitate nanoparticles. The latter finding is interesting be-

cause of the lack of nanoparticle concentration standards, which underlines the

need for proper nanoparticle quantitation methods.
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During my work I faced difficulties in validating the virus quantitation measure-

ments partly because of the low availability of methods with proper sensitivity

and partly because of the lack of virus concentration standards. Using fairly rou-

tine instrumentation I examined an alternative virus quantitation method, which

uses static light scattering and is applicable to viruses smaller than 70 nm and I

found a good agreement between the results obtained by nanopipettes and by

light scattering.

Although the dominating nanopore based sensing application is the resistive

pulse sensing its requirements instrumentation-wise are fairly demanding, which

gives way to other nanopore based sensing techniques such as potentiome-

try requiring a more accessible high input impedance voltmeter. Because of

the scarcity of studies on nanopore based potentiometric sensors their sensing

mechanism was not yet investigated. Thus I have analyzed the potentiometric

response and the important parameters of cation/anion permselective nanopo-

res and a nanopore based nucleic acid sensor through computer simulations.

I successfully used the results to extract data such as the surface charge den-

sity on the inner surface of the nanopore, kinetic parameters and distribution of

surface-immobilized nucleic acid analogues.

Despite the numerous studies on resistive pulse sensing the limit of detection

of the method was not yet examined, which makes it challenging to compare or

plan experiments with different nanopore geometries. Thus assuming a practical

measurement time and considering the response time of the measuring instru-

ment I have formulated an expression for the limit of detection and validated it

with success by using the combination of data stemming from our group, data

found by a commercial sensor manufacturer and in the literature.
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Chapter 6

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 success-

fully 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 pep-

tide nucleic acid (PNA) surface density and the most probable PNA dis-

tribution 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 be-

tween immobilized PNA and solution based complementary microRNA.i

3. I have developed an improved resistive pulse sensing (RPS) method for

the calibration-free sizing and quantitation of nanoparticles/viruses with
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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 ex-

pression by performing RPS measurements and comprehensive process-

ing of pertinent experimental data available in the scientific literature.v

5. I have developed a virus quantitation method based on static light scatter-

ing, which does not require virus concentration standards and is applica-

ble to viruses smaller than 70 nm.iii
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Chapter 7
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[37] Fischbein MD, Drndić M. Electron beam nanosculpting of suspended graphene sheets. Applied
Physics Letters 2008; 93(11):113107.

[38] Garaj S, Hubbard W, Reina A, Kong J, Branton D, Golovchenko JA. Graphene as a subnanometre
trans-electrode membrane. Nature 2010; 467(7312):190–193.

[39] Akthakul A, Salinaro RF, Mayes AM. Antifouling Polymer Membranes with Subnanometer Size Selec-
tivity. Macromolecules 2004; 37(20):7663–7668.

[40] Keller F, Hunter MS, Robinson DL. Structural Features of Oxide Coatings on Aluminum. Journal of
The Electrochemical Society 1953; 100(9):411–419.

[41] Vlassiouk I, Takmakov P, Smirnov S. Sensing DNA Hybridization via Ionic Conductance through a
Nanoporous Electrode. Langmuir 2005; 21(11):4776–4778.

[42] Santos A, Kumeria T, Losic D. Nanoporous anodic aluminum oxide for chemical sensing and biosen-
sors. TrAC Trends in Analytical Chemistry 2013; 44:25–38.

[43] Hall AR, Scott A, Rotem D, Mehta KK, Bayley H, Dekker C. Hybrid pore formation by directed insertion
of alpha-haemolysin into solid-state nanopores. Nature Nanotechnology 2010; 5(12):874–877.

[44] Bell NAW, Engst CR, Ablay M, Divitini G, Ducati C, Liedl T, Keyser UF. DNA Origami Nanopores. Nano
Letters 2012; 12(1):512–517.

[45] Liu L, Xie J, Li T, Wu HC. Fabrication of nanopores with ultrashort single-walled carbon nanotubes
inserted in a lipid bilayer. Nature Protocols 2015; 10(11):1670–1678.

[46] Yusko EC, Johnson JM, Majd S, Prangkio P, Rollings RC, Li J, Yang J, Mayer M. Controlling protein
translocation through nanopores with bio-inspired fluid walls. Nature Nanotechnology 2011; 6:253–
260.

[47] Vlassiouk I, Siwy ZS. Nanofluidic Diode. Nano Letters 2007; 7(3):552–556.

[48] Ali M, Yameen B, Cervera J, Ramírez P, Neumann R, Ensinger W, Knoll W, Azzaroni O. Layer-by-Layer
Assembly of Polyelectrolytes into Ionic Current Rectifying Solid-State Nanopores: Insights from Theory
and Experiment. Journal of the American Chemical Society 2010; 132(24):8338–8348.

[49] Hou X, Liu Y, Dong H, Yang F, Li L, Jiang L. A pH-Gating Ionic Transport Nanodevice: Asymmetric
Chemical Modification of Single Nanochannels. Advanced Materials 2010; 22(22):2440–2443.

[50] Li N, Yu S, Harrell CC, Martin CR. Conical Nanopore Membranes. Preparation and Transport Proper-
ties. Analytical Chemistry 2004; 76(7):2025–2030.

[51] Hou X, Dong H, Zhu D, Jiang L. Fabrication of Stable Single Nanochannels with Controllable Ionic
Rectification. Small 2010; 6(3):361–365.

