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Abstract

Since the pioneering studies on single ion-channel recordings in 1976, single molecule
methods have evolved into powerful tools capable of probing biological systems with un-
precedented detail.

In this work, we build on the versatility of a type of nanofluidic devices, called nanopipettes,
to explore novel modes of single molecule detection and manipulation with the aim of im-
proving spatial and temporal control of biomolecules.

In particular, a novel nanopore configuration is presented, where biomolecules were
individually confined into a zeptoliter volume bridging two adjacent nanopores at the tip
of a nanopipette. As a result of this confinement, the transport of biomolecules such as
DNA and proteins was slow down by nearly three orders of magnitude, leading to an
improved sensitivity and superior signal-to-noise performances compared to conventional
nanopore sensing. Active ways of controlling the transport of biomolecule by combining
the advantages of nanopore single-molecule sensing and Field-Effect Transistors are also
presented. These hybrid platforms were fabricated in a simple two step process which
integrates a gold electrode at the apex of a nanopipette. We show that these devices were
effective in modulating the charge density of the nanopore and in actively switching "on"
and "off" the transport of DNA through the nanopore.

Finally, a nanoscale dielectrophoretic nanotweezer device has been developed for high
resolution manipulation and interrogation of individual entities. Two closely spaced carbon
nanoelectrodes were embedded at the apex of a nanopipette. Voltage and frequency applied
to the electrodes generated a highly localized force capable of trapping and manipulating a
broad range of biomolecules. These dielectrophoretic nanotweezers were suitable for probing
complex biological environments and a new technique for minimally invasive single-cell
nanobiopsy was established. Such study provides encouraging results on how nanopipette-
based platforms can be integrated as a future tool for routinely interrogating molecules at the
nanoscale.
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Chapter 1

Introduction

1.1 Single molecule detection

The future holds the promise for personalized medicine where DNA sequencing and high-
throughput diagnostics is performed routinely, at affordable cost and rapid turnaround times
[1]. The field of single molecule biophysics is turning these promises into reality enabling
researchers to probe, monitor and detect molecules one at a time. The ability to perform
such sensitive measurement is a vitally important aspect in medical applications where it is
necessary to investigate rare species or study the heterogeneity of a population otherwise
hidden in the noise of an ensemble type of measurement. Whereas a plethora of single
molecule techniques have been proposed, working with single entities in complex systems
remains a challenge.

This thesis describes the development of new nanofluidic tools aimed at improving de-
tection and manipulation of individual biomolecules. On one hand, within the context of
solid state nanopore sensing, it proposes new strategies aimed at improving sensitivity: by
controlling analyte transport through a nanoscale channel, temporal and spatial resolution are
enhanced. On the other hand this thesis focuses on developing a novel hybrid single molecule
technique where nanofluidics, in the form of nanoprobes, fluorescent microscopy and dielec-
trophoresis converge together allowing to study and manipulate individual biomolecules in
solution and in a more complex scenario such as single cell for targeted sub-cellular biopsies.

1.2 Single molecule detection and manipulation: an overview

Over the last 20 years, breathtaking technological advances have allowed the development of
a remarkable variety of methods study molecules at the single-molecule level (Figure 1.1).
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Nowadays, the field is steadily expanding; however, all current techniques can be clustered
in macro-categories depending on the nature of their interaction with the molecule. The
first group includes optical spectroscopy, under which fluorescence spectroscopy is among
the most commonly explored technique. Other established techniques which belong to this
category include confocal microscopy, total internal reflection, single molecule stochiometry,
and Förster Resonance Energy Transfer (FRET) [2, 3].

In 1994, the surpassing of the long-standing issue of the diffraction limit was predicted
[4]. Since then, fluorescent microscopy has experienced a new beginning where several
super-resolution microscopy variants have been proposed [5], all based on the same idea of
confining the probing volume. Consequently, the applications of single fluorophore detection
expanded to the biological sciences field. Notable applications include resolving the structure
of various viral [6] and bacterial [7] proteins or investigating the organization, dynamics and
maintenance of subcellular entities in live cells [8] such as bacterial nucleoid during the cell
cycle [7].

Another extremely valuable optical spectroscopic technique is Raman spectroscopy
[9]. Raman spectroscopy is a method for studying the inelastic scattering of light and
unlike the aforementioned fluorescence, it provides the unique chemical fingerprint of an
individual molecule by probing its vibrational states [10, 11]. Although Raman spectroscopy
is outside the main interest of this thesis, it is important to mention that surface-enhanced
Raman spectroscopy (SERS) and tip-enhanced Raman spectroscopy (TERS) have emerged
as analytical tools to probe environments at a molecular level [9]. A second macro area
is single molecule force spectroscopy. The most common force spectroscopy techniques
[12, 13] are optical tweezers, magnetic tweezers and atomic force microscopy which permit
measurements of force (0.01-104 pN) and displacement (0.1-10 nm) generated by single
molecules ranging from cells to small molecules and proteins. For example, this accurate
control of force has been used to study the mechanical unfolding of RNA structures [14] and
more generally to study the complex unfolding of single proteins and nucleic acid structures
[15]. Most significantly perhaps, optical tweezers, have allowed scientists to experimentally
observe the central dogma of biology: individual base pair steps of transcribing RNA
polymerase advancing along DNA [16].

In correlation with the impressive progress accomplished in the field of computer power
in the last decade, there was a fast development of new computational models and simulations
for biological queries[17]. Since biomolecular systems display a hierarchical nature in time
and space, it is reasonable to model them starting from their constituent building blocks.
Indeed, atomistic modelling and coarse grained modelling have been developed and applied
for many years[18]. As observed experimentally, it is possible to make theoretical predictions



1.2 Single molecule detection and manipulation: an overview 3

about how a protein interacts with other biomacromolecules undergoing unfolding-folding
transitions, or study aggregation processes. Starting from monomers, it is possible to
understand the process that generates ordered or disordered fibrils and all the intermediate
aggregates that occur as a result of distinct aggregation pathways [19, 17].

Fig. 1.1 Single Molecule techniques. A panorama of the most popular techniques employed in the field of single molecule detection and
manipulation. Depending on the type of interaction exherted on the molecule, the techniques can be grouped into one of four categories:
optical spectroscopy, force spectroscopy, electrical approaches, or simulation/computational approaches. Adapted with permission from
[20]. Copyright (2014) Nature Publishing Group.

Despite the fantastic contribution to single molecule science that the abovementioned
approaches have provided so far, there are still technical challenges to be addressed:

• Labels. Fluorescent spectroscopy and force spectroscopy both require labels. Labels
can have the potential side-effect of interfering with the biological process under
investigation. Labelling not only limits the number of species or analytes that can be
studied, but it also removes the potential to probe intermediate species being generated
during the observation/investigation/analysis. Even if Raman spectroscopy does not
technically require any label, generally the output signal that most molecules generate
is low whether using SERS or TERS, so labels, known as Raman reporters, are in fact
often used to overcome this limitation.

• Probe degradation. In the specific case of fluorescent spectroscopy, the stability of the
fluorophore is crucial. The number of oxygen species, which are responsible for pho-
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tobleaching, are normally minimized using oxygen scavengers. However, especially
when measuring in vivo, oxygen radicals are still present. On top of photodamage,
sample heating has to be considered for both fluorescent spectroscopy (e.g. Super reso-
lution microscopy), Raman spectroscopy (SERS) and force spectroscopy (e.g.optical
tweezers). Additionally, AFM tips experience degradation due to low specificity when
exposed to complex media.

• Computing power. Practical applications are still limited due to algorithmic efficiency
available computing power. For example, even using a supercomputer dedicated to
atomistic molecular dynamics simulations, it is possible to simulate small and fast
processes such as folding of small proteins. The maximum number of atoms involved
in the simulation is still "limited" to one hundred thousand which is still far from
simulating a complex scenario.

There is a single molecule category, established around electrical detection and manip-
ulation of single molecules, that provides elegant solutions to these problems. Within this
area, the leading technology is nanopore. Broadly speaking nanopore sensing is inspired by
Coulter counter and consists of either a single or an array of nanometric apertures located in
an electrically insulated membrane. They are used for the label-free detection of DNA, RNA,
proteins, polymers as well as small molecules. Nanopore sensors have already demonstrated
outstanding molecular abilities by sequencing individual DNA molecules in a cheap and
time-efficient manner. This platform is now commercialized by a company called Oxford
Nanopore. That said, applications are by no means restricted to DNA sequencing and in
order to understand why nanopore represents a leap ahead in single molecule technology, it
is essential to point out the advantages of nanopore platforms. First, nanopore is label free
hence it does not interfere with the process under examination, and it is not subjected to probe
degradation or analyte damage because of destructive reading. This implies that monitoring
for long time is not an issue and there is no set limits to the number of interacting species that
can be explored in a given sample. Selectivity can be easily implemented by tuning analyte
affinity to the nanopore via chemical modification [21]. Secondly, nanopore is one of the
few techniques that allows single-molecule measurements to be performed with sufficient
speed and high statistical accuracy [22]. This is not a trivial problem and is linked to the
different concentration regimes in which sensing, single molecule experiments and biological
interactions normally occur. More specifically, assuming a measurement volume of 1 fL, and
an average diffusion coefficient for biomolecules of 10−7cm s−1, the concentration at which
single molecule techniques operate ranges from 1 pM-1 nM [22]. These numbers ensure
that, at any given time point, there is not more than one molecule in the probing volume. On
the other hand low sample concentration also means longer acquisition times. In an ideal
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scenario, a single molecule system should be able to operate in complex environments where
the analyte concentration spans several order of magnitudes. For instance, to investigate
a biological process (e.g. enzymatic reactions), it is expected to operate at relatively high
concentrations (nM to mM) while for diagnostic and biosensing applications, it should oper-
ate at relatively low concentrations (e.g. the concentration of biologically relevant proteins
present in serum was estimated to range between pM to fM [23]). In reality, the concentration
regime at which most of the current single molecule techniques function does not span from
fM to mM but it is strongly limited and therefore it represents a clear limitation. While the
upper threshold has been expanded in various ways by molecule confinement (e.g. zero
mode waveguides [24]) or reducing the probing volume (e.g. STED), nanopore technology
was able to improve the more intricate issue of low detection limit and consequent long
measurement time required to have quantitative analysis; in the case of nanopore, the time
between one event and the next follows the opposite trend with concentration. For instance
by employing a nanopore sensor in conjunction with the alternating current technique of
dielectrophoretic trapping, detection of 5fM DNA was achieved within two minutes with
more than 600 events recorded [25].

Fig. 1.2 Combining nanopore and other single molecule techniques. Nanopore sensing is an extremely flexible platform which pro-
vides the possibility of integration with other single molecule and non single molecule methods to maximize detection and manipulation
at the nanoscale. Examples are Genetic engineering, plasmonics, DNA origami, Microfluidics, SICM, SECM and similar probe-based
microscopy techniques.

In general, every sensing strategy has both advantages and disadvantages. Nanopore is
not excluded from the list. Therefore it is clear that there is not only one solution or method
to perform detection and manipulation at the nanoscale level meaning that depending on
variables such as required temporal resolution, spatial resolution, sample complexity, just
to name a few, some methods perform better than others. Again, this is not as simple as
it sounds because it conceals an extremely powerful concept: how versatile is a platform
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so that it can integrate and run simultaneously with other techniques for a more accurate
analysis or manipulation? Nanopores, and particularly a sub-class called nanopipettes, are
extremely flexible and aside from all the possible detection configuration that it can assume
when used on its own (e.g. pulse resistive mode [26], tunneling, Field-Effect Transistor
[27], electrochemical [28], fluorescence [29]), the major merit comes from all the possible
other techniques (single molecule and not) it can be used in conjunction with (Figure 1.2).
Integration with plasmonics enabling spectroscopy, microfluidics, DNA origami, genetic
engineering, probe microscopy techniques, nanofabrication and nanopatterning allows for not
only incrementation of the information content, but also (as will be discussed in this thesis)
the reconfiguration of the same tool into a single molecule manipulator in quasi-physiological
conditions or in-vitro environments.

These premises lay the grounds for why nanopore or nanopipette is the device of choice
for this project. The following section briefly introduces the reader to the basic principles of
nanopore sensing describing some cutting-edge applications and open challenges which are
beneficial to fully understand the motivation behind this work.

1.3 Nanopore technology

Nanopore devices constitute an established powerful class of single-molecule sensors whose
detection principle is similar to that of the Coulter counter typically used for the detection of
micrometer-sized particles. The Coulter method measures spike-like decreases in electrical
impedance produced by a particle suspended in an electrolyte solution. The sensing region is
represented by a small opening equipped with electrodes. When particles are driven through
the aperture, they result in partial blocking of the ionic current which is related to the volume
of the particle itself [30]. Similarly a nanopore sensor consists of either a single or an array
of nanometric apertures located in an electrically insulated membrane which separates two
reservoir filled with electrolyte solution. However, nanopore apertures are a thousand times
smaller than those used for Coulter counters, thus nanopore enables detection of nano-sized
objects. Broadly speaking, when a voltage is applied between the two chambers, charged
species (e.g. DNA) are electrodynamically threaded through the pore and, by recording the
ionic current flow, it is possible to identify individual analytes due to the pore conductance
modulations they generate upon passage. This detection mechanism, called pulse resistive
sensing, is one of the most popular detection mechanisms; however, it is not the only one
(alternative detection mechanisms includes, among others, tunneling-based readout, field
effect sensing, optical detection [31–33]).
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Depending on the nature of the nanopore and the membrane that supports it, nanopores
are classified into two main categories: biological nanopore or solid state nanopore.

1.3.1 Biological pores

Biological pores are complex protein assemblies (or alternatively self-assembled peptides)
that perform one of the most crucial, yet elementary, processes of life: transporting ions and
electrically charged molecules such as oligonucleotides or proteins from one region of the
cell to another in an heterogeneous electrolytic medium [34]. Depending on their chemical
composition and structure they act as molecular gateways allowing molecules with certain
molecular weight, electric charge or specific chemical footprint to go through while rejecting
all others [35]. In nature, there are several types of biological pores which are responsible for
a range of different physiological functions:

• Ion channel proteins. Transport of ions (e.g. Na+, K+, Ca2+) across membranes,
regulation of membrane potential, preserving cell homeostasis of ion concentrations
and signal transduction.

• Nuclear Pore Complex. Transport of proteins, oligonucleotides and small molecules
across the nuclear membrane.

• Porins. Transport water soluble analytes across membranes of bacteria and other small
organelles.

• Aquaporins. Transport of water molecules across lipid membranes.

• Membrane attack complex (or Terminal complement complex). It is related to an
immune system response; it is responsible for forming a transmembrane channel on
the surface of the pathogen cell disrupting its membrane and ultimately leading the
cell to death.

• Translocator protein pores of the endoplasmic reticulum. Responsible for moving
proteins across the surface of the endoplasmic reticulum.

• Antimicrobial and toxin peptides pores. Transport of proteins into the target cell as
well as cell lysis of microbial cells.

• Viral pores. Transport of nucleocapsid inside the targeted cell.

• Amyloid pores. Potentially involved in neurodegenerative disorders such as Alzheimer
and Parkinson diseases due to the aberrant protein regulation.
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In the field of nanobiotechnology,the term nanopore was associated with single molecule
sensing in 1994 when Bezrukov gave the first demonstration that a biological pore can serve
as a single molecule sensor [36]. Using an alamethicin pore mounted on a lipid bilayer, he
reported conductance amplitude modulation upon the passage of poly(ethylene glycol) across
the membrane [36]

The concept of biological nanopore sensors was further refined in 1996 when Kasianowicz
and co-workers brilliantly demonstrated that single-stranded RNA and DNA could be detected
by monitoring the ionic current across a α-hemolysin (α-HL) protein channel seated on
a lipid bilayer [37]. The bacterial protein pore α-HL was and still is extremely popular
within the nanopore community. One of the reasons was the immediate uncovering of its
crystal structure with almost atomic resolution with X-ray crystallography: seven identical
protomers from Staphylococcus aureus self-assemble into a mushroom-shaped structure
consisting of 14-stranded transmembrane β barrel and a cap region with external dimensions
of 10 nm x 10 nm. The lumen of the pore has a diameter ranging from 4.6 nm to 1.4 nm in
the narrowest point [38, 39] proving that the channel is sufficiently large to accommodate
single-stranded polynucleotides. Another reason that follows from the first is the possibility
of genetically and chemically engineering the pore to target a specific analyte [40]. In
addition to robustness, because of the lack of any moving part inside the pore, the small
dimension of the pore aperture and its highly reproducible sub-nm self-assembly precision,
make α-HL extremely attractive for single molecule sensing applications. However, over
the time, as shown in Figure 1.3, α-HL has been accompanied by novel biological pores,
with different structures, dimensions and charges. Although initially designed for DNA
sequencing, biological nanopores have been customized for specific applications that include
detection of metal ions [41], nucleotide mutations [42], proteins [43, 44] and circulating
microRNA [45, 46].

One of the main aspects of the pore architecture is the pore size that is defined as the
narrowest point along the vertical axis of the aperture. It is important to point out the relation
between pore size and sensitivity. In an ideal scenario the sensitivity is maximum when the
molecule is slightly smaller than the pore itself so that it occupies the most space while still
being able to translocate. In a more simple way: the sensitivity is at its optimum point if
the pore can "hug" the molecule while it is passing through. Following this concept α-HL
pore (1.4 nm pore diameter), but also OmpG (1.3 nm), MspA (1.2 nm) and AeL (1.0 nm) are
suitable for small analytes such as single stranded nucleic acids. However, for other larger
molecules such as dsDNA or proteins, ClyA and phi29 motor pores, with a pore diameter of
3.3 nm and 3.6 nm respectively, work better.
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Fig. 1.3 Biological nanopores. Most commonly used biological nanopore with structure and type of analyte detected. Adapted with
permission from [47]. Copyright (2017) American Chemical Society.

Sensitivity is also a function of the length of the sensing region along the z-axis of the
pore. For example the sensing region of α-HL is about 5 nm (equivalent to the constriction
domain of the β barrels) while for MspA it is almost ten times smaller at 0.6 nm. This has
a huge impact in applications like DNA sequencing where ultra high spatial resolution is
required. At any given time, no more than 3-4 nucleotides occupy the sensing region of
MspA compared to 20 nucleotides for α-HL.
All the most common biological pores listed above shared several key advantages: given the
quasi-atomic precision during the pore self-assembly mechanism, reproducibility is definitely
a core feature. Every pore presents the same chemical composition, geometrical structure
and charges. Surface modification is the second core feature. Fine tuning the charges present
inside the pore by altering the chemical structure or adding new functional groups in specific
locations via genetic engineering is of the highest precision in biological pores [48].
While offering major improvements in single molecule detection, biological pores have the
following limitations:

• Lipid bilayer limited stability (dependent on voltage applied, pH and over the time)
[35]

• Restricted tuning range of pore size (sets constraints on the molecular weight of the
analyte that can be investigated)

• Limited control over the nanopore insertion within the lipid bilayer membrane [35]

• Nanopore position changes over time because of 2D diffusion [35]
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1.3.2 Solid State Nanopores

In solid state nanopores, the lipid bilayer is replaced with a polymeric or inorganic membrane.
Historically, the materials of choice were Si and SiN. This is because of the 30+ years (or
decades) of experience accumulated in the fabrication of MOSFET for integrated circuits.
In the early 2000, Intel was able to commercialize Pentium 4 CPU, which consisted of 125
million transistors manufactured using 90 nm CMOS technology allowing INTEL to make
the gate of every transistor about 45 nm in width and and about 1 nm in thickness [49, 50].
This remarkable nano fabrication quality and the ability to cost-effectively mass produce
nano devices were extremely attractive for the nanopore community. In addition CMOS
scaling rush was far to be over hence more technological advancement would likely have
happened in the near future.

In 2001, Li and co-workers reported a method called "ion beam sculpting" that allowed
them to fabricate nanopore down to 1.8nm in diameter [51]. A low energy ion beam (FIB)
was used to open an aperture on a Si3N4 membrane while a feedback-controlled ion sputtering
system was used to count the ions transmitted through the opening pore and measure the
sample temperature, both crucial parameters to monitor during the pore opening. The device
was then used to detect 500 bp DNA molecules in solution. FIB based fabrication was
proposed with a range of different ions including He, Ne, Kr, Ga, Xe, Kr [52–54] but
the equipment cost limited its extensive usage and adoption. An important advancement
happened when transmission electron microscope (TEM) was proposed to achieve the same
goal [55]. Starting from a Silicon-on-insulator (SOI) wafer, an initial pore was opened
by wet etching and then refined with TEM. Surprisingly, depending on the initial pore
diameter, if below 50 nm or above 80 nm, TEM was able to shrink or expand the aperture
respectively. In addition, the visual quasi-atomically precise feedback of the TEM made the
fabrication of sub-10nm extremely reliable. Recently, conceiving pores smaller than 1nm
was achieved by either using electron beam-induced sputtering in a scanning transmission
electron microscope (STEM) [56] or by electrochemically removing atoms in a mobybdenim
disulfide (MoS2 membrane). To date, a broad range of supporting membrane materials (both
organic and inorganic [21]) have been exploited with a growing interest in 2D materials such
as graphene [57–60], boron nitride (BN) [61], hafnium oxide (HfO2 [62]) and mobybdenim
disulfide (MoS2 [63–65]). 2D materials offer the possibility of creating atomically thin
nanopores comparable to the spacing between DNA bases (a graphene layer has a nominal
thickness of 0.34 nm) [66], resulting in extremely high spatial resolution. For instance,
Feng and co-workers were able to identify single nucleotides in solution by using a MoS2

nanopore with an ionic liquid/water viscosity gradient system [64]. Solid State nanopores
have been employed in a myriad of applications aside from DNA sequencing which, to date,
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have mostly been realized with biological nanopores but not yet with solid state nanopores.
Applications include detection of dsDNA [67], ssDNA [68], RNA [69, 70], proteins [71],
protein/protein [72] or protein/DNA complexes [73, 74], screening RNA targeted drugs
[75], or applications that involve monitoring chemical and biochemical reactions, genomic
mapping or investigating biophysical phenomena.

For example, nanopores were used to study the self-entanglement of DNA as a function
of a broad range of lengths (2.7 kbp up to 166 kbp) [76]. This is of particular interest because
there is a lack of experimental techniques to investigate this phenomena. Starting from single
DNA event recordings, they produced statistical analysis of the knotting probability but
more interestingly about the location of the knots along the strand. Apart from the long
and expensive fabrication process, solid state nanopores have the issue of high translocation
speed that limits their ability to not only discriminate between one nucleotide base and
the other (as in the case of sequencing) but also to differentiate between oligonucleotides
of different lengths. This issue, to which biological pores are not immune, is particularly
problematic in the case of detecting proteins. On top of non-specific adsorption onto the
surface and thus pore blockage, the main challenges of protein detection are their high
translocation velocity and poor signal-to-noise ratio (SNR) [77]. An elegant solution to
partially circumvent this issue is by chemically modifying the pore with metal, organic, or
inorganic materials which provides more specificity while selectively limiting non-specific
interactions [78, 21, 72, 79, 80]. Furthermore, fine-tuning of parameters such as viscosity,
pH (close to the isoelectric point (pI) of the analyte), and temperature has proven to impact
the analyte velocity and thus detection sensitivity [31]. In general the solid-state nanopore
field is still undergoing further technical advances to better control the transport of molecules
across the pore, limit molecule fluctuation, increase the SNR performances (reduce noise)
and further reduce the fabrication cost.

1.3.3 Nanopipettes

Nanopipettes are becoming an increasingly popular choice among the solid state nanopore
community due to the following attractive features [81, 82]: nanopipettes are extremely
easy to fabricate and do not require expensive instruments. The starting material is quartz
or borosilicate capillaries which are exposed to laser-assisted heating then mechanically
pulled by commercially available instruments. The geometry of a nanopipette is conically
shaped and the pore size can be tuned by varying the pulling parameters. In less than 10s it
is possible to fabricate a nanopore aperture in the order of tens to hundreds of nanometers
(Figure 1.4) with an estimated cost of less than 50p. Running costs of clean room facilities,
equipment maintenance, trained personnel and starting material (e.g. MoS2, Si wafers etc.)
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for conventional solid-state nanopore are orders of magnitude higher if compared with
nanopipettes. To date, the most adopted CO2-based bench-top laser puller is manufactured
and commercialized by Sutter Instrument company (USA), priced around £10k.

Fig. 1.4 Applications of nanopipettes. Nanopipettes are an extremely versatile tool offering the possibility of serving different purposes.
(a) Biosensing. Multiplex detection of antibodies using DNA structure as digital barcode to identify a unique analyte. A single stranded
DNA is used as the backbone architecture in which one antigen for the antibody detection and unique barcode associated to the specific an-
tibody is obtained by incorporating protruding DNA structures. Adapted with permission from [83]. Copyright (2016) Nature Publishing
Group. (b) SICM imaging. On the left an illustration of the feedback hopping mechanism used in scanning ion conductance microscopy
the pipette approaches the sample from a starting position that is above any of the surface features avoiding any contact due to lateral
displacement. On the right a three- dimensional topographical rendered image of a hippocampal pyramidal neuron optimized using an
adaptive scanning algorithm. Adapted with permission from [84]. Copyright (2009) Nature Publishing Group. (c) Nanofabrication. On
the left a schematic representation of the setup employed for deposition of 3D high aspect ratio Cu features on a gold electrode surface
by using a dual barrel pipette. On the right SEM images of 3D electrochemically printed Cu architecture. Adapted with permission from
[85]. Copyright (2016) American Chemical Society. (d) Single-cell biopsy. Schematic setup used for nanobiopsy: SICM apparatus is
used to approach, penetrate and withdraw from a targeted cell. Cellular content was aspirated aspirated via electrowetting and then further
analyzed using sequencing machine. Adapted with permission from [86]. Copyright (2014) American Chemical Society.

Historically, micropipettes were firstly used as intracellular micro-electrodes (1902) [87]
and later used in the patch-clamp method to detect voltages and currents from ions channels
(1976). Nowadays nanopipettes are useful tools that found applications in exploring the
nano-world. Nanopipettes, as with the other types of solid state nanopores, can be used as
single molecule biosensors to detect a plethora of analytes such as dsDNA [88, 82], ssDNA
[29, 89], proteins [90–92] and DNA-protein complexes [93, 94]. Additional functionality
is imparted on nanopipettes by functionalization of the glass surface with chemical groups
[95] or by incorporating a DNA origami architecture inside the pore. For instance, 3D funnel
shaped DNA origami was mounted on nanopipettes [96] using a DNA leash as a guide
for the origami insertion. This hybrid structure constituted by DNA and nanopore have
been reported for detection of DNA and proteins [97, 96, 98] proving to be an elegant and
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efficient alternative to biological nanopore to precisely control the pore structure and surface.
Nanopipettes have also been merged with segmented flow microfluidics allowing real time
analysis of droplet microreactors at molecular level

Unlike other nanopore architectures, the high aspect ratio of nanopipettes enable facile
coupling with xyz precision control stages, allowing the tip of the nanopipette to be used
as an imaging tool in scanning probe microscopy. For instance scanning ion conductance
microscopy (SICM) [99] and scanning electrochemical microscopy (SECM ) [100] offered
an alternative approach to monitor the surface topography and the electrochemical activity of
the substrate (See [101, 102] for a detailed review of some applications)

Finally nanopipettes can be used to handle ultrasmall volumes of liquid (nano to zep-
toliter). In this modality it can serve as a nanofabrication tool [85] in applications such as
controlled deposition of nanodots and freestanding nanowires using the electrochemical foun-
tain pen [103–106]. It can also be employed as an instrument for drug delivery [107, 108](up
to single molecule sensitivity[26]) and single cell surgery by non-invasively probing intra-
cellular compartments [109, 86]. For instance, minimally invasive nanobiopsy technology
was developed to extract as little as 50 fL out of single cell using a glass nanopipette. The
extracted fluid, containing RNA, mitochondrial DNA and other nucleic acids were analyzed
by next generation sequencing techniques to look for abnormalities such as mutations in
mitochondrial DNA. The development of nanobiopsy techniques at single cell level, which
part of this thesis will be devoted to, could open new avenues in cancer research: researchers
might be able to monitor cells at different time points hence elucidating key cellular processes
such as differentiation or the role of heterogeneity in primary tumors which are strictly related
to disease progression and the effectiveness of novel drugs [110].

1.4 Transport in Solid State Nanopore

As mentioned earlier, nanopore sensing originates from the Coulter counter apparatus used
to size and count particles dispersed in an electrolyte solution. A typical experimental setup
consists of an insulating membrane with a nanometric orifice that connects two reservoirs
filled with electrolyte solutions. Two non-polarizable electrodes, normally Ag/AgCl are used
to apply a potential between the compartments. Commonly, but not always, the electrolyte of
choice is potassium chloride because of the almost identical ion mobility of K+ and Cl- in
solution. Upon application of a constant bias, a steady ionic current is established across the
pore (Figure 1.5 a). Given the high value of nanopore resistance, typically in the MΩ-GΩ

regime, the potential drop across the pore ( ∆Φpore ) is almost equivalent to the voltage
applied (Vbias). As shown in equation 1.1, the potential drops occurring across the solution
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( ∆Φsol )and at the electrode/solution interfaces ( ∆Φelectr ) are considered negligible due
to the ideal non-polarizable nature of the electrodes having large electrochemically active
areas and due to the high electrolyte conductivity σ s of the electrolyte which is normally at
concentration above 10 mM.

Vbias = ∆Φelectr +∆Φsol +∆Φpore ≈ ∆Φpore (1.1)

Pore geometry,surface charge and electrolyte concentration are key parameters to take
into account when calculating the nanopore conductance. For instance, if we assume a long
and narrow pore of cylindrical shape (Lpore»dpore) the overall resistance, in the limit of high
salt concentration and neglecting surface charge effect is calculated as following:

Rpore =
4Lpore

σπdpore
(1.2)

where σ is the solution conductivity, Lpore the length of the channel and dpore the pore
diameter. It is clear that for small Lpore, as in the case of 2D-materials where edge effects
originating from the electric field distribution at the entrance of the pore become dominant,
this model does not hold and the contribution of the so-called access resistance has to be
taken into account. The access resistance is defined as the contribution of the electric field
lines converging to the mouth of the pore. More specifically, this resistance has been firstly
modelled by Hille as an electrode having semi-spherical shape located on top of the pore
entrance. Considering a pore of cylindrical shape, it can be calculated:

RHille
access =

1
σsπdpore

(1.3)

A more detailed model was developed by Hall who pictured the access resistance as a
disc-shaped electrode rather than a hemisphere:

RHall
access =

1
σsdpore

(1.4)

The total resistance can be assumed to be the sum of the access resistance with the pore
channel resistance (the resistances are thought to be in series):

Rpore = Rchannel +2Raccess =
1
σs

(
4Lpore

πd2
pore

+
1

dpore
) (1.5)
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From the equation above it is clear the contribution of Raccess becomes dominant for
small values of dpore and Lpore. For instance, with nanopores that are built on single-layer
membrane (e.g. MoS2, graphene) the expression above becomes:Rpore =

1
σsdpore

.
To simplify our discussion on pore conductance, from now onwards, we will consider

pores with high aspect ratio ( Lpore»dpore) where the channel resistance is dominant over the
so-called access resistance. High aspect ratio means high surface to volume ratio, therefore
surface effects such as electric double layer (EDL) might potentially have a large impact
over the ion flow. As reported experimentally, the conductance is the sum of two contributes:
at high salt concentration (>100 mM) the conductance is governed mainly by the bulk
concentration of ions in solution and geometrical parameters (first term in the equation) while
at low salt concentration the mobile counterions K+ shielding the negative charges present
on the pore surface tend to dominate the ionic current (second term of the equation) (Figure
1.5 b)[111].

G =
π

4
d2

pore

Lpore
((µk +µCl)nKCle+µK

4σ

dpore
) (1.6)

where dpore is the diameter, Lpore is the length of a cylindrical nanopore, nKCl is the num-
ber density of potassium or chloride ions, e is the elementary charge, σ is the surface charge
density in the nanopore, and µK and µCl are the electrophoretic mobilities of potassium and
chloride ions, which are 7.616 × 10-8 m2/V s and 7.909 × 10-8 m2/V s respectively.

Fig. 1.5 Principles of nanopore measurements. (a) Schematic of a typical nanopore sensing experiment. A nanopore separates two
chambers filled with electrolyte (KCl in this example). Two non-polarizable electrodes(for example Ag/AgCl), located on either side
of the aperture, are used to apply a transmembrane potential which results in a constant ionic current. Current voltage characteristics
(bottom part of the graph) are used to characterize the nanopore (e.g. establishing the pore size or evaluating the presence of any charge
induced effect). Normally a constant bias is applied producing a steady ionic current flow which represents the baseline signal.(b) The
graph illustrates the salt concentration dependence of nanopore conductance highlighting the role of surface charge at low ionic strength.
The black dots are the results of experimental measurements while the green, blue, and red lines show the results for theoretical models as
if it was in bulk solution, a model for constant surface charge, and a model for a variable surface charge, respectively. (c) Ion distribution
in the electric double layer at a solid/liquid interface described according to the Gouy-Chapman-Stern model. It consists of an inner layer
where ions are bound to the surface (Stern layer) and an outer diffuse layer where ions are mobile and they are distributed according to
the Boltzmann distribution. The electrical potential decreases exponentially and the characteristic length is equal to the Debye length λD.
Bottom panel of (a) adapted with permission from [112]. Copyright (2012) Elsevier. (b) Adapted with permission from [111]. Copyright
(2006) American Chemical Society. (c) Adapted with permission from [113]. Copyright (2013) William Andrew.
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Due to the fixed charges present at the solid interface, an oppositely charged region of
counterions is formed at the liquid interface to maintain an overall electroneutrality. For
instance quartz nanopipettes are characterized by the presence of silanol groups (Si-, SiOH)
on the surface [114, 115]. This shielding region is called EDL, and, the Stern-Gouy-Chapman
theory can be used to model this electrostatic interaction such as accumulation and depletion
of K+ and Cl- on the surface. This model is shown in Figure 1.5 c and it is composed by
three layers. The first layer, referred to as the inner Helmholtz plane, consists of non-hydrated
ions specifically absorbed to the surface. In the second layer, outer Helmholtz plane, consists
of counterions which are partially or fully hydrated. The third and outermost layer consists
of a diffuse layer of mobile ions as opposed to the first layer where ions are considered to be
bound to the surface. In the diffuse layer, ions are distributed according to the Boltzmann
distribution where the potential decays exponentially with a characteristic distance called the
Debye length that is expressed using the Debye-Henkel approximation [116]:

λD = (
ε0εrkBT
e2 ∑n∞

i z2
i
)

1
2 (1.7)

Where ε0 and εr are permittivity constants, kB is the Boltzmann constant, T the absolute
temperature, e is the charge of one electron, n∞

i = 103 NA ci is the bulk volume density [m−3],
zi is the valency of ion i, NA Avogadro number and ci molar concentration.

At low ionic strength because of the large EDL, there is an excess of counterions inside
the nanopore and exclusion of co-ions from the nanopore aperture due to electrostatic
interactions with the surface charge. This exclusion enrichment effect (EEE) [117] alters
the anion permeability in the channel. The permeselectivity induced by the EEE together
with asymmetric pore geometries and non-uniform surface charge in a nanopore leads to
diode-like voltage-current curves at symmetric electrolyte conditions which is called ionic
current rectification and it was first observed in quartz nanopipettes [118, 119].
As for biological pores, charged biomolecules such as DNA, can be electrophoretically driven
across the pore if they are located in close proximity to the aperture. The process is initially
governed by the diffusion constant of the analyte together with the applied voltage. The rate
at which the analyte approaches the pore entrance is given by the Einstein-Smoluchowski
equation [120]: J = 2πcDrp where c is the bulk analyte concentration, D the diffusion
constant, and rp the radius of the pore. When the molecule is located within the capture
volume of the pore it experiences a strong electric field. The pore represents an entropic
barrier for molecules larger than the pore diameter(e.g. DNA with radius of gyration »
poreradius). This free energy barrier is normally overcome by increasing the applied electric
field pulling the molecule through to the other side (Figure 1.6 a,b).
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When a DNA molecule is transported across, the resulting change in conductance is
described by the following equation with the approximation of cylinder-like pore geometry
[111]:

∆G =
1

Lpore
(−π

4
d2

DNA(µk +µCl)nKCle+µ
∗
Kq∗l,DNA) (1.8)

where dDNA is DNA molecule diameter, µ*
K is the effective electrophoretic mobility of

potassium ions moving along the DNA, q*
l,DNA is the effective charge on DNA per unit

length(assumed to be constant). The equation summarizes the combination of two effects.

Fig. 1.6 Basics of DNA translocation across a nanopore. (a) DNA transport across a pore. Initially DNA is freely diffusing in the
solution. When its random walk brings it in close proximity to the pore (within the capture volume having radius r), the DNA is subjected
to a high electric field and it is electrophoretically translocated through the pore to the opposite chamber. (b) Free energy behaviour of
DNA transported through across the pore. When the DNA chain happens to be confined in the pore (the radius of the pore is smaller
than the radius of gyration of the DNA), its entropy, which is related to the number of possible conformations it can assume, decreases
and the free energy increases as a consequence.(c) Conductance modulation as a function of salt concentration. Depending on the salt
concentration, above or below 360 ± 40 mM, DNA translocation can give rise to negative or positive conductance modulation. The two
conditions are commonly referred to as depletion or enhancement(inset: example of one event in depletion and one event in enhancement
at 500 mM and 150 mM salt concentration).(d) SNR of dsDNA translocation as a function of salt concentration. Optimum conditions for
SNR are: small pore diameter and low salt concentration. (a),(b) adapted from[121]. (c) Adapted with permission from [111]. Copyright
(2006) American Chemical Society. (d) adapted with permission from [122]. Copyright (2008) National Academy of Sciences.
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On one hand, the ion flow diminishes as a result of the space occupied by DNA inside the
channel. On the other hand, the ion flow increases due to the shielding counterions brought
in by the DNA. The first effect is predominant at high salt concentrations while the second
effect is predominant at low salt concentrations. The two regimes are known as depletion or
enhancement because of their negative or positive conductance modulation. At around 400
mM these two phenomena are equal in magnitude hence any charged analyte passes the pore
undetected because no modulation is recorded in the ionic current. Therefore 400 mM salt
concentration is also a minima for the SNR which as shown in the Figure 1.6 d has a local
maxima at low salt concentration(around 1 mM) and it is strongly dependent on the pore size
as confirmed by the equation given above.

Each translocation event is characterized by a current amplitude(which might include a
main peak and sub-peaks according to the analyte conformation or complex utilized) and
translocation time (or dwell time) which, among others, can reveal information about the size,
conformation and binding affinity. In addition, the equivalent charge density (ECD), which
constitutes the excluded charge from the nanopore channel during a translocation event, is
useful to discriminate different analytes or different conformations of the same analyte.