147



[52] Kalman EB, Sudre O, Vlassiouk I, Siwy ZS. Control of ionic transport through gated single conical
nanopores. Analytical and Bioanalytical Chemistry 2009; 394(2):413–419.

[53] Willmott GR, Fisk MG, Eldridge J. Magnetic microbead transport during resistive pulse sensing. Biomi-
crofluidics 2013; 7(6):064106.

[54] He Y, Tsutsui M, Scheicher RH, Bai F, Taniguchi M, Kawai T. Thermophoretic Manipulation of DNA
Translocation through Nanopores. ACS Nano 2013; 7(1):538–546.

[55] Sparreboom W, van den Berg A, Eijkel JCT. Transport in nanofluidic systems: a review of theory and
applications. New Journal of Physics 2010; 12(1):015004.

[56] Haywood DG, Saha-Shah A, Baker LA, Jacobson SC. Fundamental Studies of Nanofluidics: Nanopo-
res, Nanochannels, and Nanopipets. Analytical Chemistry 2015; 87(1):172–187.

[57] Schoch RB, Han J, Renaud P. Transport phenomena in nanofluidics. Reviews of Modern Physics
2008; 80(3):839.

[58] Pan S, Rothberg LJ. Interferometric Sensing of Biomolecular Binding Using Nanoporous Aluminum
Oxide Templates. Nano Letters 2003; 3(6):811–814.

[59] Jia RP, Shen Y, Luo HQ, Chen XG, Hu ZD, Xue DS. Enhanced photoluminescence properties of morin
and trypsin absorbed on porous alumina films with ordered pores array. Solid State Communications
2004; 130(6):367–372.

[60] Lu Z, Ruan W, Yang J, Xu W, Zhao C, Zhao B. Deposition of Ag nanoparticles on porous anodic
alumina for surface enhanced Raman scattering substrate. Journal of Raman Spectroscopy 2009;
40(1):112–116.

[61] Dhathathreyan A. Real-Time Monitoring of Invertase Activity Immobilized in Nanoporous Aluminum
Oxide. The Journal of Physical Chemistry B 2011; 115(20):6678–6682.

[62] Siwy Z, Fulinski A. A nanodevice for rectification and pumping ions. American Journal of Physics
2004; 72(5):567–574.

[63] Hall JE. Access resistance of a small circular pore. The Journal of General Physiology 1975;
66(4):531–532.

[64] Bayley H, Martin CR. Resistive-Pulse Sensing From Microbes to Molecules. Chemical Reviews 2000;
100(7):2575–2594.

[65] Holden DA, Hendrickson G, Lyon LA, White HS. Resistive Pulse Analysis of Microgel Deformation
During Nanopore Translocation. The Journal of Physical Chemistry C 2011; 115(7):2999–3004.

[66] Ito T, Sun L, Crooks RM. Simultaneous Determination of the Size and Surface Charge of Individual Na-
noparticles Using a Carbon Nanotube-Based Coulter Counter. Analytical Chemistry 2003; 75:2399–
2406.

[67] Vogel R, Anderson W, Eldridge J, Glossop B, Willmott G. A Variable Pressure Method for Characteriz-
ing Nanoparticle Surface Charge Using Pore Sensors. Analytical Chemistry 2012; 84(7):3125–3131.

[68] Maxwell JC. A treatise on electricity and magnetism. Clarendon Press, Oxford, 1873.

[69] Rayleigh L. LVI. On the influence of obstacles arranged in rectangular order upon the properties of a
medium. Philosophical Magazine Series 5 1892; 34:481–502.

148



[70] Gregg E, Steidley K. Electrical Counting and Sizing of Mammalian Cells in Suspension. Biophysical
Journal 1965; 5:393–405.

[71] Anderson JL, Quinn JA. The Relationship between Particle Size and Signal in Coulter-Type Counters.
Review of Scientific Instruments 1971; 42:1257.

[72] Smythe WR. Flow around a Sphere in a Circular Tube. Physics of Fluids 1961; 4:756.

[73] Smythe WR. Flow Around a Spheroid in a Circular Tube. Physics of Fluids 1964; 7:633.

[74] Roberts GS, Yu S, Zeng Q, Chan LC, Anderson W, Colby AH, Grinstaff MW, Reid S, Vogel R. Tunable
pores for measuring concentrations of synthetic and biological nanoparticle dispersions. Biosensors
and Bioelectronics 2012; 31(1):17–25.

[75] Balakrishnan KR, Anwar G, Chapman MR, Nguyen T, Kesavaraju A, Sohn LL. Node-pore sensing: a
robust, high-dynamic range method for detecting biological species. Lab on a Chip 2013; 13(7):1302–
1307.

[76] Heins EA, Siwy ZS, Baker LA, Martin CR. Detecting Single Porphyrin Molecules in a Conically Shaped
Synthetic Nanopore. Nano Letters 2005; 5(9):1824–1829.

[77] Kozak D, Anderson W, Grevett M, Trau M. Modeling Elastic Pore Sensors for Quantitative Single
Particle Sizing. The Journal of Physical Chemistry C 2012; 116(15):8554–8561.

[78] Wang Y, Kececi K, Mirkin MV, Mani V, Sardesai N, Rusling JF. Resistive-pulse measurements with na-
nopipettes: detection of Au nanoparticles and nanoparticle-bound anti-peanut IgY. Chemical Science
2013; 4(2):655–663.

[79] Vogel R, Willmott G, Kozak D, Roberts GS, Anderson W, Groenewegen L, Glossop B, Barnett A,
Turner A, Trau M. Quantitative Sizing of Nano/Microparticles with a Tunable Elastomeric Pore Sensor.
Analytical Chemistry 2011; 83(9):3499–3506.

[80] Uram JD, Ke K, Mayer M. Noise and Bandwidth of Current Recordings from Submicrometer Pores and
Nanopores. ACS Nano 2008; 2(5):857–872.

[81] Smeets RMM, Keyser UF, Dekker NH, Dekker C. Noise in solid-state nanopores. Proceedings of the
National Academy of Sciences 2008; 105(2):417–421.

[82] Gold R. The Axon Guide for Electrophysiology & Biophysics Laboratory Techniques. 2007.

[83] Beamish E, Kwok H, Tabard-Cossa V, Godin M. Precise control of the size and noise of solid-state
nanopores using high electric fields. Nanotechnology 2012; 23(40):405301.

[84] Höfler L, Gyurcsányi RE. Nanosensors lost in space. A random walk study of single molecule detection
with single-nanopore sensors. Analytica Chimica Acta 2012; 722:119–126.

[85] Uram JD, Ke K, Hunt AJ, Mayer M. Label-Free Affinity Assays by Rapid Detection of Immune Com-
plexes in Submicrometer Pores. Angewandte Chemie International Edition 2006; 45(14):2281–2285.

[86] Kawano R, Osaki T, Sasaki H, Takinoue M, Yoshizawa S, Takeuchi S. Rapid Detection of a Cocaine-
Binding Aptamer Using Biological Nanopores on a Chip. Journal of the American Chemical Society
2011; 133(22):8474–8477.

[87] Zhao Q, Sigalov G, Dimitrov V, Dorvel B, Mirsaidov U, Sligar S, Aksimentiev A, Timp G. Detecting
SNPs using a synthetic nanopore. Nano Letters 2007; 7(6):1680–1685.

149



[88] Bayley H, Cremer PS. Stochastic sensors inspired by biology. Nature 2001; 413(6852):226–230.

[89] Movileanu L, Howorka S, Braha O, Bayley H. Detecting protein analytes that modulate transmembrane
movement of a polymer chain within a single protein pore. Nature Biotechnology 2000; 18(10):1091–
1095.

[90] Howorka S, Movileanu L, Braha O, Bayley H. Kinetics of duplex formation for individual DNA
strands within a single protein nanopore. Proceedings of the National Academy of Sciences 2001;
98(23):12996–13001.

[91] Siwy Z, Trofin L, Kohli P, Baker LA, Trautmann C, Martin CR. Protein Biosensors Based on Biofunction-
alized Conical Gold Nanotubes. Journal of the American Chemical Society 2005; 127(14):5000–5001.

[92] Ding S, Gao C, Gu LQ. Capturing Single Molecules of Immunoglobulin and Ricin with an Aptamer-
Encoded Glass Nanopore. Analytical Chemistry 2009; 81(16):6649–6655.

[93] Wang X, Smirnov S. Label-Free DNA Sensor Based on Surface Charge Modulated Ionic Conductance.
ACS Nano 2009; 3(4):1004–1010.

[94] Deng J, Toh CS. Impedimetric DNA Biosensor Based on a Nanoporous Alumina Membrane for the
Detection of the Specific Oligonucleotide Sequence of Dengue Virus. Sensors 2013; 13(6):7774–7785.

[95] de la Escosura-Muñiz A, Merkoçi A. Label-free voltammetric immunosensor using a nanoporous mem-
brane based platform. Electrochemistry Communications 2010; 12(6):859–863.

[96] Ali M, Bayer V, Schiedt B, Neumann R, Ensinger W. Fabrication and functionalization of single asym-
metric nanochannels for electrostatic/hydrophobic association of protein molecules. Nanotechnology
2008; 19(48):485711.

[97] Vlassiouk I, Kozel TR, Siwy ZS. Biosensing with Nanofluidic Diodes. Journal of the American Chemical
Society 2009; 131(23):8211–8220.

[98] Nishizawa M, Menon VP, Martin CR. Metal Nanotubule Membranes with Electrochemically Switchable
Ion-Transport Selectivity. Science 1995; 268(5211):700–702.

[99] Martin CR, Nishizawa M, Jirage K, Kang M, Lee SB. Controlling Ion-Transport Selectivity in Gold
Nanotubule Membranes. Advanced Materials 2001; 13(18):1351–1362.

[100] Jirage KB, Hulteen JC, Martin CR. Nanotubule-Based Molecular-Filtration Membranes. Science 1997;
278(5338):655–658.

[101] Motesharei K, Ghadiri MR. Diffusion-Limited Size-Selective Ion Sensing Based on SAM-Supported
Peptide Nanotubes. Journal of the American Chemical Society 1997; 119(46):11306–11312.

[102] Hulteen JC, Jirage KB, Martin CR. Introducing Chemical Transport Selectivity into Gold Nanotubule
Membranes. Journal of the American Chemical Society 1998; 120(26):6603–6604.

[103] Steinle ED, Mitchell DT, Wirtz M, Lee SB, Young VY, Martin CR. Ion Channel Mimetic Micropore and
Nanotube Membrane Sensors. Analytical Chemistry 2002; 74(10):2416–2422.