1.5 Thesis scope and objectives

1.5.1 Challenges

To date one of the major limitation for single molecule detection via nanopore sensing
is the sub-optimal control, in time and space, of the analyte when in the sensing region.
Improving temporal and spatial resolution control is a fundamental aspect and a clear
example is represented by DNA or protein sequencing using nanopore technologies: these
tasks require the ability to move a DNA strand (or a protein in its denatured form) by sub-
namometric intervals and being able to read the information at each step. However achieving
high temporal and spatial resolution is far from trivial. With current solid state nanopore
architectures, molecules translocate across the pore at high velocities which, together with
their stochastic fluctuations, limit the amount of information that one can retrieve. It is not a
surprise that, since its inception, researchers in the nanopore community proposed several
solutions to better control the analyte motion including i) tuning the nanopore shape and
geometry, ii) introducing new materials (e.g. 2D materials) iii) tuning the physicochemical
parameters (e.g. viscosity, temperature, pH, ionic strength gradients) of the solution that
separates the two compartments iv) chemically modifying the pore surface. The efficacy
of these solutions appear to be restricted to sub-categories of analytes (e.g. proteins and
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nucleic acids in a certain M.W. range, pH range etc.). In fact, one has to take into account
another layer of complexity which arises from the varied characteristics, geometry, size,
charge, just to mention a few, that those analytes present. For example pore geometry implies
that molecules larger than the pore aperture are unable to cross the pore and therefore being
detected; chemical modification is even more selective towards a particular species with
a certain charge (e.g. electrostatic interaction) or chemical affinity (e.g. protein-aptamer
interaction, when the aptamer is chemically attached to the nanopore surface). It is clear
that a comprehensive solution that is effective, irrespectively of the analyte (or analytes)
characteristics, and without affecting negatively the device sensitivity is still missing.

The problem of manipulating biomolecules extends far beyond the sensing region. Bring-
ing molecules to the detector and more in general, being able to govern molecule dynamics
outside the detection region is entangled with the detection process itself. Part of the problem
stems on detecting rare events (in terms of particle detected) without compromising the
measurement time. When working with low abundant species (e.g. ≤ nM) and small probing
volume (≤ fL), as in the case of single molecule setups, the time required for these molecules
to reach the detection area might be long (e.g. limited by diffusion) leading to a long mea-
surement time. Although techniques based on optical, magnetic, mechanical and electric
forces (e.g. optical tweezers, magnetic tweezers, scanning probe microscopes) have been
proposed to manipulate analytes (for some even with atomic resolution) their throughput
is generally very low and in some cases their usability is limited either because labelling is
necessary or due to the incompatibility with a complex sample (e.g. cell, cell extract, serum).

1.5.2 Thesis overview

The subject of this thesis focuses on developing new strategies aimed at improving the detec-
tion and manipulation of biomolecules by taking advantage of flexible and easy to fabricate
devices such as nanopipettes. In fact, nanopipettes can be configured as a single molecule
detector within the frame of nanopore sensing, or alternatively, they can be configured as a
nanoscopic handle probes to manipulate biomolecules.

In Chapter 2 we present a novel nanopore sensing strategy based around a zeptolitre
electrolytic bridge located at the tip of a dual barrel nanopipette. The rationale behind this
approach consists on physically controlling the transport of a molecule by confining it in
this nanoscale electrolyte bridge which also acts as detection volume. As a result of this
trapping molecules velocity is reduced and readout signals benefit of significantly higher
SNR. The platform is characterized using both mixture of nucleic acids and protein and its
performances are compared with conventional solid state nanopores.
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Chapter 3 focuses on molecules manipulation by using dielectrophoresis as driving force.
The device, called nanotweezers, consists of two nanolectrodes positioned at the tip of quartz
nanopipette. It is possible to manipulate (and track by using fluorescence microscopy) a broad
range of analytes: initially nanotweezers are characterized with polystyrene beads and then
they proved effective with dsDNA, ssDNA and proteins of different sizes and labelled with a
single or multiple fluorophores. Furthermore, potentialities of this newly developed platform
are assessed with a proof of principle experiment where they are utilized to perform minimally
invasive single cell nanobiopsy: specific nuclear or cytoplasmic cellular compartments were
targeted for molecule extraction and further analysis. In Chapter 4 a novel ionic field effect
nanopore architecture based around dual barrel nanopipettes was developed. As a result of
the electric field arising from the gate the device works as a molecular nanoswitch allowing
the control over DNA molecules delivery from the nanopipette. Conclusions of this work
are presented in Chapter 5 where achievements are summarized along with future research
directions.
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[60] M. D. Fischbein and M. Drndić, “Electron beam nanosculpting of suspended graphene
sheets,” Appl. Phys. Lett., vol. 93, no. 11, 2008.

[61] S. Liu, B. Lu, Q. Zhao, J. Li, T. Gao, Y. Chen, Y. Zhang, Z. Liu, Z. Fan, F. Yang,
L. You, and D. Yu, “Boron nitride nanopores: Highly sensitive DNA single-molecule
detectors,” Adv. Mater., vol. 25, no. 33, pp. 4549–4554, 2013.



26 References

[62] J. Larkin, R. Henley, D. C. Bell, T. Cohen-Karni, J. K. Rosenstein, and M. Wanunu,
“Slow DNA Transport through Nanopores in Hafnium Oxide Membranes,” ACS Nano,
vol. 7, no. 11, pp. 10121–10128, 2013.

[63] J. Feng, K. Liu, M. Graf, M. Lihter, R. D. Bulushev, D. Dumcenco, D. T. L. Alexander,
D. Krasnozhon, T. Vuletic, A. Kis, and A. Radenovic, “Electrochemical Reaction in
Single Layer MoS 2 : Nanopores Opened Atom by Atom,” Nano Lett., vol. 15, no. 5,
pp. 3431–3438, 2015.

[64] J. Feng, K. Liu, R. D. Bulushev, S. Khlybov, D. Dumcenco, A. Kis, and A. Radenovic,
“Identification of single nucleotides in MoS2 nanopores,” Nat. Nanotechnol., vol. 10,
no. 12, pp. 1070–1076, 2015.

[65] K. Liu, J. Feng, A. Kis, and A. Radenovic, “Atomically thin molybdenum disulfide
nanopores with high sensitivity for dna translocation,” ACS Nano, vol. 8, no. 3,
pp. 2504–2511, 2014.

[66] S. J. Heerema and C. Dekker, “Graphene nanodevices for DNA sequencing,” Nat.
Nanotechnol., vol. 11, no. 2, pp. 127–136, 2016.

[67] W. H. Pitchford, H.-J. Kim, A. P. Ivanov, H.-M. Kim, J.-S. Yu, R. J. Leatherbarrow,
T. Albrecht, K.-B. Kim, and J. B. Edel, “Synchronized Optical and Electronic De-
tection of Biomolecules Using a Low Noise Nanopore Platform,” ACS Nano, vol. 9,
no. 2, pp. 1740–1748, 2015.

[68] D. Fologea, M. Gershow, B. Ledden, D. S. McNabb, J. A. Golovchenko, and J. Li,
“Detecting single stranded DNA with a solid state nanopore,” Nano Lett., vol. 5, no. 10,
pp. 1905–1909, 2005.

[69] O. K. Zahid, F. Wang, J. A. Ruzicka, E. W. Taylor, and A. R. Hall, “Sequence-
Specific Recognition of MicroRNAs and Other Short Nucleic Acids with Solid-State
Nanopores,” Nano Lett., vol. 16, no. 3, pp. 2033–2039, 2016.

[70] M. Wanunu, T. Dadosh, V. Ray, J. Jin, L. McReynolds, and M. Drndić, “Rapid
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Chapter 2

Nanobridge

The results of this chapter are published in the following paper:

• P. Cadinu, B. Paulose Nadappuram, D. J. Lee, J. Y. Y. Sze, G. Campolo, Y. Zhang, A.
Shevchuk, S. Ladame, T. Albrecht, Y. Korchev, A. P. Ivanov, and J. B. Edel, “Single
Molecule Trapping and Sensing Using Dual Nanopores Separated by a Zeptoliter
Nanobridge”, Nano Letters, 2017 [1]

2.1 Introduction

In recent years nanopore sensing has emerged as one of the most promising single molecule
techniques capable of detecting [2, 3] and even delivering [4] a variety of biological molecules
and particles. This is in part due to the simple working mechanism, based on recording
changes in the ionic current through a nanometric aperture that separates two reservoirs filled
with electrolyte solutions. However, despite being successfully demonstrated for a broad
range of applications [5–7], among which nucleic acid sequencing is definitely the most
important [8]), the next step to enhance both biological and solid state nanopores sensing
capabilities requires to sharpen the control over molecular transport.

This requirement is particularly relevant when detecting small molecules. For instance,
short nucleic acid fragments such as microRNAs (single-stranded RNA molecules, 20-25 nu-
cleotide long), which are gaining prominence due to their potential diagnostic capabilities, are
exceptionally challenging to detect because of their high translocation velocity. Depending
mainly on the pore size, material and voltage applied, translocation speed can be as high as
50000 nucleotides m s−1 [9] leading to a poor SNR. Another class of much more challenging
small molecules to detect are proteins. This is in part due to their heterogeneous charge,
multiple conformations, diffusion rates and non-specific interaction with nanopore walls.
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Often only a small fraction of all proteins crossing the pore are detected. For example, based
on simulation analysis and theoretical calculations, it has been demonstrated that for sub-100
kDa protein through solid-state nanopores with diameters >10 nm, as small as 0.1% of all
proteins transported though the nanopore are detected [10, 11]. These findings, which reflect
an insufficient temporal resolution, strongly limited nanopore performances. It required that
experiments had to be carried out at higher analyte concentration (>nM) therefore precluding
its efficient usage with clinical samples where, for example, the concentration of biologically
relevant proteins range from 10−16 to 10−12 M [12, 13].

Considering the tremendous impact that enhancing temporal resolution would have on
next generation nanopore sensing, a lot of effort has been placed towards finding robust
solutions applicable to solid state nanopores (and even for biological nanopores, albeit it is
not the focus of this thesis). In the first instance strategies have involved development of
high bandwidth low noise amplifiers [14–17] capable of recording signals as fast as 5 MHz;
however, most of the research focused on the more challenging, perhaps more powerful task
of actively tuning the transport of analytes through pore. Apart from the straightforward
method of lowering the voltage applied [18, 19], which decelerates molecules but at the not
negligible cost of lowered SNR and capture rates, several approaches, acting on different
nanopore key parameters, were developed:

• Viscosity and electrolyte solution. The viscosity of the electrolyte solution was fine-
tuned by adding, for instance glycerol [19] to potassium chloride; alternative electrolyte
solutions included glutamate [20], lithium chloride [21], sodium chloride [21], ionic
liquids [22]. The last one appeared to be extremely effective on slowing down analytes:
single nucleotide events were detected and recorded in the sub-ms regime. Reduced
capture rate (although analyte concentration were in the µM to mM range), moderate
decrease in SNR, impossibility of distinguishing between single nucleotide and 30
bases oligo are still issues to be addressed. In addition, the system has yet to be
demonstrated for proteins. This is not trivial considering that proteins are much more
sensitive to the environment they are surrounded by and therefore they degrade more
rapidly in comparison to nucleic acids (e.g. solubility, folding and unfolding are key
processes that ionic liquid might influence).

• Geometry, shape and material. Nanopore shape, geometry [23, 24] and materials (e.g.
graphene [25, 26], Al2O3 [27], BN [28], MoS2 [22]) were selected and adapted to the
analyte under investigation. The reduced analyte speed was ascribed to interactions
with the pore itself.
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• Temperature and pressure. A pressure gradient across the aperture was employed to
counterbalance the electrophoretic force which is the main responsible of driving the
molecule through the pore [29, 30]. Temperature exhibited only a moderate impact on
the translocation dynamics [19].

• pH. pH of the electrolyte solution was selected to be as close as possible to the
isoelectric point (pI) of the analyte under investigation (e.g. protein). In this way, the
net charge on the protein surface was minimized, the electrophoretic force acting on
the protein was weaker and the translocation velocity was therefore lowered [31].

• Mechanical forces. Nanopore setups were used in conjunction with optical [32, 33]
and magnetic tweezers [34] to exert full control over translocating molecule. Although
effective, the use of these methods implied exstensive labelling of the analyte and
their efficacy was restricted only to long nucleic acid sequences but not on short
oligonucleotides or small proteins.

• Chemical modification. The nanopore aperture was chemically functionalized to
improve the nanopore sensitivity of particular molecules [35]. For instance, by coating
the nanochannel with aptamers, the nanopore becomes extremely sensitive towards a
specific protein. Therefore the ionic current modulations will be governed by protein-
aptamer interactions.

• Ionic Field Effect Transistor. Gated nanostructures allow direct field effect control over
the charges inside the nanochannel. Therefore, through a gate bias it was possible to
regulate the transport of the analyte across the pore by modulating the electrostatic
interactions with the pore [36]. Albeit only demonstrated for long DNA strands and
high voltage applied, this technique will be revisited and an easy to fabricate solution
will be presented in a separate chapter of this thesis.

Aside from the abovementioned compatibility issue with the solution employed as in the
case of ionic liquids, most of these techniques are only moderately effective and translocation
velocity is reduced by no more than an order of magnitude. However, they present severe
limitations which affect fundamental nanopore sensing parameters. The SNR (current
blockades are decreased or noise level performances worsened as in 2D materials or chemical
modifications), distribution profiles of both current blockade and dwell time are extremely
broadened, detection efficiency and limit of detection are worsened[37]. On top of it, more
often than not, most solutions only work for targeted analytes (e.g. chemical modification),
therefore developing a simple and universal method capable of slowing and controlling the
transport is still an open quest.
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In this chapter, we propose a novel detection platform which, on top of being easy to
fabricate, addresses many of the above challenges by confining individual molecules in an
electrolyte nanobridge formed across two nanopores, separated by a 20 nm gap, which are
located at the tip of a dual barrel nanopipette. The electrolyte bridge formation has been
documented firstly by Rodolfa [38, 39] for controllable deposition of biomolecules with
nanopipettes on a functionalized surface which then was followed by similar works [40–45],
however, in the case in question the bridge consists of a zeptolitre volume (10−21 litre!)
which is much smaller then what previous studies have reported. The physical operation
mechanism is also different from a conventional nanopore: a bias is applied between the
two barrels of the nanopipettes filled with electrolyte solution and the analyte is driven from
one nanopore to the other across the bridge. During this process, the analyte is temporarily
confined in space. This, in turns, produces a slowdown of the molecule of up to 3 orders of
magnitude compared to conventional nanopore setups. This new configuration, that from
now onwards will be referred to as nanobridge configuration, was demonstrated with a
broad range of analytes such as dsDNA, ssDNA, and proteins showing in all cases enhanced
SNR performances (≈ 500%) while still operating at physiological conditions with analyte
concentration in the pM range.

2.2 Experimental procedures

2.2.1 Nanopore setup

Ionic current recordings

The ionic current was measured by applying a voltage bias across a pair of Ag/AgCl electrodes
(0.125 mm diameter, GoodFellow U.K.). Depending on the configuration the electrodes were
placed differently: in nanobridge and dual pore configuration, one electrode was inserted in
each of the two nanopipette barrels; conventional, one electrode was placed in one barrel of
the nanopipette while the other electrode was placed in the bath (please refer to Nanopipette
sensing configuration for a detailed description). The analog data were low-pass filtered
using the built-in 4 pole Bessel filter and digitized at 100 kHz (or 50 kHz for current-voltage
characteristics) using Digidata 1440A data-acquisition module (Molecular Devices, USA).
Data was acquired using Clampex Data Acquisition Module (Molecular Devices, USA). In
order to shield electromagnetic radiation the nanopore set up, comprising the amplifier head
stage, was embedded into a Faraday cage located on top of an optical table to further isolate
the system from unwanted vibrations.
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Nanopipette fabrication

Nanopipettes were fabricated using a P-2000 laser puller (Sutter Instrument Co, USA) from
quartz theta capillaries (QF120-90-7.5 Sutter Instrument, USA) with an outer diameter of 1.2
mm. The inner diameter, which measured 0.9 mm, is divided into two chambers insulated
by a septum of thickness 0.15 mm (the capillary cross section appear to be theta shaped).
The former retains its shape also after the capillary has been laser-pulled. Capillaries were
plasma cleaned (Harrick Plasma cleaner PDC-001, USA) for 15 minutes prior to pulling.
Nanopipettes with two different pore diameters (15−50 nm and 50−100 nm) were fabricated
according to the following protocols:

Heating Filament Velocity Delay Pulling

Line 1 850 4 30 160 80
Line 2 860 3 20 140 160

Table 2.1 Nanopipette pulling protocol 1. Pore diameter: 15−30nm

Heating Filament Velocity Delay Pulling

Line 1 840 4 30 160 80
Line 2 870 3 20 140 160

Table 2.2 Nanopipette pulling protocol 2. Pore diameter: 50−100nm

Notably these protocols are puller dependent thus different pullers might result in different
nanopipette size although the parameters used are the same. When pulling this type of
nanopipette it is fundamental that the septum is aligned parallel to the horizon. In this way
the laser irradiates uniformly the capillary leading to symmetric pores. Finally, nanopipettes
were stored in closed, dust-free, boxes for no more than a week after pulling.

Nanopipettes were functionalized with silane at the back hand to avoid the possibility of
any electrolyte bridge between the 2 barrels. The back of the nanopipette was exposed to
the fumes of Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Cat.Num.448931-10G, Sigma
Aldrich) for 5 seconds, enough to create an hydrophobic film. The procedure was carried out
in a fume hood and nanopipettes were then immediately used for recordings.

Imaging characterization

Scanning Electron Microscopy (SEM) images were performed on a Leo Gemini 1525
(Carl Zeiss AG, Germany) high resolution field emission gun scanning electron microscope.
Samples were sputter coated with 10 nm of Chromium (Q150 Sputter Coater, Quorum
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Technologies, UK) before imaging to reduce charge accumulation and improve the image
quality.

Transmission electron microscope images were acquired with JEM-2100F TEM (Jeol,
USA). Samples were sputter coated with 10 nm of Chromium (Q150 Sputter Coater, Quorum
Technologies, UK) before imaging to ensure electrical conductivity. TEM acquisitions were
performed by Bernice Akpinar, Department of Materials, Imperial College London.

2.2.2 Nanopipette sensing configuration

Upon filling each barrel with electrolyte solution using a 35G Microfil Syringe Needle (World
Precision Instruments, USA), nanopipettes were checked for unwanted air bubbles. To do
so a negative pressure was applied to both barrels using a polyethilene tube connected to
a syringe; as a result expanding air bubbles were guided away from the nanopore tip. A
second technique utilized to evacuate bubbles consists in gently shaking the nanopipette by
employing a pair of tweezers with the corrugated tip.
As illustrated in Figure 2.1 nanopipettes were used in three different configurations:

• Conventional. The nanopipette is dipped in a glass vial containing an electrolyte bath.
the reference electrode is placed in the bath and the working electrode is placed inside
one of the barrels.

• Dual pore. Similar to conventional configuration, the nanopipette is dipped in elec-
trolyte bath but the difference lies onto the electrode configuration: the two electrodes
are inserted one in each barrel.

• Nanobridge. One electrode is inserted in each barrel and the electric circuit is closed
by the nanoscale electrolyte bridge located at the tip of the pipette. No bath is required
for this configuration.

To perform all the experiments Ag/AgCl electrodes were chosen because of their non-
polarizabile nature hence the potential drop occurring at the electrode/solution interfaces can
be considered negligible [46]. A silver wire (0.125 mm diameter, Goodfellow Cambridge
Ltd, UK) was electroplated in 1 M potassium chloride solution employing a potentiostat
(Reference 600 potentiostat, Gamry Instruments, USA) and a Ag wire as reference electrode.
The flow of a current caused the deposition of AgCl at the anode (Ag(s)+Cl−

(aq) 
 AgCl(s)+
e−) and the reduction of hydrogen ions at the cathode (2H+

(aq)+2e− 
 H2(g)).
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Fig. 2.1 Schematic of the different nanopore sensing configurations: conventional on the left, dual pore configuration in the middle,
and nanobridge on the right. They are characterized by the way electrodes are arranged and by the presence or absence (as in nanobridge)
of an electrolyte bath in which nanopipettes are dipped in. In Nanobridge configuration a dual barrel pipette has one electrode per barrel
and an electrolyte bridge is formed at the tip. In dual pore configuration. A dual barrel pipette having one electrode per barrel is dipped
in an electrolyte bath with the same ionic strength. In conventional configuration where one electrode is inserted in one barrel and the
other one is located in the bath. It should be noted that in this case the second barrel does not play any active role in the recordings.

2.2.3 Fluorescence Spectroscopy: basic theory

Fluorescence is a form of luminescence where light is emitted from a molecule as a result
of optically-induced electronic excited states. The processes that occur between absorption
and emission of light are normally described with Jablonski diagrams [47], named after Prof.
Alexander Jablonski who is considered as the father of fluorescence spectroscopy. The basic
theory of fluorescence spectroscopy is illustrated using a simplified Jablonski diagram where
the ground and first electronic energy states are depicted by S0 and S1 respectively (a number
of vibrational levels are associated to each of these energy levels).

Fig. 2.2 Basic theory of fluorescence spectroscopy. (a) A simplified Jablonski diagram showing the energy levels of a molecule and the
transitions between them; radiative transitions (absorption, fluorescence and phosphorescence) are indicated with solid blue, green and
orange lines respectively while non-radiative transitions (internal conversion and vibrational relaxation) are indicated with dashed lines.
kS

r is the rate of fluorescence emission. kS
nr is the rate of non-radiative transition from S1 to S0. kvr is the rate for vibrational relaxation.

kisc is the rate of intersystem crossing from S1 to T1. kT
r is rate of phosphorescence emission. kT

nr is the rate of non-radiative transition
from T1 to S0. (b) Showing the relation between absorption and emission spectral characteristics and the corresponding energetic levels.
Each vertical line in the spectra correlates with the energy of the absorbed photon (arrows pointing up) or with the energy of the emitted
photon (arrows pointing down). Figure adapted from [48].

Following the photons absorption, electrons from the ground state S0 are excited to higher
vibrational levels of S1 according to the photon energy. Electrons rapidly relax from high
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vibrational levels to the lowest vibrational levels of S1 because of two non-radiative processes:
internal conversion and vibrational relaxation [47]. Vibrational relaxation is triggered by
collisions between the excited molecule with other particles of the system to which energy is
transferred. Internal conversion consists of a radiationless transition between energy states
having the same spin and it can also occurs between different electronic states (S1 → S0).

Finally fluorescence emission occurs when the electron from S1 relaxes to a vibrational
level located in the ground state S0 emitting a photon of the corresponding energy difference.
In addition there is a further pathway that occurs after intersystem crossing: this process is
caused by the overlap between electronic states of different multiplicity meaning transition
from single to triplet state S1 → T1. After vibrational relaxation to the lower level of T1,
radiative transitions to S0 with a photon emission can occur. The former is defined as
phosphorescence and its probability, or emission rate, is much smaller than fluorescence
because of transitions from triplet states to singlet states are forbidden (T1 → S0) [49].

Jablonski diagrams reflect the spectral characteristics related to absorption and emission
of energy by a fluorophore (Figure 2.2 b). Due to energy losses (e.g.vibrational relaxation
and other non-radiative processes) emitted photons have lower energy (higher wavelength)
than the absorbed ones. This phenomenon is reflected in the spectral characteristics where the
distance between the peak of the absorption spectrum and the peak of the emission spectrum
is named Stokes shift after G.G. Stokes observed it first.

Fluorophores are characterized by the quantum yield and the fluorescence lifetime. The
quantum yield is the ratio of photons emitted to the number of photons absorbed and it is
given by:

Q =
kr

kr + knr
(2.1)

where kr and knr are the fluorescence emissive rate constant and the nonradiative rate constant
of the fluorophore. The fluorescence lifetime is the average time that the fluorophore spends
in the excited state prior returning to its ground state. It is described as following:

τ =
1

kr + knr
(2.2)

2.2.4 Fluorescence sensing setup

The schematic of the setup used to perform fluorescence detection is shown in Figure 2.3.
A IX71 inverted microscope (Olympus, USA) was used in epifluorescence configuration.
The excitation light generated by a continous-wave solid-state laser (λex=488 nm, Sapphire
488LP, Coherent, USA) was focused on the sample through a 60x water immersion objective
lens (UPLSAPO 60XW, Olympus, USA) having a Numerical Aperture (N.A.) equal to 1.2
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and working distance (WD ) of 0.28 mm. The fluorescence emitted by the sample was then
focused onto electron multiplying Charge Coupled Device (emCCD) camera detector by the
same objective. A controller unit (ProScan II, Prior Scientific) was used to precisely control
the motorized stage (H1117, Prior Scientific, USA) and the z-axis focus motor ensuring
accurate sample position with step of 40 nm minimum. A custom dichroic dual band filter

Fig. 2.3 Optical-electrical setup employed for detection of dsDNA fluorescently tagged molecules translocating in nanobridge
configuration. The excitation source was a continuous-wave solid-state laser (λ = 488 nm, Sapphire 488LP, Coherent, USA). A Neutral
Density Filter (NDF) was employed to reduce the regulate the laser power and Beam Expander (BE, Thorlbas, BE02-05-A ) was employed
to entirely fill the back aperture of the objective. The former was a 60x water immersion objective lens (UPLSAPO 60XW, Olympus, USA)
having a Numerical Aperture (NA) of 1.2 and working distance (WD) of 0.28 mm. The emitted light from the tip of the nanopipette was
collected back through the same objective, transmitted through the dichroic mirror (DM), a long pass Emission Filter (EF, HQ540/80M,
Chroma, USA) and finally collected by the emCCD camera (iXon Ultra 897, Andor Technologies, UK). A x-y motorized stage (H1117,
Prior Scientific, USA) was used to accurately position the sample. In addition the nanopipette was mounted on a single-axis miniature
translational stage (DT12, ThorLabs, USA) which was used to control the z position. Ionic current recordings were performed with a pair
of Ag/AgCl electrodes inserted into each barrel and connected to the head stage of a patch clamp amplifier (A-M 2400, A-M Systems,
USA). A Faraday cage was used to shield electromagnetic noise. The analogue signal coming from the amplifier head stage was filtered
(built-in 4 pole Bessel low pass filter) and digitalized using a Data Acquisition Card (NI-USB 6259, National Instrument, USA). WinWCP
Strathclyde Electrophysiology software was employed to record electrical traces and apply potentials. Adapted with permission from [1].
Copyright 2017 American Chemical Society.

(Chroma Technology, USA) was used to isolate the laser excitation source (λex = 488nm)
from the emitted fluorescence light.

A beam expander (BE02-05-A, ThorLabs, USA) was employed to improve the NA of
the system by increasing the diameter of the collimated laser beam in such a way that the
output beam filled the back entrance of the objective.

A set of absorptive neutral density filters (NEK01, ThorLabs, USA) was mounted on
a wheel with the purpose of attenuating the laser power. Selectable Optical Densities (OD)
ranges from 0.1 to 4 hence the transmittance is given by T = 10−OD.

An electron multiplying Charge Coupled Device (emCCD) was used as imaging de-
tector (iXon Ultra 897, Andor Technologies, UK). Compared to traditional CCD cameras, an
emCCD delivers high sensitivity with high speed. CCD camera suffers from slow readout
due to the limited bandwidth. The emCCD utilises an electron multiplying structure (called
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gain register) which enables charges (thus collected photons) to be amplified on the sensor
before it is read out and transferred to the following amplification stage. In this case the read
out noise does not limit the sensitivity because the signal has been already amplified and
hence the camera maintains high sensitivity despite the fast acquisition. This type of camera
is extremely useful in single molecule measurements due to the limited amount of photons to
be recorded and the fast time-scale required in biological applications. In the specific case,
the iXon Ultra 897 has a detector of 512x512 pixels (each pixel measures 16 µm x 16 µm)
with a readout velocity of 56 fps at full frame(equivalent to 1 frame every 17.8 ms) or 595 fps
(frames per second) with 128x128 pixels cropped sensing mode. The dark noise, resulting
from thermally generated electrons, is minimized by an active cooling system that mantains
the sensor at -60 degrees Celsius. The quantum efficiency, which represents the ability of a
incident photon to be absorbed and generate an electron, is above 90%.

Electrical sensing

For the optical detection a dual barrel nanopipette used in nanobridge configuration was
clamped to a single-axis miniature translational stage (DT12, ThorLabs, USA) used to
manually approach the nanopipette within the objective working distance. The translational
stage was placed on top of a universal sample holder (H473XR, Prior Scientific USA). A
pair of Ag/AgCl electrodes were inserted in the nanopipettes and connected to the headstage
of a patch clamp amplifier (A-M 2400, A-M Systems, USA) which was used to apply a
differential voltage. In order to shield electromagnetic radiation, the universal sample holder,
onto which the nanopipette and the head stage were mounted, was enclosed in a Faraday cage.
The analogue signal coming from the amplifier head stage signal was filtered by an integrated
4th order Bessel low pass filter and then digitalized using a Data Acquisition Card (NI-USB
6259, National Instrument, USA). All traces were recorded with WinWCP Strathclyde
Electrophysiology Software freely distributed by University of Strathclyde Glasgow.

2.2.5 Data Analysis

The analysis of single molecule events contained in the recorded ionic current traces were
performed using a custom written MATLAB software developed by Prof. Joshua B. Edel
(Chemistry Department, Imperial College). The main steps of the algorithm are listed below
(Figure 2.4):

1. Data input and resampling. The input file, either .abf or .wcp format, are loaded
and if necessary can be resampled. As in the case of acquisitions performed in
nanobridge configuration, the actual information spans a much smaller frequency range
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than the one used in conventional configuration. This is due to DNA translocations
being significantly slower in time. One key advantage of having the information
encompassing a smaller bandwidth range is the possibility of filtering out the high
frequency components and thus achieving higher SNR values.

2. Baseline correction. The script proceeds to perform a baseline correction of the ionic
current trace according to an asymmetric least square smoothing algorithm [50]. Two
parameters, which are manually tuned according to each specific dataset, allow the
user to have a smooth and faithful fitting of the original baseline. Visual inspection of
baseline correction is sufficient to obtain a good set of parameters.

Fig. 2.4 Data analysis performed on 10 kbp DNA translocation data acquired on single barrel nanopipette in conventional configuration
at -600 mV (400 pM DNA was initially placed inside the pipette). Event detection consisted on (a) Baseline identification (top) and
baseline correction (bottom) performed with an asymmetric least square smoothing algorithm as highlihghted by the red line. Any current
modulation above the threshold 2 (black line) was considered an event. As shown in the detail in (b), the start and end of each event
corresponded to the first and last data above the threshold 1 (green line). (c) Shows an histogram of the baseline-corrected ionic current
trace. The open pore current was fitted with the Poisson probability distribution function (green solid line) and threshold 2 was calculated
to be 6 times the variance of the background signal (0.029 nA). Statistics of the detected event: (d) peak current/dwell time scatter plot,
(e) equivalent charge density/ dwell time density map (f) peak current histogram.

3. Single molecule event discrimination. An all point histogram of the current trace is
calculated; a Poisson probability distribution function is used to fit the part of the graph
belonging to the baseline current (also called open pore current because recorded when
no analyte occupies the pore). Deviations in the ionic current greater than 5 times
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the variance of the Poisson distribution, from the baseline current, is considered as an
event. The start and the end of each event corresponds to the first (or last) data point
which is above the background noise signal.

4. Statistics and data representation. For each event the software computes the event
duration (dwell time), the mean and max peak amplitude and the discrete integral of
the current blockade over the duration of the event. This last quantity is termed Equiv-
alent Charge Deficit (ECD) or alternatively ’Event Charge Deficit’ and it represents
the amount of charge that would have passed across the pore without the molecule
obstructing part of the ionic current flow. The ECD depends mainly on the size of the
analyte and not on conformations that the molecule can assume during the translo-
cation process. Finally scatter plots and relative histograms are generated and fitted.
Notably, dwell time distributions were fitted according to the Ling-Ling model [51]:
first-passage probability density function (PDF), based on Schrödinger first-passage
time theory which yields information about velocity and diffusion of the DNA within
the nanopore while peak current distributions were fitted with a Gaussian PDF.

2.2.6 Scanning Ion Conductance Microscopy

The height of the nanobridge at the tip of the nanopipette will be measured by using a
Scanning Electrochemical Cell Microscopy which is a direct derivation of the Scanning Ion
Conductance Microscopy (SICM). Therefore the basic principles of this SICM will be briefly
described next.

Principles of operation

SICM is a scanning probe technique that was originally developed to image non conductive
surfaces [52]. The mechanism of operation is based on the ion current flow between an
electrode located within a nanopipette filled with electrolyte and another electrode located in
the electrolytic bath containing the sample to be scanned. The ion current, which is a function
of the tip-surface separation, is used as a feedback to maintain the tip-sample distance in
such a way that topographical information can be extracted [53]. The ion current is generated
as a result of a bias applied between the electrodes (typically Ag/AgCl) and dominated by
the total resistance of the nanopipette RT according to the following equation [54]:

I =
V

Rp +Rac
(2.3)



2.2 Experimental procedures 43

where Rp is the nanopipette resistance and Rac is the access resistance between the
nanopipette entrance and the sample surface. Both resistances can be described mathemati-
cally as following:

Rp =
h

κπrpri
;Rac ≈

3
2 ln r0

ri

κπd
; (2.4)

where h, ri, rp are geometrical parameters of the nanopipette(tip length, inner radius of the tip
opening, inner radius of the tip base), κ is the electrolyte conductivity and d is the distance
between the tip and the surface.

The nanopipette is typically mounted onto a piezoelectric positioner. The former is an
active element of the feedback mechanism which, on top of being responsible for moving the
nanopipette over the x-y plane, provides accurate control of the tip-sample distance. Three
methods of feedback have been established for SICM: the nonmodulated mode, distance-
modulated mode and hopping mode [53]. In the nonmodulated mode a constant potential
is applied between the electrodes and the feedback provides a constant tip-sample distance
based on the dc-current. However, while following the sample contour, the response of the
feedback might not be quick enough to avoid tip-sample collisions especially in cases where
the surface present high aspect ratio features. Things are improved in distance-modulated
mode where an ac component is added on top of the dc component; the ac is utilised as
control feedback signal to maintain a constant tip-surface distance. In this case stability
is improved because the system is not susceptible to changes in the ion current that are
not in phase with the ac modulation frequency [55]. Samples with high roughness or with
high aspect ratio features are still problematic for both non-modulated mode and distance
modulated mode. This issue is addressed in hopping feedback control mode. In this case, the
SICM probe vertically approaches the surface until ion current charges and it is pulled away.
It is therefore possible to image very irregular surfaces without damaging the tip. A prescan
at low resolution is performed to have a first estimation of the surface roughness which is
then followed by a more accurate scan [56].

SICM setup

A dual barrel pipette in nanobridge configuration was filled 100 mM KCl solution (buffered
with 10 mM Tris 1 mM EDTA, pH 8.0). Ag/AgCl electrodes were then inserted into each of
the barrels to establish electrical contact. The nanopipette was mounted onto a single axis
(z) piezoelectric positioner (P-753-3CD, Physik Instrumente, DE) perpendicular to a quartz
substrate to control the position of the nanopipette during the approach. The quartz substrate
surface was silanized to minimize nanobridge electrolyte adsorption to the quartz surface. A
custom written software (developed by Prof. Yuri Korchev and colleagues in the Dept. of
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Medicine, Imperial College London) was used to approach the nanopipette in hopping mode
and a constant bias was applied between the Ag/AgCl electrodes to induce an ion current
(IDc) between the barrels, across the electrolyte bridge. This IDc was measured and recorded
by using MultiClamp 700B amplifier (Molecular Devices, USA) with a digitizer (Digidata
1550, Molecular Devices). The magnitude of IDc was used as a feedback signal to detect
contact between the droplet meniscus and the surface and to control the separation between
the tip of the nanopipette and the surface.

2.2.7 Nanobridge Experimental Conditions

In nanobridge configuration (see Figure 2.1), the pipette is firstly silanized at its back and
then filled with electrolyte solution. A Ag/AgCl electrode is inserted in each barrel of a
double barrel nanopipette and then connected to the headstage amplifier (Multiclamp 700b,
Molecular Devices). In this way the electric circuit is closed by the nanoscale electrolyte
bridge located at the tip of the pipette. No bath is required for this configuration and the
pipette is clamped to an adjustable holder which leaves the tip and thus the bridge exposed
to air. Notably the pipette and the headstage amplifier are placed inside a Faraday cage
(connected to ground) which in turns is positioned on top of an optical table. Both the
optical table and the Faraday cage are used to shield unwanted noise or vibrations from
the recordings. Notably, inside the recording chamber temperature and humidity were not
regulated (same as the lab environment) however, as it will be detailed later, the droplet was
stable and the recordings were not affected.

2.2.8 Reagents and Sample Preparation

dsDNA

10 kbp, 5 kbp dsDNA 500 mg/ml and 1 kbp dsDNA ladder 500 mg/ml were purchased from
New England Biolabs (USA). 1.5 kbp, 500 bp, 200 bp No Limits individual DNA fragments
with a stock concentration of 500 mg/ml were purchased from Thermo Scientific (USA). All
solutions were prepared in 100 mM KCl, 10 mM Tris 1 mM EDTA, pH 8.0 (Catalog #T9285,
Sigma Aldrich, USA). Solutions were prepared fresh by serial dilution and used the same
day. Fluorescently labelled DNA samples for imaging were prepared by incubating 250 pM
10 kbp DNA solution in 10 mM Tris 1 mM EDTA with YOYO-1 (Molecular Probes, USA)
at a ratio of five base pairs per YOYO-1 molecule.
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ssDNA linearization

Linearization of m13mp18 ssDNA was performed by Jasmine Sze, Chemistry department,
Imperial College London. The single stranded DNA m13mp18 7.2 kb was purchased from
(NEB Hitchin, UK) and is naturally circular. A linear scaffold was required in order to
perform translocation experiments. The linear version was made by hybridising a 22 and 23
base oligonucleotide to allow the cutting of SpHI and SnaBI (NEB Hitchin, UK ) restriction
site respectively. Circular M13 was mixed with 10x molar excess of each oligonucleotide at
90°C and annealed at 65°C in a buffer containing 10 mM Tris-HCL, 1mM EDTA and 5 mM
MgCl2 at pH 8 before cooling to 25°C. 1 of SphI and 2 of SnaBI (10000 units/mL) and (5000
units/ mL) respectively were then added to the DNA mixture and incubated overnight at 37°C.
The linearized M13 were purified using a QIAquick miniprep kit (Qiagen, CA USA) and
the enzymes and excess unbound nucleotides were removed by PCR clean-up gel extraction
(Macherey-Nagel, Germany). The linearized M13 were then run in 0.8% gel and 5.5 V/cm
for visualisation.

2.3 Results and discussion

The fabrication of the dual nanopore platform was implemented via laser pulling of theta
capillaries according to 2 different protocols (see Experimentals). While both protocols gave
rise to two reproducible adjacent pores localized at the tip of the nanopipette and separated
by 20 nm gap of insulating septum, the difference laid in the pore dimensions. Protocol
1 resulted in nanopores of 20 to 30 nm in diameter (Figure 2.5 a-d) whereas protocol 2
resulted in much larger pores, 50 to 100 nm as measured from SEM and TEM (this will be
characterized later in the chapter). Notably the pore shape was approximated to a full circle
albeit its shape was closer to a truncated circle.

The nanoscale bridge was initially characterized by comparing the current-voltage char-
acteristics (IV) in three different configurations: (i) Conventional configuration where on
electrode is placed in the bath while the other electrode is in one of the barrel (ii) Dual pore
configuration one electrode is inserted in each barrel and the nanopipette tip is immersed
in a bath with same electrolyte and (iii) nanobridge configuration where electrodes are
positioned in different barrels but the nanopipette tip is in air (Figure 2.5 b). Electrical
characterization was carried out by filling each pipette barrel with 100 mM KCl buffered in
TE and using a pair of Ag/AgCl electrodes to apply a potential. With nanopipettes pulled
with protocol 1 (small apertures), at 100 mM KCl in configuration (i) the conductance was
G1 = 4.75±0.52 nS and G2 = 4.45±0.43 nS for barrel 1 and barrel 2 respectively (Figure
2.7 a). The conductance was measured over the linear range ± 100 mV. In addition IVs
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Fig. 2.5 Nanobridge schematics and optical characterization. SEM of the dual barrel nanopipette visualized laterally, scale bar 10um.
(b) Schematic representation of the nanoelectrolyte bridge formation at the tip of the nanopipette.(c) TEM and (d) SEM of the tip of
nanopipette pulled with protocol 1. Scale bars(c) 50nm, (d) 20nm. Adapted with permission from [1]. Copyright 2017 American
Chemical Society.

showed a negative rectification(|I−600mv/I+600mv|= 1.56±0.08) which was consistent with
negatively charged glass nanopores previously reported at this ionic strength and pH [26, 57].
In fact the negative surface charge present on the quartz nanopipette leads to permselectivity
behaviour of the pore (e.g. enhanced Cl− ion selectivity) [58–60]. In dual pore configuration
(ii) IVs were linear over the entire recorded voltage range ±600 mV and the conductance
measured of 2.20 ± 0.22 nS which was roughly half of the value measured in (i). This fact
was attributed to the introduction of the second pore which increased the total resistance
of the system; in the equivalent electrical circuit the conductance of the two nanopores in
series 1

GTot
= 1

G1
+ 1

G2
= 2.3 nS well approximates the value measured in (ii) (2.20 ± 0.22

nS). The absence of rectification in this mode of operation, was ascribed to the enhanced Cl−

selectivity showed by both nanopores, which resulted in an overall loss of rectification.
Interestingly, in nanobridge configuration IV curves revealed a quasi-sigmoidal behaviour

with a conductance of 2.04± 0.13 nS as measured in the linear region (±200 mV). One
phenomena that can help to understand the non-linear behaviour, observed in nanobridge
at voltage higher than 100 mV, was electrowetting. Electrowetting involves the use of an
electric field to alter the surface tension of a solid-liquid interface [61]. For instance a water
droplet spreads onto a surface if an electric field is present hence both shape and contact
angle are affected [62]. This phenomenon applies both at the macroscale and at the nanoscale
[63, 64]. This could also be the case in nanobridge where the electric field present in the
electrolyte bridge might affect its shape by pulling it towards the tip of the nanopipette as a
result of changed surface tension and hence contact angle.
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Fig. 2.6 Diagram of the equivalent electrical circuit of the dual barrel nanopipette operating in nanobridge configuration. A simple
electrical model, which does not take into account capacitive effects, describes the dual barrel nanopipettes operating in nanobridge
configuration as three resistors connected in series: Rbarrel1 and Rbarrel2 represent the two nanopores whereas Rnanobridge represent the
contribute of the nanofluidic bridge across the two barrels. Therefore the overall resistance of the system is given by Rtot = Rbarrel1 +
Rbarrel2 +Rnanobridge

These results indicated that the electrolyte nanobridge accounted on average for up to
11% of the total conductance, although higher values up to 27% has been observed. The
remaining conductance was almost equally split between the nanopores in each barrel. A
simple electrical model described the nanobridge connected as a third resistor in series to
the other two nanopores, therefore the overall resistance of the system was given by Rtot =

Rbarrel1 +Rbarrel2 +Rnanobridge). According to this model Rnanobridge = 55MΩ, Rbarrel1 ≈
Rbarrel2 ≈ 490MΩ. This also implied that as little as 11% of the voltage applied dropped
within the nanobridge.

Conductance dependence on salt concentration was investigated in nanobridge configura-
tion (Figure 2.7 b). The IVs conserved a sigmoidal behaviour and the conductance values
followed a linear trend with respect the salt concentration in the range 5 mM and 400 mM
KCl at pH 8.0. This result was similar to what has been reported for conventional configura-
tion (i) with glass nanopipettes and solid state nanopores operating in similar conditions [65]
perhaps suggesting that, in this salt regime, droplet formation and shape were not affected
by the salt concentration. At salt concentration above 400 mM (up to 1 M) this scenario
was not true anymore. A consistent percentage of nanopipettes exhibited no ionic current or
extremely unstable and noisy one. Most probably at high salt concentration the electrolyte
bridge formation and stability were less successful and salt crystals were a source of pore
blocking and current noise.

Looking at the power spectral densities for nanobridge configuration and conventional
configuration revealed that nanobridge had better noise characteristics both in the low and
high frequency regime, compared to conventional configuration. This is most probably the
result of decreased device capacitance (the overall device capacitance affects proportionally
both the dielectric noise and the input capacitance noise [66]).
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Fig. 2.7 Nanobridge electrical characterization.(a) Current–voltage characteristics of dual barrels nanopipettes measured in nanobridge
configuration, conventional configuration and dual pore configuration at 100 mM KCl. (b)Top showing current voltage characteristics for
different nanopipettes at KCl concentration of 0.005, 0.02, 0.05, 0.1, 0.2 and 0.4 M as indicated. All IVs show a sigmoidal characteristic
which was observed more pronounced at higher ionic strength. Notably above 0.1 M KCl the number of working devices decreased up
until 1 M KCl where vast majority of devices failed to produce any IV. In general it was observed a much noisier and unstable ionic
current. This fact can be explained with a much higher probability of salt crystal formation at tip of the nanopipette when the ionic
strength is high. In turns these crystal might alter substantially, if not blocking completely, the ion flow between the barrels. Bottom
showing a zoom of the IV characteristics at different salt concentration between ±100 mV where they displayed a linear behaviour. (c)
Noise analysis showing power spectral densities of nanopipettes in conventional and nanobridge configuration, under a negative 300 mV
voltage bias at 100 mM KCl. Both signals were filtered at 5 kHz (via Axpotach) and nanobridge showed superior performances in the
low-medium frequency regime. Adapted with permission from [1]. Copyright 2017 American Chemical Society.
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2.3.1 Estimating the electrolyte bridge volume

Characterization performed with SEM, TEM as well as with current-voltage characteristics
at various KCl concentration allowed us to confirm the existence of the bridge and to provide
initial estimation of nanobridge dimensions. However, there was no information about
the height of the bridge. Estimating the height of the fluidic bridge, therefore the total
nanobridge volume, was an essential piece of the puzzle towards understanding this new
configuration and its possible use in single molecule sensing. The height of the nanobridge
was measured by performing a series of approaches onto an surface utilising a scanning
probe microscope with full feedback control (schematic shown in Figure 2.3). The idea
originates from scanning droplet techniques [67] applied to electrochemical measurements
where, a liquid droplet connects the end of the nanopipette probe with the an electrochemical
active surface [68]. For instance, in the case of scanning electrochemical cell microscopy
(SECCM), a dual barrel nanopipette filled with aqueous electrolytic solution acts as the probe.
The ionic current measured between the quasi-reference counter electrodes, inserted in each
of the two barrels, serves as a feedback signal for positioning the probe, and thus the droplet,
in contact with the surface and maintaining it at a constant probe-surface distance [69, 70].

To estimate the electrolyte bridge a similar setup was adopted: a nanopipette, mounted
onto a piezo-stage, was operated in nanobridge configuration and the ionic current was
monitored when approaching perpendicularly the nanopipette, hence the electrolyte bridge,
towards a silanized glass surface. Changes in the ionic current, due to physical interaction
with the surface (as for SICM), were then correlated to changes in the droplet dimensions
[52, 54]. Figure 2.8 a illustrates the main steps for this experiment i) A stable ionic current
I0 was recorded when the droplet was distant from the surface. Upon contacting (ii) the
ionic current immediately decreased (iii) reflecting a change in the bridge dimensions. It
should be noted that for practical reasons (e.g. roughness of both substrate and pipette tip)
the ionic current was never completely blocked (except in few, almost ideal cases), therefore
to estimate the surface contact point, represented by the local minima in the measured ionic
current (iv), the pipette was lowered until it came into contact and then physically crashed
against the surface. At this point the ionic current suddenly increased due to the increased
pore diameter and the approach process was stopped. As a result of multiple approaches the
droplet height, which was defined to be the difference between initial (ii) and full surface
contact was measured to be 30±5 nm. Based on the SEM and TEM images we knew that the
tip profile was semi-ellipsoidal with the major and the minor axes measured x = 21±2 nm
and y = 48±2 nm. Considering the height just measured, the overall nanobridge volume was
calculated to be 63±19 zL (10−21 litre). Notably, this value is derived from approximating
the shape of the fluidic nanobridge to a perfect droplet sitting on top the nanopipette however
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this might not be case always the case. The wetting process could not only involve the tip
but also the outside walls of the nanopipette. In that case, the overall nanobridge volume
would be larger but this would not be necessarily visible on SICM type of experiments.
Therefore a more extensive work should be conducted on the nature of the nanobridge by
using techniques such as Cryo-Electron Microscopy which would allow for a direct and a
more precise type of measurement.

After having assessed the bridge dimension, the attention was focused on exploring if
biomolecules could effectively be transported and eventually being confined within this
zeptolitre bridge when going from one barrel to the other. Towards this goal, experiments
consisting of optical translocations of 10 kbp DNA labelled with a fluorophore were carried
out (Figure 2.8 b-c). The selected dye was YOYO-1 (Life Technologies Molecular Probes,
USA) due to its absorbency peak at 491 nm which was extremely close to the laser excitation
wavelength (488 nm). YOYO-1 is a bis-intercalator dye with a binding site size of about 4
bp/dye [71, 72]. The high association constant along with a strong fluorescence enhancement
upon binding to dsDNA (high SNR) made YOYO-1 extremely attractive for DNA studies.
Although being already reported in nanopore works for electro-optical detection of dsDNA
[73], it should be noted that intercalating dyes are known to negatively impact both the
mechanical and structural properties of DNA [74]. Considering our study, an increase in
DNA bending rigidity and DNA persistence length would perhaps affect the translocation
and confinement process. However the matter persists to be controversial and recent works
performed with magnetic tweezers found that the persistence length of dsDNA (about 50nm)
was independent of the amount of bound YOYO-1 and also that the DNA bending rigidity
seemed not to be affected by the presence of the fluorophore [72].

As it has been described in the experimental section, a dual barrel nanopipette used in
nanobridge configuration was mounted onto a manually actuated translational stage and
positioned within the working distance of the 60x objective of an inverted microscope used
in epifluorescence configuration equipped with a emCCD for fluorescence detection. To
diminish scattered light and avoid overheating the nanopipette tip, the laser power was
attenuated using the O.D. filter (the transmission power was 1

10 of the full power). The
emCCD parameters were set to "Speed and Sensitivity" mode which implied high pre-
amplifier gain and high secondary amplifier gain with an exposure time set to 100 ms. The
long exposure time was selected due to the long DNA translocation duration (a more detailed
study on dsDNA translocations will be given in the following section of this chapter); the
high exposure time was also used to collect sufficient amount of photons to detect a single
event above the noise floor. Both barrels were filled with 250 pM 10 kbp DNA in 100 mM
KCl buffered in TE at pH 8.0. Upon the application of a voltage bias (through the A-M 2400),
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Fig. 2.8 Electrolyte bridge characterization. (a) The height of the nanobridge at the tip of the nanopipette was measured by using a
SECCM with ionic current feedback. Both nanopipette barrels were filled with 100 mM KCl solution, was mounted in a piezo-stage
perpendicularly to a silanized glass surface. The ionic current (top panel) was recorded with along with the Z-position (bottom panel) of
the piezo-stage. During approach the current remained unchanged (i) and decreases when contact between the nanobridge and with the
glass substrate occurs (ii). The tip is lowered until the tip is in contact with the substrate (iii) and then crashes into the glass substrate,
breaking the tip and increasing its diameter and hence the ionic current (iv). Note that the current in all cases cannot be completely shut
off due to surface conductivity and non-ideal surface contact. The nanobridge height (∆z), defined as the difference between the initial
nanobridge to surface contact (i) and tip to surface contact (iv), was measured to be 30± 5nm. (b) Schematic of optical fluorescence
detection used to confirm molecular confinement and DNA transport via the electrolyte nanobridge. 10kbp DNA stained with YOYO-1
was used in 100mM KCl solution buffered with 10mM Tris 1mM EDTA pH 8.0. (c) Bright field of the nanopipette (scale bar shows 5µm).
(d) Fluorescence images recorded with an emCCD camera (100ms exposure time) showing that upon the application of a bias (300mV),
a fluorescent spot, owing to DNA translocation, was detected at the tip of the nanopipette. (scale bar shows 5µm). (e) A close-up of a
representative DNA optical translocation showing the fluorescent profile along x-y axis. Measurements were diffraction limited therefore,
despite the DNA being confined the fluorescence appeared bigger than the bridge. (scale bar shows 1µm). Reprinted with permission
from [1]. Copyright 2017 American Chemical Society.
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translocations were recorded electrically and then visualized optically with the emCCD
camera in the form of a blinking spot at the tip of nanopipette (Figure 2.8 d) while no optical
or electrical event was recorded when there the voltage applied was 0 mV. The electrical trace
was only used to confirm the correct functioning of the device (e.g. ionic current value along
with DNA translocation events). The recorded fluorescence spot (which a representative
example is shown in Figure 2.8 e), showed an asymmetric but gaussian profile along the two
directions with its size being well above the diffraction limit. It is important to make some
practical considerations about these recordings:

• Exposure time. In light of the long exposure time, the recorded spot might be the sum
of part of even the whole DNA threading process.

• Diffraction limit. Recorded fluorescence signals are subjected to the diffraction limit.

• Refractive index mismatch. A light ray is always refracted at the glass-medium
interface. In this case photons, either coming from the excitation source or the emitted
photons, had to go through different media carrying different refractive index: Water
of the objective, glass coverslip, air. In the first instance index mismatch affects
negatively the spatial resolution because of optical aberrations. Secondly, whenever
light is refracted some light is also reflected thus the overall intensity decreases [75].

• Salt concentration. Ionic conditions could potentially alter the stability of YOYO-1
binding.The electrolyte solution used for the DNA experiment was potassium chloride
at 100mM concentration. Collisional quenching between the chloride ions and the
fluorescent dyes (YOYO-1) arising from electron transfer affects the fluorescence
intensity [76]. Stern-Volmer equation described a linear relation between the collisional
quenching and the concentration of the quencher [48]:

F0

F
= 1+Ksv[Q] (2.5)

Where F0 is the rate of fluorescence without the quencher, F is the rate of fluorescence
with the quencher, Ksv is the Stern-Volmer quenching constant and [Q] is the concen-
tration of the quencher. From the previous equation is clear that the lower the salt
concentration the smaller the quenching effect and the higher the fluorescence signal
however an extremely low salt concentration would have made the electrical detection
of single DNA events extremely challenging because of the small signal they produced
thus salt concentration of 100mM appeared to be a good trade-off between electrical
and optical detection.
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The considerations raised above, limited but did not prevent to confirm some key experimental
points. Firstly, the blinking spot at the tip of the nanopipette suggested that dsDNA was
effectively translocated through nanobridge confirming the more extensive study based on
electrical detection only (Section: dsDNA detection). Secondly molecules did not accumulate
neither at the tip in correspondence of the electrolyte bridge, nor upstream in the barrel but
they translocated from one barrel to the other. Accumulation of molecules would have caused
an instability in the electrical trace due to ionic current decrease over the time. Optically, even
taking photobleaching into account, accumulation would have translated into a continuous
growing of the intensity signal.

Electrolyte bridge stability

The fluidic bridge size was not a precondition for stability. As shown in Figure 2.9 a,b, the
ionic current baseline was stable over the time: initially the mean current (at 200 mV voltage
applied) was measured to be 497±1 pA while after 50 minutes of continuous recording the
baseline was measured to be 505±1 pA which corresponded to a variation of 1.6 %. The rms
value was 1.12 pA. This result indicated that evaporation was not a dominant factor in the
fluidic bridge. The reason of this stability resided in the capillary force which continuously
acted to replenish any evaporated solution at the tip. To further confirm the marginal role
played by evaporation it was carried out another type of experiment: ionic currents were
compared when the nanopipette, assembled in nanobridge configuration, was in air and when
the tip was immersed in FC70 which is a fluorinated oil (Figure 2.9 c). The former was not
miscible with the aqueous phase in the nanoscale bridge therefore it prevented evaporation to
take place. Results showed nearly identical IV characteristics before and after the nanopipette
was immersed in the oil bath (Figure 2.9 d).

2.4 Single molecule confinement

To assess the role of molecular confinement in the detection process, experiments, involving
different lengths of dsDNA, were carried out in the three different configurations: nanobridge,
dual pore and conventional.

Before presenting the results it is important to distinguish nanobridge arrangement from
other nanopore architectures with internal cavities which have been previously reported
[77, 11, 78]. Most importantly, none of these architecture could be approximated to neither
the uniqueness of nanobridge geometry that has two pore distanced by 10-20 nm nor to the
level of confinement expressed in this work. For instance nanocavities "sandwiched" between
two pores were used as nanoreactors to monitor chemical reactions at single molecule level
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Fig. 2.9 Nanobridge stability. (a) An ionic current time trace is shown using 100 mM KCl and recorded at 200 mV applied bias. The
trace has been resampled at 1kHz for visualization purposes. Importantly the open pore current was exceptionally stable over long time
periods. For example, at time t=0 the mean current was 497± 1 pA; after 50 minutes of continuous recording the baseline slightly
increased to 505± 1 pA which corresponded to a variation of 1.6 %. This result shows that nanobridge configuration was not affected
by evaporation which would result in much larger fluctuations and instability in the signal due to salt crystal formation at the tip of
the nanopipette. (b) I-V characterization before and after use show minimal observable change in the ionic current. (c) Schematic
of nanobridge stability control experiments were performed using an an immiscible fluorinated oil (FC-70). IVs were measured for
nanobridge configuration in air and immersed in oil, where electrolyte evaporation is unlikely to occur. (d) I-V characterization for
both the nanobridge configuration in air and the nanobridge immersed in oil showing minimal deviation and indicating that under the
experimental conditions used, electrolyte is efficiently replenished at the nanopipette tip and evaporation has negligible effect on the
open-pore current. All experiments were performed in 100 mM KCl and recorded using a Multiclamp 700B (Molecular Devices, USA).
Adapted with permission from [1]. Copyright 2017 American Chemical Society.
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[79], to study the electrophoretic time of flight of DNA molecules [78] or alternatively to
measure escape times of nanoparticles and DNA as a function of entropic cavity barrier [11].
Compared to the systems above, nanobridge operated in a substantially different regime: the
radius of the confining volume (Rcon f ine) was equal or smaller than the radius of gyration
(Rg) of the molecule (e.g. dsDNA) that was confined.

Pud et al [80] presented a planar dual nanopore architecture where a membrane with
pore-to-pore distance ranged between 250 nm and 1 µm. Aside from the presence of two
apertures in the same membrane, this configuration operated in a absolutely different manner
compared to nanobridge: a ssDNA molecule was threaded simultaneously in both pores
resulting in a mechanical trapping. The electrophoretic force acting in both pores but in
opposite directions hinder the molecule, as described by the authors, in a sort of "tug of war".
This approach did not allow for controllable single molecule confinement due to the lack
of a physical confining volume, as opposed to what is described in this work. In addition,
this "tug of war" was limited to less than 1%, therefore only a small fraction of the observed
events was trapped while all others threaded through a single pore in a classical fashion [80].

2.4.1 Confinement mechanism

Compared to the conventional nanopore scenario, the mechanism of DNA transport across
the nanobridge appeared to be completely different [81]. While optical recordings were
useful to confirm that DNA effectively moved from barrel to the other passing across the
bridge, electrical recordings helped to clarify the overall picture unveiling how it behaved in
such ultraconfined space.

As shown in Figure 2.10 a, the translocation mechanism envisioned for nanobridge
consisted of three steps: (i) a DNA molecule was electrophoretically transported at the mouth
of the pore due to the applied voltage. (ii) The electrolyte bridge expanded as a result of the
DNA threading in. At this point DNA was fully recoiled (Rdroplet < Rg) and finally (iii) it
threaded into the second barrel.

Upon DNA threading in the nanoscale bridge, a correspondent monoexponential decay
with time constant τ was recorded in the ionic current (Figure 2.10 b). This decay was
linearly dependent on the DNA size (0.34 ± 0.10 ms, 0.75 ± 0.21 ms, 1.40 ± 0.46 ms
for 1.5 kbp, 5 kbp and 10 kbp DNA respectively) and almost independent on the voltage
applied (Figure 2.10 c,d). The correlation between DNA size and tau was explained with
the increase in the total nanobridge volume generated by the DNA insertion. In addition
the measured τ values were on the same time-scale with the Zimm relaxation time1 [78]

1The Zimm relaxation time is a model used to study the relaxation process of a polymer chain such as DNA
after stretching.
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Fig. 2.10 Translocation mechanism of dsDNA in nanobridge configuration. (a) Schematic of the threading process: i) the dsDNA
molecule is threaded inside the nanobridge leading to its expansion. The threading process results in the ionic current exhibiting a mono-
exponential decay with time constant τ . ii) The DNA recoils inside the bridge. As the DNA in the droplet is predominately governed by
Brownian motion, the duration of the blockade is governed by the time it takes the DNA to rearrange and become inserted and finally (iii)
threads into the second barrel. (b) Examples of 10 kbp, 5 kbp and 1.5 kbp DNA translocation events recorded in nanobridge configuration
in 100 mM KCl. The onset of each translocation event was fit with a mono-exponential decay function. (c) Dependence of threading time
τ on voltage applied (left panel) for 10 kbp, 5 kbp and 1.5 kbp DNA. Threading time dependence on DNA length for events recorded at 250
mV (right panel). (d) Alternative translocation mechanisms where (i) the DNA bridges the two barrels and (ii) it enters the nanoffluidic
bridge partially folded. Adapted with permission from [1]. Copyright 2017 American Chemical Society.
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but much smaller than the overall translocation time therefore it was legitimate to consider
the DNA as fully recoiled inside the nanobridge. This result was also in good agreement
with the optical recordings where a transient fluorescent spot was localized at the tip of the
nanopipette.

The threading out step followed a different dynamic, from the threading in step. As
a result of recoiling inside the nanobridge, both DNA ends were somehow trapped and
distanced from the second aperture. The recoiling process was assumed to be stochastic and
DNA had no preferential direction or configuration once inside the nanobridge. Therefore,
despite the presence of a weak electric field (≈ 11% of the total voltage dropped inside the
bridge as described in the Characterization paragraph of this chapter), the DNA, which was
mainly driven by Brownian motion, would struggle to find its way out. In other words, in the
attempt of rearranging its configuration and orientation to leave the DNA molecule spent a
prolonged amount of time inside the nanobridge. From the ionic current perspective these
corresponded to a long dwell time which was in good agreement with our experimental
observations (Figure 2.13).

In our discussion we proposed one model that could explain the experimental results
on DNA translocation across the nanobridge. Notably, some of the hypothesis lack of
direct experimental evidences. In particular, the increase of the overall nanobridge volume
as a result of DNA insertion and the DNA recoiling (partial or total) upon translocation
in the nanofluidic bridge are essential part of the model that have not being verified yet.
Therefore, as shown in Figure 2.10 d, we cannot completely ruled out the possibility of
other translocation mechanisms where, for example, the DNA molecule bridges both barrels
simultaneously upon threading. Despite the rigidity of dsDNA (and its associated persistence
length which, for this ionic conditions was approximately ≈ 50nm [82]), the DNA chain
could make a "U-turn" inside the fluidic bridge (e.g. bridging both barrels). Due to the DNA
coiling/recoiling process on one mechanism and the pronounced DNA-bending on the other,
both of them are energetically unfavourable. It is not straightforward to establish which one
has the lowest energy barrier. Perhaps, one mechanism might be more favourable with long
polymer chains while the other is more suitable with shorter DNA strains. In the future it
would be interesting to perform experiments using DNA chains equipped with a protrusion
such as DNA-protein complex, DNA-apatmer complex or alternatively nicked dsDNA; in
this way the secondary level generated by the protusion in the ionic current signature could
be used to unravel step-by-step the translocation process.
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2.4.2 dsDNA detection: a comparison between nanobridge, dual pore
and conventional nanopore configuration

DNA translocation experiments were performed in the three configurations as shown Figure
2.11 (ionic current traces recorded for 5 kbp DNA in 100 mM KCl, TE buffer at pH 8.0) and
nanobridge revealed some key advantages: enhanced temporal resolution, improved SNR,
the possibilty of discriminating DNA fragments of different sizes by peak currents alone, low
noise electrical recordings.

In both conventional configuration and dual pore configuration the passage of DNA
molecule through the pore resulted in ionic current increase, or current enhancement, as
reported in literature for similar DNA in similar conditions [4, 83]. For 5 kbp DNA recorded
in 100 mM KCl at 250 mV voltage applied, dwell times were measured to be 0.13±0.03
ms and 0.19± 0.08 ms for conventional and dual pore respectively. These values were
comparable to the one reported in literature for the same DNA size detected with quartz single
barrel nanopipettes [4]). Notably, the same device, but arranged in nanobridge configuration,
gave rise to events detected up to 100 ms, resulting in a slowdown factor up to 3 order of
magnitude as shown in Figure 2.13 a. It should be noted that a decrease in ionic current, also
called current depletion, was observed within the nanobridge configuration which suggested
a decrease in the flux of ions across bridge followed by a decrease in conductance.

A similar effect applied for other DNA fragments such as 10 kbp, 1.5 kbp, 500 bp and 200
bp. The former, 200 bp fragments, went completely undetected in conventional configuration
due to their fast translocation velocity and poor SNR, however in nanobridge events were
detected with dwell times as long as 20 ms (Figure 2.13 a).

The voltage dependence on peak current for dsDNA detected in nanobridge configuration
is shown in Figure 2.13 b. The peak current increased proportionally with the voltage
applied similarly to what was observed for dual pore and conventional configuration. In
the case of 1.5kbp DNA, the peak current, as determined by Gaussian fittings, increased
from 9.94 ± 0.82 pA at 250 mV to 20.16 ± 0.92 pA at 350 mV. The SNR was calculated
according to the following equation[84]:

SNR =
| ∆I |

Inoise,rms
(2.6)

where | ∆I | is absolute current change of the single DNA event and Inoise,rms is the square
root of the integral of current power spectral densities INoise,rms =

∫
∆ν

0 Sd f , where ∆ν is
the bandwidth and S the current spectral density. As shown in Figure 2.13 c, in case of
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Fig. 2.11 (a) Ionic current recordings of 5 kbp DNA translocations in 100 mM KCl buffered in 10 mM Tris 1 mM EDTA at 350 mV
voltage applied, performed in conventional, dual pore and nanobridge configuration as illustrated in the schematic on the left. (b) Ionic
current recordings of 10kbp translocations performed in nanobridge and conventional configuration (Acquisition rate: 100 ksample/s). In
this case, the conventional approach consisted of a single barrel nanopipette dipped in 100 mM KCl bath and DNA translocations were
performed from the pipette to the bath. DNA concentration was set to 400 pM. The signal was analog filtered at 10 kHz via the amplifier.
In nanobridge configuration DNA (200 pM) the ionic current signal was resampled at 10 kHz. Looking at single events recorded in
nanobridge(c), a clear slowdown of the molecule along with an improved SNR is clearly visible. Adapted with permission from [1].
Copyright 2017 American Chemical Society.
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5kbp DNA the measured SNR in nanobridge configuration was 543 % higher than the one
measured, for the same molecule and same device, in conventional configuration.

Fig. 2.12 SNR and bandwidth in nanobridge. Due to long translocation times, when operating in nanobridge configuration, high
bandwidth recordings were not necessary. Current-time traces can be resampled with a significant SNR improvement at no cost to the
amount of information being obtained. This advantage is clearly visible in the representative example shown here where ionic current
traces recorded in nanobridge configuration of 200 pM 10 kbp DNA in 100 mM KCl were resampled at (i) 100 kHz, (ii) 10 kHz, (iii) 1
kHz and (iv) 100 Hz. Reprinted with permission from [1]. Copyright 2017 American Chemical Society.

The improved SNR scenario was attributed to the better noise profile and to the long
translocation time. In particular, due to the long dwell times, high bandwidth recordings were
not required and in principle, the current-time trace could either be recorded using a lower
bandwidth or, as done in this work, resampled. In both cases, according to Equation 2.6 and
consistent with our findings, it resulted in a better SNR. This significant advantage came
at no cost to the information being obtained as shown in Figure 2.12 where a current-time
traces of 10 kbp DNA in 100 mM KCl was resampled at different frequencies (100 KHz,
10 KHz, 1 KHz and 100 Hz). While the event shape was conserved, the SNR improved
dramatically.

Longer dwell times was not the only surprising property observed, in fact, nanobridge
configuration showed an high ability in discriminating DNA fragments of different lengths
based solely on peak current. For dsDNA lengths ranging from 200 bp to 10 kbp, the peak
current had a very narrow Gaussian distribution with a full width half maximum (FWHM)
calculated to be as small as 2.5 pA (Figure 2.13a,c). For instance the mean peak current
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for 5 kbp DNA was 17.17 ± 0.96 pA in nanobridge configuration compared to 17.96 ±
2.12 pA measured in conventional configuration at an applied bias of 250 mv. A similar
narrow distribution was observed for 10 kbp (24.59 ± 0.92 pA) 1.5 kbp (9.94 ± 0.82 pA)
500 bp (7.46 ± 0.44 pA) and 200 bp (3.42 ± 0.34 pA). Generally one of the most important
side effects of other techniques employed to slowdown DNA molecules, especially the ones
that take advantage of viscosity gradients in the electrolyte solution, is the spread in both
time and current distributions. This effect affects the resolution of the system, limiting the
possibility of resolving species of different sizes. In contrast, nanobridge showed an opposite
behaviour: due to the narrow distribution profiles DNA molecules of different lengths were
discriminated based solely on peak current values. In conventional configuration, resolution
accuracy, hence discrimination of different analytes would require calculation of the event
charge deficit (ECD) [85] by integration of the translocation events over time however this
technique is only efficient if analyte velocity is well above the cut-off frequency of the
amplifier (typically 10 kHz) which, most of the time, is not the case.

In addition, as it will described in the following paragraphs of this chapter, the mean
peak current for each fragment size was closely related to square of the radius of gyration
indicating that the peak current is proportional to the cross-sectional area of the DNA blocking
the nanobridge.
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Caption Figure 2.13 (a) (i) Trace recorded for 5 kb dsDNA top and 200 bp bottom
(both baseline corrected) in Nanobridge configuration at 250 mV. The Gaussian fitting in the
histogram reports a current amplitude of 17.17 ± 0.96 pA and 3.42±0.34 pA respectively.
(ii) Trace recorded for 5 kb dsDNA top and 200 bp bottom (both baseline corrected) in
conventional configuration at 250 mV voltage applied. In this case vents were only detected
for 5 kbp with a current amplitude of 17.65 ± 2.11 pA. (iii) Scatter plots showing the dwell
time distribution for 5 kbp (top) and 200 bp (bottom). For 5 kbp events were detected below
0.2 ms in conventional configuration while they were distributed up to 100 ms in nanobridge
configuration showing a slowing factor of almost 1000. For both length events were broadly
distributed in time but tightly distributed in current. This was not true in conventional
configuration where the cluster appeared to be broadly distributed along the current axis. (b)
Voltage dependence on current amplitude in Nanobridge configuration. (i) Traces, baseline
adjusted, showing events detected for 1500 bp at 250 mV (top), 300 mV, 325 mV, 350 mV
(bottom). Histograms for current amplitude of the different voltage revealed an increasing
trend which is common to conventional configuration: 9.94 ± 0.82 pA at 250 mV, 14.62 ±
0.68 pA at 300 mV, 17.43 ± 0.68 pA at 325 mV, 20.16 ± 0.92 pA at 350 mV. (ii) Shows no
voltage dependence for FWHM, meaning that current distribution were not broadening upon
a higher voltage applied as shown in conventional configuration. Current drop exhibited
a linear trend vs voltage applied. (iii) shows that SNR increased with the voltage applied
passing from 9.7 at 250 mV to 16.7 at 350 mV meaning not only that not only the current
drop increased but also that noise levels were still modest at higher voltages. (c) Showing
Nanobridge configuration performances for dsDNA lengths ranging from 200 bp to 10 kbp.
(i) showing that current drop increased from 3.42 ± 0.34 pA for 200 bp to 24.59 ± 0.92
pA for 10 kbp at 250 mV voltage applied(fit). (ii) Shows DNA length dependence on SNR
revealing a linear trend for Nanobridge. For 5 kbp the SNR in Nanobridge was almost 3 times
bigger than when calculated in conventional configuration (15.32 compared to 5.45). (iii)
Shows DNA length dependence on FWHM. Reprinted with permission from [1]. Copyright
2017 American Chemical Society.

2.4.3 Voltage dependence

For solid state nanopores, translocation times of DNA molecules strongly depend on the
voltage applied. According to two different theories, dsDNA translocation times were
either inversely proportional to the transmembrane voltage as ∼ 1/V [86, 87] or, as in the
second case, exhibited an exponential decay dependence on the applied voltage (∼ e−V )
[86, 18, 88, 87]; however, both models predicted a decrease in dwell times when increasing
the potential difference across the nanopore.
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In conventional configuration experimental data matched theoretical predictions and
previously reported data [4]. As shown in Figure 2.14, for 5 kbp DNA the peak current
increased linearly from 13.81± 1.76 pA at 200 mV to 40.46± 1.76 pA at 600 mV while
dwell times decreased from 0.11± 0.03 ms at 200 mV to 0.11± 0.03 ms at 600 mV. At
higher voltages, dwell time distributions appeared plateauing at 0.1 ms while in reality this
was related to the amplifier rather than to a biophysical process. Considering that data was
acquired at 100 kHz sampling frequency and filtered at 5 kHz, using a 4-pole Bessel filter, it
meant that only events equal or longer than ≈ 0.2 ms were detected while all others not.

Fig. 2.14 Translocation of 5 kbp DNA in conventional configuration. Translocation analysis of 400 pM 5 kbp DNA in conventional
configuration at 100 mM KCl in 10 mM Tris 1 mM EDTA at pH 8.0. Showing dwell times (left column), current drop(middle column)
and ECD (right column) for voltage applied ranging from 300 mV to 600 mV. Reprinted with permission from [1]. Copyright 2017
American Chemical Society.

In dual pore configuration, it was observed a similar tendency where, dwell times
decreased and current drop increased with the voltage applied (Figure 2.15). The peak
current were smaller than the one recorded in conventional configuration however this was
explained with the introduction of the second pore in the system ( as described in the equation
1.8). As for translocation speed, conventional and dual pore configuration showed similar
values for 5 kbp DNA at 400 mV applied bias: 14.2±0.4 mm s−1 and 8.9±0.7 mm s−1

respectively. Those values were in good agreement with the literature [89]. The fact that
dwell times were comparable to the one obtained in conventional configuration indicated that,
even in dual pore configuration, DNA molecules were threaded from the pipette directly to



2.4 Single molecule confinement 65

the bath. It confirmed that the scenario where the DNA molecule rethreaded into the second
barrel was highly improbable considering the high velocity with which DNA, after threading,
was pushed away from the tip.

Fig. 2.15 Translocation of 5 kbp DNA in dual pore configuration. Dwell time, current drop and ECD for different voltage applied for
400 pM 5 kpb DNA in dual pore configuration at 100 mM KCl in 10 mM Tris 1 mM EDTA at pH 8.0. Reprinted with permission from
[1]. Copyright 2017 American Chemical Society.

The voltage dependence data acquired in nanobridge configuration pictured a substan-
tially different landscape. As described previously described the peak current increased
proportionally with the voltage applied. For instance, for 1.5 kbp DNA recorded in 100 mM
KCl, the current increased from 9.94±0.82 pA at 250 mV to 20.16 ± 0.92 pA at 350 mV (
Figure 2.13 b). However, the interesting finding concerned the dwell time: when the applied
voltage was increased, DNA fragments, irrespective of size, were subjected to an even more
pronounced slowing down Figure 2.16 a.

Fig. 2.16 Voltage dependence in nanobridge configuration. Scatter plots of 1500 kbp DNA translocation recorded in nanobridge
configuration at 100 mM KCl at (a) 250 mV, (b) 300 mV and (c) 350 mV voltage applied.

For example for 1.5 kbp DNA events were detected up to 20 ms at 250 mV, which
increased to approximately 120 ms at 350 mV voltage applied (Figure 2.16 c). The corollary
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of this more pronounced single molecule trap was an enhanced SNR (Figure 2.13 c), however
the FWHM remained constant reflecting the tight distribution.

A potential explanations for this distinctively different behaviour was related to a sort
of crowding and compacting effect that DNA experience when it is in close proximity with
the nanopore/droplet interface. In addition, varying the potential will result in different
electroosmotic flow which in turns will influence the degree of molecular confinement and
forces applied to the DNA inside the droplet.

In case of longer DNA fragments such as 10 kbp DNA, the longer dwell time was
accompanied with the emergence of discrete multistep in the ionic current blockade (Figure
2.17 a,b). Secondary steps, which were also observed for 5 kbp DNA and 1.5 kbp DNA, were
recorded within the event duration without a preferred position or evident pattern (Altought,
qualitatively the vast majority were observed distant from the beginning or the end of the
event). The frequency of these events was marginally related to the voltage applied: in fact
it was observed that at higher voltage these secondary level were more evident (in terms of
peak current) and numerous.

Fig. 2.17 Multistep ionic current signature for 10 kbp DNA translocation performed in nanobridge configuration. (a) Both barrels
were filled with 200 pM 10 kbp in 100 mM KCl at 225 mV of voltage applied (traces were resampled at 1 kHz for visualisation). It
was observed that a minority of the DNA translocation events presented a multistep ionic current signature rather than a single step (as
observed in the vast majority). These secondary steps did not manifest a preferred position within the event (b).

One might assume, as documented by previous studies [90], that these secondary steps
were associated to specific DNA conformations, called knots, that DNA assumed while



2.4 Single molecule confinement 67

threading through the pore; however the data acquired thus far was not conclusive to draw a
picture of this specific phenomenon.