[104] Lee SB, Martin CR. Electromodulated Molecular Transport in Gold-Nanotube Membranes. Journal of
the American Chemical Society 2002; 124(40):11850–11851.

[105] Lee SB, Mitchell DT, Trofin L, Nevanen TK, Söderlund H, Martin CR. Antibody-Based Bio-Nanotube
Membranes for Enantiomeric Drug Separations. Science 2002; 296(5576):2198–2200.

150



[106] Kohli P, Harrell CC, Cao Z, Gasparac R, Tan W, Martin CR. DNA-Functionalized Nanotube Membranes
with Single-Base Mismatch Selectivity. Science 2004; 305(5686):984–986.

[107] Iqbal SM, Akin D, Bashir R. Solid-state nanopore channels with DNA selectivity. Nature Nanotechnol-
ogy 2007; 2(4):243–248.

[108] Zhang Y, Zhang B, White HS. Electrochemistry of Nanopore Electrodes in Low Ionic Strength Solu-
tions. The Journal of Physical Chemistry B 2006; 110(4):1768–1774.

[109] White HS, Bund A. Mechanism of Electrostatic Gating at Conical Glass Nanopore Electrodes. Lang-
muir 2008; 24(20):12062–12067.

[110] Cervera J, Schiedt B, Ramírez P. A Poisson/Nernst-Planck model for ionic transport through synthetic
conical nanopores. Europhysics Letters 2005; 71(1):35–41.

[111] Hofler L, Gyurcsanyi RE. Coarse Grained Molecular Dynamics Simulation of Electromechanically-
Gated DNA Modified Conical Nanopores. Electroanalysis 2008; 20(3):301–307.

[112] Xue J, Xie Y, Yan Y, Ke J, Wang Y. Surface charge density of the track-etched nanopores in polyethy-
lene terephthalate foils. Biomicrofluidics 2009; 3(2):022408.

[113] Amatore C, Oleinick AI, Svir I. Theory of Ion Transport in Electrochemically Switchable Nanoporous
Metallized Membranes. ChemPhysChem 2009; 10(1):211–221.

[114] Jágerszki G, Takács Á, Bitter I, Gyurcsányi RE. Solid-State Ion Channels for Potentiometric Sensing.
Angewandte Chemie International Edition 2011; 50(7):1656–1659.

[115] Kirkland JJ. High-performance size-exclusion liquid chromatography of inorganic colloids. Journal of
Chromatography A 1979; 185:273–288.

[116] Baalousha M, Stolpe B, Lead JR. Flow field-flow fractionation for the analysis and characterization of
natural colloids and manufactured nanoparticles in environmental systems: A critical review. Journal
of Chromatography A 2011; 1218(27):4078–4103.

[117] Xu X, Caswell KK, Tucker E, Kabisatpathy S, Brodhacker KL, Scrivens WA. Size and shape separa-
tion of gold nanoparticles with preparative gel electrophoresis. Journal of Chromatography A 2007;
1167(1):35–41.

[118] Svedberg T, Rinde H. The ultra-centrifuge, a new instrument for the determination of size and distri-
bution of size of particle in amicroscopic colloids. Journal of the American Chemical Society 1924;
46(12):2677–2693.

[119] Filipe V, Hawe A, Jiskoot W. Critical Evaluation of Nanoparticle Tracking Analysis (NTA) by NanoSight
for the Measurement of Nanoparticles and Protein Aggregates. Pharmaceutical Research 2010;
27(5):796–810.

[120] Shang J, Gao X. Nanoparticle counting: towards accurate determination of the molar concentration.
Chemical Society Reviews 2014; 43(21):7267–7278.

[121] Irache JM, Durrer C, Ponchel G, Duchêne D. Determination of particle concentration in latexes by
turbidimetry. International Journal of Pharmaceutics 1993; 90(3):R9–R12.

[122] Bundschuh T, Knopp R, Winzenbacher R, Il Kim J, Köster R. Quantification of Aquatic Nano Particles
after Different Steps of Bodensee Water Purification with Laser-induced Breakdown Detection (LIBD).
Acta hydrochimica et hydrobiologica 2001; 29(1):7–15.

151



[123] Rieker T, Hanprasopwattana A, Datye A, Hubbard P. Particle Size Distribution Inferred from Small-
Angle X-ray Scattering and Transmission Electron Microscopy. Langmuir 1999; 15(2):638–641.

[124] Varenne F, Makky A, Gaucher-Delmas M, Violleau F, Vauthier C. Multimodal Dispersion of Nanopar-
ticles: A Comprehensive Evaluation of Size Distribution with 9 Size Measurement Methods. Pharma-
ceutical Research 2016; pp. 1–15.

[125] Dorofeev GA, Streletskii AN, Povstugar IV, Protasov AV, Elsukov EP. Determination of nanoparticle
sizes by X-ray diffraction. Colloid Journal 2012; 74(6):675–685.

[126] O’Brien RW, Cannon DW, Rowlands WN. Electroacoustic Determination of Particle Size and Zeta
Potential. Journal of Colloid and Interface Science 1995; 173(2):406–418.

[127] Xiao X, Bard AJ. Observing Single Nanoparticle Collisions at an Ultramicroelectrode by Electrocatalytic
Amplification. Journal of the American Chemical Society 2007; 129(31):9610–9612.