2.4.4 The role of nanopore dimensions on DNA transport in nanobridge
configuration

To investigate how and if the pores size, hence the nanobridge, affects the transport properties,
DNA translocation experiments were carried out on nanopipettes pulled with the second
protocol which produced pores with diameters ranging between 50 and 100 nm (Figure 2.18
a-e).

The profile of the tip remained ellipsoidal, however in in the vast majority of cases the
apertures where asymmetric with one pore considerably bigger than the other. The electrical
characterization performed in different configurations (Figure 2.18 f) and at different salt
concentration (Figure 2.18 g) matched with the one observed for smaller nanopipettes. At
100 mM KCl, the IV displayed a sigmoidal behaviour (G = 9.16 ± 0.15 nS) whereas in dual
pore and in conventional the IV was observed to be linear (Gdual pore= 11.50 ± 0.01 nS) and
in the conventional approach almost linear with a marginal rectification (Gbarrel1= 22.85 ±
0.52 nS and Gbarrel2= 23.73 ± 0.13 nS). The decreased rectification ratio recorded in standard
configuration was compatible with a bigger aperture where, generally surface charges played
a minor role in the ionic current flow. As expected 1 Gbarrel1 +1 Gbarrel2 = 1 Gdual pore ∼
87 MΩ. Therefore the contribution of the fluidic bridge was equal to ∼ 22 MΩ which
corresponded to ∼ 22 % of the total resistance of the system. This value was much higher
than the one recorded for the smaller nanopipette where it was calculated to be ∼ 11 %.
In this case, one can therefore assume that, the aspect ratio of the droplet (height vs area)
diminished, in other words the droplet spread over a larger area (nanopore apertures) forming
more a 2D film rather than sphere.

Figure 2.19 shows a representative current trace of single-molecule detection of 10 kbp
DNA in nanobridge configuration at 100 mM KCl salt concentration. Generally, the baseline
current was slightly less stable than the ones recorded with smaller pores and they exhibited
low frequency (below 1 Hz), low amplitude(∼ 10 pA) fluctuations.

The overall behaviour of these larger nanopipettes was similar to what we observed for
nanopipettes pulled using protocol 1. In fact, despite the larger pore size, the duration of DNA
translocations appeared to be still remarkably long, with events being detected as slow as 500
ms at 150 mV voltage applied. Current blockades followed a linear trend with the voltage
applied passing from 1.97± 0.33 pA at 100 mV to 12.27± 0.79 pA at 175 mV (Figure
2.19 c-e) and in addition events were detected in depletion, as with smaller pores. Control
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Fig. 2.18 Characterization of nanopipettes having pore diameters between 50 nm and 100 nm. (a) SEM micrographs a dual barrel
nanopipette visualized laterally and (b)-(e) top view of the aperture of different nanopipettes showing the asymmetry between the two
apertures. (f) Current–voltage characteristics of a dual barrel nanopipttes measured in nanobridge configuration, conventional configura-
tion and dual pore configuration at 100 mM KCl. (g) IVs performed in nanobridge configuration at salt concentration ranging from from
10 mM to 200 mM kCl. (g) Conductance dependence versus salt concentration for nanopipettes pulled with protocol 1 and protocol 2 and
characterized in nanobridge configuration. In both cases it was observed a linear dependence (R2 = 0.83, R2 = 0.95).Scale bars: (a) 10
µm (b),(c) 50 nm (d) (e) 100 nm.
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Fig. 2.19 dsDNA translocations in nanobridge configuration using nanopipettes having pore diameter of 50 nm to 100 nm. (a)Ionic
current recording in nanobridge configuration of 10 kbp DNA translocation at 100 mM KCl at 150 mV voltage applied. Trace was
resampled at 1 kHz.(b)Current voltage characterization of the nanopipette in nanobridge, bulk and conventional configuration. (c) Voltage
dependence of current blockade for 20 pM 10 kbp DNA in 100 mM KCl 10 mM Tris 1 mM EDTA . (d) Corresponding histograms for
each voltage.(e) Scatter plot of current drop as a function of dwell time for 10 kbp detected in nanobridge configuration at 150 mV.



70 Nanobridge

experiments were also carried out in dual pore and conventional configuration showing that
DNA translocated in the sun-ms regime with voltage applied ranging from 100 mV to 600
mV. Due the large pore size, the peak current and the SNR was remarkably small; however
this was not surprising because, according to theory [91], the ionic current blockade scales
with the pore size.

2.4.5 Fragments sizing

Interestingly, in nanobridge configuration, such a well defined narrow peak current distribu-
tion, allowed DNA species to be identified not only from the absolute value of the current
but also by looking at the integrated area of the region bounded by each recorded event or, in
other words, at the integrated current profile (Figure 2.20).

Fig. 2.20 Detection of mixed dsDNA sample in the nanobridge configuration. (a) Translocation signals of a sample containing 500 bp,
1.5 kbp, 5 kbp at a concentration of 100 pM each in 100 mM KCl buffered in TE (pH8.0) at 200 mV. (b) Representative current blockade
traces of 500 bp, 1.5 kbp, 5 kbp DNA. (c) Peak current histogram for a mixture containing 500 bp,1.5 kbp, 5 kbp. The mean peak current
was obtained via Gaussian fitting (2.4 ± 0.5 pA for 500 bp, 5.1 ± 0.5 pA for 1.5 kbp and 10.7 ± 0.6 pA for 5 kbp). (d) Equivalent charge
plot was used to identify the different DNA population and was shown to be linear dependent on dwell time. The calculated slopes were
2.5 pA for 500 bp, 5.2 pA for 1.5 kbp and 10.3 pA for 5 kbp. (e) Translocation signal of 1 kbp DNA ladder, containing 10 DNA fragments
(500 bp, 1.5 kbp, 2 kbp, 3 kbp, 5 kbp, 6 kbp, 8 kbp and 10 kbp) at a total concentration of 100 pM in 100 mM KCl buffered in TE (pH
8.0) at 350 mV. Adapted with permission from [1]. Copyright 2017 American Chemical Society.

It is important to distinguish between the integrated current profile and the equivalent
charge deficit (ECD), whose values, in conventional nanopore experiments, are related to the
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amount of charges carried by a specific analyte [85] while in nanobridge configuration broadly
dispersed dwell time distributions do not allow for a similar interpretation. Remarkably, in
nanobridge configuration, the integrated event profile were distributed along a straight line
therefore by using a least square fitting algorithm it was possible to distinguish different
DNA species within the sample. For example, in the case of 500 bp, 1.5 kbp, 5 kbp DNA
sample, the slopes of the three fittings were calculated to be 2.48 pA for 500 bp, 5.19 pA
for 1.5 kbp and 10.31 pA for 5 kbp. These values were in good agreement with the ones
obtained in Figure 2.20 c. In addition these experiments highlighted another difference with
the conventional nanopore approach where the ECD was generally clustered (Figure 2.14)
rather than being dispersed as observed in nanobridge configuration. A more complex DNA
sample displayed similar results. As shown in Figure 2.20 e-h, 1 kbp DNA ladder sample
consisting of 10 dsDNA fragments was employed (sizes: 500 bp, 1 kbp, 1.5 kbp, 2 kbp,
3 kbp, 4 kpb, 5 kbp, 6 kbp, 8 kbp, 10 kbp) and the peak current distribution revealed 10
distinct peaks. In this case, fragments had different concentrations and this was reflected on
the different frequencies of each peak as shown in the histogram.

Interestingly it was observed that mean peak current of each fragment size scaled up with
the radius of gyration squared (R2

g). The former is defined as the average squared distance
of any point in the polymer ( DNA in this case) from its center of mass. Rg was calculated
according to a simplified model which defines the mean square end-to-end distance in an
ideal polymer as [92, 93]:

< R2 >= p2N (2.7)

where p is the persistence length (at 100 mM KCl, ≈ 50 nm [82], which is equivalent to
≈ 147 bases for dsDNA) and N represents the number of segments of length p that compose
the entire chain. The ratio between the end-to-end distance and the radius of gyration is given
by:

R2
g =

< R2 >

6
(2.8)

As an example, Rg was calculated to be 90 nm for 1.5 kbp, 164 nm for 5 kbp and 233 nm
for 10 kbp. It was interesting to look at the peak current and conductance distributions
for dsDNA data acquired (in nanobridge configuration) with different nanopipettes through
the course of this study. As shown in Figure 2.21 a,b, the values of both peak current and
conductance appeared to scale with the radius of gyration squared. Notably, in the analysis
the self-avoidance nature of DNA was taken into account. In this case Rg scales as ∼N3/5 (Rg

∼ N1/2 without self-avoidance) where the factor 3/5 is also called the Flory scaling exponent
[94]. From a biophysical perspective, it reinforced the idea that molecules were most likely
confined in the nanobridge when translocating from one barrel to the other, because the peak
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current was proportional to the cross sectional area of the DNA blocking the nanobridge
electrolyte.

Fig. 2.21 Relation between radius of gyration and (a) peak current distribution, (b) conductance distribution for dsDNA fragments ranging
from 200 bp to 10 kbp. The radius of gyration was calculated considering the DNA equal to an ideal polymer (red line) and also
considering its self-avoidance nature (dark green line). Reprinted with permission from [1]. Copyright 2017 American Chemical Society.

2.4.6 Sensing ssDNA and proteins

The novel sensing approach proposed in this chapter was extended to other analytes: ex-
periments were carried out with ssDNA and α − synuclein which is a small protein (14.5
kD, hydrodynamic diameter 1.7 – 2.2 nm). Viral ssDNA M13mp18, about 7.2kb long, was
linearised before being used for detection (for details refer to the experimental section).
ssDNA was firstly characterized using a conventional approach. Figure 2.22 a shows a
representative ionic current trace recorded at 400mV in 100mM KCl. The biphasic behaviour
of the ionic current, where it initially decreases and then increases Figure 2.22 b, was in
well agreement with the reported literature [95, 87].

The measured dwell time was below 0.5 ms for the entire range of applied voltages (300-
600 mV); for instance, at 300 mV it measured 0.05±0.02 ms (Figure 2.22). The current
amplitude distributions were broadly spread between 20 pA and 80 pA at 300 mV. This
result was not entirely surprising, because, as reported in literature, the ssDNA Mp13mp18
is an heteropolymer, therefore, opposite to an homopolymer, it presents a large number of
possible intramolecular interactions [95]. In turns, these interactions, give rise to a multitude
of differently coiled ssDNA structures that must partially or completely unravel when going
through nanobridge resulting in broad distribution peak.
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In nanobridge, the temporal resolution of M13 appeared to be markedly increased as
shown in ionic current trace in Figure 2.23 a-b. Events as slow as 700 ms were detected
however the vast majority clustered around a window comprised between 1 and 40 ms
(Figure 2.23 c).

Notably the peak current distributions were spread and not as sharp as the ones observed
for dsDNA of similar sizes. This was particularly evident when looking at the single event:
clear multistep current levels were observed in the vast majority of cases (Figure 2.23 b).
As explained above, this behaviour could be partly explained with the multiple conformation
that ssDNA can assume. In addition it was not observed an exponential decay in the ionic
current upon threading. The much faster transition was considered consistent with lower
values for the Zimm relaxation time of ssDNA compared with that of dsDNA [96]. This
effect takes into account that ssDNA is much more flexible than dsDNA: the persistence
length of ssDNA at 100 mM KCl is considered about 2 nm [97]. Therefore, it is reasonable
to consider that the translocation mechanism for such flexible chains might be different from
the one envisioned for dsDNA and multistep events might be a direct consequence of this.

Finally, nanobridge configuration was used to detect α−synuclein. The former is thought
to play a key role in neurodegenerative diseases such as Parkinson. However the main reason

Fig. 2.22 Detection of ssDNA in conventional configuration. (a) Ionic current trace showing M13 ssDNA translocations performed in
conventional configuration at 100 mM KCl 10 Tris 1 mM EDTA pH8 at 400 mV voltage applied. ssDNA concentration was 100 pM. (b)
Examples of single events at 400 mV voltage applied. In contrast with nanobridge events threaded through the pore at high velocity with
sub-ms dwell times. The biphasic behaviour was in good agreement with what has been previously reported for the same molecule in
similar ionic strength[95]. (c) showing scatter plots of ssDNA at i) 300 mV ii) 400 mV and iii) 500 mV voltage applied. Adapted with
permission from [1]. Copyright 2017 American Chemical Society.
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Fig. 2.23 Detection of ssDNA in nanobridge configuration. (a) Ionic current trace showing M13 ssDNA translocations performed in
nanobridge configuration at 100 mM KCl 10 Tris 1 mM EDTA pH 8.0 at 400 mV voltage applied. ssDNA concentration was 100 pM.
Even for ssDNA the dwell times were considerably slower than in conventional configuration however the current blockade showed multi
step levels. (b) Examples of single events where it is possible to see clear, discrete current levels. Notably this multistep behaviour was
not dependent on the voltage applied, in fact it was observed at 200 mV and 300 mV. (c) Current-dwell time contour plots are shown
for voltages of 200 mV, 300 mV, and 400 mV respectively. Similar to dsDNA, the dwell times increase with voltage. Events as slow as
40 ms could be detected which is substantially slower than in a conventional nanopore configuration. Adapted with permission from [1].
Copyright 2017 American Chemical Society.
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for its choice as a benchmark for nanobridges was due to its size which made the analyte
extremely challenging to be detected. If nanopore-based solutions to improve the range
of concentration and length of nucleic acid detection were substantially ameliorated over
the last 10 years, the same cannot be said for protein detection which lagged far behind
in terms on technological advances. Fast translocation times with event rates significantly
lower than predicted from the Smoluchowski equation, represent an impervious obstacle for
conventional nanopore.

In particular, as shown in Figure 1.6 the translocation mechanism can be split in two
phases: the capture of the analyte and its translocation across the pore. Initially the analyte is
freely diffusing in the solution however, when its random walk brings it in close proximity to
the pore (within the capture volume having radius r), the analyte is subjected to a high electric
field and it is electrodynamically translocated through the pore to the opposite chamber.
Interestingly, the Smoluchowski rate equation gives the rate at which a specific analyte arrive
at the pore entrance due to free diffusion; if the measured event rate is considerably lower
than the this prediction it is reasonable to assume that the a fraction of analyte pass the
pore undetected. These problems are normally compensated by using very high protein
concentration 10’s – 100’s nM. However as illustrated in the ionic current trace in Figure
2.24 we showed that it was possible detecting α − synuclein at sub-nm concentration (700
pM) in 100 mM KCl. Events were detected between 0.1 – 0.75 ms at 600 mV while
the peak current was well defined with a mean of 30± 3 pA with a SNR of 11.5 ± 1.1.
These numbers represented a remarkable slowdown especially when considering alternative
slowdown strategies which, as in the case of high ionic strength LiCl (normally 4M!), are not
ideal for biological analytes (on top of having detrimental impact on the event rate).

2.5 Conclusions

In this chapter, we have presented a novel detection method for solid state nanopores based
on dual barrel nanopipette. We showed that this method, called nanobridge, allowed us to
tune the analyte transport by confining single molecules within a zeptolitre volume located at
the tip of the nanopipette. In this way molecules can be slowed down by several orders of
magnitude compared to conventional nanopores. In the first part of this chapter nanobridge
was characterized by looking at the ionic current stability over the time, salt concentration
dependence, noise characteristics, pore size dependence as well as estimating the fluidic
bridge dimensions via SEM, TEM and scanning probe microscopy.

In the second part, we focused on studying dsDNA transport in nanobridge and comparing
it to conventional approaches. By using a broad range of dsDNA fragments we demonstrated
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Fig. 2.24 Detection of α − synuclein in nanobridge configuration. (a) Current-time trace for monomeric α − synuclein for a concen-
tration of 700 pM in 100 mM KCl and recorded at an applied bias of 400 mV. (b) Showing representative example of single events. (c)
Current-dwell time contour plots are shown for voltages of 400 mV, 500 mV, and 600 mV respectively. This data was acquired by Giulia
Campolo (Chemistry department, Imperial College London). Adapted with permission from [1]. Copyright 2017 American Chemical
Society.

that in nanobridge, as opposed to conventional nanopores setups, the translocation peak
currents displayed tighter distributions with lower FWHM values and significantly enhanced
SNR (up to 5.4 fold) on top of severely decelerating the molecule when translocating (up to
3 orders of magnitudes). This represents a remarkable improvement over existing nanopore
methods that reduce translocation speed by regulating electrolyte viscosity, electrophoretic
force, pressure, which often result in broad current/dwell time distributions and lower SNR
and as a result prevent the discrimination of multiple analytes in complex samples. In contrast
we showed that in nanobridges DNA size profiling can be performed by either measuring the
current amplitude or alternatively, as in the case of multiple DNA populations, by analysing
the equivalent charge/dwell time distributions. In addition, due to the limited bandwidth
required for the nanobridge to operate, it was possible to use sampling rates as low as 1
kHz. This advantage had a twofold implication: on one hand it resulted in very low noise
profile (for the benefit of the SNR), but it also opened up the possibility of using cheaper and
portable amplifier.

Finally, nanobridge setup was tested with different analytes such as ssDNA and proteins.
The broad range of dimensions and conformations, the high translocation velocity, along with
non-uniform surface charge make protein detection particularly challenging to nanopores
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sensors. In contrast, we showed that nanobridge detection adapts well to this task, allowing
to confine and detect proteins as small as few nanometers.
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[47] A. Jabłoński, “Über den Mechanismus der Photolumineszenz von Farbstoffphosphoren,”
Zeitschrift für Phys., vol. 94, no. 1-2, pp. 38–46, 1935.

[48] J. R. Lakowicz, Principles of Fluorescence Spectroscopy. Boston, MA: Springer US,
2006.

[49] J. W. Lichtman and J. A. Conchello, “Fluorescence microscopy,” Nat. Methods, vol. 2,
no. 12, pp. 910–919, 2005.



82 References

[50] P. H. C. Eilers and H. F. M. Boelens, “Baseline correction with asymmetric least squares
smoothing,” Leiden Univ. Med. Cent. Rep., vol. 1, p. 1, 2005.

[51] D. Y. Ling and X. S. Ling, “On the distribution of DNA translocation times in solid-
state nanopores: an analysis using Schrödinger’s first-passage-time theory,” J. Phys.
Condens. Matter, vol. 25, no. 37, p. 375102, 2013.

[52] P. Hansma, B. Drake, O. Marti, S. Gould, and C. Prater, “The scanning ion-conductance
microscope,” Science, vol. 243, no. 4891, pp. 641–643, 1989.

[53] C.-C. Chen, Y. Zhou, and L. A. Baker, “Scanning Ion Conductance Microscopy,” Annu.
Rev. Anal. Chem., vol. 5, no. 1, pp. 207–228, 2012.

[54] Y. E. Korchev, C. L. Bashford, M. Milovanovic, I. Vodyanoy, and M. J. Lab, “Scanning
ion conductance microscopy of living cells.,” Biophys. J., vol. 73, no. 2, pp. 653–658,
1997.

[55] C. Li, N. Johnson, V. Ostanin, A. Shevchuk, L. Ying, Y. Korchev, and D. Klenerman,
“High resolution imaging using scanning ion conductance microscopy with improved
distance feedback control,” Prog. Nat. Sci., vol. 18, no. 6, pp. 671–677, 2008.

[56] P. Novak, C. Li, A. I. Shevchuk, R. Stepanyan, M. Caldwell, S. Hughes, T. G. Smart,
J. Gorelik, V. P. Ostanin, M. J. Lab, G. W. J. Moss, G. I. Frolenkov, D. Klenerman,
and Y. E. Korchev, “Nanoscale live-cell imaging using hopping probe ion conductance
microscopy,” Nat. Methods, vol. 6, no. 12, pp. 935–935, 2009.

[57] N. Sa and L. Baker, “Experiment and Simulation of Ion Transport through Nanopipettes
of Well-Defined Conical Geometry,” J. Electrochem. Soc., vol. 160, no. 6, pp. H376–
H381, 2013.

[58] C. Wei, A. J. Bard, and S. W. Feldberg, “Current Rectification at Quartz Nanopipet
Electrodes,” Anal. Chem., vol. 69, no. 22, pp. 4627–4633, 1997.

[59] R. B. Schoch, J. Han, and P. Renaud, “Transport phenomena in nanofluidics,” Rev. Mod.
Phys., vol. 80, no. 3, pp. 839–883, 2008.

[60] N. Laohakunakorn and U. F. Keyser, “Electroosmotic flow rectification in conical
nanopores,” Nanotechnology, vol. 26, no. 27, p. 275202, 2015.

[61] H.-c. Chang and L. Y. Yeo, “Electrokinetically driven microfluidics and nanofluidics,”
Int. J. Bifurc. Chaos, p. 544, 2008.

[62] L. Yeo and J. Friend, “Electrowetting, Applications,” in Encycl. Microfluid. Nanofluidics,
vol. 1, pp. 606–615, Boston, MA: Springer US, 2008.

[63] F. Mugele, a. Klingner, J. Buehrle, D. Steinhauser, and S. Herminghaus, “Electrowetting:
a convenient way to switchable wettability patterns,” J. Phys. Condens. Matter, vol. 17,
no. 9, pp. S559–S576, 2005.



References 83

[64] C. D. Daub, D. Bratko, K. Leung, and A. Luzar, “Electrowetting at the Nanoscale,” J.
Phys. Chem. C, vol. 111, no. 2, pp. 505–509, 2007.

[65] R. M. M. Smeets, U. F. Keyser, D. Krapf, M.-Y. Wu, N. H. Dekker, and C. Dekker, “Salt
Dependence of Ion Transport and DNA Translocation through Solid-State Nanopores,”
Nano Lett., vol. 6, no. 1, pp. 89–95, 2006.

[66] V. Tabard-Cossa, “Chapter 3 - Instrumentation for Low-Noise High-Bandwidth
Nanopore Recording,” in Eng. Nanopores Bioanal. Appl. (J. B. Edel and T. Albrecht,
eds.), Micro and Nano Technologies, pp. 59–93, Oxford: William Andrew Publishing,
2013.

[67] M. M. Lohrengel, A. Moehring, and M. Pilaski, “Electrochemical surface analysis with
the scanning droplet cell,” Fresenius. J. Anal. Chem., vol. 367, no. 4, pp. 334–339,
2000.

[68] N. Ebejer, M. Schnippering, A. W. Colburn, M. A. Edwards, and P. R. Unwin, “Local-
ized high resolution electrochemistry and multifunctional imaging: Scanning electro-
chemical cell microscopy,” Anal. Chem., vol. 82, no. 22, pp. 9141–9145, 2010.

[69] N. Ebejer, A. G. Güell, S. C. Lai, K. McKelvey, M. E. Snowden, and P. R. Unwin,
“Scanning Electrochemical Cell Microscopy: A Versatile Technique for Nanoscale
Electrochemistry and Functional Imaging,” Annu. Rev. Anal. Chem., vol. 6, no. 1,
pp. 329–351, 2013.

[70] P. B. Nadappuram, K. McKelvey, J. C. Byers, A. G. Güell, A. W. Colburn, R. A.
Lazenby, and P. R. Unwin, “Quad-Barrel Multifunctional Electrochemical and Ion
Conductance Probe for Voltammetric Analysis and Imaging,” Anal. Chem., vol. 87,
no. 7, pp. 3566–3573, 2015.

[71] C. Carlsson, M. Jonsson, and B. Akerman, “Double Bands in Dna Gel-Electrophoresis
Caused By Bis- Intercalating Dyes,” Nucleic Acids Res., vol. 23, no. 13, pp. 2413–2420,
1995.

[72] K. Günther, M. Mertig, and R. Seidel, “Mechanical and structural properties of YOYO-1
complexed DNA,” Nucleic Acids Res., vol. 38, no. 19, pp. 6526–6532, 2010.

[73] W. H. Pitchford, H.-J. Kim, A. P. Ivanov, H.-M. Kim, J.-S. Yu, R. J. Leatherbarrow,
T. Albrecht, K.-B. Kim, and J. B. Edel, “Synchronized Optical and Electronic Detection
of Biomolecules Using a Low Noise Nanopore Platform,” ACS Nano, vol. 9, no. 2,
pp. 1740–1748, 2015.

[74] D. E. Smith, T. T. Perkins, and S. Chu, “Dynamical Scaling of DNA Diffusion Coeffi-
cients,” Macromolecules, vol. 29, no. 4, pp. 1372–1373, 1996.

[75] A. Egner and S. W. Hell, Aberrations in Confocal and Multi-Photon Fluorescence
Microscopy Induced by Refractive Index Mismatch, pp. 404–413. Boston, MA: Springer
US, 2006.



84 References

[76] S. Jayaraman and A. S. Verkman, “Quenching mechanism of quinolinium-type chloride-
sensitive fluorescent indicators,” Biophys. Chem., vol. 85, no. 1, pp. 49–57, 2000.

[77] Z. D. Harms, K. B. Mogensen, P. S. Nunes, K. Zhou, B. W. Hildenbrand, I. Mitra,
Z. Tan, A. Zlotnick, J. P. Kutter, and S. C. Jacobson, “Nanofluidic Devices with Two
Pores in Series for Resistive-Pulse Sensing of Single Virus Capsids,” Anal. Chem.,
vol. 83, no. 24, pp. 9573–9578, 2011.

[78] M. Langecker, D. Pedone, F. C. Simmel, and U. Rant, “Electrophoretic Time-of-Flight
Measurements of Single DNA Molecules with Two Stacked Nanopores,” Nano Lett.,
vol. 11, no. 11, pp. 5002–5007, 2011.

[79] X. Liu, M. Mihovilovic Skanata, and D. Stein, “Entropic cages for trapping DNA near
a nanopore.,” Nat. Commun., vol. 6, p. 6222, 2015.

[80] S. Pud, S.-H. Chao, M. Belkin, D. Verschueren, T. Huijben, C. van Engelenburg,
C. Dekker, and A. Aksimentiev, “Mechanical Trapping of DNA in a Double-Nanopore
System,” Nano Lett., vol. 16, no. 12, pp. 8021–8028, 2016.

[81] M. Muthukumar, “Mechanism of DNA Transport Through Pores,” Annu. Rev. Biophys.
Biomol. Struct., vol. 36, no. 1, pp. 435–450, 2007.

[82] J. R. Wenner, M. C. Williams, I. Rouzina, and V. A. Bloomfield, “Salt Dependence of
the Elasticity and Overstretching Transition of Single DNA Molecules,” Biophys. J.,
vol. 82, no. 6, pp. 3160–3169, 2002.

[83] R. M. M. Smeets, U. F. Keyser, M. Y. Wu, N. H. Dekker, and C. Dekker, “Nanobubbles
in Solid-State Nanopores,” Phys. Rev. Lett., vol. 97, no. 8, p. 088101, 2006.

[84] R. M. M. Smeets, U. F. Keyser, N. H. Dekker, and C. Dekker, “Noise in solid-state
nanopores,” Proc. Natl. Acad. Sci., vol. 105, no. 2, pp. 417–421, 2008.

[85] N. A. W. Bell, M. Muthukumar, and U. F. Keyser, “Translocation frequency of double-
stranded DNA through a solid-state nanopore,” Phys. Rev. E, vol. 93, p. 022401, feb
2016.

[86] L. Brun, M. Pastoriza-Gallego, G. Oukhaled, J. Mathé, L. Bacri, L. Auvray, and J. Pelta,
“Dynamics of Polyelectrolyte Transport through a Protein Channel as a Function of
Applied Voltage,” Phys. Rev. Lett., vol. 100, no. 15, p. 158302, 2008.

[87] S. W. Kowalczyk and C. Dekker, “Measurement of the docking time of a DNA molecule
onto a solid-state nanopore,” Nano Lett., vol. 12, no. 8, pp. 4159–4163, 2012.

[88] M. Wanunu, “Nanopores: A journey towards DNA sequencing,” Phys. Life Rev., vol. 9,
no. 2, pp. 125–158, 2012.

[89] J. Y. Y. Sze, S. Kumar, A. P. Ivanov, S.-H. Oh, and J. B. Edel, “Fine tuning of
nanopipettes using atomic layer deposition for single molecule sensing,” Analyst,
vol. 140, no. 14, pp. 4828–4834, 2015.



References 85

[90] C. Plesa, D. Verschueren, S. Pud, J. van der Torre, J. W. Ruitenberg, M. J. Witteveen,
M. P. Jonsson, A. Y. Grosberg, Y. Rabin, and C. Dekker, “Direct observation of DNA
knots using a solid-state nanopore,” Nat. Nanotechnol., vol. 11, no. 8, pp. 1–6, 2016.

[91] L. J. Steinbock, J. F. Steinbock, and A. Radenovic, “Controllable Shrinking and Shaping
of Glass Nanocapillaries under Electron Irradiation,” Nano Lett., vol. 13, no. 4, pp. 1717–
1723, 2013.

[92] M. K. Liu and J. C. Giddings, “Separation and Measurement of Diffusion-Coefficients
of Linear and Circular Dnas by Flow Field-Flow Fractionation,” Macromolecules,
vol. 26, no. 14, pp. 3576–3588, 1993.

[93] P. J. Flory, Principles of Polymer Chemistry. Baker lectures 1948, Cornell University
Press, 1953.

[94] D. E. Smith, T. T. Perkins, and S. Chu, “Dynamical Scaling of DNA Diffusion Coeffi-
cients,” Macromolecules, vol. 29, no. 4, pp. 1372–1373, 1996.

[95] S. W. Kowalczyk, M. W. Tuijtel, S. P. Donkers, and C. Dekker, “Unraveling single-
stranded DNA in a solid-state nanopore,” Nano Lett., vol. 10, no. 4, pp. 1414–1420,
2010.

[96] N. Douville, D. Huh, and S. Takayama, “DNA linearization through confinement in
nanofluidic channels,” Anal. Bioanal. Chem., vol. 391, no. 7, pp. 2395–2409, 2008.

[97] B. Tinland, A. Pluen, J. Sturm, G. Weill, and I. C. Sadron-cnrs universite, “Persistence
Length of Single-Stranded DNA,” Macromolecules, vol. 30, no. 9, pp. 5763–5765,
1997.



Chapter 3

DEP-nanotweezer: a tool for single
molecule and single cell manipulation

3.1 Introduction

Single molecule detection and single molecule manipulation are two sides of the same
coin. In contrast with ensemble measurements, in which signals are robust (proportional
to the number of molecules), for single molecule methods particles exhibit fast dynamics
and the measured signal appears to be random and stochastic, due to high fluctuations in
magnitude. Therefore improving the amount of information that one can extract from a
single molecule depends on, inevitably, through how well one can control, spatially and
temporally, that specific molecule [1]. Governing single entity dynamics has important
implications: the first one has to do with the time that it spends in the detection area; often
single molecule kinetics are on a much faster timescale than the measurement time resulting
in a loss of information [2, 3]. However, by temporarily confining the particle in a small
probe volume, for example, it is possible to overcome bandwidth problems associated with
detection. Notably, detection speed and sensitivity are inversely related in most detectors.
The second important implication is linked with the diffusion mechanism which single
molecule experiments are affected by. In most cases, molecules reach the detection volume,
which for a typical single molecule experiment is on the order of femtoliters, by diffusion [1].
The time required for this process to happen depends on the analyte concentration which for
single molecule experiments is never higher than a few nM; this means that if a population
of molecules has to be explored at single molecule level, the measurement time will likely be
unsuitably long. It is clear that being able to actively bring particles closer to the detection
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area would drastically reduce the measurement time necessary to build up a statistically
relevant dataset, allowing detection in highly diluted samples.

The precise control of biological particles, such as cells, viruses, proteins, DNA molecules,
in terms of spatio temporal position and also in terms of quantity of particles, has attracted
great interest from the scientific community and various methods have been proposed, in-
cluding the use of electromagnetic traps (optical tweezers [4]), magnetic forces (magnetic
tweezers [5]), mechanical forces (atomic force microscopy), electrical forces and microflu-
idics [6]. As summarized in Table 3.1, each of these techniques presents advantages and
disadvantages which are mainly associated with the low throughput of techniques such as
optical, magnetic tweezers and near-field approaches (scanning tunneling microscopy and
AFM), as well as the necessity for molecule labelling and possible photodamange of the
sample (e.g. with optical tweezers). Microfluidics, on the other hand, can provide a high
throughput, and manufacturing and device operation are generally reliable and easy. Its
precision in handling a particle, however, is not comparable with that which can be offered
by other techniques [7].

Methods Controllability Operation Efficiency Cost Damage

Optical strong hard low high slight
Microfluidic weak easy high low little
Mechanical strong hard low low large
Magnetic strong hard low low slight
Electrical fields strong easy high low slight

Table 3.1 Comparison of different methods employed to control particles at the nanoscale [8].

In contrast, strong controllability, relatively easy operation due to the lack of any so-
phisticated equipment, high throughput and limited sample damage make electric fields an
ideal candidate for biomolecule manipulation [8]. In particular the focus of the present work
stems on dielectrophoresis (DEP) which is a technique to manipulate polarizable objects
using electric field gradients. There are several excellent reviews that focus on DEP-based
methods to manipulate nucleic acids and proteins [27, 17, 20]. These solutions show that
it is possible to trap molecules, albeit with some limitations: the high voltages required for
operation, generation of heat and limited flexibility. They cannot easily be integrated with
other techniques, either single molecule or common molecular biological techniques such as
new generation sequencing machines, enzymatic assays (ELISA) or quantitative polymerase
chain reaction (PCR). In addition, more often than not they are based on micro-nano archi-
tectures which are cleanroom fabricated and thus time-consuming, expensive and difficult to
scale up production volumes.
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Here we propose a novel device we call nanotweezers, based on dual barrel quartz
nanopipettes, which addresses the aforementioned challenges, allowing DEP based single
molecule manipulation. The tip of the nanopipette, where two nanometric carbon electrodes
are located, acts as an ultra precise electrical handle. Depending on parameters such as
polarizability, frequency and voltage applied, it is capable of selectively trapping molecules
in a confined volume surrounding the tip and subsequently manipulating them (Figure 3.1).
In addition, the high aspect ratio of the nanopipette shape, makes them not only easy to
fabricate - since this does not require a cleanroom - but also easy to be manually handled
while still operating at the nanoscale.

Fig. 3.1 DEP-Nanotweezer: a graphical concept. The nanotweezer consists of a quartz dual barrel nanopipette equipped with 2 carbon
nanoelectrodes separated by 20 nm gap at its apex. DEP-nanotweezer is essentially a nano-handle and the working principle is based
around dielectrophoresis. By applying an alternate electric field between the electrodes it is possible to exert a force on an object (e.g.
DNA, proteins, polysterene beads etc.) and subsequently trap them in a confined volume surrounding the apex.

Most single-molecule studies are performed in a simple scenario in which one or more
purified components - DNA or proteins, for example - are used at a time. Nanotweezers aim
to bridge another gap and incorporate ideas from a vibrant research field at the edge between
biology and nanotechnology: single cell nanobiopsy, a non-invasive interrogation of cells
with unprecedented spatial and temporal resolution.

Stochastic gene and protein expression at the single cell level [9] has clearly demonstrated
that conventional assays designed for large cell populations (thousands to millions of cells at
a time) mask and dilute, in a sea of averages, relevant alterations that occur in a small subset
of cells. In addition to the limits of detection, the real Achilles heel of these commercially
available assays is the destructive reading of cellular content to acquire information, which
requires cell suspension and lysis. Therefore, limitations in the field of cell biology can arise
not only from the intricate processes under investigation, but also from of a lack of research
tools capable of continuously monitoring, sampling and manipulating individual cells without
altering molecular parameters (e.g. cell biophysical features and gene expression profile).
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The state of the art for single cell biopsy includes fluid force microscopy [10], nanostraw
architectures [11], carbon nanotube probes [12] and glass nanopipettes [13] (Figure 3.2). In
general, techniques for long-term monitoring of single cells must be non-invasive, capable of
manipulating from femtoliter volumes to single sub-cellular constituents (e.g. organelles, mi-
tochondria, DNA), must preserve cell viability and allow for easy automation and integration
of the extracted materials for further analysis.

Fig. 3.2 Methods of extracting contents of living cells. Fluid force microscopy consists of an atomic force microscope equipped
with pyramidal microfluidic probes that can penetrate the cell membrane and withdraw picoliters of intracellular material by applying
a negative pressure at the tip [10, 14]. Molecules were successfully extracted from both nucleus and cytoplasm and later analyzed
with qPCR, enzyme assays and electron microscopy. Post-extraction cellular viability was 82% and cells were monitored up to 5 days
after the experiment. Nanostraw extraction process consisted of continuous sampling of biomolecules from a subset of cells by using
hollow, polymeric nanoneedles with a high aspect ration, onto which cells were seeded on a polymeric substrate. These nanoneedles, or
nanostraws, have a diameter of about 150 nm. Sampling was performed by temporarily electroporating the cells; the extraction efficiency
was calculated to be approximately 7% and the withdrawn material was finally used to map mRNA expression levels [11]. Carbon
nanotubes have been employed to develop a nanometric endoscope. A multiwalled carbon nanotube of 50-200 nm in diameter, and
50µm in length is glued to the end of a glass pipette. Applications include aspiration of cytosolic Ca2+-labelled and nanoparticles down
to attoliter volumes, with the possibility of performing in situ electrochemistry and SERS analysis using gold-coated carbon nanotube
tips [12]. Quartz nanopipettes, with diameters of ≈ 100 nm, have been used to extract up to ≈ 50 femtoliters of intracellular material.
Nanopipettes, combined with scanning ion conductance microscopy, allow precise targeting of organelles within the cell. Extraction is
performed via electrowetting: nanopipettes, filled with an immiscible organic solvent (dichloroethane), create a liquid-liquid interface
between the nanopipette aperture and the aqueous cellular phase. The application of a voltage perturbs this interface causing the aqueous
phase to flow inside the nanopipette. The extracted material was used to perform mRNA profiling of single cells [13]. Reprinted with
permission from [15]. Copyright (2017) American Association for the Advancement of Science.

Although single cell biopsy techniques have proved to be promising, all the methods
proposed rely on aspiration as the only way of extracting and manipulating cells. The main
limits of these approaches are the limited control on what is aspired and in which cellular
compartment, and the poor integration with other techniques. In contrast nanotweezers
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represent a robust choice to interact with cells in a non-destructive manner, handling small
volumes, and displaying excellent integration with existing molecular biology assay; instead
of using nanopipettes as femto to attoliter-syringes [16, 17], in this chapter, nanopipettes are
employed as a scalpel to actively exert a force on specific entities inside the cell by using the
dielectrophoretic force.

3.2 Experimental procedures

3.2.1 Nanopipette fabrication

Nanopipettes were fabricated using a P-2000 laser puller (Sutter Instrument Co) from quartz
double-barrel capillaries (Friedrich & dimmock, USA) with an outer diameter of 1.2 mm
and an overall inner diameter of 0.9 mm, which comprises two chambers separated by an
insulating quartz septum which retains its shape after the pulling process. Capillaries were
plasma cleaned (Harrick Plasma cleaner PDC-001, USA) for at least 15 minutes prior to
pulling. Nanopipettes were pulled according to the following protocol:

Heating Filament Velocity Delay Pulling

Line 1 850 4 30 160 80
Line 2 860 3 20 140 160

Table 3.2 Nanopipette pulling protocol

3.2.2 Setup for fabrication of carbon electrodes

Utilising the setup illustrated in Figure 3.3 a, it was possible to fabricate electrodes via
butane deposition starting from freshly pulled theta quartz nanopipettes. Firstly nanopipettes
were mounted in a one-axis moveable holder and the back-end was connected, via a rubber
tube, to a butane canister (Campingaz, USA). The tip of the nanopipette was moved to the
opening of a quartz, single barrel capillary placed on the opposite side. This second capillary
was connected to an argon cylinder and provided argon flow at the tip of the theta nanopipette.
Both argon and butane were regulated by gas flow meters. A gas blow torch (RS Components,
UK) was used to heat the tip of the nanopipette for 30 s leading to pyrolytic deposition of
carbon from butane as shown in Figure 3.3 b. Through this process, both barrels of the
nanopipette were filled with carbon. Electrical contact was then established by inserting a
copper wire through the back-end of the nanopipette’s barrel to make contact with the carbon
layers.



3.2 Experimental procedures 91

Fig. 3.3 DEP-nanotweezer fabrication setup. (a) Illustration showing the carbon electrode fabrication setup composed by 1) Butane
Canister, 2) tube supplying argon gas from an argon cylinder (BOC, UK), 3), 4) gas flow meters and 5) nanopipette holder. b) Cartoon
showing the deposition process: a pulled nanopipette was fixed onto a holder and connected via a tube with a butane canister. The
nanopipette was then approached to a quartz pipette, positioned opposite it, into which argon gas was fed. The tip of the nanopipette was
heated with a butane torch resulting in pyrolytic deposition of carbon from butane. c) Detail showing the nanopipette and quartz capillary.
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3.2.3 Laboratory setup

The experimental setup used for this study is illustrated in Figure 3.4 a,b. A nanopipette was
mounted onto a micromanipulator placed on top of an inverted microscope (IX71, Olympus,
USA) which was used in epifluorescence configuration to perform fluorescence recordings.
DEP signals were applied to the nanopipette via a function generator which was connected
to the copper wires inserted in each barrel of the carbon-coated nanopipette.

Fig. 3.4 Fluorescence setup. (a) A custom made setup was built on top of an inverted microscope, Olympus IX71. A laser (Melles Griot
Laser Group, USA) with excitation at 488 nm was fiber coupled to a TIRF module (1) located on the back aperture of the microscope.
A 498 nm dichroic mirror reflected the incoming light towards the sample, where a 60x objective (UPLSAPO 60XW, Olympus, USA)
was employed to both illuminate the sample and collect the emitted fluorescence which was sensed by an emCCD camera (2) (Photo-
metrics Cascade II, USA). The nanotweezer was mounted on a micromanipulator (3) (PatchStar Micromanipulator, Scientifica, UK). The
nanotweezer was connected to the function generator (TG2000, TTi, UK) via a BNC to hook clips (RS, UK). (b) Showing the nanotweez-
ers vertically mounted on the micromanipulator. Two copper wires were inserted in each barrel to connect the carbon electrodes to the
function generator. (c) Schematic of the optical setup.

• Light source An argon–krypton mixed gas tunable laser (Melles Griot Laser Group,
USA) was used for excitation at 488 nm. The laser was fiber-coupled and connected
to a total internal reflection (TIRF) module. For all experiments the illumination
angle was kept at 90 degrees, perpendicular to the surface. A 498 nm dichroic mirror
reflected the laser-light towards the sample, where a 60x water immersion objective
(UPLSAPO 60XW, Olympus, USA, with an NA value of 1.2 and WD of 0.28mmm)
was used in epifluorescence mode to both illuminate the sample and collect the emitted
fluourescence.

• Detector The optical set-up was equipped with an emCCD as an imaging detector
which collected the light being transmitted through the dichroic mirror. The camera, a
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Photometrics Cascade II (USA) operating at −80◦C provided low dark noise perfor-
mance. The detector was composed of 512x512 imaging pixels of 16 x 16-µm with a
quantum efficiency of ≈ 92%. The software used to acquired the videos was Micro-
manager 2.0 (Open source software initially developed at University of California San
Francisco).

• Stage The micromanipulator was positioned on top of a motorized xyz-stage (Prior
Scientific, USA) equipped with a controller unit (Proscan II, Prior Scientific).

• Micromanipulator. A PatchStar micromanipulator (Scientifica, UK) was used to
precisely move the nanopipette. The Patchstar was equipped with 3 motorized axes
capable of 20 mm of movement in each axis and down to 20 nm resolution across its
range of travel. Stability was ensured to be less than one micron of drift in two hours.
Each axis was controllable, either manually, via three wheel-controllers, or via the
dedicated PC software LinLab (Scientifica, UK).

• Function generator. A TG2000 (TTi, UK) was used to apply a specific voltage to the
nanopipette. The function generator provided 0.001 Hz to 20 MHz frequency range
with up 1 mHz resolution. The amplitude varied between 5 mV and 20 Vpp. The
function generator was connected to the nanopipette via a BNC to dual hook clips (RS,
UK).

3.2.4 Materials

Lambda DNA (48.5 kbp), along with 10 kbp and 5 kbp DNA samples, in a stock concentration
of 500 mg ml-1, were purchased from New England Biolabs (USA). Solutions were prepared
in 1 mM KCl and buffered in 10 mM Tris 1 mM EDTA, pH 8.0 (Cat. Num. T9285, Sigma
Aldrich, USA). All DNA solutions were prepared fresh by serial dilution and used for
experiments the same day. For fluorescence imaging, 10 kbp dsDNA was incubated for 45
minutes with YOYO-1 (Molecular Probes, USA) at a ratio of five base pairs per molecule for
45 minutes.

Fluorescent beads (FluoSpheres Carboxylate-Modified Microspheres, 0.1 µm, Cat. Num.
F88000, Invitrogen, USA) with a mean diameter of 100 nm were used for characterizing
the carbon-coated nanopipettes. Absorption and emission maxima were 505 nm and 515
nm, respectively. A working solution of approximately 3.63 x 104 beads/ml was used. This
corresponds to a 10000 fold dilution of the stock solution. Dilutions were performed in
deionized water (minimum 18 MΩ as measured from the water purification system).
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HPLC purified ssDNA labelled with Atto488 (Atto488-GGTTGGTGTGGTTGGAGGTCGC
CGCCC) was purchased from IBA Lifesciences (Germany). HPLC purified ssDNA la-
belled with Cy3 (Cy3-TGAGGGTGGGTAGGGTGGGTAA-SH) was purchased from Sigma-
Aldrich (Germany). Streptavidin DyLight 488 conjugate was purchased from ThermoScien-
tific (USA).

qPCR amplification was performed using a Stratagene Mx3005P qPCR (Agilent Tech-
nologies) and dedicated optically clear qPCR tube (Agilent Technologies). Primer3 online
software (http://bioinfo.ut.ee/primer3-0.4.0/) was used to design the qPCR primer pairs.
β -Actin primers: ACTACCTCATGAAGATCCTC (forward), CTAGAAGCATTTGCGGTG-
GACGATGG (reverse). λ -DNA primers: CAAACTGCGCAACTCGTGAA (forward),
GACAGGCGAATCGCAATCAC (reverse). In both cases primers were purchased from
Applied Biosystems (UK). qPCR was performed using qPCR master mix (iTaq™ Universal
SYBR® Green Supermix, BIO-RAD, USA). A thermal cycling protocol was programmed
according to instructions provided by the manufacturer (BIO-RAD, USA).

3.2.5 Fluorescence spectra

The following figure depicts the fluorescence spectra of the main fluorophores used for this
work:

λex(nm) λem(nm)

Fluospheres 540 560
Dylight 493 518
YOYO-1 491 509
Cy3 554 568
Atto 488 500 520

Table 3.3 Maximum absoprtion and emission fluorescence wavelengths for the main fluorophores presented used in this work.

3.2.6 Cell culture

Bone osteosarcoma U2OS cells (obtained from London Research Institute, Cancer Research
UK) were grown in low glucose phenol red-free Dulbecco’s modified Eagle medium con-
taining 10% fetal bovine serum at 37◦C with 10% CO2 in humidified air. Cells were kept
continuously under confluence before being split twice a week. Contamination was avoided
by regularly performing mycoplasma tests.
Cells were seeded on chambered coverglass (ca. 2 x 104, 300 µl, 0.8 cm2) for 6− 24h,
then the media was replaced with fresh phenol red free media, containing DAOTA-M2 (20
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µM, 300 µl) for 24 hrs [18] for 15 minutes. Cell culturing was performed by Dr. Jorge
Garcia Gonzalez in collaboration with Prof. Ramon Vilar (Chemistry Department, Imperial
College).

Primary human pulmonary artery endothelial cells (HPAEC) were obtained from Promo-
cell, cultured at 37oC, 5% CO2 in EGM-2 media (Promocell) and used between passages 4-10.
HPAEC were seeded into an 8 well µ-Slide (IBIDI) at a density of 20000 cells/200µl and
left to incubate for 24 hrs (Procedure performed by Alex Ainscough, Medicine Department,
Imperial College)).

3.3 Theory

When a particle is placed in an electric field it experiences a force which is given by [19]:

F⃗elect = qE⃗ +(p⃗∇)E⃗ +
1
6

∇(Q⃗∇E⃗)+ ... (3.1)

The first term, F⃗ = qE⃗, describes the coulombic interaction between a particle with charge
q and the electric field E⃗. Electrophoretic phenomena resulting from this force, vanishes in
case the net charge of the particle is zero or in the presence of an alternating field whose time
average is zero. In contrast, dielectrophoresis (DEP), described by the additional terms in
the expression above, arises from the interaction of dielectric polarization components (e.g.
dipoles p⃗, quadrupoles Q⃗) induced by a spatially non-uniform electric field (∇E⃗ ̸= 0). In the
simplest case, the dielectrophoretic force between a particle’s dipole and the spatial gradient
of the electric field is given by [20]:

F⃗DEP = (p ·∇)E⃗ (3.2)

where p represents the particle’s dipole and ∇E⃗ the gradient of the electric field. As shown
in Figure 3.5, the electric field polarizes the particle (which can even be electrically neutral)
by generating an effective dipole moment; the inhomogeneous electric field subsequently
exercises a net force on the dipole hence moving the particle.
The general expression for the induced dipole moment p of a dielectric particle of volume V
is given by:

p⃗ = αV E⃗ (3.3)

α is the induced polarizability per unit volume. In this case it is assumed that the particle is
isotropically, homogeneously and linearly polarizable. The physical origin and the different
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kinds of polarizability are presented in the following section assuming a variable electric
field of frequency f and phase φ ,

E⃗ = E⃗ cos(2π f t +φ) (3.4)

and combining the equations 3.2, 3.3 and 3.4 we can express the dielectrophoretic force as
follows:

F⃗DEP =
1
2

αV ∇|E⃗|2 cos2(2π f t +φ) (3.5)

Fig. 3.5 Electrophoretic versus dielectrophoretic forces. (a) Charged and neutral particles immersed in a uniform electric field. (b) A
neutral particle in a non-homogneous electric field. Adapted from [20]

The latter (Eq. 3.5) can be further rearranged in a purely space-dependent component
and a time dependent component:

F⃗DEP =
1
4

αV ∇|E⃗|2(1+ cos(4π f t +2φ)) (3.6)

Assuming that the electric field oscillates at frequencies higher than 50 kHz (which is the
case for this study), the cosine term in 3.6 becomes negligible and the F⃗DEP average over
time is given by:

⟨F⃗dep⟩=
1
4

αV ∇|E⃗|2 (3.7)

3.3.1 Physical origin of polarization

Polarization describes how charges located in a dielectric object respond to an externally
applied electric field. There are different types of polarization: electronic, ionic, dipolar,
interfacial and counterion polarization.
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• Electronic polarization αe, also called atomic polarization, is caused by an asymmet-
ric distribution of the electronic cloud surrounding the positive nucleus as a result of
an electric field.

• Ionic polarization αi arises from the polarization of ions. In particular, it happens in
solid materials with ionic bonding, such as NaCl. These dipoles get cancelled due to
symmetry of the crystal, however under the influence of an external electric field, ions
are slightly displaced from their equilibrium position, resulting in a net dipole.

• Dipolar or orientation polarization αd arises from molecules such as water which,
due to an asymmetric distribution of electrons in the molecule, have a permanent
dipole. Molecular dipoles tend to be aligned in the direction of the applied electric
field. If the latter is not present, molecules, hence dipoles, are randomly distributed.

• Interfacial polarization, also known as space-charge polarization αs is caused by an
external electric field which induces the orientation and accumulation of charges across
the interface between two different materials (e.g. electrode-material interface).

• Counterion polarization αc arises from the response of the counterions surrounding
a molecule to an externally applied electric field.

In general, the polarization density can be expressed as P⃗ = NαE⃗, where N is the number
of dipoles per unit volume and α is defined as the polarizability. For the different types of
polarization, the following applies:

αe < αi < αd < αs,αc (3.8)

In contrast, the time required for an electron, an atom or a molecule to respond to an external
electric field will follow the inverse trend. For instance, a latex bead will respond slower than
an atom.

3.3.2 Maxwell-Wagner polarization model: the case of polystyrene beads

The polarizability α is a key parameter when it comes to predict the DEP force acting on
a given object. Towards this end, the Maxwell-Wagner interfacial polarization model, a
commonly used model for describing the polarizability of dielectric particles, can be used
to derive a complete expression for the DEP acting on polystyrene beads immersed in an
aqueous solution. Firstly, most polystyrene beads display a charge on their surface, usually
negative, arising from surface modification (e.g. with carboxyl groups). Therefore in solution,
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counterions such as K+,Na+,Cl−,OH− accumulate in different layers around the surface of
a particle shielding negative charges. This interface, called the electrical double layer, has
been described in depth in section 1.4. Briefly, the ionic condition (e.g. ion concentration)
and the bead’s geometry determine the extension of the double layer which is normally
described, using the Debye-Henkel approximation [21], in terms of Debye screening length
λD. Under a variable electric field it is assumed that counterions continuously re-arrange
around the particle in an attempt to respond to an electric field. The response time is also
known as the relaxation time. In this model, charges are assumed to be strongly attracted by
the surface and thus move along the surface only, not radially.

It is demonstrated that for uniform spheres within a sinusoidal electric field E⃗(r, t), the
induced dipole is equivalent to [20]:

p⃗(r) = 4πεmR3CM(ω)E⃗(r) (3.9)

where R is the radius of the particle, εm is the complex permittivity of the medium the
particle is immersed in, which is given by εm = ε +σ/( jω), ε is the permittivity and σ is
the conductivity of the medium, j =

√
−1 and CM(ω) is the Clausius-Mossotti (CM) factor

which takes into account the polarization difference between the particle and the surrounding
medium.

Combining equation 3.2 and 3.9 leads to a time-average DEP force given by:

⟨Fdep(r)⟩= πεmR3Re[CM(ω)]∇|E⃗(r)|2 (3.10)

Examining the expression above, it is clear that the sign of the CM factor governs the overall
behaviour of the particle. In general, if the relative polarizability of the particle is greater
than that of the medium, which means Re[CM(ω)]> 0, results in the force directed up the
field gradient. This condition is known as positive DEP or pDEP. In contrast if the particle is
less polarizable than the medium, Re[CM(ω)]< 0, the force is directed down the gradient of
the electric field. This second condition is known as negative DEP or nDEP.
The general expression for the CM factor is given by:

CM(ω) =
εp − εm

εp +2εm
(3.11)

where εp and εm are the complex permittivity of medium and particle respectively. CM factor
has a value varying between -0.5 and 1 as shown in the Figure 3.6. Notably, evaluation of
the CM factor is far from trivial because objects, especially biological entities such as cells,
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organelles, nucleic acids and proteins, constitute inhomogeneous dielectric materials and
have complex geometries.

Fig. 3.6 Clausius-Mossotti (CM) factor plot for 190 nm polystyrene beads in water (conductivity: 4 µS/cm). Reproduced with permission
from [22].

Notably, among the scientific community there is no general consensus on a specific polar-
ization mechanism which is able to explain polarization properties at different frequencies
and for different types of molecule. Currently, interfacial polarization models such as the
Maxwell-Wagner [23] are used to describe DEP force in polysterene beads, while counterion
fluctuation polarization models are used for biomolecules such as DNA [24].

3.3.3 Considerations when calculating the DEP force

Firstly, the overall DEP force acting on a particle is frequency dependent. In fact, the
dielectric and permittivity values, which are embedded in the CM factor, vary with the
frequency of the applied electric field.
A second observation is that DEP force can be tuned by not only varying the frequency but
also by varying the values of conductivity and permittivity. These key parameters are easy
to adjust: either by varying the ionic strength of the buffer solution or, as in the case of
permittivity, by adding molecules with a large dipole moment, such as organic carbonates or
urea [25] to the existing buffer.
Special attention should also be paid to the gradient term ∇E⃗2 of the equation 3.10 which
hides one of the most explored, and sensitive, parameters, the geometry of the electrodes
used. This defines the shape and strength of the electric field used to manipulate particles. In
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the literature, a range of different approaches have been reported including planar electrodes
[26, 27], 3D electrode designs [28, 29], and electrodes integrated within or external to a lab-
on-a-chip . [20]. When comparing between them, a number of interconnected characteristics
need to be taken into account:

• Force generated and power required. DEP forces scale with V 2/L3, therefore the
distance between the electrodes influences the magnitude of the generated force as
well as the voltage required to handle or separate a particle. Placing the electrodes as
close as possible generates higher forces at even lower applied voltages.

• Joule heating. Joule dissipation from the electrodes scales as ∆T ≈ L2|E|2 [30]. The
smaller the system the lower the heat dissipation.

• Biocompatibility. The DEP device should be biologically compatible; therefore,
materials employed to fabricate the electrodes can easily degrade or interact non-
specifically with the sample. This point is also related to the Joule heating. Biological
systems are extremely sensitive to any rise in temperature (e.g. protein denaturation).

• Fabrication. Depending on the complexity, fabrication processes are not time or
cost-efficient therefore limiting the scalability of the technology.

3.4 Results and discussion

3.4.1 Nanopipettes fabrication and characterization

Nanopipettes were fabricated with very high success rates (> 90% of more than 200 made)
according to a well established protocol (see Experimental section for details). Our approach
was inspired by similar methods established to fabricate probes for scanning electrochemical
microscopes [31], albeit in our case with much smaller overall diameter. Briefly, a theta
quartz capillary, consisting of two barrels separated by an insulating septum, was plasma
cleaned for approximately 15 minutes and then heated and drawn to a fine tip by pulling, using
a P2000 laser puller (Sutter, USA). Figure 3.7a-f shows bright field and electron microscope
micrographs of the apex of a typical nanopipette which consisted of semi-elliptical geometry
where two nanometric apertures were separated by a gap of 20 nm. In general the effective
diameter of each barrel ranged between 20 nm and 50 nm, leading to an overall probe
radius of around 100 nm. The size of the apertures was controlled by the initial pulling
parameters which ensured high reproducibility. Finally carbon electrodes were fabricated via
pyrolytic deposition of carbon from butane. This step was performed in argon atmosphere
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employing a manually controlled butane torch and a custom-made setup to control gas flow
(See experimentals section). After the deposition step, both barrels were filled from end to
end with carbon, resulting in two nanoelectrodes with almost perfect 2D planar interface. It
was observed that a reduction in the butane flow rate generated recessed carbon electrodes
which had an irregular pocket extending inside the barrel. In the vast majority of cases the
electrodes were symmetrical, as confirmed by Ru(NH3)6Cl3 electrochemical characterization
using linear sweep voltammetry (Figure 3.7 i). By applying a negative bias to the carbon
electrode, Ru(NH3)6Cl3 was reduced and the generated current was related to the electrode
size [32] according to the following expression [33]:

r =
iss

4.64nFDC
(3.12)

where r is the radius of the electrode, iss is the steady-state reduction current, n is the number
of the electron transferred during the reduction (i.e., 1) F is the Faraday’s constant, D is the
diffusion coefficient of Ru(NH3)6Cl3 in 100 mM KCl (8.5 10−10 m2s−1 [34]) and C is the
concentration of Ru(NH3)6Cl3 (1 mM). These numbers lead to an overall electrode diameter
of approximately 41 nm which was in good agreement with the SEM and TEM micrographs.

The small electrode active area and the small separation gap (< 20 nm) are key aspects
when dealing with dielectrophoresis. As described earlier, FDEP scales as ∼V 2/L3 where L
is the characteristic length of the system (e.g. the distance between the electrodes). It is clear
that strong DEP force can be generated either by applying high voltage between the electrodes
(which implies higher |E⃗ |) or alternatively by scaling down the distance between them, hence
increasing ∇|E⃗|2. However high voltage results in heat generation, electrochemical reactions
and gas formation at the electrode interface therfore solutions with small electrode gaps such
as the nanotweezer are preferred.

The first practical implication was that our dual carbon probe, as it will be shown in
the following paragraphs of this chapter, operated in a low voltage regime (1-20 Vpp, peak-
to-peak Voltage ) because it is possible to generate very high forces without applying high
voltages. Therefore our nanotweezers were low power devices and did not require a dedicated
high voltage amplifier. This was in contrast with most common DEP architectures reported
in literature, whereby hundreds of V [35], or even kV [36], were applied to drive objects,
cells or biomolecules. In addition, although fabrication of electrodes with sub-20 nm gaps
have been previously reported (bow-tie like structures [37, 38] or carbon nanotube based
platforms [39], for example), they rely on lithographic cleanroom processes which are slow
and expensive compared to the method proposed here.
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Fig. 3.7 Nanotweezer fabrication and characterization. (a) Nanotweezer overall dimension compared to a Penny. The black colour re-
flects the carbon being deposited inside both barrels (inset: schematic showing the fabrication of carbon electrode via pyrolytic deposition
of carbon from butane via a manually controlled butane torch). (b), (c) showing bright field images of a dual barrel nanopipette before
and after the carbon deposition respectively. (d), (e), (f) SEM and TEM micrographs of a bare dual barrel nanopipettes. (g) and (h) SEM
micrograph and schematic of the carbon deposited dual barrel nanopipette. (i) Linear sweep voltammogram of the carbon deposited elec-
trodes of a representative nanopipette performed with 1 mM Ru(NH3)6Cl3 in 100 mM KCl using Ag/AgCl electrode. Electrode diameter
was estimated to be about 41 nm (assuming a disk-shape geometry). In addition, the curves revealed almost symmetrical electrode areas.
Scale bars: (a) 5 mm, (b), (c) 100 µm, (d), (f) 100 nm. TEM images were performed by Bernice Akpinar, Materials Department, Imperial
College London.
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3.4.2 Modelling of dielectrophoretic fields

A theoretical approach was used to gain an accurate estimate of the electric field distribution
around the tip of the nanopipette when immersed in solutions with different conductivities.
Finite element method (FEM) modelling was performed using COMSOL Multiphysics. As
determined by SEM, the profile of the nanopipette was modelled as an ellipse with an external
diameter of 100 nm, with a 20 nm outer glass wall thickness and a 20 nm gap between the
electrodes.

The goal was to evaluate the strength of the electric field intensity gradient, ∇|E⃗|2, which
is directly related to the F⃗DEP. Simulations were performed with a solution conductivity
of 14.6 mS/m (corresponding to 1 mM KCl) and 20 Vpp at a frequency of 1 MHz applied
between the electrodes. Plots of | log10 ∇|E⃗|2| surrounding the nanopipette where extracted
from the simulation and they revealed that the electric field gradient, therefore the force, was
highly localized within 100 nm radius from the tip (Figure 3.8 a).

In general, to trap a particle floating in solution, it is necessary to overcome the Brownian
motion, which fora particle of radius R is given by:

Fthermal =
kBTR

2R
(3.13)

where kB is the Boltzmann constant and TR is room temperature (298.15 K). For instance,
based on this equation, it has been calculated that for a 10 kbp DNA molecule the force re-
quired to overcome the thermal motion is 9.92 fN [24] which corresponds to | log10 ∇|E⃗|2|=
1016.4V 2m−3. In the specific conditions we simulated, the trapping volume extends ≈ 450 nm
from the electrodes (Figure 3.8 b) with the force decaying exponentially with the distance
from the tip. It should be noted that the trapping volume can be tuned by varying the voltage
applied, the frequency or alternatively the solution conductivity. [4]

This model was extremely useful for estimating the DEP induced temperature changes
caused by power dissipation in the form of Joule heating. Two cases were analyzed: low
solution conductivity (14.6 mS/m) and high solution conductivity (1 S/m). In the first case,
the temperature profile around the tip of the nanopipette showed a constant behaviour along
the radial axis. It was estimated a maximum temperature increase of less than 0.5 K above TR

in the proximity of the tip therefore heat dissipation in low salt conductivity was considered
negligible.

The second scenario, with high medium conductivity, was useful to provide an estimate of
Joule dissipation when the nanotweezer was operating in a comparable environment, in terms
of salt concentration, to the cellular one. An estimate of the rise in temperature was sought
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Fig. 3.8 FEM nanotweezer modelling. Nanotweezers Comsol simulations showing (a) logarithm of the gradient of ∇|E⃗|2, which is
proportional to the DEP force, when 10 Vpp at 1 MHz was applied. The nanotweezer is immersed in solution with a conductance of
14.6 mS. The figure shows a frontal view, as if the nanotweezer were extruded out of the page. (b) Dependence of log ∇|E⃗|2 on the
distance from the nanotweezer. Notably distance = 0 nm corresponds the outer walls of the nanopipette. (c),(d) showing the temperature
dependence simulations. Simulations were performed by Avijit Barik (University of Minnesota).
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for the case in which the nanotweezer was inserted and operated inside a cell. As shown in
Figure 3.8 c,d, the temperature increase was 12 K above TR, however it was localized within
the first few nanometres (1-5 nm) from the tip. Following an exponential drop from the tip
in the radial direction, at a distance of 100 nm the temperature was marginally higher (2 K)
than that measured in the bulk solution.

It is important to note that temperature excursions have been proven to affect cellular
phenotype, however the exact threshold needed to trigger a cellular response is still a matter
of debate. Nonetheless these data demonstrated that the small electrode area minimized and
confined such temperature excursion, therefore limiting any cellular response and preserving
the cell integrity [20].

3.4.3 Characterization using fluorescence beads

Characterization of the DEP trapping kinetics was performed using polystyrene fluorescence
spheres of 100 nm in diameter (Fluospheres, Invitrogen, USA). Polystyrene beads were
diluted in DI water (104 times lower than the stock concentration). 40 µl of the diluted
solution was spotted onto a rectangular cover glass (VWR scientific, USA) and positioned
on the microscope holder of the fluorescence microscopy setup described in Figure 3.4. The
nanotweezer, which was fixed to the micromanipultor (Scientifica, UK), was vertically moved
towards the surface of the coverslip in the direction of the spotted solution Figure 3.9 a. To
ensure electrical contact with the carbon electrodes, a pair of copper wires (0.25 mm diameter,
GoodFellows, UK) were inserted, one per barrel, at the back-end of the nanopipette while
on the other side the wires were connected to the function generator. The former allowed
us to control the DEP force by applying an AC square wave voltage signal of a specified
magnitude and frequency between the electrodes. Finally an emCCD camera (Photometrics
Cascade II, USA) was utilized to capture the fluorescence signals that were later analysed
using a custom written Matlab (Mathworks) script and ImageJ software.

The working principle of the nanotweezer is illustrated in the schematic in Figure 3.9b:
initially, DEP was off (meaning no voltage applied between the electrodes) and particle
dynamics were governed by the Brownian motion. As soon as DEP was turned on particles
were attracted towards the tip of the nanotweezers resulting in fluorescence intensity build-up
due to particle accumulation. For simplicity, in the schematic it was the case of positive DEP
was assumed, where particles were attracted towards the tip, however attraction or repulsion
was a function of the electric field frequency and dielectric properties of the medium and the
analyte as described in paragraph 3.3.2.

Initially the relation between DEP force and electric field frequency was investigated. To
do so, experiments were performed by applying an AC signal of 10 Vpp at frequencies varying
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Fig. 3.9 Schematic and setup used for trapping 100 nm polystyrene beads. (a) Showing the setup with a nanopipette, mounted on a
micromanipulator, being approached perpendicularly to the glass coverslip where the sample solution was spotted. The zoom shows a
bright field image of the nanotweezers immersed in solution. (b) Showing the schematic of the DEP-nanotweezers working principle. In
the presence of an AC field applied between the electrodes of the nanotweezers, 100 nm fluorescence beads were attracted towards the tip
resulting in fluorescence intensity build-up by particle accumulation. Scale bar 10 µm.



3.4 Results and discussion 107

Fig. 3.10 Frequency dependence of 100 nm polystyrene beads. Showing fluorescence images captured with the emCCD at different
time points for different frequencies (100 kHz, 250 kHz, 750 kHz, 2 MHz, 6 MHz) at 10 Vpp voltage applied. The timelapse showed how
DEP force generated by the nanotweezer was strongly dependent on the frequency applied. The inset in the first image shows a bright
field image of the nanopipette. Scale bars 5µm for the fluorescence images and 10µm for the inset
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between 100 kHz and 7 Mhz. Unlike previous studies [40] where sub-Hz AC voltage signals
were used to study dielectrophoretic properties of DNA molecules in quartz nanopipettes, the
frequency utilised in this work ranged from 50 kHz to 10 MHz, and electrode polarization as
well as electro-osmotic effects could be considered negligible.

Figure 3.10 shows fluorescent images of the nanotweezer tip captured at different time
points (t=0 s, t=3 s and t=6 s) and for different DEP frequencies: 100 kHz, 250 kHz, 750
kHz, 2 MHz and 6 MHz. Beads, initially freely diffusing in media, accumulated around
the tip as a result of DEP activation; the former was turned on at t = 0 s. As expected, the
fluorescence was a function of the frequency: for instance at 1 Mhz, 750 kHz and 500 kHz, a
strong fluorescent intensity was observed whereas at f > 4 Mhz no significant change from
the background value was recorded. This fact was directly related to the CM factor which
represented the frequency dependent component in the F⃗DEP expression. From the theory we
know that the value of the CM factor, which governs the overall sign of the F⃗DEP, determines
if a particle is either attracted towards an electrode (pDEP) or is repelled (nDEP). For particles
of similar size in solutions of similar ionic strength (190 nm in diameter polystyrene spheres
in DI water), it has been reported that the frequency at which F⃗DEP switches from being
repulsive to attractive is 4 MHz [22] (Figure 3.6). The value of this frequency, also know as
the transition frequency, is consistent with our results: pDEP was observed for frequencies
within 100 kHz < f < 2 MHz while nDEP was observed above 4 MHz (Figure 3.11 a).

Notably, the trapping process was fully reversible, hence in the absence of an electric
field, when F⃗DEP = 0, particles were immediately released from the tip. Interestingly, the
time required to trap the first bead varied within the pDEP range. For instance, at f = 750
kHz and f = 1 Mhz with 10 Vpp applied (the frequencies at which the fluorescence intensity
response was measured to be highest), the first bead was trapped within less than 34.8 ms
(the minimum readout time of the emCCD). From the recordings it was observed that a
fluorescence spot localized at the tip of the nanopipette was recorded in the first frame
immediately after DEP activation.

To further characterize the nanotweezers, experiments were carried out at different volt-
ages with a fixed frequency. Based on the results presented earlier, an AC signal of 750
kHz was chosen (pDEP), with the voltage varying between 5 Vpp and 20 Vpp. Due to the
accumulation of beads in a volume around the tip, fluorescence intensity was averaged over
an area of 11x11 pixels which corresponded to 2.93 x 2.93 µm surrounding the apex of the
nanotweezers.
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Fig. 3.11 Voltage and frequency dependence of 100 nm polystyrene beads. (a) Showing the frequency response of polystyrene beads
when a fixed voltage (10 Vpp) was applied at the nanotweezers electrodes. The fluorescence intensity was calculated averaging over an
area of 11x11 pixels around the tip 3 s after DEP was activated. This area corresponded to 2.93 x 2.93 µm. (b) Showing the voltage
response of 100 nm beads at a fixed frequency (750 MHz). (c) DEP time constants for different applied voltages (17.5 Vpp,10 Vpp, 7.5
Vpp). The activation or suppression of DEP results in fluorescence signals exhibiting a mono-exponential type of behaviour with a time
constant τ . When DEP was turned on: τ = 0.39±0.03 s at 17.5 Vpp, τ = 0.19±0.04 s at 10 Vpp and τ = 0.32±0.06 s at 7.5 Vpp. When
DEP was turned off τ = 0.25±0.02 s at 17.5 Vpp, τ = 0.52±0.17 s at 10 Vpp and τ = 0.35±0.10 s at 7.5 Vpp. (d) Fluorescence images
of polystyrene beads for different applied voltages (5, 7.5, 10, 17.5 Vpp) at 750 kHz.
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Figure 3.11 b illustrates how the magnitude of the electric field influenced the F⃗DEP. In
fact by increasing the voltage applied, thus the overall F⃗DEP, the number of beads being
trapped around the tip considerably increased, as did the fluorescence signal. Voltage is also
related to the trapping volume: the stronger the electric field the longer the distance over
which particles are subjected to DEP force. It was observed that at 750Khz the distance at
which DEP force acting on particles overcame the Brownian motion was ≈ 4 µm at 5Vpp and
≈ 40µm at 17.5Vpp respectively. This was quite remarkable since, despite the nanometric
size of the electrodes, the nanotweezers were able to exert a force over such a long distance
range.
As part of the characterization, the overall system response time was evaluated. In order
to do this, we considered the variation of the fluorescence signal over time as a function of
DEP status (e.g. active or inactive). As shown in Figure 3.11 c,d upon DEP activation the
fluorescence signals exhibited a mono-exponential behaviour, with time constant τ (Figure
3.11 c) followed by a plateau. The former suggested that the trapping volume reached full
capacity and no more beads could be captured and held within it. The meaning of the
trapping constant τ was therefore related to how long would it take for this step to happen.
For instance, τ was calculated to be 0.39±0.03 s, 0.19±0.04 s, 0.32±0.06 s at 17.5 Vpp,
10 Vpp and 7.5 Vpp respectively. A similar approach was applied when DEP was turned off
and particles diffused away from the tip resulting in a fluorescence decay. In this case τ =

0.25±0.02 s at 17.5 Vpp, τ = 0.52±0.17 s at 10 Vpp and τ = 0.35±0.10 s at 7.5 Vpp.

Notably, variable electric fields triggered secondary forces such as electrothermal flow
(ETF) . ETF refers to the fluid motion due to spatial variation of electrical properties (permit-
tivity and conductivity) of the medium, induced by temperature gradients caused by Joule
heating, which itself arises from the presence of an AC field. It has been demonstrated that,
as a result of conductivity and permittivity gradients generated by the temperature gradient,
an electrothermal force whose time average is given by [41]:
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where σ and ε are the conductivity and permittivity, E0 the magnitude of the applied electric
field, and ω the angular frequency.

It is important to note that, in the trapping process, ETF force competed against F⃗dep: the
presence of ETF flow facilitated molecules to escape from the trapping volume. In addition,
by increasing the voltage, ETF component becomes even more prominent (the theory predicts
that the heat generation is proportional to σV 2). Qualitatively, we observed a similar scenario
where for instance below 10 Vpp (f = 750 kHz), particles were attracted towards the tip of
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the nanopipette following radial trajectories, while increasing the voltage to 17.5 Vpp we
observed particles which followed toroidal-like trajectories depicting vortices. This agreed
with previously reported works [42] where microvortices were ascribed to ETF induced by
DEP. ETF showed an important positive aspect: it produced an enhancement in the number
of particles being actively transported into the trapping volume. In general, particles entered
the trapping volume by diffusion only, whereas with ETF, especially at high voltages, there
was an increase in the capture volume.

3.4.4 Single molecule manipulation

We have characterized the frequency and voltage response of the nanotweezers showing
that they can be used to locally enhance the concentration of particles. However the desired
function of the nanontweezers was the manipulation of single molecules, and here we show
that it was indeed possible to trap and manipulate one particle at a time.

This was achieved by decreasing the applied voltage (V = 2.5 Vpp, f = 750 kHz) which in
turn decreased the FDEP to the point that the force was sufficient to trap a single particle. An
example of manipulation was demonstrated by using 100 nm fluorescent beads suspended
in DI water (100 nm, Fluosphere Yellow-Green, Invitrogen, USA). Bead concentration was
further diluted from the previous experiments (106 times from stock solution) to avoid overlap
of fluorescent signals and facilitate particle tracking. Particle tracking was carried out using
Fiji software and previously reported algorithms [43]. The setup employed, in addition to the
nanopipette approach adopted (≈ 40 µl solution spotted onto a glass coverslip), was exactly
the same as the one mentioned in the previous characterisation experiments.

Figure 3.12 a illustrates the steps involved in trapping and manipulating a single particle:
(i) Initially, DEP was inactive, and as expected particle dynamics were governed by Brownian
motion. (ii) DEP was turned on and after a specified time, t, a particle was trapped at the tip of
the nanotweezer. In contrast with the previous tests, where the first bead was trapped within
tens of milliseconds, in this case the time required to trap the first bead was significantly
longer: in the representative case shown in Figure 3.12 b was 29 s. This was justified by a
smaller trapping volume as a result of lower voltage applied as well as a lower concentration.
The probability of a particle diffusing into the trapping volume at any given time was a
function of the particle concentration (iii) By utilising the micromanipulator, the nanotweezers
were moved within the camera’s field of view and the bead was observed to remain at the
tip, as illustrated in Figure 3.12 c. (iv) Finally, when DEP was turned off the particle
diffused away indicating that tip-bead interaction was purely based on DEP and not on other
non-specific surface-bead interactions. This was a clear advantage over other techniques
used to control single particles, for instance AFM, where non-specific interaction, especially
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Fig. 3.12 Trapping and manovreuing a single 100 nm bead. (a) Schematics describing the main steps involved during manipulation of
single entities with the nanotweezer. i) Target a specific particle that floating in solution and move the nanotweezer in close proximity by
using the micromanipulator or alternatively wait for a particle to diffuse close-by; ii) Trap the particle by turning on the DEP (frequency
and voltage applied depend on the particle characteristics); iii) manipulation: with the DEP still on, one can use the micromanipulator to
move the pipette around and the particle will follow; iv) Release: by turning off the DEP, the trapped particle is released in solution and
it quickly diffuse away. (b) Showing the manipulation of a single 100 nm fluorescence bead immersed in a solution of 1 mM KCl. The
trapping was performed by applying a low voltage (V = 2.5 Vpp at f = 750 kHz). (c)-(g) Showing the trajectories and MSD of particles free
to diffuse in solution subjected to Brownian motion and particles being manipulated with the nanotweezer. (e) Classification of particle
tracks in different diffusion conditions. In case of Brownian motion the MSD grows linearly with the lag-time whereas when the particle
is confined, as in the case of particles trapped at the tip of nanopiette, the diffusion process displays a non-linear relationship to time.
Therefore unlike Brownian diffusion, the MSD tends to plateau over the time [ref]. Scale bars: (b) 10 µm , inset 1 µm, (c), (d) 5 µm.
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with biomolecules presents an issue. In addition, nanotweezers can operate over the spatial
range of the micromanipulator, measured cm, while still conserving a high resolution (40 nm
here, according to the manufacturer’s specifications). Further precision could be gained if
necessary by mounting on a piezo-stage similar to those used in current SICM or SECCM
setups [44].