[128] Stuart EJE, Zhou YG, Rees NV, Compton RG. Determining unknown concentrations of nanoparticles:
the particle-impact electrochemistry of nickel and silver. RSC Advances 2012; 2(17):6879–6884.

[129] Reipa V, Purdum G, Choi J. Measurement of Nanoparticle Concentration Using Quartz Crystal Micro-
gravimetry. The Journal of Physical Chemistry B 2010; 114(49):16112–16117.

[130] Pace HE, Rogers NJ, Jarolimek C, Coleman VA, Higgins CP, Ranville JF. Determining Transport
Efficiency for the Purpose of Counting and Sizing Nanoparticles via Single Particle Inductively Coupled
Plasma Mass Spectrometry. Analytical Chemistry 2011; 83(24):9361–9369.

[131] Laborda F, Bolea E, Jiménez-Lamana J. Single Particle Inductively Coupled Plasma Mass Spectrom-
etry: A Powerful Tool for Nanoanalysis. Analytical Chemistry 2014; 86(5):2270–2278.

[132] van der Pol E, Coumans FaW, Grootemaat AE, Gardiner C, Sargent IL, Harrison P, Sturk A, van
Leeuwen TG, Nieuwland R. Particle size distribution of exosomes and microvesicles determined by
transmission electron microscopy, flow cytometry, nanoparticle tracking analysis, and resistive pulse
sensing. Journal of Thrombosis and Haemostasis 2014; 12(7):1182–1192.

[133] Cheng W, Compton RG. Electrochemical detection of nanoparticles by ‘nano-impact’ methods. TrAC
Trends in Analytical Chemistry 2014; 58:79–89.

[134] Lees JC, Ellison J, Batchelor-McAuley C, Tschulik K, Damm C, Omanović D, Compton RG. Na-
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specific microRNAs using thin nanopore sensors. Nature Nanotechnology 2010; 5(11):807–814.

[167] Wang Y, Zheng D, Tan Q, Wang MX, Gu LQ. Nanopore-based detection of circulating microRNAs in
lung cancer patients. Nature Nanotechnology 2011; 6(10):668–674.

[168] Tian K, He Z, Wang Y, Chen SJ, Gu LQ. Designing a Polycationic Probe for Simultaneous Enrichment
and Detection of MicroRNAs in a Nanopore. ACS Nano 2013; 7(5):3962–3969.

[169] Jágerszki G, Gyurcsányi RE, Höfler L, Pretsch E. Hybridization-Modulated Ion Fluxes through Peptide-
Nucleic-Acid- Functionalized Gold Nanotubes. A New Approach to Quantitative Label-Free DNA Anal-
ysis. Nano Letters 2007; 7(6):1609–1612.

[170] Fu Y, Tokuhisa H, Baker LA. Nanopore DNA sensors based on dendrimer-modified nanopipettes.
Chemical Communications 2009; (32):4877–4879.

[171] Ali M, Neumann R, Ensinger W. Sequence-Specific Recognition of DNA Oligomer Using Peptide
Nucleic Acid (PNA)-Modified Synthetic Ion Channels: PNA/DNA Hybridization in Nanoconfined Envi-
ronment. ACS Nano 2010; 4(12):7267–7274.

[172] Ma SC, Yang VC, Fu B, Meyerhoff ME. Electrochemical sensor for heparin: further characterization
and bioanalytical applications. Analytical Chemistry 1993; 65(15):2078–2084.

[173] Fu B, Bakker E, Yun JH, Yang VC, Meyerhoff ME. Response Mechanism of Polymer Membrane-Based
Potentiometric Polyion Sensors. Analytical Chemistry 1994; 66(14):2250–2259.

154



[174] Wanunu M, Morrison W, Rabin Y, Grosberg AY, Meller A. Electrostatic focusing of unlabelled DNA into
nanoscale pores using a salt gradient. Nat Nano 2010; 5(2):160–165.

[175] Daiguji H, Oka Y, Shirono K. Nanofluidic Diode and Bipolar Transistor. Nano Letters 2005; 5(11):2274–
2280.

[176] Constantin D, Siwy ZS. Poisson-Nernst-Planck model of ion current rectification through a nanofluidic
diode. Physical Review E 2007; 76(4):041202.

[177] Karnik R, Duan C, Castelino K, Daiguji H, Majumdar A. Rectification of Ionic Current in a Nanofluidic
Diode. Nano Letters 2007; 7(3):547–551.

[178] Kalman EB, Vlassiouk I, Siwy ZS. Nanofluidic Bipolar Transistors. Advanced Materials 2008;
20(2):293–297.

[179] Vlassiouk I, Smirnov S, Siwy Z. Nanofluidic Ionic Diodes. Comparison of Analytical and Numerical
Solutions. ACS Nano 2008; 2(8):1589–1602.

[180] Bobacka J, Ivaska A, Lewenstam A. Potentiometric Ion Sensors. Chemical Reviews 2008; 108(2):329–
351.

[181] White HS, Bund A. Ion Current Rectification at Nanopores in Glass Membranes. Langmuir 2008;
24(5):2212–2218.

[182] Boda D, Gillespie D. Steady-State Electrodiffusion from the Nernst–Planck Equation Coupled to Local
Equilibrium Monte Carlo Simulations. Journal of Chemical Theory and Computation 2012; 8(3):824–
829.