A dedicated plug-in for Fiji software called MOSAIC was used to perform particle
tracking analysis and subsequently extract information such as the mean square displacement
(MSD). The MSD analysis is among the most used approaches in single-particle tracking and
it describes the average extent of space explored by a particle as a function of the time-lag ∆t.
In the case of a particle having 2 degrees of freedom the MSD is defined as:

⟨∆r2⟩= 4D∆t (3.15)

where D is diffusion coefficient.
Evaluating the MSD allowed us to evaluate the beads’ diffusion coefficient value which

can be related to the regimes in which the particles are operating. In fact the plots of
the MSD as a function of the time lag for a single particle trajectory in 2D subjected to
Brownian motion show a linear behaviour. Anomalous diffusion, which is classified into
sub or superdiffusion, displays power-law behaviour with the value of the exponent scaling
accordingly. Directed motion, corresponding to the superimposition of Brownian and ballistic
motion such as fluid flow, is described by a quadratic scaling. Confined motion shows a
characteristic plateau whose value is proportional to the confinement area. [45].

The diffusion coefficient extracted from 203 trajectories of beads floating in solution
according to equation 3.15 was 7.72∗10−11 ±6.00∗10−10m2/s. This value was consistent
with the maximum theoretical value which is 4.4∗10−12m2/s. The former was calculated
according to the the Einstein-Stokes equation which can be used for isotropic, non-hindered
diffusion of a spherical particle as in the case presented here.

D =
kbT

3πµd
(3.16)

where kB is the Boltzmann’s constant, T is the temperature, µ is the dynamic viscosity and d
is the diameter of the particle.

The particle captured via DEP at the tip of nanotweezer remained highly confined over
time: ∆x = 0.77 pixels ≈ 204 nm, ∆y = 0.94 pixels ≈ 250 nm which was determined by
Gaussian fittings over the bead location (it is important to note that these numbers, as well as
all the recordings performed in this work, are subjected to the well known diffraction limit
which strongly limit the optical resolution!). Nonetheless, the calculated MSD, rather than



114 DEP-nanotweezer: a tool for single molecule and single cell manipulation

increasing linearly with the time lag, tended to plateau, and the diffusion coefficient was
almost 3 orders of magnitude lower (10−15m2/s) than for free beads. This further confirmed
that the trapped particle was strongly spatially confined over time.

3.4.5 Manipulating DNA

Nanotweezers were successfully employed to manipulate DNA molecules. Experiments
were initially conducted using 10 kbp DNA molecules suspended in 1 mM KCl solution
buffered with 10 mM Tris and 1 mM EDTA at pH 8.0. DNA molecules were stained with
YOYO-1 intercalator dye and the nanotweezers were vertically approached towards the glass
coverslip where 20- 40 µl of solution was spotted (Figure 3.13 a).

Qualitatively, the nanotweezers operated in a similar manner to that described for manip-
ulating beads: when DEP was not active, DNA molecules were only subjected to Brownian
motion, whereas when the DEP was turned on, a fluorescence spot was localized at the tip
of the nanopipette. As the electric field was kept on the fluorescence region around the tip
would grow further in size owing to an accumulation of DNA molecules at the tip. As for
the beads, DNA behaviour upon DEP was frequency dependent. To study this phenomenon,
frequencies varying between 100 kHz and 6 MHz at 20 Vpp were applied to the carbon
electrodes. As shown in the Figure 3.13 b, the highest fluorescence intensity, and therefore
the strongest F⃗DEP, was recorded at 1.5 MHz, however between 750 kHz and 2 MHz F⃗DEP

was still considerable. At frequencies above 2 MHz, the fluorescence intensity in response to
applied DEP dropped significantly. For instance, at 4 and 5 MHz, the analysis revealed that
there was not significant trapping of DNA molecules around the tip. These results were in
good agreement with previously reported works which employed the same DNA fragment
in similar low conductivity solutions [24]: maximum DEP was localized at f = 1 MHz
whereas at high frequencies they also recorded a net decrease in trapping efficiency. The
minimum voltage at which trapping was observed was 5 Vpp. As illustrated in Figure 3.13
c,d, increasing the voltage applied thus, the DEP force, resulted in more DNA molecules
being captured and the profile of the tip showed a brighter and larger spot (f = 2 MHz, 0 <
Vpp < 10, DNA concentration: 2 pM).

To further investigate the manipulation of DNA with nanotweezers, a series of consecutive
trapping and release experiments were carried out using 100 pM 10 kbp DNA in 1 mM KCl.
A time lapse of one example with the correspondent fluorescent profile is shown in Figure
3.13 e-f where 20 Vpp and f = 1 MHz was applied to the electrodes and DNA was localized
around the tip. When the bias was switched off, molecules were almost instantaneously
released and the fluorescence returned to the baseline level within ∼ 700 ms.
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Fig. 3.13 Trapping 10 kbp DNA with the nanotweezer. (a) Showing the nanotweezers schematic employed to trap 10 kbp DNA
molecules labelled with YOYO-1. (b) Normalized fluorescent intensity recorded at the tip of the nanotweezer as a function of the
frequency applied, at a fixed voltage applied of 20 Vpp ( DNA concentration was 100 pM and the solution employed was 1 mM KCl.).
The peak frequency was observed at 1.5 MHz. (c)(d) Voltage dependence. Showing the evolution of the fluorescence intensity profile
over the time when 0 Vpp, 5 Vpp, 7.5 Vpp and 10 Vpp at f = 2 MHz was applied to the nanotweezer. The solution consisted of 2 pM 10 kbp
DNA in 1 mM KCl. (e) Showing the fluorescence intensity over the time and the fluorescence image of the nanotweezers captured when
a series of consecutive trapping and release experiments was performed at 1 MHz, 20 Vpp voltage applied using a solution of 100 pM
10 kbp DNA in 1 mM KCl. When DEP was turned on, DNA was immediately trapped at the tip of the nanotweezers and subsequently
released when DEP was switched off. The inset shows the bright field image of the nanopipette. (f) Fluorescence intensity-time plot of a
typical trapping experiment where, by turning DEP on and off, 10 kbp DNA molecules were trapped and released. ( Scale bars: (e) 5 µm
and inset 50 µm.
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Non-specific binding of DNA (> 10 pM) to the tip was not observed, except when
high concentrations of DNA were tested and DEP was on for a prolonged amount of time.
However, this could have been induced by DNA molecules being wrapped around the tip
rather then sticking to the surface. 10 kbp DNA is about 3 µm long and its radius of gyration
230 nm. Normally, quick bursts of high frequencies (5-10 MHz) at high voltage (20 Vpp) were
sufficient to successfully remove any loosely bound molecule. Since this was an uncommon
problem we did not thoroughly investigate non-specific binding.

Interestingly we were able to manipulate one DNA molecule at the time. The key point
was to reduce the DEP force so that it was sufficient to capture a single molecule (Figure
3.14 a,b). In principle this could be achieved by either lowering the bias or by operating at a
frequency which is slightly off from the response peak ( ∼ 1 MHz for 10 kbp). The second
scenario was chosen: f = 2 MHz, 10 Vpp with a solution of 2 pM 10 kbp DNA in 1 mM KCl.
As illustrated in Figure 3.14 c, d, these conditions were sufficient to trap one DNA molecule
within ≈200 ms after it entered the DEP capture volume. The molecule was subsequently
released after DEP was turned off. Understanding the polarizability is conditio sine qua non
to predict how DNA molecules can be manipulated using dielectrophoresis. Although the
general DEP theoretical framework has been described in section 3.3, some considerations
of DNA polarization are fundamental for a better understanding of the experimental results.

DNA polarizability depends, as for the beads, on parameters such as the permittivity
and conductivity of the solution in which DNA is immersed in, the frequency of the applied
electric field and temperature. The main difference lies in the model used to calculate
polarizability. In fact, the interfacial polarization model (Maxwell-Wagner), which is based
on the CM factor, and which has been used to describe the polarizability of dielectric particles,
is not appropriate to describe the response of DNA molecules. For instance the Maxwell-
Wagner model still cannot fully explain the frequency dependence of the polarizability [46].
In general counterion fluctuation (CIF) polarization model is adopted. Specifically CIF takes
into account the fact that DNA charges (deriving from its phosphate backbone) are fixed
and the polarizability is mainly governed by counterion redistribution around the DNA. An
electric double layer, especially at low concentrations (1mM KCl) as in our case, have been
demonstrated to dominate.

According to the Mandel-Manning-Oosawa model, which is one of the most adopted CIF
models, each DNA molecule in solution is assumed to be formed by N segments of length LS.
The DNA is surrounded by counterions which are free to move within each segment and also
between different segments [47] in response to an external electric field. The generalized
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Fig. 3.14 10 kbp DNA single molecule manipulation. (a) Showing the colour-coded cartoon of a single DNA molecule being DEP-
trapped (red) with the nanotweezer and subsequently released (green). (b) Fluorescence image of 2 pM 10 kbp molecules (highlighted
with dashed circles) in 1 mM KCl solution. (inset: nanotweezer bright field image).(c)(d) Fluorescence images showing single 10 kbp
DNA molecule trapping (f = 2 MHz, 10 Vpp). The orange dashed line represents the nanotweezer position. Scale bars: (b) 20 µm (inset:
20 µm), (c),(d) 4 µm.



118 DEP-nanotweezer: a tool for single molecule and single cell manipulation

expression for the polarizability per subunit length LS is given by [48]:

αs =
z2q2L2

SnccA
12kBT

(3.17)

where z is the ion valency, q is electronic charge, ncc is the number of condensed counterions,
which represents the first layer of counterions located in close proximity to the DNA, A is
a dimensionless factor that takes into account the stability of the ionic phase and also the
electrostatic repulsion between the phosphate backbone charges, and kBT is the Boltzmann
temperature. The polarization for the entire DNA molecule can be obtained by multiplying
αs by the number of segments Ls that the molecule is formed of. Thus, αtot = αs

LDNA
Ls

. Finally

the DEP force acting on DNA can be expressed as in Equation 3.7 as: F⃗DEP = αtot∇⃗|E⃗|2.
It is worthy noting that even counterion fluctuation models do not provide a full picture of
the mechanisms involved in DNA polarization or the dependence of the dielectrophoretic
response on the DNA length and structure. DEP and biomolecules remain an active area of
research [46].

The case of λ −DNA

After having investigated DNA with 10 kbp, attention was shifted to longer strands. Exper-
iments were conducted with 48.5 kbp λ DNA. The KCl ionic strength was kept at 1 mM,
buffered in TE at pH 8.0 and DNA concentration was set to 10 pM. Similar to the method
applied to 10 kbp, λ DNA was stained with YOYO-1 intercalator dye (dye to base ratio of
1:5).

In contrast with what we have observed for 10 kbp, the experimental results showed
that the manipulation of λ DNA was more efficient at higher frequencies. As shown in
Figure 3.15 a,b, the maximum fluorescence intensity was recorded between 2 and 4 Mhz
for a 10 Vpp applied voltage. At lower frequencies, 100 kHz < f < 2 MHz, DNA was still
subjected to a trapping force, however its intensity was not enough to hold the molecule
at the tip. At f > 2 MHz DNA experienced nDEP, hence molecules were actively repelled
from the tip’s surroundings. There is no general consensus for the transition from positive
to negative DEP for λ -DNA: reported values varied from 60 kHz [49] to 880 kHz [50].
Our result tends to be aligned towards the former. It is important to note that a rigorous
comparison was not possible due to the different buffer conductivity (16 mS/m here, while
in [50] this was 2 mS/m) which was suggested to affect the crossover frequency [51]. In
addition, electro-osmotic flow, which is also dependent on the DEP system architectures, may
be partly responsible for the discrepancies in reported crossover frequencies [50]. Despite
the size difference (λ DNA was significantly larger than the previously tested 10 kbp DNA,



3.4 Results and discussion 119

Fig. 3.15 Trapping λ -DNA with the nanotweezer. Nanotweezers were used to trap 48.5 kbp λ DNA dispersed in 1 mM KCl solution
(DNA concentration = 10 pM). (a) shows the fluorescence intensity variation at the tip of the nanotweezers as a result of AC electric
field with different frequencies, and a fixed magnitude (10 Vpp) applied between the electrodes. The dashed line represents baseline
fluorescence intensity, demonstrating that no variation was recorded when an electric field was applied. (b) Evolution of the fluorescence
intensity profile over time for different frequencies at 10 Vpp. (c) Fluorescence images showing how the fluorescence spot at the nan-
otweezer’s tip broadened when 10 Vpp at 2 MHz was applied between the electrodes. (d) Gaussian profile of the fluorescence spot shown
in D for t = 3s. The calculated FWHM was 587 ± 33 nm along the x-axis and 611±26 nm along the y-axis. Scale bars: (b), (d) 1 µm, (c)
2 µm

and the radius of gyration of λ DNA is ∼ 0.73 µm [52]), the trapping response time was
fast and comparable with 10 kbp; for instance at 2 MHz τ = 0.52±0.16 s (Figure 3.15 B).
As shown in the time dependent analysis (Figure 3.15 c) where DEP was set at 2 MHz and
10Vpp, the profile of the fluorescence spot at the tip of the nanotweezer expanded over time
due to the increasing number of molecules being trapped. The spot showed a gaussian shape
with a full width half maximum of 587 ± 33 nm along the x-axis and 611 ± 26 nm along
y-axis. (Figure 3.15 d).

As demonstrated for polystyrene beads and 10 kbp DNA, even for λ -DNA nanotweezers
were successful in manipulating one molecule at the time (in this case the sample concen-
tration was as low as 100 fM). As shown in Figure 3.16 a, a λ -DNA entering the capture
volume was captured within 0.5 s and released after about 6 s. Notably, during this time,
as suggested by the fluorescent intensity profile, no other molecule was trapped and the
slight fluorescent decay was ascribed to photobleaching Figure 3.16 b. In addition, the
molecule remained clamped to the tip even when the nanotweezer was moved in space with
the micromanipulator.
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Fig. 3.16 Single λ -DNA molecule manipulation. (a) Time lapse of fluorescence images showing a λ -DNA molecule being captured at
the tip of the nanotweezer (λ -DNA concentration of 100 fM in 1 mM KCl. DEP trapping condition: f = 6 MHz, 15 Vpp). (b) Evolution of
the fluorescence tip profile over the time. The fluorescence peak represent the DNA molecule held at the tip (in this case approximately 7
s although it is an arbitrary value) before being released by turning off the voltage applied. Notably the fluorescence over slightly decays
over the time as a result of continuous photobleaching. Scale bars: (a) 4 µm.
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Trapping small molecules: short ssDNA and proteins

The F⃗DEP acting on a particle depends on its size (∼ R3, where R is the radius of the particle,
Equation 3.10) and on the gradient of the square of the magnitude of the electric field.
Therefore for small biomolecules such as short oligonucleotides (e.g. mRNA, or DNA) and
proteins with low molecular weight (10-100 kDa), manipulation becomes a challenging task
due to F⃗DEP being weak. In addition, thermal forces which are inversely proportional to the
particle dimension (Fth ∼ 1/R), tends to dominate within this regime. This is also the reason
why the vast majority of existing DEP architectures are focused on long DNA fragments or
relatively large proteins (>50 kDa) [53], whereas in our case, due to the small gap between
the carbon electrodes of the nanotweezers, the strong electric field allowed us to trap proteins
as small as few nanometres.

Fig. 3.17 Trapping short ssDNA-Atto488. Nanotweezers were used to trap 22-mer ssDNA labelled with Atto 488 and dispersed in 1
mM KCl solution (DNA concentration = 100 pM). (a) shows the fluorescence intensity variation at the tip of the nanotweezers as a result
of AC electric field with different frequency at 20 Vpp. The dashed line represents baseline fluorescence intensity, therefore no variation
is recorded when an electric field is applied. (b) Evolution of the fluorescence intensity profile over the time when DEP is applied at f =
100 kHz, 500 kHz and 6 MHz frequencies at 20 Vpp. (c) Comparison of the background fluorescence signal with the one recorded at the
apex of the nanopipette when 100 kHz and 20 Vpp where applied. The calculated SNR was 17.6 ± 1.6.

Experiments were initially carried out using a 27-mer long ssDNA labelled with Atto488
and diluted to 100 pM in 1 mM KCl TE solution at pH 8.0. As shown in Figure 3.17 a,b,
successful trapping was observed at 100 kHz or lower. In contrast with results observed for
λ -DNA and 10 kbp DNA, for this short sequence, there was no detectable increase in fluo-
rescence intensity around the nanotweezers at f > 100 kHz confirming that dielectrophoretic
force greatly depends on the length of the DNA molecule [36]. Due to the presence of only
a single fluorophore per molecule, the overall fluorescence signal at the tip of nanotweezer
was weaker than in the previous experiments however the SNR calculated between the signal
at the tip and the background was 17.6 ± 1.6 (Figure 3.17 c).

Experiments were confirmed using another short ssDNA molecule: 22 nucleotides
long labelled with Cy3 (Figure 3.18). It is important to note that DEP trapping of short
DNA fragments have previously been investigated. An interesting example is of a glass
nanopipette, similar to the one utilized to manufacture the nanotweezers but with only one
barrel, employed to trap 40-mer DNA at very low voltage: 0.5-4 V and f = 0.5 Hz [40]. The
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Fig. 3.18 Trapping short ssDNA-Cy3. (a) Bright field image showing nanotweezers dipped in 1 mM KCl buffered in TE containing 100
pM 22-mer DNA labelled with Cy3. (b) Evolution of the fluorescence intensity of the tip at different time points for 20 Vpp and f = 100
kHz. Scale bars (a) 10 µm and (b) 1 µm for the 2D images while the 3D plots correspond to an area of 16 x 16 µm

nanopipette was filled with ionic buffer containing the DNA. As a result of a voltage applied,
a high field gradient was localized in the proximity of the nanopipette aperture leading to
DNA entrapment around that area. This system was elegant, with its only weakness from the
viewpoint of a nanotweezer application being that the DNA was concentrated inside and not
outside the nanopipette, making any further manipulation more complicated compared to the
solution hereby proposed.

Nanotweezers have also demonstrated their capabilities in manipulating proteins. The
first protein utilized was Streptavidin labelled with Dylight. Streptavidin could be considered
as a relatively large protein with a molecular weight of 52.8 kDa and a diameter of 5 nm. For
the experiments, a solution of 100 pM streptavidin diluted in 1 mM KCl, 10 mM TE, pH
8.0, was employed. Importantly, as a result of DEP trapping experiments, it was observed
that quite often proteins exhibited a partial irreversible non-specific binding to the tip of
the nanopipette resulting in a residual fluorescence at the tip even after DEP was turned off.
Despite this drawback it was still possible to perform experiments and explain the results
obtained.

As shown in Figure 3.19 a pDEP was observed at 100 kHz with 20 Vpp voltage applied
whereas at higher frequencies (500 kHz < f < 6 Mhz ), similar to what we reported for short
oligonucleotides, no fluorescence activity was noted. These findings were consistent with
other published works [54] where they report DEP trapping of streptavidin at 10 kHz.

If theoretical models predicting DNA behaviour under the influence of a variable electric
field are incomplete, models capable of predicting protein behaviour are even less advanced
[55]. The main reason for this is that proteins exhibit complex structures; as an example,
consider the charges arising from amino acid chains on a protein; these lead to charged
surface patches which will respond differently to an applied electric field.
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Fig. 3.19 Nanotweezer operating with small proteins. Showing the fluoresence intensity profile when Streptavidin (a) or monomeric
al pha-synuclein molecules were trapped at the nanotweezers tip. In both cases the solution employed consisted of 1 mM KCl buffered in
TE; the concentration was set to 100 pM and 200 pM for Streptavidin and al pha-synuclein respectively (DEP parameters: 100 kHz, 20
Vpp for both cases) (c) Frequency response of monomeric al pha-synuclein at 100 kHz 20 Vpp voltage applied. (d) Trapping and release
experiments performed with al pha-synuclein at 100 kHz and 20 Vpp voltage applied. Scale bars: 1µm

To further extend the capabilities of nanotweezers, a smaller protein was investigated: α −
synuclein (the protein and its labelling were kindly performed in Dr.Gabriele Kamischi
Schierle’s lab, Cambridge University). α − synuclein is a highly biologically relevant protein
which is thought to be related to neurodegenerative processes leading to Parkinson’s disease
and dementia with Lewy bodies [56]. However our attention towards this protein was given
by its extremely small dimension (≈ 14 kDa) along with the lack of fixed structures, which
makes its manipulation and even its detection with current tools, particularly challenging.

Under the same ionic solution, we recorded pDEP at 50 kHz and 100 kHz (Figure 3.19
b) while at 500 kHz, 1 MHz, and 2 MHz, no signal was detected (Figure 3.19 c). As for
Streptavidin, the applied voltage was 20 Vpp. Lower voltages did not generate sufficient force
to trap this specific protein. A series of trap and release experiments were carried out at 100
kHz, 20 Vpp. The response time during the trapping step calculated to be τ = 1.31 s while
for the release step, a much faster time constant was observed τ = 0.29 s (Figure 3.19 d).

3.4.6 DNA trapping, extraction and analysis

In the previous paragraphs we demonstrated that the nanotweezers presented here can easily
manipulate nucleic acids and proteins of various dimensions. Is it possible to transfer the
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trapped material out of the solution and, more importantly, are these trapped biomolecules
still viable and functional for analysis and study?

To answer these fundamental questions a series of experiments was conducted using
λ −DNA as the target molecule: nanotweezers were utilized to trap DNA molecules which
were then extracted from the solution and amplified via quantitative real-time PCR (qPCR).
For the former, SYBR green I dye chemistry was used: during the PCR, DNA polymerase
amplified the target sequence which generates the PCR products. SYBR green I is an
intercalating dye (λEx = 497 nm, λEm = 520 nm) which binds to double-stranded DNA. As
the PCR progresses, more DNA products are created, therefore more Green I dyes bind to
DNA resulting in an increase fluorescence intensity which is proportionate to the amount
of PCR product produced. The reason why λ −DNA was initially chosen to perform these
experiments was extremely simple: in contrast with other commercially available DNA
samples whose sequences were not publicly available due to confidentiality (e.g. 10 kbp
sample from NEB, USA), the λ −DNA sequence was well known. Forward and reverse
primers consisted of 20 nucleotides, with a melting temperature of 59.97◦C for both of them,
with no Gs or Cs repeated. High specificity was ensured by using the open source software
Blast: these primer pairs were unique and therefore could bind to other places in the λ −DNA
except that which they were designed for.

Fig. 3.20 PCR amplification of λ −DNA trapped and extracted via nanotweezer. (a) Fluorescence intensity, due to DNA molecules
accumulating at the tip of a nanopipette as a result of pDEP (4 Mhz, 10 Vpp). (a) qPCR targeting λ −DNA. Nanotweezer indicated
λ -DNA which was obtained via nanotweezer trapping and then transferred in a PCR tube containing PCR master mix along with forward
and reverse primers. Positive control indicates 5 ng of λ -DNA pipetted into the PCR tube along with the PCR master mix and forward
and reverse primers. In the negative control, λ -DNA was substituted with water. (b) Comparison between qPCR amplification curves
generated from DNA samples pre-stained with or without YOYO-1. Samples were extracted using the nanotweezer method and later
transferred into PCR tubes.

10 pM λ -DNA (without YOYO-1 although experiments were successful also using DNA
stained with YOYO-1) was prepared in a solution containing 1 mM KCl buffered at pH 8.0.
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Based on the previous experiments pDEP was applied using 10 Vpp and the fluorescence
intensity, due to DNA molecules accumulating at the tip of the nanopipette, was monitored
over time. In this case the DEP was applied for a longer time to ensure the saturation of
the trapping volume with DNA molecules. It was observed that this happened within few
seconds (< 10 s).

The extraction process was straightforward: while DEP was still active, the nanotweezers,
and therefore the trapped molecules at its tip, were lifted up and out of the solution using the
micromanipulator. The nanotweezers were then disconnected from the function generator
and unlocked from the micromanipulator holder so that they could be handled manually for
the next step. The λ -DNA located at the tip was transferred into the qPCR tube by inserting
the nanotweezer into the PCR-tube containing 5 µ l of 10 mM Tris-HCl (pH 8.5) and breaking
the very end of the nanotweezer inside the solution. To this 10 µL of qPCR master mix, 1
µL each of the forward and reverse primers were added and the total the volume was made
up to 20 µL with 10 mM Tris-HCl (pH 8.5).

Figure 3.20 a shows the real time amplification plot recorded using the qPCR machine.
The protocol used consisted of an initial denaturation cycle of 95 °C applied for 5 min and 50
PCR cycles performed (denaturation at 95 °C for 15 s, annealing/extension at 60 °C for 60 s).

The real time amplification plot in Figure 3.20 a demonstrated that nanotweezers were
able to extract biomolecules and that those biomolecules were still viable, as demonstrated
by their successful amplification (it is important to mention that amplification does not
necessarily ensure DNA viability; only by sequencing the amplified PCR material one can
understand if the amplification is the result of a false positive or not). Notably the average
quantification cycle ( Cq ) of 9 distinct extracted samples measured 14, however it varied
considerably from Cq = 11 to Cq = 21. These values reflected the different DNA starting
concentration which in turn was dependent on the different amounts of DNA being trapped
and extracted by the nanotweezers. Positive controls consisted of a qPCR with 5 ng of
λ -DNA (manually pipetted in) along with the PCR master mix and forward/reverse primers.
In this case, due to the high concentration, Cq = 5. The negative control, which contained DI
water instead of a DNA sample, did not show any amplification as expected. Melting peak
analysis was performed by increasing the temperature at a rate of 0.5 °C/s from 60 to 90 °C,
to confirm the validity of PCR. As shown in Figure 3.20 b the melting temperature for the
amplified product was measured to be 84.06 ± 0.11 °C. This value was in agreement with
that predicted, which was calculated to be ∼ 85 °C.
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Fig. 3.21 U2OS cells characterization. (a) DAOTA-M2 fluorescence dye structure. DAOTA-M2. (b) Bright field image of U2OS cells
treated with DAOTA-M2. (c) Representative confocal image of U2OS cell acquired with a custom-built fluorescence confocal microscope
λEx = 488 nm. Scale bars: (b) bright field 20 µm, fluorescence 5 µm (c) 20 µm.

3.5 Single cell nanobiopsy: a proof-of-concept study

Here we show that the newly develop nanotweezers were capable of manipulating and
eventually extracting molecules from a cell. We showed that it was possible to manipulate the
main cellular building blocks, nucleic acids and proteins, down to a few nanometres in size,
and therefore verified whether nanotweezers could be used to handle the same molecule but
within a more complex environment such as the cellular one. In contrast with conventional
technologies such as cell fixation or cell lysis where the genetic profile of the cell at a
particular time point is obtained at the price of cell viability, herein we demonstrate that it is
possible to extract content from living cells without perturbing their viability.

To perform sub-cellular nanobiopsy, bone osteosarcoma U2OS cells were utilized. Cells
were grown according to the protocol described in the experimental section. Cells were first
seeded on an 8 well chambered coverglass (ca. 2 x 104 cells, 300 µl, 0.8 cm2) and then
treated with a fluorescence dye. The reason for treating the cell with a dye was to be able to
track fluorescence changes inside the cell when performing a nanobiopsy. The dye selected
for use was DAOTA-M2, a triangulenium derivative (Figure 3.21 a). From previous work
[18] we knew that DAOTA-M2 targeted DNA and RNA molecules, prevalent in the nucleus
of U2OS cells. Figure 3.21 b,c show bright field and fluorescence images obtained via a



3.5 Single cell nanobiopsy: a proof-of-concept study 127

custom scanning confocal microscope, of U2OS cell’s stained with DAOTA-M2 (a pulsed
diode laser at λEx = 488 nm was used).

The experimental setup was identical to the one utilized and described for the bulk of the
previous experiments except for the glass coverslip (used to pipette the solution containing the
beads, DNA, protein etc.) which was replaced with an 8-well cell culture slide. Figure 3.22
illustrates the main steps followed to perform a sub-cellular nanobiopsy. At the beginning of
the procedure the nanotweezers were mounted on the micromanipulator holder, perpendicular
to the chambered coverglass with both electrodes connected to the function generator.

• Approach. The first step consisted of selecting one of the 8 wells and approaching its
surface with the nanotweezers, in close proximity to the cells (Figure 3.21 a). This
action was performed manually, in bright field, by gently lowering the nanopipette
with the micromanipulator along the z-axis. The emCCD was used as visual feedback
and, at first, low magnitude objectives, such as 4X and 10X, were employed due to
their long working distance. By doing so, the nanotweezers were brought within ∼ 50
µm of the surface. At this point, we switched to a 60X water immersion objective with
a field of view of ≈ 136 µm x 136 µm and a working distance of approximately 200
µm.

• Penetration. The nanotweezers were positioned on top of the selected cell, whose
integrity was checked beforehand by looking at its shape and its fluorescence signal.
By gently lowering the nanotweezers along the vertical axis the cell membrane was
pierced. The distance travelled by the nanotweezers was a function of the distance
between the tip and the cell.

To establish the minimum distance that the nanotweezers had to travel in order to pierce
the cell membrane we firstly assumed, based on previous work [57] and confirmed
with our bright field images and confocal images (Figure 3.21), that the cell volume
and diameter were ∼ 4000 µm3 and ∼ 20 µm, respectively. Secondly, operating in
bright field, we estimated the distance between the bottom of the well and the tip
which was localized as a dark spot, as shown in Figure 3.21 d. It should be noted
that this distance represented only an approximation. In fact, determining the tip
position with nanometric precision is not possible because of, among other factors,
the diffraction limit. Although simple, our approach was effective and rarely did
the nanopipette impact against the surface. Nevertheless, the system could be fully
automatized by implementing a feedback mechanism during the approach. This would
involve monitoring the current across the carbon electrodes when a small bias is
applied; upon cell penetration the current should vary and clearly signal the event.
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Fig. 3.22 Schematic showing the workflow of sub-cellular nanobiopsy performed with the nanotweezer. The first step consisted of
approaching (a) the nanotweezer towards a selected cell and then penetrating its cell membrane as shown in the bright field image (d)
(cells were seeded in a chamber coverglass as illustrated in the image on the left). Both actions were performed manually with the help
of the micromanipulator (which the nanotweezer was mounted on) and using the emCCD camera as a visual feedback to control the tip
position. The second step consisted of activating the DEP (b) and trapping molecules around its tip. As shown in the fluorescence images
(e), when DEP was turned on (1 Mhz, 20 Vpp), a fluorescence spot was visualized in juxtaposition with the nanotweezer tip, as a result of
molecules accumulation. The nanotweezer was vertically withdrawn from the cell (c) and as shown in (f), a fluorescence signal was still
detectable at its apex. The final step involved transferring the trapped material into a PCR tube in such a way that further analysis could
be carried out. In order to do so, the nanotweezer was first completely lifted up from the chambered coverglass and disconnected from
the copper wires; then the nanotweezer was manually inserted into a PCR tube containing 5 µl of 10 mM Tris-HCl (pH 8.5) and the tip
was broken inside the solution. Scale bars: (d) 10 µm, (e) 10 µm while insets 2 µm, (f) 20 µm and 5 µm.)
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• Trapping This operation was performed under fluorescence illumination and DEP
was used in a similar manner to that employed when the analyte was in bulk solution:
with the nanotweezer located inside the cell, an AC field was applied between the
electrodes resulting in a strong F⃗DEP at its apex. Molecules in the surrounding volume
were trapped, leading to a localized increase in the overall fluorescence intensity. A
representative example of this step is illustrated in Figure 3.22 e: a DEP signal of 20
Vpp at 1 MHz was applied to the nanotweezer, localized inside the cell, resulting in a
visible fluorescence spot around its tip.

• Extraction and analysis The nanotweezer was then retracted from the cell. While
in the cell media, it was observed that the fluorescence spot was still localized at its
apex. This suggested that part of the cellular content accumulated beforehand remained
trapped after retraction (Figure 3.22 f). The nanotweezers were fully withdrawn from
the chamber coverglass using the z-axis of the micromanipulator.

In the final step the trapped material was transferred into a qPCR tube ready for the
process described in the previous section: the nanotweezer was manually inserted into
a qPCR tube containing 5 µl of 10 mM Tris-HCl (pH 8.5) and breaking the tip inside
the solution. Tubes were then stored at -20°C.

Finally we evaluated the viability of the extracted material which represent a fundamental
point for any nanobiopsy. qPCR assays were performed to verify the integrity of nucleic acid
bound to the nanopipette and possibly the quantity. Compared to other techniques were up to
pL of cytoplasm were aspirated, in this case the volume extracted might be much smaller
(atto to zeptoliters) and therefore more challenging. The nucleic acid sequence chosen to
be amplified belonged to the β actin gene which is a housekeeping gene responsible for
expressing actin, a major component of the cytoskeleton.

As illustrated by the real time amplification curves and the corresponding melting tem-
perature profile (Figure 3.23) it was possible to amplify the extracted cellular materials.
Cq ≈ 28 while for the negative control Cq ≥ 40 (forward and reverse primer were designed
according to [58]).

Overall, more than 20 nanobiopsy experiments were successfully performed using dif-
ferent cell batches demonstrating the ability of nanotweezers to operate within a cellular
environment. pDEP trapping conditions were met for frequencies equal to 100 kHz and
1 MHz with a voltage applied varying from 10 to 20 Vpp. As shown in Figure 3.24 a-f,
cells conserved its shape after being exposed to the electric field. This happened in the vast
majority of cases analysed however in some we observed the cell shrinking (irreversible
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Fig. 3.23 Real time amplification plot (a) and melting temperature profile (b) of DNA encoding β -actin gene extracted with the nan-
otweezer from U2Os cell. Every curve was generated by a single nanobiopsy performed on different cells. Negative controls consists of
addition of

damage). This might be attributed to electrodes with much larger surface area which in turn
produced a much more extended electric field resulting in cell deformation (Figure 3.24 g-i).

Generally, nanotweezers were considered minimally invasive due to their dimensions. In
fact the area of the nanopipette, based on the SEM, was approximately ≈ 0.011 µm2. This
value was orders of magnitude smaller (0.00088%) than the total surface area of a U2OS cell
which, according to previous studies, could be estimated around 1250 µm2.

When talking about DEP response of a molecule in the cytoplasm one should consider,
among many factors, its conductivity; previous work on cytoplasmic conductivity reported
σcyto = 0.31 S/m for red blood cells and σcyto = 0.19 S/m for E.coli cells [59] which are ≈ 1
order of magnitude higher than the one used in bulk experiments (σ1mMKCl = 14.6 mS/m).
A different response in the cell is therefore expected compared to the one we reported for
bulk experiments. However even the reported cytoplasmic conductivity values represent
only an average of the actual scenario inside the cell which is much more complex and
inhomogeneous. An important consequence of the preceding discussion is that the same
DEP stimulus inside the cell will generate different responses depending on where the
stimulus originated. Ultimately, this is advantageous because it represents another degree
of freedom in our system. In fact one can speculate about probing specific molecules in
one compartment while not affecting other molecules located in the same compartment or
surrounding compartments because of the different DEP response.
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Fig. 3.24 The effect of DEP on cell shape. Bright field images showing (a) U2OS cell before and (b) after DEP performed at 100 kHz-20
Vpp. (c) Showing the overlap of the cell before (green shadow) and after DEP was activated. (d-f) Showing a nanobiopsy performed on
endothelial cells (HPAEC) at 1 MHz-10 Vpp. The cell conserved its shape. In some cases (g-i), under the same conditions (e.g. voltage and
frequency), DEP resulted detrimental to the cell shape and to the cell survival. In this cases, following the DEP activation, a gas-bubble
was observed in correspondence of the tip of the nanopipette. This might be attributed to "faulty" electrodes which have much larger
surface area which in turn produced a much more extended electric field resulting in cell deformation. Scale bars µm10.
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3.5.1 Limitations and open challenges

The experiments above described a proof of concept experiment where it was shown that it
is possible to concentrate cellular material around the nanopipette and subsequently extract
part of it. However it comes with certain limitations and aspects that need to be addressed.

In general, all biological manipulation of cultured cells (e.g. microscopy, flowcytometry
etc.) potentially alter the cell’s physiology. Electric fields are no exception. The generate
a twofold effect: firstly it provokes current flow which causes power dissipation in the
form of Joule heating; secondly it has direct interaction with the cell. The latter takes into
account interactions with electric fields which already exist in the cell, such as at the cell
membrane. DEP-electric field might overlap with transmembrane voltages (which are in
the tens of millivolts) hence affecting voltage-sensitive proteins (e.g. voltage-gated ion
channels [60]). The first issue, the heating effect, is the main problem that almost all DEP
architectures suffer from when it comes to biological material [61]. Joule heating scales
with the characteristic length of the electrodes, L, and voltage applied as ∆T ≈ L2|E|2 [30].
Therefore nanotweezers, because of their nanometric scale, do not generate excessive heat.
For instance, when considering a cell conductivity of 1 S/m, DEP at 20 Vpp at 1 MHz,
simulations performed on our nanotweezer model predicted a maximum increase of about 10
K, in close proximity of the electrodes (approximately 5 nm) then dropping exponentially up
to ≈ 2K at a distance of 100 nm from the electrode (Figure 3.8 c,d). Although limited and
localized, this electric field might be detrimental for the cell’s survival or it might strongly
affect its phenotype. A way of mitigating this effect is by working with cells suspended
in a low conductivity buffer: the latter will diffuse inside the plasma membrane reducing
cytoplasmic conductivity and therefore heat dissipation. Following from the discussion on the
effect of Joule heating, an in vitro study over time, investigating the viability and phenotype
of cells after being perturbed by an electric field with different frequencies and magnitude
has to be carried out. Ideally, one would like to determine conditions that will affect as few
cells as possible (if any at all) and then use those conditions to perform the nanobiopsy.

The second aspect that would be worth investigating is the integrity of the cell membrane’s
function after nanopipette penetration. Although quartz nanopipettes of similar dimensions
(≈100 nm) [13, 62] or even larger ( ≈ 400 nm) have been used to penetrate the cell, resulting
in no discernible damage of the membrane a similar procedure has to be implemented in
our case. To verify this, one option is by using a fluorescence microscopy to monitor any
disruption in the intracellular Ca2+ signalling before, during, and after nanopipette insertion
[63]. Calcium ions cannot cross the cell membrane on its own because the cell actively
pumps out calcium so that a strong calcium gradient across the membrane is maintained.
If the integrity of the membrane is disrupted, calcium ions will leak across the aperture,
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equilibrating the inside and outside concentrations. Alternatively one might employ Tripan
Blue Solution to assess cell viability using the dye exclusion test: viable cells do not take up
Trypan Blue whereas dead cells (or with compromised membrane) do.

The third consideration is about the specificity of trapping and capture. In the experiments
above we showed that is possible to trap a range of different analytes both when isolated in
solution as well as in cellular environments. In principle, DEP allows to selectively trap a
specific molecule by tuning the frequency and thus the dielectric response of that molecule
in solution. However, especially inside a cell, achieving such sensitivity is not trivial due to
the enormous amount of molecules of similar size and charge being contained in a such a
small volume. Therefore it is reasonable to think that at the moment, the trapped material is
not of made of a specific analyte but it is rather a mixture of them. In future studies, it would
be interesting but also essential to establish the real specificity limits of our platform.

3.6 Conclusions

In conclusion, in this chapter we have presented a new manipulation tool for single molecules,
based on dual barrel nanopipettes which allow dielectrophoretical confinement of single
molecules in a volume surrounding the nanometric apex. We showed that this device, called
nanotweezer, is extremely easy, quick, robust to be fabricated and operated and also cost-
efficient (cleanroom facilities are not required). We demonstrated that the closely space
nanoelectrodes positioned at the tip of the nanotweezer are capable of generating an intense,
but highly confined dielectrophoretic force. We observed that this force can be used to
easily manipulate a broad range of analytes such as polystyrene beads, DNA fragments
and small proteins down to single molecule level. This is a significant improvement over
existing DEP-based devices used to manipulate molecules, which normally require extensive
fabrication processes, but also, over other single molecule techniques such as optical tweezers
or AFM where analyte labelling, induced-photodamage, or complex apparatus, to name but a
few, often represent insurmountable problems.

We demonstrated that nanotweezers were successful in extracting the captured molecules
outside the solution. For example we showed λ -DNA being trapped, extracted from the
solution and amplified via commercially available qPCR equipments. The impact of these ex-
periments was twofold. Firstly, it proved that DEP-handling was not harmful to biomolecules
which remained still viable and ready for further analysis. Secondly, it highlighted the versa-
tility of nanotweezer which could be used in combination with popular molecular biology
techniques.
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Importantly we extend the method capabilities to the field of minimally invasive sub-
cellular nanobiopsy. We demonstrated that nanotweezers, operating in a complex scenario
such as the cellular one, were capable of manipulating and consequently extracting cellular
content from a targeted cell. The extracted material was shown to be viable to be analyzed
with qPCR. Within the sphere of interest of single cell nanosurgery, nanotweezers represent
a substantial technological advancement due to their simplicity, rapidity in sample extraction,
and flexibility for integration with other techniques: technically, one could operate with the
nanotweezers on virtually any microscope (not necessarily fluorescence-based).

As such, the present technology opens the door to a new way of interrogating single
cells at specific time points without the necessity of performing cell fixation or alternatively
cell lysis; applications might range from fundamental science (e.g. following the protein
expression and studying cellular processes) to diagnostics where it could be used to monitor
the effectiveness and the mechanism of action of a specific drug over the time.
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Chapter 4

Nanopore-FET: a novel fabrication
strategy

4.1 Introduction

The analogies between semiconductor materials and electrolyte solutions [1] fuel, since
the late fifties, the interest in developing devices capable of actively manipulating different
biomolecules within "ionic integrated circuits", which represent the solid state electronics
equivalent of integrated circuits. From the pioneering works that established the electrolytic
analogy to the p-n junction [2] and the first ionic-liquid channel field-effect transistor (FET)
[3] a variety of devices and materials have been proposed leading to the birth of a new field
called iontronics.

Various architectures and materials (e.g. silicon, quartz, polydimethylsiloxane, silicon
nitride etc.) have been reported [4], however, one of the most promising sub-class of field-
effect transistor devices for biosensing are based around nanopores and nanoporous structures.
In general such hybrid platforms are extremely versatile because they can manipulate ions
or biomolecules (prerogative of FET) and at the same time interrogate them with single
molecule resolution in a sub-femtoliter volume (typical of nanopore).

The central element of these field-effect driven nanofluidic architectures is their perms-
elective behaviour [3]. Spatial and temporal redistributions of ions and biomolecules (e.g.
concentration, depletion and flow) represent the way of implementing logic gates and making
them communicating among each other effectively to generate ionic integrated circuits (e.g.
moving DNA molecules, proteins and charged species across channels). Nonetheless com-
pared to the electronic counterpart, the ionic circuits building blocks present some intrinsic
differences. Firstly, ions carry a charge n, which could be higher than one; secondly, there
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is not an equivalent electron-hole recombination process for ions (in the sense that anion
and cation do not disappear after they recombine); lastly, ions, compared to electrons (and
holes) move much slower due to relatively low mobilities. Despite having a slower response,
ion-based circuits, have the tremendous advantage of operating in an aqueous, biocompatible
environment.

Although there is an extensive literature about simulated ionic FET and actual working
devices [5–9], if we consider field-effect platforms for single molecule detection and manip-
ulation of biomolecules this number shrinks considerably. The main problem is definitely the
complexity in fabricating such devices. The standard approach consists on integrating a pair
of nanometric electrodes of various nature (tunneling electrodes [10, 11], graphene nanogaps
[12], graphene nanoribbons [13]) or alternatively a nanowire [14] onto a conventional SiNx

nanopore membrane. However this fabrication route normally requires multi-step procedures
largely based on cleanroom facilities which are costly, time consuming and with a low overall
process yield.

In this work we present a new method for fabricating field effect nanofluidic transistors
based around quartz nanopipettes which are a sub-class of solid state nanopores. As shown
in Figure 4.1 the 3 electrodes system was implemented in a double barrel nanopipettes setup
where one barrel, which has been carbon coated first and gold electroplated after serves as
gate electrode to actively regulate the ionic species passing through the open barrel which
acts as a standard nanopore sensor. We showed that these new field effect devices, which are
easy to fabricate and operate, allowed to sense and regulate the passage of individual DNA
molecules similarly to a molecular switch. In addition, we show that this new method allows
to simultaneously tune the pore size, consequently improving the signal-to-noise (SNR) of
the detected molecules.

Fig. 4.1 Nanopore-based ionic-FET schematic. The device consists of a dual barrel quartz nanopipette in which one barrel acts as a
nanopore channel while the other one acts as a gate electrode and it is responsible for regulating the electric field around the pore entrance.
As a result of the fabrication process which involves carbon deposition followed by electrochemical growth of gold, the nanopore aperture
is coated with a metal electrode which is independently driven from the open nanochannel.
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Overall this novel nanopore-FET fabrication strategy would have a twofold impact in the
field: precisely active control over ionic species such as charged biomolecules (e.g. nucleic
acids or proteins) as well as investigating the fundamental physico-chemical mechanisms
involved in this type of field-effect systems.

4.2 Experimental procedures

4.2.1 Pipette pulling

Dual barrel nanopipettes were fabricated using a P-2000 laser puller (Sutter Instrument,
USA) from quartz double-barrel capillaries (Friedrich & Dimmock, USA) with an outer
diameter of 1.2 mm and an overall inner diameter of 0.9 mm which comprises two chambers
separated by an insulating quartz septum (0.2 mm) which retains its shape after the pulling
process. The quartz capillary were 100 mm in length.

Capillaries were plasma cleaned (Harrick Plasma cleaner PDC-001, USA) for at least 15
minutes and subsequently pulled according to the following protocol:

Heating Filament Velocity Delay Pulling

Line 1 850 4 30 160 100
Line 2 870 3 20 140 160

Table 4.1 Nanopipette pulling protocol for dual barrel nanopipettes.

4.2.2 Carbon deposition

Dual barrel nanopipettes with a carbon nanoelectrodes were fabricated with the setup de-
scribed in Figure 3.3.

A rubber plug (Blu Tak, Bostik, FRA) located at the back-end of one barrel was used
to prevent the butane gas from flowing in both barrels leading to carbon being deposited
inside the open barrel only. The procedure adopted was identical to the one described in the
previous chapter. Briefly, nanopipettes were mounted onto single-axis moveable holder and
the back-end connected, via a rubber tube, to a butane canister. The tip of the nanopipette was
aligned to the opening of a quartz, single barrel capillary, placed on the opposite side which
provided argon gas flow at the tip of the dual barrel nanopipette. A manually controlled gas
blow torch, was used to heat the tip of the nanopipette for approximately 30 s leading to
pyrolytic deposition of carbon from butane.
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4.2.3 Gold deposition setup

The feedback controlled electrochemical gold deposition was performed using a bipoten-
tiostat (model 760C, CH instrument, USA). The nanopipette was immersed in the gold
electroplating solution (ECF 64, Metalor, JPN) with the open barrel being filled with a solu-
tion of ammonium sulfite (supporting electrolyte of ECF64). In this way the electroplating
was localized outside the nanopipette and the possibility of gold being deposited inside the
pipette was further minimized (notably the SEM did not show any carbon being deposited
inside the open barrel therefore this possibility should be already low). A copper wire (0.125
mm in diameter, GoodFellow U.K.) was employed to connect the carbon deposited barrel
with Working Electrode 1 of the electrochemical station; a silver wire (0.0125mm in diameter,
GoodFellow U.K.) was inserted in the open barrel and connected to the Working Electrode
2. A second silver wire dipped in the gold electrochemical bath acted as a Quasi Reference
Counter Electrode (QRCE).

A dual channel chronoamperometry protocol was used for the feedback controlled
electrochemical gold deposition: one channel, connected to the carbon electrode, was
dedicated for the actual deposition and a constant bias of -0.73 V was applied. The second
channel, connected to the open barrel, was used to measure the ionic current flow across the
pore and therefore monitor in real-time the pore size. This channel was held at -0.1V.

Notably before and after the deposition, IV characteristics of the open barrel were
performed using a cyclic voltammetry where the voltage was swiped between -500 mV
and 500 mV at a scan rate of 0.05 V/s with a sampling rate of 0.02 V). The conductance,
thus the pore size, was calculated over the linear region +100 mV and -100 mV. After the
deposition, each nanopipette was rinsed with DI water multiple times. To shield unwanted
electromagnetic noise experiments were carried out by placing the nanopipette inside a
Faraday cage.

4.2.4 Materials

10 kbp dsDNA 500 mg/ml was purchased from New England Biolabs(USA). DNA transloca-
tion experiments were performed in a solution of 100 mM KCl, 10 mM Tris 1 mM EDTA,at
pH 8.0.
The gold electroplating solution ECF64 was purchased from Metalor (JPN) and it consisted
of 16.5 g/L of AuNH4(SO3)2 (8.4 mM of Au), 70 g/L (NH4)2SO3 (0.52 mM). The solution
appeared semi-bright, with a density of 19.3 g/cm3, with a pH of ∼ 9.

For the electrodeposition experiments, ECF64 stock solution was diluted 1:10 (v/v) in DI
water (18.2 MΩ). The freshly prepared solution was used for no longer than a day.
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The supporting electrolyte, which the open barrel was filled with, consisted of 0.052 M
NH4AuSO3 aqueous solution. NH4AuSO3 (in powder form) was purchased from Sigma-
Aldrich and prepared in ultra pure DI water.

4.2.5 Single molecule recordings

Single molecule recordings were performed using Axopatch 200B in conjunction with a
Digidata 1440 (Molecular Devices, USA) or by using MultiClamp 700B amplifier (Molecular
Devices, USA) with Digidata 1550 digitizer (Molecular Devices, USA). In both cases the
analog data was acquired with Clampex Data Acquisition Module (Molecular Devices, USA),
low-pass filtered using the built-in 4 pole Bessel filter (Data acquisition frequency was set to
100 kHz aside from current voltage characteristics which were performed at 50 kHz) and
processed with the Matlab script described in Chapter 2.

4.3 Results

4.3.1 Fabrication

The fabrication method consisted of three main steps: nanopipette pulling, carbon coating
and electrochemical gold deposition (Figure 4.2). Starting from theta quartz capillaries,
nanopipettes were laser pulled according to the protocol described in the experimental
section. The apex of a typical nanopipette consisted of a semi-elliptical geometry where two
nanometric apertures were separated by an insulating quartz septum (20±5 nm ). According
to the SEM micrographs the effective radii of each nanopore aperture was comprised between
20 to 50 nm leading to an overall tip radius of approximately 100 nm and 50 nm along the
long and short axis respectively (Figure 4.3).

Carbon deposition

The carbon deposition step was performed, according to a well established procedure [15, 16],
using the setup described in Figure 3.3. The butane flow was passed in one barrel only by
blocking the other with a rubber plug. This method resulted in one nanoelectrode and an
open pore placed next to each other at the apex of the nanopipette. Notably no carbon was
deposited around or inside the open barrel leading to no change or contamination of the
nanopore aperture.
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Fig. 4.2 Schematic of naopore-FET fabrication. Showing the three steps necessary to fabricate a nanopore based ionic FET: laser pulling
of quartz capillaries; carbon deposition on one of the two nanopipettes barrels and electrochemical deposition of the gold electrode around
the tip which serves as gate electrode.

Fig. 4.3 Carbon deposition characterization. Showing bright field and SEM micrographs of dual barrel nanopipette before (a-c) and
after carbon deposition (d-e). Scale bars: (a),(d) 20 µm, (b) 100 nm, (c),(f) 10 µm, (e) 50 nm.
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Gold deposition

The gate of the fluidic transistor was fabricated via electrodeposition of gold onto the carbon
electrode at the tip of the nanopipette. This step was made necessary by the fact that the
carbon electrode itself did not show any "gate activity. In other words, applying a bias to the
carbon electrode was not sufficient to perturb the ionic current of the open barrel. Perhaps
this can be explained by considering the fact that the carbon electrode is positioned on one
side of the source-drain fluidic transistor (in an ideal scenario, the gate electrode should
surround a narrow source-drain channel so that a small change in the gate potential would
immediately perturb the ionic current flow between source and drain channel).

Integration of a third metallic, gating, electrode into a solid-state nanopore device, via
electrodeposition, has been previously reported [17, 18], however in the method adopted
here, the novelty is represented by the possibility of tuning in real time the pore aperture
by continuously monitoring the ionic current flow across the open barrel. In other words, it
was implemented a feedback-controlled deposition system. For this step ECF64 solution
(Metalor, JPN) was utilized. ECF64 consisted of cyanide free sulphite gold electroplating
processes based on the ammonium gold sulphite electrolyte. ECF64 was chosen due to its
slow deposition rate [19] which allowed an higher degree of precision when depositing at the
nanoscale.

Fig. 4.4 Cyclic voltammograms of ECF64 gold electroplating solution at the carbon nanoelectrode vs. Ag quasi-RE/CE. The scan
rate was 50 mV s and the scanning started at 0 V. Gold ions undergo a reduction process at around -0.7 V whereas at -0.9 V oxygen
was reduced. The amount of gold deposited increased at every CV cycle resulting in bigger electrode area and therefore larger measured
currents (60 cycles shown).

Cyclic voltammetry (CV) was initially used to study the reactions taking place at the
carbon electrode surface; in particular it was useful to determine the type of reactions (e.g.
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electrodeposition) involved in the system as well as the potential at which they occur. Figure
4.4 shows a series of cyclic voltammograms of the dual barrel carbon coated nanopipette
in ECF 64 solution (diluted in DI water 1:10 v/v) between 0 V and -0.9 V at a scan rate of
0.05 V/s. An Ag electrode wire was used as Ag quasi reference electrode- counter electrode.
In agreement with what has been reported in literature [17] ECF64, undergoes a reduction
process at ∼ 0.75 V. The deposition mechanism is thought to occur most likely through the
dissolution of the gold sulphite ions and consequent adsorption of gold ions onto the carbon
electrode surface according to the following reactions [17]:

[Au(SO3)2]
3− → [Au(SO3)2]

−+SO2−
3 (4.1a)

[Au(SO3)2]
− → Au+ads +SO2−

3 (4.1b)

Au+ads + e− → Au0 (4.1c)

After every cycle the magnitude of the reduction peak increased suggesting that the nucleation
process was taking place and the active area of the electrode was growing over the time.
The peak observed at around -0.9 V in the CV was due to oxygen reduction. On pyrolytic
graphite electrodes the oxidation process proposed for aqueous alkaline solution like ECF64
is given by [20]:

O2 → O2(ads) (4.2a)

O2(ads)+ e− → O−
2(ads) (4.2b)

2O−
2(ads)+H2O → HO−

2 +OH− (4.2c)

Notably the assumption of considering the nature of the electrode as largely graphitic
was justified by recent works [21, 22] where the Raman spectrum of carbon nanoelectrodes
fabricated in similar manner revealed D and G bands at 1367 cm−1 and 1576 cm−1 respec-
tively (G1 band was not detected). Such peaks are characteristic of graphitic, disordered type
of material.

Having successfully determined the optimal working conditions (e.g. potential and
solution concentration) to electrodeposit gold on a carbon electrode, the attention was
focused on integrating the procedure in the presence of a nanopore aperture. In other
words, incorporating the gold electrode around the open channel preventing the deposition
to obstruct the aperture. Although in principle, the open barrel could be metallized by
depositing a fixed amount of gold, thus electrodepositing for a fixed amount of time using
either cyclic voltammetry or chronoamperometry, a feedback mechanism that allowed real
time monitoring of the process was not only preferable but also necessary. Since the pipette
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to pipette variability was estimated to be around 10%−20% of the measured conductance
value, each electrodeposition would have different electrode active area and hence different
starting conditions (pore size translates into different carbon electrode area). As a result, the
nucleation and subsequently growth of gold deposits will vary from pipette to pipette albeit
operating in the same conditions (e.g. solutions, reduction potential, deposition time).

Fig. 4.5 Feedback controlled gold deposition. (a) Showing the schematic of the electrochemical deposition setup. The nanopipette
was immersed in a bath containing ECF64 gold plating solution while the open barrel was filled with its supporting electrolyte (0.052 M
NH4AuSO3). A feedback mechanism was established by using a bipotentiostat and a three electrodes configuration. Two independent
WE were used: one Cu electrode, was inserted into the carbon-coated barrel and used for the gold deposition while the second WE
consisting of a Ag wire was inserted in the other barrel and used monitor the ionic current flow across the open channel. A common Ag
quasi quasi-RE/CE was placed in the bath. The carbon electrode was held at the reduction potential (sim -0.75 V) while the electrode in
the open barrel was held at -0.1 V. The chronoamperometric traces recorded from the two WE (b) showed 2 distinct phases: in the first
one, where nucleation and subsequently gold deposits formation took place, the deposition current increased in absolute value (top panel),
while the open pore current remained almost constant (bottom panel). In the second phase, the open pore current decreased significantly
as a result of gold material being deposited around the nanopore which eventually lead to a pore shrinkage. The former was particularly
evident when comparing the IV characteristics before and after the deposition (c). The inset is showing a zoom of the IV linear region
where linear fittings were performed. G = 18.63 ± 0.07 nS and G = 5.90 ± 0.06 nS before and after the deposition respectively.

A feedback mechanism was established by using a bipotentiostat and a three electrodes
configuration as illustrated in the schematic in Figure 4.5 a. Two independent working
electrodes (WE) were used: one electrode (consisting of a copper wire) was inserted into
the carbon-coated barrel and used for the gold deposition while the second electrode (Ag
wire) inserted in the open barrel which was filled with supporting electrolyte and used as
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feedback. All electrochemical depositions were performed using a Ag quasi-RE/CE dipped
in the ECF64 electrochemical bath.

The main idea consisted on monitoring the ionic current flow across the open channel
while gold was electrodeposited on the carbon electrode. The reason why the ionic current
flow across the nanopore was monitored is because as a result of the nucleation first, and the
subsequent further growth and thickening of the gold layer, the nanopore will start shrinking
(the two barrels are separated by a small gap of ∼ 20 nm). Therefore, by monitoring the
ionic current it is possible not only to avoid pore blocking but to also actively tune it to the
desired diameter. Notably, as it will be shown in the optical characterization later in this
chapter, the gold growth is not restricted at very end of the pipette tip but it rather extends
for several hundreds of nm, forming a sort of globular structure with a nanometric channel
embedded on it. The former will have smaller diameter than the initial nanopipette diameter.

A typical feedback-guided deposition is shown in Figure 4.5 b. The procedure was
performed using i-t chronoamperometry (sampling time was set to 1 s): the deposition
potential on the carbon electrode was kept constant at -0.73 V while -0.1 V was applied
to the open barrel (notably this potential value was arbitrary however a low voltage was
chosen to minimize interferences with the deposition process). The absolute value of the
electroplating current gradually increased over the time indicating successful nucleation and
progressive expansion of the electrode surface area as a result of the deposition. On the other
side the nanopore current remained almost constant for a long period of time (∼ 750 s in the
specific case) and it was then followed by a sharp transition where the current magnitude
quickly decreased. This sudden variation was due to gold being progressively deposited
around the nanopore aperture leading to a modulation in the pore dimension and therefore in
the measured current. At this point the deposition was halted.

This reduction in pore size was evident when comparing the IV characteristics acquired
between ± 0.5 V before and after the deposition. As shown in Figure 4.5 c the conductance
over the linear region ± 0.1 V was calculated to be 18.63 ± 0.07 nS 5.90 and ± 0.06 nS
before and after the deposition respectively leading to an overall variation of ∼ 70%.

A more careful analysis of the IV revealed the presence of the rectification phenomenon:
experimentally the magnitude of the ionic current flow at two biases which are equal in
magnitude but opposite in sign did not coincide. Such non-linear behaviour was explained
with the ion accumulation-depletion model [23] where the flux of anions (SO2−

3 ) in one
direction differs from flux of cations (NH+

4 ) in the other direction as a direct consequence
of the charges present on the nanopipette wall. For instance when a positive potential was
applied to the Ag electrode inside the nanopipette relative to the Ag electrode placed in the
bath, NH+

4 ions moved from the nanopipette to the bath while SO2−
3 moved in the opposite



4.3 Results 151

direction. As a result of the hydroxyl groups present on the surface (ECF64 was an alkaline
solution with a pH of ∼ 8.0), SO2−

3 ions were electrostatically rejected. Therefore SO2−
3

were depleted within the first few tens of nanometres of the nanopore channel, leading to an
overall decrease of conductivity and hence a decrease in the measured current. In general
this phenomenon is more pronounced when the width of the EDL region is comparable with
nanopore aperture [24] as in the case documented herein.

Fig. 4.6 Optical characterization of gold deposited nanopipettes. a) A series of time dependent depositions were used to study how the
deposited gold material expanded around the nanopipette tip. b) SEM micrograph of a nanopipette tip deposited for 50 s and c) and d)
400 s. Scale bars: a) dark field 30 µm, bright field 3 µm b,c) 500 nm d) 100nm.

A series of time dependent depositions were used to study how the deposited gold material
physically developed on the nanopipette tip. As shown in Figure 4.6 a a set of nanopipettes
were electrodeposited under the same conditions (e.g. voltage applied and electroplating
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solution concentration) for 700 s, 1000 s, 2000 s, 3000 s, subsequently rinsed in DI water
and imaged in dark and bright field mode. Gold material appeared to grow around the tip as
a blob with an ellipsoidal profile: x-y axis dimensions ranged from 1.5 ± 0.3 µm and 2.5 ±
0.3 µm at 700s to 9 ± 0.5 µm and 12 ± 0.5 µm at 3000s.

The SEM micrographs (Figure 4.6 c-e) confirmed that nucleation took place at the very
end of the tip followed by the growth of these nucleus generating a more uniform gold blob
wrapped around the tip. Only in a later stage, gold was deposited in the proximity of the
open pore channel causing its shrinkage. This was in good agreement with the our previous
findings where the nanopore ionic current was measured to be constant for a long period of
time followed by a sharp transition which represented the point where the electrodeposited
material effectively shrunk the pore.

It was observed that the time required for this point varied considerably from pipette to
pipette. As illustrated in Figure 4.7 a, the segment where nanopore feedback current was
measured to be constant ranged from 600 s to 1000 s. This behaviour was totally expected
and two main factors were identified as responsible of such a high variability.The first one
was the intrinsic pipette to pipette differences in terms of pore size, given by the laser puller
which was extremely sensitive to temperature and humidity. The second factor was the
carbon deposition step, which could generate carbon electrodes with slightly different active
area.

Fig. 4.7 Tuning nanopore size via feedback controlled feedback depositon. (a) Showing the current deposition trace and open pore
current feedback for three different nanopipettes. The deposition process was halted at three distinct values of feedback current: ∼ -2.5
nA, ∼ -1.5 nA and ∼ -1 nA. As shown in (b), these values were correlated to different pore sizes. The smaller the feedback current value,
the smaller the final nanopore aperture thus the smaller the ionic current flow (or conductance) measured. Before the deposition the mean
conductance was calculated to be 18.30 ± 0.07 nS; while it decreased to 12.40 ± 0.05 nS, 8.13 ± 0.04 nS, 1.62 ± 0.01 nS for feedback
current halted at ∼ -2.5 nA, ∼ -1.5 nA and ∼ -1 nA respectively. The inset shows a zoom on the linear regime.

These considerations reinforced the idea of having such a feedback mechanism. In
fact, by halting the deposition process at specific feedback current level it was possible to
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precisely control the pore size as shown in Figure 4.7 a,b. Before the deposition nanopipettes
exhibited a mean conductance of 18.30 ± 0.07 nS while the this value was calculated to
be 12.40 ± 0.05 nS, 8.13 ± 0.04 nS, 1.62 ± 0.01 nS when the deposition was stopped at
feedback current equalt to ∼ -2.5 nA, ∼ -1.5 nA and ∼ -1 nA respectively. This achievement
represented a remarkable advantage because, as already demontrated, shrinking the pore,
thus making it comparable to the analyte dimension, makes it more sensitive [25] ( notably,
the ionic current flow across a nanopore as well as any modulation caused by the passage of
an analyte are a function of its diameter according to the equation 1.8).

To sum up, the feedback method allowed to transform a simple nanopore channel into a
nanofluidic transistor by integrating a gold electrode around its aperture. At the same time,
and with no-extra step in the fabrication, the process allowed to tune the nanochannel size to
the desired volume with an evident gain in terms of single molecule sensitivity and SNR.

4.3.2 Single molecule detection

In this section the newly fabricated NanoFET was used in a single molecule detection study.
In particular, the behaviour of DNA when translocating across the pore was studied before
and after gold deposition. All of the reported translocation experiments were carried out
using 10 kbp DNA and the ionic strength of the solution was kept constant throughout all
experiments at 100 mM KCl.

The first set of experiments were performed with carbon deposited nanopipette (e.g.
no gold was present on the surface). 400 pM 10 kbp was injected inside the open barrel.
The ionic strength condition was kept symmetrical between the nanopipette and the bath.
Importantly, the carbon electrode was left floating (e.g. not connected to any piece of
equipment). As shown in the ionic current recordings in Figure 4.8 a-b single molecule
events were detected in enhancement (e.g. ∆ G > 0) when the bias applied between the
electrode in the bath and the electrode in nanopipette was < 0 V.

Dwell times decreased while mean peak current values increased with the voltage applied.
For instance, the dwell time was calculated to be 0.33 ± 0.13 ms and 0.18 ± 0.06 ms at
-300 mV and -800 mV respectively; the faster translocation velocity was explained with the
higher electric field and therefore a stronger electrophoretic force applied to DNA molecules.
The peak current shifted from 24.40 ± 2.49 pA at -300 mV to 68.05 ± 14.42 pA at -800
mV whereas for the same voltages the equivalent charge deficit remained almost constant:
8.44 ± 2.19 fA s and 10.57 ± 3.15 fA s (Figure 4.8 c). This behaviour was perfectly
consistent with translocations of DNA molecules of similar length, in similar ionic strength
solutions and performed using uncoated quartz nanopipettes [26, 25, 27] (notably similar
results were also achieved in chapter 2 using dual barrel nanopipettes without filaments).
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These findings suggested that the open barrel nanopipette was not affected by the carbon
deposition step which most certainly was confined to the other barrel only as confirmed by
the SEM micrographs shown earlier (Figure 4.3).

Fig. 4.8 10 kbp DNA translocation performed on dual barrel carbon coated nanopipette at 100 mM KCl TE pH 8.0. (a) Ionic
current trace and (b) single translocation events recorded at -400 mV voltage applied. (c) showing histograms for dwell time, peak current
and equivalent charge deficit for 3 different voltages: -300 mV, -400 mV, -500 mV. Mean dwell times were calculated to be 0.43 ± 0.17
ms, 0.33 ± 0.13 ms and 0.29 ± 0.11 ms; the mean peak currents were calculated to be 24.40 ± 2.49 pA, 33.80 ± 3.89 pA and 36.16 ±
8.3 pA; the mean equivalent charge was calculated to be 8.44 ± 2.19 fA s, 8.92 ± 2.41 fA s and 8.38 ± 2.53 fA s. As expected from
literature, the peak current increased with the voltage applied whereas the dwell time decreased as a result of an increased electrophoretic
force acting on DNA molecules (e.g. higher translocation velocity).

A different scenario was observed for the gold coated nanopipettes. To be consistent
with the previous measurements, the gate electrode was left floating. When a negative bias
was applied between the electrode in the pipette and the one in the bath, 10 kbp DNA was
electrophoretically transported across the pore and events were clearly visible in the ionic
current (Figure 4.9 a,b). The smaller conductance reflected the narrower pore size ( G =
4.84 ± 0.10 nS for the gold deposited compared to G = 7.78 ± 0.03 nS for the carbon coated
nanopipette), and the rectification increased due to the EDL being more prominent (Figure
4.9 c). In addition to the quartz surface, also the gold surface was negatively charged in KCl
solutions due to Cl− ions adsorption [28, 29]. The noise was only marginally higher.



4.3 Results 155

As shown in Figure 4.9 d, at the same applied voltage the measured peak current for
gold coated nanopipette was significantly higher: for instance at 700 mV, the mean peak was
calculated to be 139.2 ± 11.5 pA which corresponded to an increase of ∼ 150 % compared
to the carbon pipette where the mean peak current was calculated to be 54.1 ± 12.8 pA.

Fig. 4.9 10 kbp DNA translocations performed with dual barrel gold coated nanopipettes. (a) Showing ionic current recordings
performed in 100 mM KCl, pH 8.0 with dual barrel gold coated nanopipettes at -400 mV voltage applied. The gold electrode was left
floating for the entire recording. DNA (400 pM) was translocated from inside the nanopipette to the bath and (b) single molecule events
were detected. (c) IV characteristics revealed a smaller conductance and a more pronounced rectification factor for the gold coated
nanopipette compared to the carbon coated nanopipette (G = 4.84 ± 0.10 nS and G = 7.78 ± 0.03 nS for the gold deposited and carbon
deposited respectively). These observations were the result of a smaller nanopore aperture, thus smaller measured ionic current. The
higher rectification was due to Cl− ions adsorption in the gold surface which resulted in an overall increased permselectivity behaviour of
the nanochannel. The insets shows the power spectral densities (top-left) of ionic current signals of a gold deposited nanopipette versus a
carbon deposited one and a zoom of the conductance in the linear regime (bottom-right). (d) Peak current and (e) dwell time comparison
between a carbon coated nanopipette and a gold deposited nanopipette.

The duration of translocation events appeared to be only moderately longer: at 300 mV
the mean dwell time was calculated to be 1.95 ± 0.63 ms and 0.43 ± 0.18 ms for gold coated
and carbon deposited nanopipette respectively. In good agreement with literature, when the
pore diameter decreases DNA translocations are partly governed by interactions with the
nanopore walls [30] resulting in longer translocation times.
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The opposite scenario, where DNA molecules were translocated from the bath to the
nanopipette was also analyzed. DNA molecules were initially injected in the bath and
electrophoretically translocated when a positive bias was applied across the pore. Results
were comparable and a smaller pore was at the base of a significantly higher SNR for the
events detected with gold coated nanopipettes compared to the carbon-coated ones. As
illustrated in Figure 4.10 a, at the same voltage applied of 200 mV, events went completely
undetected with the carbon coated nanopipette while with the gold deposited nanopipettes,
single molecule events were clearly visible in the ionic current trace. with mean dwell
time of 0.83 ± 0.6 ms and SNR equals to 20.4 ± 6.3 Figure 4.10 b-c. It was observed
experimentally that DNA molecules got stacked more frequently when using a gold coated
nanopipette, irrespectively of the translocation direction (e.g. from inside the nanopipette to
the bath and vice-versa).

Fig. 4.10 Comparison between carbon coated (green) and gold coated (orange) dual barrel nanopipette. 10 kbp DNA molecules
were translocated from the bath to the nanopipette and the ionic current traces (a) were recorded at 100 mM KCl at 200 mV and 300 mV
voltage applied (top and bottom traces respectively). Due to the smaller pore size, the mean peak current generated by DNA molecules
threading across the gold coated pore was higher than the carbon deposited nanopipette leading therefore to higher SNR values (b). The
mean dwell time of the translocations performed with gold coated nanopipette were only marginally higher (c) with the vast majority of
the events being detected around ∼ 1 ms. Scale bars: zoom in the bottom trace of panel (a): 0.5 s, 5 pA.
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4.3.3 Gating ionic transport

In general, in ionic FET architectures the gate potential is used to tune the surface charge
leading to electric-field mediated control of the electroosmotic flow in the nanochannel
[31, 32].

For this reason, experiments were carried out to characterized the ionic transport prop-
erties of gold deposited nanopipettes when a bias was applied to the gate electrode. In this
case, the experimental setup consisted of two independent recording channels: one was used
to control the gate voltage while the second channel was employed to apply a voltage and
record the ionic current flowing across the nanopore. A common electrode acting as ground
was placed in the bath. Both the nanopipette and the bath consisted of 100 mM KCl solution
buffered at pH 8.0.

In Figure 4.11 are illustrated the field effect modulation of the open pore current for
gate voltages Vg ranging from -500 mV to +400 mV. In particular, when Vg < 0 was applied
the ionic current, thus the conductance, was considerably reduced whereas at Vg > 0 the
conductance was marginally increased. For instance, in the case illustrated in Figure 4.11 a
G = 3.82 ± 0.17 nS, G = 2.69 ± 0.09 nS and G = 4.1 ± 0.18 nS for Vg = 0 mV, Vg = -400 mV
and Vg = +400 mV respectively. In other words, at Vg = -400 mV the conductance dropped
by approximately 30% whereas at Vg = +400 mV it increased by only 7%. In some cases,
as shown in Figure 4.11 b the ionic current flow was completely unresponsive to the gate
voltage when a positive voltage was applied between the nanopipette and the bath. Notably
this gating effect was attributed to the active role played by the gold channel electrode.
Indeed, no ionic current modulation was recorded when a similar experiments were carried
out with bare carbon deposited nanopipette.

The physical mechanism behind the ionic current modulation has been already described
for similar cases [33–35]. The general idea consisted on tuning the potential, thus the charges
and the counter-ions concentration around the nanochannel walls by applying a bias to
the gate electrode. In particular, when a negative voltage was applied across the nanopore
without any Vg bias, K+ ions move from the nanopipette to the bath while Cl− ions do the
opposite. However for negative Vg, Cl− ions were electrostatically repulsed whereas K+ were
attracted. In other words the gate electrode modulate the EDL thickness by locally changing
the concentration of both ionic species. As Cl− were repulsed from the pore proximity,
electroneutrality forced the concentration of K+ to decrease as well. A further increase in the
gate voltage resulted in a wider ion-depleted region which decreased even further the number
of K+ ions available for transport hence the overall ionic current.

In case of Vg > 0, we were supposed to visualize the opposite scenario where the ion-
depleted region decreased leading to a stronger ion current across the pore. This was not,



158 Nanopore-FET: a novel fabrication strategy

Fig. 4.11 Conductance modulation in dual barrel gold coated nanopipette. Gold coated nanopipette were immersed in a bath of 100
mM KCl solution at pH 8.0 identical to the solution being injected in the open barrel. (a), (b) IV characteristics acquired by holding the
gate voltage at a fixed potential and swiping the bias across the nanopore between -500 mV and +400 mV. The ionic current flow was
modulated when applying a bias to the gold electrode. In particular the nanopipette was more responsive (meaning that an higher current
variation was recorded), when applying a negative voltage to the gate electrode; in contrast a positive gate voltage caused marginal, and
sometimes irrelevant variation in the ionic current. (c) Showing an example of ionic current trace were the bias across the pore was held
at -300 mV (top panel) while the gate voltage was varied between -500 mV and 300 mV(bottom panel).
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however, what we observed experimentally. At Vg > 0, the current across the pore was only
marginally higher or, as recorded in some cases not affected at all. Perhaps higher gate bias
were necessary to overcome the negative charges present at the surface. However voltages
above 500 mV were avoided due to rapid gold electrode degradation, most probably as a
result of electrochemical reactions. In addition one should consider the fact that the EDL
thickness at 100 mM KCl was calculated to be smaller than 1 nm; therefore a positive bias,
which diminished the overall negative charge of the quartz surface and therefore the EDL
thickness would not be appreciated at this salt concentration. Most likely operating at lower
salt concentration will produce a more significant change also at positive voltages.

Manipulation of DNA translocation

To investigate the impact of the electric field applied to the gate electrode a series of translo-
cation experiments were carried out using 10 kbp DNA in 100 mM KCl solution. The DNA
was initially injected in the open barrel. Similarly to what has been shown above, the gate
electrode and open barrel were controlled by two independent channels. Figure 4.12 shows
a snapshot of the results obtained. At Vg = 0 mV as well as positive gate voltage (Vg =

Fig. 4.12 Modulating the translocation of 10 kbp DNA across a three-electrodes nanopipette system. The dual barrel gold coated
nanopipette is filled with 100 mM KCl TE pH 8.0 with 400 pM 10 kbp DNA. The nanopipette is immersed in a bath of similar ionic
strength where a common reference Ag AgCl electrode is used for both the open barrel and the gate channel which control the nanopore
electrode. When a negative bias was applied between the open barrel and the bath, translocations were detected when Vg = 0 V or Vg > 0
V whereas they were inhibited when Vg < 0 V.

+100 mV), single molecule events (recorded in current depletion) corresponding to 10 kbp
translocations were clearly visible; whereas at negative gate voltage (Vg = -100 mV) no
translocation event was recorded. In both cases a constant potential of -300 mV was applied
between the open barrel and the bath. Further analysis revealed that at Vg > 0 V, dwell times
and mean peak current of DNA translocations were completely comparable to the events
recorded when Vg = 0 V as shown in Figure 4.13 a-c (peak current ∼ and dwell time ∼
in both cases). This appeared to be in contrast with what we expected. In particular when
a positive voltage is applied to gate one would expect DNA molecules to be subjected to
a strong Coulombic attraction leading to a reduced translocation velocity of the molecule
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across the pore. However this was not the case. A partial explanation of this results were
anticipated in Figure 4.11, where it was observed that a positive potential had a negligible
impact on the open pore current. Perhaps much higher potential (>1 V) would be required to
achieve longer translocation times. For instance, a nanopore-FET study [36] demonstrated
that λ -DNA was decelerated by approximately one order of magnitude, when 9 V were
applied to the gate electrode which covered a 20 µ m long , 50 nm wide channel.