[183] Ható Z, Boda D, Gillespie D, Vrabec J, Rutkai G, Kristóf T. Simulation study of a rectifying bipolar ion
channel: Detailed model versus reduced model. Condensed Matter Physics 2016; 19(1):13802.

[184] Matejczyk B, Valiskó M, Wolfram MT, Pietschmann JF, Boda D. Multiscale modeling of a rectifying
bipolar nanopore: Comparing Poisson-Nernst-Planck to Monte Carlo. The Journal of Chemical Physics
2017; 146(12):124125.

[185] Jirage KB, Hulteen JC, Martin CR. Effect of Thiol Chemisorption on the Transport Properties of Gold
Nanotubule Membranes. Analytical Chemistry 1999; 71(21):4913–4918.

[186] Lautner G, Plesz M, Jágerszki G, Fürjes P, Gyurcsányi RE. Nanoparticle displacement assay with
electrochemical nanopore-based sensors. Electrochemistry Communications 2016; 71:13–17.

[187] Petzny WJ, Quinn JA. Calibrated Membranes with Coated Pore Walls. Science 1969; 166(3906):751–
753.

[188] Turyan I, Mandler D. Two-Dimensional Polyaniline Thin Film Electrodeposited on a Self-Assembled
Monolayer. Journal of the American Chemical Society 1998; 120(41):10733–10742.

[189] Tien J, Terfort A, Whitesides GM. Microfabrication through Electrostatic Self-Assembly. Langmuir
1997; 13(20):5349–5355.

[190] Simon L, Lautner G, Gyurcsányi RE. Reliable microspotting methodology for peptide-nucleic acid
layers with high hybridization efficiency on gold SPR imaging chips. Analytical Methods 2015;
7(15):6077–6082.

[191] Raillon C, Granjon P, Graf M, Steinbock LJ, Radenovic A. Fast and automatic processing of multi-level
events in nanopore translocation experiments. Nanoscale 2012; 4(16):4916–4924.

155



[192] Sim AYL, Lipfert J, Herschlag D, Doniach S. Salt dependence of the radius of gyration and flexibility
of single-stranded DNA in solution probed by small-angle x-ray scattering. Physical Review E 2012;
86(2):021901.

[193] Wong IY, Melosh NA. An Electrostatic Model for DNA Surface Hybridization. Biophysical Journal 2010;
98(12):2954–2963.

[194] Kambhampati D, Nielsen PE, Knoll W. Investigating the kinetics of DNA–DNA and PNA–DNA in-
teractions using surface plasmon resonance-enhanced fluorescence spectroscopy. Biosensors and
Bioelectronics 2001; 16(9–12):1109–1118.

[195] Yao D, Kim J, Yu F, Nielsen PE, Sinner EK, Knoll W. Surface Density Dependence of PCR Amplicon
Hybridization on PNA/DNA Probe Layers. Biophysical Journal 2005; 88(4):2745–2751.

[196] Park H, Germini A, Sforza S, Corradini R, Marchelli R, Knoll W. Effect of ionic strength on PNA-DNA
hybridization on surfaces and in solution. Biointerphases 2007; 2(2):80–88.

[197] Hansen N. The CMA Evolution Strategy: A Comparing Review. In JA Lozano, P Larrañaga, I Inza,
E Bengoetxea, editors, Towards a New Evolutionary Computation, number 192 in Studies in Fuzziness
and Soft Computing, pp. 75–102. Springer Berlin Heidelberg, 2006; .

[198] Nkodo AE, Garnier JM, Tinland B, Ren H, Desruisseaux C, McCormick LC, Drouin G, Slater GW.
Diffusion coefficient of DNA molecules during free solution electrophoresis. Electrophoresis 2001;
22(12):2424–2432.

[199] Bühlmann P, Amemiya S, Yajima S, Umezawa Y. Co-Ion Interference for Ion-Selective Electrodes
Based on Charged and Neutral Ionophores: A Comparison. Analytical Chemistry 1998; 70(20):4291–
4303.

[200] Buck RP, Toth K, Graf E, Horvai G, Pungor E. Donnan exclusion failure in low anion site density mem-
branes containing valinomycin. Journal of Electroanalytical Chemistry and Interfacial Electrochemistry
1987; 223(1):51–66.

[201] Sokalski T, Lingenfelter P, Lewenstam A. Numerical Solution of the Coupled Nernst−Planck and
Poisson Equations for Liquid Junction and Ion Selective Membrane Potentials. The Journal of Physical
Chemistry B 2003; 107(11):2443–2452.

[202] Sokalski T, Kucza W, Danielewski M, Lewenstam A. Time-Dependent Phenomena in the Potential
Response of Ion-Selective Electrodes Treated by the Nernst−Planck−Poisson Model. Part 2: Trans-
membrane Processes and Detection Limit. Analytical Chemistry 2009; 81(12):5016–5022.

[203] Brumleve TR, Buck RP. Numerical solution of the Nernst-Planck and poisson equation system with
applications to membrane electrochemistry and solid state physics. Journal of Electroanalytical Chem-
istry and Interfacial Electrochemistry 1978; 90(1):1–31.
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Chapter 8

Appendix

8.1 Calculating the resistance of the nanopipette in the presence

of a spherical shape particle in its sensing zone

To determine the current in the presence of a nanoparticle in the sensing zone

of the nanopipette I considered the nanoparticle as a physical object obstructing

the ionic current through the nanopipette. My calculation method is similar to the

one reported by Heins et al.,76 Willmott and Parry227 as well as Wang et al.,78

but I considered some of the neglections made in these earlier reports. I con-

sidered the case when the particle is partially or fully outside of the pipette (as

opposed to the work of Heins et al.), listed the solution of the integrals and con-

sidered the resistance change caused by the out-of-pore section of the particle

(in contrary to the works of Willmott and Parry or Wang et al., respectively). I

used the notations in Figure 4.17 in the calculations and introduced additionally

rtip = dtip/2 and rpart = dpart/2.

The radius of the pipette and the access cone at position x is given by:

rpipette(x, α) = rtip + tan(α)x (8.1)
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raccess(x, β) = rtip − tan(β)x (8.2)

The radius of the cross-section occupied by the particle at position x when the

particle is centered at position xpart is:

roccupied(x, xpart) =







√

r2part − (xpart − x)2 if |xpart − x| ≤ rpart

0 otherwise
(8.3)

The pipette (or access cone) cross-section at position x (without the particle) is:

Apipette(x) = πr2pipette (8.4)

Aaccess(x) = πr2access (8.5)

The annulus-shaped free cross-section at a given x position is the difference

of the pipette (or access cone) cross-section and the particle-occupied cross-

section:

Afree
pipette(x, xpart) = π(r2pipette − r2occupied) (8.6)

Afree
access(x, xpart) = π(r2access − r2occupied) (8.7)

The ∆R resistance change can be calculated by computing the resistance in

the particle-free (R̂0) and particle-occupied (R̂) state within the length corre-

sponding to the particle diameter.

∆R = ∆R̂ = R̂− R̂0 (8.8)
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8.1.1 Particle outside the nanopipette

If the whole particle is outside the pipette (xpart ≤ −rpart) then resistance

change occurs only in the access cone:

R̂access, out(xpart, β) =
1

σ

xpart+rpart
∫

x=xpart−rpart

1

Afree
access(x, xpart)

dx =

= −
cos(β)

[

arctan

(

B2(xpart,β)−rpart

cos(β)
√

B1(xpart,β)

)

− arctan

(

B2(xpart,β)+rpart

cos(β)
√

B1(xpart,β)

)]

πσ
√

B1(xpart, β)
(8.9)

where

B1(xpart, β) = (1− cos(β)2)x2part − sin(2β)rtipxpart + cos(β)2r2tip − r2part (8.10)

B2(xpart, β) = (cos(β)2 − 1)xpart + cos(β) sin(β)rtip (8.11)

8.1.2 Particle partially in the nanopipette

If the particle is partially in the pipette (−rpart < xpart < rpart) then a resistance

change occurs both in the access cone and in the pipette:

R̂0 = R̂access, partial
0 + R̂pipette, partial

0 (8.12)
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R̂access, partial
0 (xpart, β) =

1

σ

0
∫

x=xpart−rpart

1

Aaccess(x)
dx =

=
rpart − xpart

σπrtip (tan(β)(rpart − xpart) + rtip)
(8.13)

R̂pipette, partial
0 =

1

σ

xpart+rpart
∫

x=0

1

Apipette(x)
dx = R̂access, partial

0 (−xpart, α) (8.14)

R̂ = R̂access, partial + R̂pipette, partial (8.15)

R̂access, partial(xpart, β) =
1

σ

0
∫

x=xpart−rpart

1

Afree
access(x, xpart)

dx (8.16)

R̂pipette, partial(xpart, α) =
1

σ

xpart+rpart
∫

x=0

1

Afree
pipette(x, xpart)

dx (8.17)

Each of the last two integrals has two valid solutions. If B2
3(xpart, β) < 0 then

B3(xpart, β) is a complex number, where

B3(xpart, β) =
√

(tan(β)2 + 1)r2part − (tan(β)xpart − rtip)2 (8.18)

then
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R̂access, partial(xpart, β) =

= −
cos(β)

[

arctan

(

cos(β)xpart+sin(β)rtip√
B1(xpart,β)

)

− arctan

(

B2(xpart,β)+rpart

cos(β)
√

B1(xpart,β)

)]

πσ
√

B1(xpart, β)

(8.19)

If B2
3(−xpart, α) < 0 then B3(−xpart, α) is a complex number and consequently

R̂pipette, partial = R̂access, partial(−xpart, α) (8.20)

If B2
3(xpart, β) > 0 then

R̂access, partial
2 (xpart, β) =

=
log
(

|B3(xpart,β)+B4(xpart,β)|
|B3(xpart,β)−B4(xpart,β)|

× |B3(xpart,β)+B5(xpart,β)|
|B3(xpart,β)−B5(xpart,β)|

)

2σπB3(xpart, β)
(8.21)

where

B4(xpart, β) = tan(β)2xpart − tan(β)rtip − (tan(β)2 + 1)rpart (8.22)

B5(xpart, β) = xpart + tan(β)rtip (8.23)

If B2
3(−xpart, α) > 0:

R̂pipette, partial
2 = R̂access, partial

2 (−xpart, α) (8.24)
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8.1.3 Particle in the nanopipette

If the whole particle is in the pipette (xpart ≥ rpart) then the resistance change

occurs only in the pipette:

R̂pipette, in
0 =

1

σ

xpart+rpart
∫

x=xpart−rpart

1

Apipette(x)
dx = R̂access, out

0 (−xpart, α) (8.25)

R̂pipette, in =
1

σ

xpart+rpart
∫

x=xpart−rpart

1

Afree
pipette(x, xpart)

dx = R̂access, out(−xpart, α) (8.26)

8.1.4 Calculating the relative current change

By computing the ∆R(xpart, α, rtip) resistance change and the R total pipette

resistance from eq. (4.6) I calculated the relative current change as:

∆I

I
= − ∆R

R+∆R
(8.27)

8.2 Normalized peak resistance change in nanopipettes
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Figure 8.1: ∆R∗
peak as a function of the inner half-cone angle and the relative particle diameter

in the range of 3o ≤ α ≤ 12o and 0.1 ≤ dpart/dtip ≤ 0.9 intervals. This interval

covers the inner half-cone angle range of the nanopipettes used by us and the

useful relative particle size range. I fitted the experimental with a two-dimensional

polynomial of 8th degree in the form of ∆R∗
peak =

∑
0≤i+j≤8 ωij(dpart/dtip)

iαj ,

where ωij are the fitting constants (see Table 8.1). The resulting relative error is

lower than 1% in every fitted point.
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Table 8.1: The parameters of the 8th degree two-dimensional polynomial fitting ∆R∗
peak as func-

tion of the relative particle size and the half cone angle of the nanopipette tip (see

Figure 8.1)

ij ωij ij ωij

0 2.41660340364973E-03 42 1.30139557712813E+02
10 -8.68602822339305E-02 33 -7.38024214453688E+01
1 5.24392454151137E-03 24 4.80772956731058E+01
20 1.28254459955402E+00 15 -1.50264814536069E+02
11 -1.81800246663712E-01 6 5.57192005446982E+01
2 1.20497281306648E-02 70 -1.84390326755052E+02
30 -9.26468621449590E+00 61 1.96855231054249E+02
21 2.43127933597142E+00 52 -2.15367474113009E+02
12 -2.83028475191483E-01 43 1.91795856525225E+02
3 3.47644529453173E-02 34 -1.47603922026807E+02
40 4.66148709113199E+01 25 5.10130412315949E+01
31 -1.75937533637039E+01 16 3.52600387653944E+02
22 5.84302290626625E+00 7 -1.69889447017101E+02
13 -3.70386474591459E+00 80 6.89214092273972E+01
4 5.64943085841205E-01 71 -1.05285441731443E+02
50 -1.28180138768775E+02 62 2.01138090766995E+02
41 6.82352455131065E+01 53 -4.12174793635189E+02
32 -3.55036029729006E+01 44 7.40160411084045E+02
23 8.78840278426101E+00 35 -9.01172604656018E+02
14 2.36986498441003E+01 26 6.42346182531125E+02
5 -7.59794213966428E+00 17 -6.15082390373269E+02
60 2.09612169408377E+02 8 2.36447182450909E+02
51 -1.63932776917313E+02
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rásból átvettem, egyértelműen, a forrás megadásával megjelöltem.

Budapest, September 1, 2017

István Tamás Makra

PhD candidate


	List of abbreviations
	List of abbreviations
	Introduction
	Background
	Nanopores
	Biological nanopores
	Solid-state nanopores

	Mass transport through nanopores
	Electrokinetic effects

	Electrochemical nanopore sensing methods
	Nanopore resistance
	Resistive pulse sensing
	Other nanopore sensing techniques based on pore resistance change
	Nanopore-based potentiometry

	Nanoparticle characterization
	Dynamic light scattering
	Nanoparticle tracking analysis
	Virus characterization with RPS

	Nucleic acid quantitation with nanopores
	Modeling ion transport in nanopores
	Continuum method
	Particle methods


	Materials and methods
	Reagents and materials
	Nanopore fabrication methods
	Gold nanoporous membranes
	Nanopore arrays
	Quartz nanopipettes

	Characterization and modification of nanopores
	Gold nanoporous membranes
	Nanopore arrays

	Resistive pulse measurements with nanopipettes
	RPS measurements
	Data analysis
	Validation of the sizing and quantitation method

	Potentiometric measurements
	Gold nanoporous membranes
	Nanopore arrays

	Finite element simulations
	Gold nanoporous membranes
	Nanopore arrays


	Results and discussions
	Potentiometric response of nanoporous membranes
	Potentiometric response of bare gold nanopores
	Potentiometric response of cation exchanger-modified nanopores
	Potentiometric response of anion exchanger-modified nanopores

	Potentiometric response of nucleic acid selective nanopore arrays
	Calibration-free sizing and quantitation of nanoparticles and viruses with quartz nanopipettes
	Correlating pipette geometry and electrical resistance
	Simulation of particle translocation
	Particle sizing method
	Particle quantitation method
	Validation of the sizing method
	Validation of the quantitation method
	Characterizing poliovirus samples

	Limit of detection of the resistive pulse sensing
	Light scattering based method to validate the RPS quantitation of poliovirus samples
	Determination of the diameter representative of the whole particle distribution
	Determination of the refractive index of the virus
	Method validation


	Summary
	New scientific results
	List of authored publications
	Bibliography
	Appendix
	Calculating the resistance of the nanopipette in the presence of a spherical shape particle in its sensing zone
	Particle outside the nanopipette
	Particle partially in the nanopipette
	Particle in the nanopipette
	Calculating the relative current change

	Normalized peak resistance change in nanopipettes