Notably such a high potentials were not compatible with our architecture due electro-
chemical reactions and gas generation at the electrode surface. Experiments were carried
out up to Vg = 300 mV, however no significant effect was observed. Another key aspect to
take into account was the pore dimensions. To avoid DNA irreversibly blocking the pore
while threading through, relatively large nanopores were employed ( the gold deposition was
stopped when the feedback current was higher than 1 nA). However, to achieve a stronger
FET effect, smaller apertures would be preferable.

Fig. 4.13 10 kbp DNA translocations when Vg > 0 V. (a) Baseline-adjusted, ionic current trace of 10 kbp DNA (400 pM injected inside
the nanopipette) translocations performed in 100 mM KCl at pH 8.0 when Vg = 100 mV and Vg = 0 mV. In both cases the bias across
the pore was held at -400 mV. (b) and (c) showing the peak current versus dwell time distribution for Vg = 100 mV and Vg = 0 mV. No
significant difference was observed between the distributions (peak current ∼ 70 pA and dwell time ∼ 0.1 ms in both cases) meaning that
a positive gate voltage produced negligible effects on the transloction dynamics.
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Fig. 4.14 10 kbp DNA translocations when Vg < 0 V. (a) Baseline-adjusted, ionic current trace of 10 kbp DNA translocations performed
in 100 mM KCl at pH 8.0 varying the gate voltage while helding at a constant value (-400 mV) the potential across the channel. When
Vg = 0 mV DNA molecules were normally translocated across the pore whereas at Vg = -100 mV translocation were inhibited. This
mechanism (b) was explained with a combination of electro-osmotic flow (EOF) acting in the opposite direction of the electrophoretic
flow and it was also due to the electrostatic repulsion between DNA and the negatively charged gate electrode. The combination of
these two effects resulted in a rejection of DNA molecules from approaching, thus threading through, the pore. (c) Ionic current trace
when -600 mV was applied between the open barrel and the bath. In this case the EOF flow and electrostatic repulsion generated by
-100 mV applied to the gate electrode was not sufficient to stop DNA from translocating whereas, at Vg = -300 mV the gating effect was
successfully restored with translocation being completely halted. The voltage applied to gate electrode did not affect the noise levels of
the ionic current measurements across the open barrel.
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When applying a negative voltage to the gold electrode, translocations ceased instantly.
Effectively, the gate electrode acted as a switch. As illustrated in Figure 4.14 we performed
a series of ON/OFF experiments where the gate voltage was continuously varied between
-100 mV and 0 mV whereas the open voltage in the open barrel was held at -400 mV. Notably
as soon as Vg was reset to 0 mV translocations resumed without any noticeable difference in
dwell time or peak current (Figure 4.14a).

The explanation was most likely related to a modulation of the electrosmotic flow inside
the channel alongside the electrostatic repulsion between DNA and gate electrode. The gate
attracted K+ ions to the pore walls to compensate the increased negative charge resulting
from the negative bias. As a consequence, the EDL thickness increases leading to a much
stronger EOF. The former competes with electrophoretic flow because it is directed in the
opposite direction. Therefore when the EOF is stronger than the electrophoretic flow, the
pore rejects DNA molecules from entering it (Figure 4.14b).

This explanation was further confirmed when -600 mV was applied between the open
barrel and the bath. In this case the EOF generated by -100 mV applied to the gate electrode
was not sufficient to stop DNA from translocating whereas, at Vg = -300 mV DNA the gating
effect was successfully restored as shown in Figure 4.14 c. This molecular switch type of
behaviour was demonstrated to be reproducible, reversible and stable over multiple cycles
(the time of both states was also varied without without any observable effect). Interestingly,
it was observed that as a result of a prolonged off-state, where translocations were inhibited
with Vg < 0, the DNA translocation rate of the following on-state increased. Perhaps, this
might be related to a sort of DNA accumulation in close proximity of the pore entrance, albeit
this hypothesis should be further investigated with more experimental results (for instance
studying the impact of parameters such as magnitude of Vg, time of on-state and off-state,
DNA concentration and DNA length on the event rate).

4.4 Conclusions

In conclusion we have presented a novel class of nanopore-based ionic-FET sensor based on
dual barrel quartz nanopipettes that actively manipulate DNA molecules. The fabrication
process, which was quick, robust and cost-effective, was based on pyrolysis of carbon from
butane followed by a feedback-driven gold electrochemical deposition around the nanopore
aperture. The newly developed feedback mechanism had a twofold impact. On one hand
it convert a conventional nanopore into a FET-nanopore. On the other hand allowed to
tune, in real time, the nanopore aperture to the desired dimensions which are normally
associated with the analyte under investigation. Another consequence is that this strategy
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overcomes all the limitations associated with the current fabrication methods for precisely
positioning metal electrodes at the nanopore entrance. Gold is not the only material that
could be electrodeposited onto the carbon nanoelectrodes. The generality of the method
presented here could be extended to a vast library of materials with different physico-chemical
properties (among others: platinum, copper, nickel, polypyrrole, polyaniline). Tuning the
chemical properties adds an extra degree of freedom in the platform. Functionalizing the
nanopore-FET surface could be used for improving not only the transport but also the
selectivity. This could be achieved with a self assembled monolayer onto the gold surface or
for instance, by embedding antigens or alternatively nucleic acids on a polymeric matrix or
alternatively an electrodeposited hydrogel.

We demonstrated that, by applying a voltage to the gate electrodes, it was possible
to modulate the charge density inside the nanopore channel and thus the overall ionic
current conductance. After validating the field-effect capacity, we investigated the device
effectiveness on detecting and actively controlling single molecule. Towards this goal,
translocation experiments were carried using DNA molecules. Initially, in the absence of gate
voltage applied, we showed that this newly developed nanopore-FET devices exhibited an
improved SNR with respect conventional nanopore. This was associated with the diminished
pore dimension resulting from the gold deposition.

Finally the nanofluidic transistor devices were used to manipulate DNA translocations
using the gate electrode and thus applying a transverse electric field across the nanopore
aperture. The findings showed that the gate electrode acted as a molecular switch and,
depending on the bias applied, DNA molecules were enabled or prevented to translocate
across the aperture.

Altought these results demonstrate that it is possible to actively modulate the ion flow as
well as the molecules dynamics inside the nanopore channel, a follow up study should be
conducted to explore the possibility of using this nanofluidic transistor to reduce the analyte
translocation velocity across the pore and thus increasing the amount of information extracted
from a single molecule.
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Chapter 5

Conclusions

5.1 Project aims

It has been two-and-a-half decades since methods for single molecule detection and manip-
ulation were initially introduced in the biochemical field. During this time, the number of
applications making use of these methods has boomed, leading the way to new discoveries
and quickly establishing a new gold-standard for measurement in chemistry and biology.
This revolution, which is far from being over, has been made possible by continuous tech-
nological advances which have improved performance, in terms of sensitivity, spatial, and
temporal resolution, and have simplified fabrication processes and operating procedures.
The subject of this thesis detailed the development of new strategies aimed at improving
the spatial and temporal control over the dynamics of biomolecules during the two main
phases of the detection process: the phase in which molecules are transported towards the
detection volume, and the phase in which molecules are actually sensed in the detection
volume. Both tasks, performed at single molecule level, were achieved by leveraging the
flexibility of nanofluidic devices, called nanopipettes, which are cheap, robust and simple
to be reconfigured for sensing or manipulation. In addition, they are easy to handle at a
macroscopic level, while capable of operating with nanoscale objects.

Several reasons were identified as guiding motives for improving control over the analyte
transport throughout the detection steps. These reasons, which constituted the backbone
of this work, were as follows. Firstly, since single molecule detection goes hand-in-hand
with single molecule manipulation, a better molecular control enables the study of individual
molecules over a wider range of time and length scale. Effectively, the amount of extracted
information (e.g. physico-chemical, mechanical, structural etc.) increases significantly.
Secondly, active manipulation has profound implications when operating with small volumes
(nL to pL), especially at low concentration of analyte. Overcoming the diffusion process that
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limits and governs molecules at this scale is fundamental for improving the limit of detection
and decreasing the measurement time, so that molecules can be isolated and probed despite
their immersion in a complex environment (most single-molecule studies are performed in-
vitro using only a few purified components). Finally, the motivation for tackling detection and
manipulation of single molecules by using nanopipettes was a reduction in the overall system
complexity. Nanopipettes are extremely versatile. Versatility, as opposed to complexity,
should not only be intended in terms of portability or device footprint. By making a device
highly flexible it could be integrated with existing techniques without, for instance, the
necessity of custom-made read-out equipment.

5.2 List of achievements

This thesis has made important contributions towards the realization of the aims mentioned
above. Firstly, in Chapter 2 we provided a framework to perform nanopore sensing ex-
periments with enhanced detection resolution. Based on a controlled confinement of the
molecule within an aqueous zeptoliter nanobridge formed across two nanopores at the tip of
a quartz nanopipette, we showed that it was possible to slow down the transport of analyte
across the bridge by up to 3 orders of magnitudes. This method enabled the detection of
smaller analytes than would otherwise be detected in standard nanopore configurations.
Conventional nanopore sensing approaches, whereby the translocation velocity is normally
reduced by increasing the solution viscosity, are typically limited by broad current/dwell
time distributions and low SNR which prevent application to complex samples. In contrast,
the nanobridge exhibited superior SNR performance due to tighter peak current distributions
and lower noise levels, which lead to a robust discrimination of multiple dsDNA species
present in the same sample.

The impact of the new approach was demonstrated for a wide range of analytes (e.g.
dsDNA, ssDNA and protein) irrespective of their dimensions (from as large as 6.6 MDa for
10 kbp DNA, down to 14.5 kDa for α-synuclein). Finally, we demonstrated that improving
the spatial and temporal resolution had no additional costs in terms of complexity: we
showed that the nanobridge was still capable of operating with label-free, sub-nM analyte
concentrations in quasi-physiological buffer conditions. Moreover, sampling rates as low
as 1 kHz could be used, enabling the use of simpler, more compact, less expensive read-out
electronics.

Another part of this thesis project (Chapter 3) was dedicated to the manipulation of
molecules and particles at the nanoscale. We developed a new tool called DEP nanotweezers,
which consists of two adjacent carbon nanoelectrodes located at the tip of a quartz dual
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barrel nanopipette. As a result of the dielectrophoretic force generated by a variable bias
applied between the two nanoelectrodes, it was possible to manoeuvre particles and biological
molecules.

DEP has previously been used for manipulation of biomolecules, typically comprising a
set of micro/nano fabricated electrodes embedded in a microfluidic circuit. The DEP-based
nanotweezers detailed here offer several advantages. Firstly, due to the interelectrode distance,
we have shown both with FEM simulations and experimentally, that it was possible to generate
a highly localized, intense force, while still maintaining low power. As a consequence, it has
been calculated that the heat dissipation, which can be a serious limitation for conventional
DEP architectures, is diminished in magnitude and confined in space (e.g. an increase of less
than 1◦C in the first few nanometres when operating in a 1 mM KCl solution).

Secondly, we have demonstrated that by modulating the voltage and frequency of the
applied signal, nanotweezers could operate with a broad range of different molecules (e.g.
dsDNA, ssDNA, proteins, polystyrene beads), with different dimensions (from λ -DNA to 20-
oligonucleotides long ssDNA), and in different quantities (e.g. single or multiple molecules
at a time).

Thirdly, the nanotweezers were shown to be a flexible tool, simply integrated with
conventional optical microscopes (including bright field and fluorescence) and efficient at
manoeuvring molecules over relevant distances. Indeed, we described how nanotweezers
can be used to select and extract dsDNA suspended in solution and to subsequently use them
to successfully perform further analysis such as PCR amplification. This encompasses the
nanotweezers paradigm. Their interoperability bridges the gap between single molecule
approaches and common methods and equipment used in molecular biology, biochemistry and
genetics, within the same setup. Finally, we designed a new technique which exploits these
benefits: minimally invasive single cell nanobiopsy. We demonstrated that dielectrophoresis,
coupled with nanotweezers, enables the isolation and extraction of biological material (e.g.
nucleic acids) from a specific location in a targeted cell. It was then shown that the extracted
molecules could be used to investigate the presence of a specific gene (β -Actin, in this
case) by running a standard PCR routine. In contrast with previously reported work, we
showed that there was no need for specific apparatus (aside from a function generator and
nanotweezer), nor nanofabricated substrates onto which cells had to be seeded. Here, cells
were cultured with standard media on standard chambered coverglass.

In the last part of the thesis, our efforts were focused on combining nanopore sensing and
ionic field effect transistors: merging single molecule sensing with active, field-effect control
over the molecular transport (Chapter 4). We established a simple and robust 2-step process
to integrate a gold electrode at the tip of a quartz nanopipette which, in under 10 minutes and
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without the use of expensive equipment, converted a conventional nanopore sensor into a
nanopore-FET sensor.

The nanometric channel of one barrel was used for sensing while the second barrel acted
as the gate terminal of an ionic FET. This was used to regulate the bias applied to the gold
electrode wrapped around the nanopore, hence to regulate the charge density at the nanopore
interface. Interestingly, we showed that the same fabrication procedure used to deposit
the gate electrode was extremely effective at precisely tuning the nanopore dimensions.
As a consequence, we demonstrated that the SNR of dsDNA molecules detected with the
nanopore-FET was superior compared to standard nanopores. Finally, we characterized the
nanopore-FET and showed that modulation of the gate potential could lead to modulation of
the ionic current flow across the nanochannel. By using 10 kbp DNA as a test sample, we
observed that a negative bias applied to the gate electrode prevented translocation from taking
place. Since this process was completely reversible, the nanopore-FET behaved effectively
as a molecular switch, turning the molecular transport across the pore "on" and "off".

5.3 Future directions

We identified key improvements that, based on the work presented in this thesis, should lead
to a new class of devices with even higher performance in terms of single molecule detection
and manipulation.

The first improvement aims at actively tuning the zeptolitre nanobridge, in particular
to tune the charge distribution inside the droplet. As described in the characterization of
the nanobridge’s stability, one can imagine immersing the nanopipette in an immiscible
phase (e.g. an organic solvent such as 1,2-Dichloroethane) which contains an electrolyte
dissolved in it. As shown in Figure 5.1 a, a voltage applied across the interface would lead
to a variation in the EDL layer and thus in the effective droplet volume. By enhancing the
electrostatic interaction with the confined analyte, this new nanopore-FET platform would
most likely improve the overall system sensitivity allowing very small molecules to be probed
(e.g. proteins below 10 kDa and short oligonucleotides).

The second improvement aims at merging the advantages provided by nanobridge sensing
with the ones provided by the nanotweezers. This marriage could be elegantly implemented
with quad-barrel nanopipettes (Figure 5.1 b), whereby two carbon-coated barrels would be
dedicated to DEP, while the other two would be for sensing (notably quad-barrel devices have
been already reported in literature mainly for electrochemical and microfluidics applications).

The addition of two totally independent nanochannels paves the way for many exciting
applications. For instance, operating in nanobridge configuration, the two carbon electrodes
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Fig. 5.1 Future directions of nanopipette-based devices. (a) Illustrates a nanopore-FET platform consisting on a dual barrel nanopipette
operating in nanobridge configuration. The gate channel is represented by the aqueous droplet which is interfaced with an immiscible
phase. As a result of voltage applied across this interface it would be possible to tune the charge distribution and thus enhance electrostatic
interaction with the confined analyte. (b) Showing a schematic of a quad barrel nanopipette with 2 carbon electrodes and 2 open barrel
operating in nanobridge configuration. Such a device might be employed to perform simultaneous detection (nanopore and/or tunnelling
sensing) and manipulation (FET, DEP).

might be used for tunnelling sensing of the analyte while it passes through the confined
space. Alternatively, the quad-barrel could be used as if it were a conventional nanopore
sensor dipped in an electrolyte bath. In this case, the carbon electrodes would attract, via
DEP, molecules towards the nanopipettes and the open channel would provide the sensing.
As we briefly showed for the dual barrel nanopipette, even the quad-barrel device would not
be limited to electrical detection/manipulation, and optical techniques such as fluorescence
or Raman spectroscopy could be employed.

5.4 Outlook

It is clear that single molecule techniques will continue to shape the way we do research in
the biomedical field, from routine analysis methods performed in a laboratory environment
to end-user home-based diagnostic devices. As the field matures, applications may arise
in areas which are quite different to those they were originally designed for. Earlier in
2017, Yaniv Erlich and co-workers brilliantly demonstrated a novel architecture strategy they
called DNA fountain which could store data within DNA molecules at unprecedented density
(215 petabytes per gram of DNA!). This is the response to the incredible amount of digital
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data that an individual is responsible for from the time of their inception. The demand for
more reliable, more secure and quickly accessible data is growing and DNA, with its high
information density, durability and high quality reproduction which has been refined over the
course of evolution, potentially offers a solution.

I recognize that there are current technical difficulties associated with achieving a proof-
of-concept 3D device (where 3D stands for DNA Data Storage) capable of reading and writing
information, and I somewhat agree that published works on next-generation DNA storage
platforms (Erlich is only the most recent to demonstrate the potential of such a device)
are expensive and inefficient, since they are largely based on conventional biochemical
equipments and assays (e.g. DNA-sequencers, DNA-synthesizers, PCR). A device for
widespread, real-world applications, must be able to read and write at single molecule level,
thus detecting and manipulating DNA molecules in the same way that thousands of hard
drives are read, written and moved in large cloud-storage facilities.

Due to the ongoing progress in the field, it would not be surprising if, instead of obeying
Moore’s law, within the next 10 years hard drives obeyed Watson and Crick’s rules of base
pairs.
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ABSTRACT: There is a growing realization, especially within
the diagnostic and therapeutic community, that the amount of
information enclosed in a single molecule can not only enable
a better understanding of biophysical pathways, but also offer
exceptional value for early stage biomarker detection of disease
onset. To this end, numerous single molecule strategies have
been proposed, and in terms of label-free routes, nanopore
sensing has emerged as one of the most promising methods.
However, being able to finely control molecular transport in
terms of transport rate, resolution, and signal-to-noise ratio (SNR) is essential to take full advantage of the technology benefits.
Here we propose a novel solution to these challenges based on a method that allows biomolecules to be individually confined
into a zeptoliter nanoscale droplet bridging two adjacent nanopores (nanobridge) with a 20 nm separation. Molecules that
undergo confinement in the nanobridge are slowed down by up to 3 orders of magnitude compared to conventional nanopores.
This leads to a dramatic improvement in the SNR, resolution, sensitivity, and limit of detection. The strategy implemented is
universal and as highlighted in this manuscript can be used for the detection of dsDNA, RNA, ssDNA, and proteins.

KEYWORDS: Single molecule zeptoliter confinement, DNA recoiling dynamics, dual nanopore, nanoscale droplet, SNR enhancement,
DNA profiling

Rapid advances in label-free single molecule sensing
strategies are transforming the way biological systems

are studied, especially with a view on developing novel
diagnostic and therapeutic strategies. The remarkable spatial
and temporal resolution offered by these techniques, along with
their increasing availability, have dramatically improved the
ability of researchers to detect and manipulate single molecules
such as nucleic acids and proteins, enabling the investigation of
their physicochemical, mechanical, and biological characteristics
in a wider range of time/length scales and complexity than
previously thought possible.1 Over the past decade, nanopore
sensors have been gaining prominence for detection1−3 and
even delivery of analytes,4 in part due to their inherently simple
operating principle which is based on recording the changes in
the ionic current through a nanoscale pore that is separated by
two electrolyte-filled reservoirs. Nanopores have been success-
fully used for a wide range of sensing applications (e.g., for
nucleic acid sequencing5), the current state-of-the-art of both
biological and solid-state nanopore technology faces significant
challenges due to the limited control over molecular transport6

and inability to confine and study individual molecules over
longer time scales.
For example, small nucleic acid fragments (e.g., cell-free

DNA and microRNA) are often challenging to detect due to
their fast translocation times with rates being as high as 50 000

nucleotides per ms,7 resulting in a poor signal-to-noise ratio
(SNR), and limited resolution. Proteins are even more
challenging to detect, due to their heterogeneous charge and
fast diffusion rates resulting in only a small fraction of the total
population being detected. For example, it has been estimated
that, for a sub-100 kDa protein, only the slowest 0.1% fraction
of the proteins transported through the nanopore are usually
observed.8,9 Therefore, nanopore experiments are normally
carried out at analyte concentration several orders of magnitude
higher than the clinically relevant range.10

Much effort has been placed towards finding solutions to
circumvent these limitations including using high bandwidth
amplifiers,11−13 or alternatively and perhaps more challenging,
controlling and tuning transport of analytes across the pore.
Apart from the straightforward method of lowering the voltage
applied which slows molecules down but at the not negligible
cost of lowered SNR and capture rate, traditional approaches
have included but are not limited to (i) increasing solution
viscosity14,15 and making use of different electrolyte solutions,16

(ii) modifying nanopore shape, geometry, and composi-
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tion,17−21 (iii) applying pressure gradients to counterbalance
electrophoretic forces,22 and (iv) making use of mechanical
forces.23−26 A method capable of slowing and controlling the
transport without affecting the SNR, capture rate, detection
efficiency, and detection limit that can be used equally well for
nucleic acids and proteins is as of yet unresolved.
Herein, we demonstrate a simple to fabricate and operate, yet

powerful detection platform that addresses many of the above
challenges and allows for the controllable confinement of
individual molecules in a zeptoliter nanobridge formed across
two nanopores separated by a 20 nm gap at the tip of a
nanopipette, as in Figure 1. The droplet or bridge formation is
very similar to what has been initially documented by Rodolfa
et al.27,28 albeit on a much smaller scale, allowing for the
confinement of one molecule at a time. Upon application of a
bias between the two nanopores, the analyte is transported
from one nanopore to the other via the nanobridge. Due to
molecular confinement, we show that it is possible to slow
down transport by up to 3 orders of magnitude and detect
small molecules without using any complex fabrication
strategies or modifying the analyte or electrolyte composition.
This considerable slowdown enables the detection of species
which would otherwise go undetected in a conventional
nanopore platform. It is possible to perform fragment sizing
based on current amplitudes alone, which we show enhances
the detection resolution and does not require further data
processing. To demonstrate the generality of our approach,
enhanced temporal resolution was achieved for a broad range of
analyte such as dsDNA, ssDNA, RNA, and small proteins such
as monomeric α-synuclein.
The fabrication of the dual nanopore platform was

implemented via pipet pulling of dual-barrel quartz capillaries
(see methods for fabrication parameters), resulting in the
reproducible formation of two adjacent pores, each 20−30 nm
in diameter, as measured by TEM and SEM, Figure 1a−c,
Supporting Information (SI) S1. Each pipet barrel was filled
with an electrolytic solution which resulted in the formation of
a nanoscale bridge between the two nanopores held in place by
surface tension. Ag/AgCl electrodes (patch and ground) were
inserted into each barrel with the bridge between the
nanopores being the only connection point.
To characterize the formed nanobridge, current−voltage

measurements were performed on the same device in three
distinct configurations at 100 mM KCl and pH 8.0: (i) in a
conventional nanopore conf iguration, where the ground electrode
is placed in the bath and the patch electrode is in one of the
barrels, (ii) in dual nanopore conf iguration without a nanobridge,
where the ground and the patch electrodes are placed in
different barrels and the nanopipette tip is immersed in a bath
with the same electrolyte, and (iii) in a nanobridge conf iguration,
where the ground and the patch electrodes are placed in
different barrels and the nanopipette tip is in air. A comparison
of exemplar current−time traces is shown for 5 kbp DNA for
the three configurations and highlights the slowing of DNA
transport, as in Figure 1e. The conductance, Figure 1f, as
calculated from the linear region (±100 mV) of the IV curves
measured for each nanopore in configuration (i) was G1 = 4.75
± 0.52 nS (barrel 1) and G2 = 4.45 ± 0.43 nS (barrel 2). This
mode of operation showed negative rectification (|I−600mv/
I+600mv| = 1.56 ± 0.08) which is consistent with negatively
charged glass nanopores previously reported,29,30 as the
negatively charged surface of the quartz nanopore leads to
increased Cl− ion selectivity.31 In configuration (ii) the IV

curves were predominantly linear up to ±600 mV and
conductance approximately halved to 2.20 ± 0.22 nS. This is
expected due to the increase in total resistance because of the
introduction of second nanopore in the electrical circuit and
closely matches the total conductance of the two nanopores in
series (1/GTOT = 1/G1 + 1/G2), GTOT = 2.30 nS. In this
configuration, the loss of rectification at negative voltages was
attributed to enhanced Cl− selectivity originating from both
nanopores, effectively canceling out the rectification.
Interestingly, the nanobridge configuration exhibited a quasi-

sigmoidal behavior with a conductance of 2.04 ± 0.13 nS. The
sigmoidal behavior at higher voltages is likely due to the electric
field inducing localized changes in surface tension. These
results indicated that the nanobridge resistance accounted for
up to 11% of the total conductance, while the remaining is
almost equally split between the nanopores in each barrel. A
simple model with the nanobridge connected as a third resistor
in series to the two nanopores indicates that the resistance
associated with the nanobrigde is ∼55 MΩ compared to the
total nanobridge/nanopore resistance of ∼490 MΩ. This
indicates that ∼11% of the total voltage bias drops in the
nanobridge. At the same time, the conductance dependence on
electrolyte concentration (5−400 mM KCl at pH 8.0) followed
a linear trend similar to what is typically observed in a
conventional configuration (i) suggesting that salt concen-
tration has a negligible effect on droplet formation and shape
(SI S2).
An estimation of the nanobridge dimensions is critical in

understanding the molecular confinement. From TEM and
SEM (Figure 1) the dimensions of the nanopores and their
separation can be determined; however, to estimate the height
of the nanobridge, alternative strategies are needed. A series of
approach experiments were performed using scanning electro-
chemical cell microscopy (SECCM) with full feedback control,
which allowed us to measure the height of the fluidic
nanobridge.32 The ionic current across the bridge was used as
a feedback signal to detect contact between the formed droplet
meniscus and a silanized glass substrate during the approach
(Figure 2a). A stable ionic current (I0) was observed until the
droplet meniscus first made contact with the surface. As the
nanopipette moved closer to the surface, the ionic current
decreased rapidly until the tip of the nanopipette came into
near physical contact with the substrate. The measured
decrease in ionic current is generally attributed to the hindered
flow of ionic species across the nanobridge, which in our case
was directly dependent on distance and proximity to the
surface.33,34 As the ionic current cannot be completely blocked,
to precisely define the surface contact point, the pipet approach
was continued even after the lowest ion current (full surface
contact) was observed, until it crashes into the glass substrate,
breaking the tip and increasing its diameter and hence the ionic
current at which point the approach was halted. Averaging over
multiple approaches, the droplet height (Δz), defined as the
difference between initial and full surface contact, was measured
to be 30 ± 5 nm. Assuming a semiellipsoidal nanobridge, the
radius of the major and minor axes can be approximated as x =
21 ± 2 nm and y = 48 ± 2 nm, as measured by SEM and TEM.
This corresponds to an average nanobridge volume of 63 ± 19
zL, which is a highly confined space, orders of magnitude
smaller than what is typically used for single molecule
fluorescence microscopy. To confirm molecular confinement
and transport from one barrel to the other through the
nanobridge, translocations were imaged optically using 10 kbp
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DNA fluorescently labeled with YOYO-1 (Figure 2b−e, SI S3).
Under an applied bias, translocations could be visualized
optically as a blinking highly confined ellipsoidal spot at the tip
of a nanopipette using an emCCD camera. Importantly no
accumulation of DNA at the tip was observed, confirming that
DNA translocates from one barrel to the other via the
nanobridge. It should be noted that the measurement was
diffraction limited; therefore, the signal (e.g., along one axis
corresponds to 2 pixels = 534 nm) arises from a significantly
smaller droplet volume.
In spite of its size, the nanobridge exhibited very high

stability with the baseline current remaining stable for over an
hour (1.12 pA rms at 200 mV voltage applied at 100 mM KCl)
indicating no observable change in droplet dimensions due to
evaporation, SI S4. Importantly, the nanobridge devices
demonstrated nearly identical IV characteristics in air and
when immersed in fluorinated oil (FC-70), again indicating that
evaporation played no role in the device functionality, SI S5. To
evaluate the role molecular confinement played in the detection
process, experiments were performed in nanobridge and
conventional nanopore configurations using dsDNA of different
lengths. Recently, Pud et al.35 have presented a planar dual

nanopore configuration where the ends of the same DNA
molecule were threaded in two different pores resulting in a
mechanical trapping; however, their architecture did not allow
for an efficient molecular confinement, leading to a trapping
efficiency of less than 1%. Although dual nanopore systems
with internal cavities have been previously used as nanoreactors
to measure chemical reactions,36 the electrophoretic time-of-
flight of DNA molecules,37 and escape times from an entropic
barrier,38 the operation of these platforms overlaps with the
dual nanopore configuration without a nanobridge (ii) shown
in Figure 1. In contrast, the nanobridge operates in a different
regime: where the radius of the confining volume, Rconfine, is
significantly smaller than Rg, the radius of gyration of the
particle to be confined.
In our platform, DNA was threaded inside the nanobridge

Figure 3a (i), resulting in volumetric expansion until the surface
energy of the bridge matches the energy of DNA confinement.
Much like the open nanopore current, DNA translocations
were equally stable over similar time scales, SI S6. A closer look
at the onset of individual translocation events revealed a
monoexponential decay with time constant, τ, upon delivery of
DNA from the initial nanopore into the nanobridge (Figure

Figure 1. Experimental setup and characterization of nanobridge configuration. (a) Schematic representation of the nanobridge formed at the tip of a
nanopipette. (b) SEM of the dual barrel nanopipette visualized laterally, scale bar 10 μm. (c) TEM and (d) SEM micrographs of the tip of the
nanopipette displayed an ellipsoidal profile with representative dimensions of the major and minor axes being approximately x = 21 ± 2 nm and y =
48 ± 2 nm in radius. (e) Ionic current recordings of 5 kbp DNA translocations in 100 mM KCl buffered in TE at 350 mV voltage applied, performed
in different double barrel nanopipette configuration as illustrated in the schematic: (i) conventional nanopore configuration, (ii) dual nanopore
configuration without a nanobridge, (iii) nanobridge configuration. Traces have been refiltered and resampled for visualization purposes. (f)
Current−voltage plots of dual barrel nanopipttes measured in the three different configurations at 100 mM KCl.
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3b), which is attributed to the increased entropic barrier. The
decay was linearly dependent on DNA fragment size, e.g. 0.34
± 0.10 ms for 1.5 kbp increasing to 1.69 ± 0.39 ms for 10 kbp
DNA. τ was significantly larger than the amplifier rise/fall time
(35 μs at 10 kHz cutoff frequency), not dependent on the event
duration, and only minimally dependent on the applied voltage
(Figure 3c). In comparison, threading in a conventional
nanopore configuration results in sharp current transitions,
which are commonly attributed to DNA molecule entering the
nanopore, SI S7. The increasing τ corresponds well with DNA
size and the increase in total volume of the nanobridge due to
expansion generated by insertion of DNA. For example, the
radius of gyration using a worm-like chain model with modified
Kuhn length (96 nm) taking into account 100 mM KCl is 90
nm for 1.5 kbp and 233 nm for 10 kbp.39 At the same time
decay constants are only marginally slower than the Zimm
relaxation times37 and much slower than the total translocation
times observed in nanobridge configuration implying that the
DNA fully recoils into the nanobridge prior to translocating
into the receiving nanopore, Figure 3a (ii). This is consistent
with the optical data whereby a transient fluorescent spot is
localized at the tip.
Under this model, the recoiled DNA acts to restrict ion flow

between both barrels resulting in a current blockade. This is
different to the conventional configuration in nanopores, where
DNA molecules crossing the diffuse electrical double layer
results in current enhancement as previously reported in the

literature;4 see Figure 1e. As will be seen later, the current
blockade in the nanobridge configuration correlates with DNA
size. Under the same translocation model, due to the separation
between both nanopores, a molecule confined in the nano-
bridge would experience a weaker electric field. As only a small
fraction of the total voltage bias drops in the nanobridge, the
effect of the electric field on the DNA is negligible, and once
inside the nanobridge, diffusion will be dominant. Considering
the DNA requires sufficient time to sample all available
configurations40 within this restricted space to enter the second
barrel, it is expected that this would also lead to a longer and
broader dwell time due to the stochastic nature of the process
and the random orientation of the molecule in the nanobridge,
as in Figure 3a (iii). The diffusion time to find a configuration
that will allow for the molecule to leave the pore (for instance,
an end of the DNA entering the second nanopore) seems to be
much slower than what is expected for normal nanopore
diffusion. A possible explanation for this would be the
difference in electric field strength between the nanopores
and the bridge, as well as the fact that the molecule now has to
diffuse laterally across the bridge, where the available space for
diffusion is limited by the elastic energy required to expand out
the bubble forming the nanoscale bridge. The DNA molecule
may be forced into a tight coil by the electric field in the
nanopore and resisting elastic forces in the nanobridge. There
may also be tangling of the molecule through diffusion, due to
recoils with the bubble and nanopore walls, before the DNA

Figure 2. Electrolyte nanobridge characterization. (a) The height of the nanobridge at the tip of the nanopipette was measured by using a scanning
electrochemical cell microscopy (SECCM) with ionic current feedback. Both nanopipette barrels were filled with 100 mM KCl buffered with 10 mM
Tris, 1 mM EDTA, at pH 8.0. The nanopipette was mounted on a piezo stage perpendicular to a silanized glass surface. The ionic current (top
panel) was recorded along with the Z-position (bottom panel) of the piezo stage. During approach the current remains unchanged (i) and decreases
when contact is made between the nanobridge and glass substrate (ii). The tip is lowered further (iii) until it crashes into the glass substrate, breaking
the tip and increasing its diameter and hence the ionic current (iv). The current in all cases cannot be completely shut off due to surface conductivity
and surface contact. The nanobridge height (Δz), defined as the difference between the initial nanobridge to surface contact (i) and tip to surface
contact (iv), was measured to be 30 ± 5 nm. (b) Schematic of optical fluorescence detection used to confirm molecular confinement and DNA
transport via the electrolyte nanobridge. 10 kbp DNA stained with YOYO-1 was used in 100 mM KCl solution buffered with 10 mM Tris, 1 mM
EDTA, at pH 8.0. (c) Bright field of the nanopipette (scale bar shows 5 μm). (d) Fluorescence images recorded with an emCCD camera (100 ms
exposure time) showing that upon the application of a bias (300 mV), a fluorescent spot, owing to DNA translocation, was detected at the tip of the
nanopipette (scale bar shows 5 μm). (e) A close-up of a representative DNA optical translocation showing the fluorescent profile along x−y axis.
Measurements were diffraction limited; therefore, despite the DNA being confined, the fluorescence appeared to be larger than the dimensions of the
nanobridge (scale bar shows 1 μm).
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completely enters the bridge. Such molecular crowding, as well
as tangling, through compactification may significantly slow
down the diffusion process to find a suitable configuration with
which to leave the nanopore. Indeed, diffusing molecular
segments may be hindered by an increased density of other
segments in the way, within such a compact state, enhancing
the self-avoiding aspect of the diffusion.
A direct comparison of experimental nanopore data obtained

in nanobridge and conventional configurations, for the same
device revealed several key nanobridge advantages. First, an
improved temporal resolution due to confinement, leading to
slowdown up to 3 orders of magnitude, was observed; see
Figure 4a. For instance, the detection of 5 kbp DNA using a
conventional nanopore configuration and dual nanopore in
bath gave mean dwell times of 0.13 ± 0.03 ms and 0.19 ± 0.08
ms, respectively (SI S8, S9), which is comparable with what has
been reported in literature.4 Using the same nanopipette in a
nanobridge configuration resulted in an increase in event
duration, up to 100 ms as shown in Figure 4a (i). This
remarkable slowdown of molecular transport applied also to the
detection of shorter fragments such as 200 bp DNA, where

dwell times as long as 20 ms could be detected. In comparison,
in a conventional nanopore configuration under the same
electrolyte conditions (100 mM KCl) and instrumental
bandwidth, 200 bp fragments went undetected due to their
fast translocation times and poor SNR; see Figure 4a (ii).
The voltage dependence on current blockade for 1.5 kbp

DNA is shown in Figure 4b. Similar trends are observed
whereby to the standard configuration where the peak current
increases proportionally with voltage. However, an interesting
property was revealed: when the applied voltage was increased,
DNA fragments, irrespective of size, were subjected to an even
more pronounced slowing down, resulting in an increased SNR
and effectively acting as a single molecule trap (Figure 4b).
More typically it would be expected that the dwell time
decreases due to the larger electrophoretic force experienced by
the translocating analyte.41 This distinctively different behavior
in the nanobridge configuration fits well with our explanation
for the slow translocation times. An increased bias voltage will
likely cause the molecule to compress more on entering the
droplet, which could increase the degree of molecular crowding
and tangling slowing down the internal diffusion of the DNA.

Figure 3. DNA threading model in nanobridge configuration. (a) Schematic of the threading process: (i) The dsDNA molecule is threaded inside
the nanobridge leading to its expansion. The threading process results in the ionic current exhibiting a monoexponential decay with time constant τ.
(ii) The DNA recoils inside the bridge until the surface energy of the bridge matches the energy of the DNA confinement. As the DNA in the
droplet is predominately governed by Brownian motion, the duration of the blockade is governed by the time it takes the DNA to rearrange and
become inserted and finally (iii) threads into the second barrel. (b) Examples of 10, 5, and 1.5 kbp DNA translocation events recorded in nanobridge
configuration in 100 mM KCl. The onset of each translocation event was fit with a monoexponential decay function. (c) Dependence of threading
time τ on voltage applied (left panel) for 10, 5, and 1.5 kbp DNA. Threading time dependence on DNA length for events recorded at 250 mV (right
panel).
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The ease of detection of a short fragment in a nanobridge
configuration with a conventional amplifier in relatively low salt
concentrations (100 mM KCl) is particularly useful as it
simplifies the need of using a custom high-speed amplifier in
conjunction with high salt concentrations or the use of
electrolytes such as LiCl that binds strongly to DNA and has
limited applicability for protein samples. Second, noise
performance was significantly improved in the nanobridge
configuration both in the low- and high-frequency regime,
when compared to a conventional configuration, SI S10. Third,
we also observed a significant enhancement of the SNR in
nanobridge configuration. For example, in the case of 5 kbp, the
measured SNR in the nanobridge configuration was ca. 540%
higher than that of a conventional nanopore using the same
device (Figure 4c). Finally, and uniquely, was the ability to
accurately discriminate fragment sizes by peak currents alone
with the full width half-maximum (fwhm) being below 2.5 pA
for dsDNA fragments ranging from 200 bp to 10 kpb, as in
Figure 4c. As an example, the mean peak current for 5 kbp
DNA was 17.17 ± 0.96 pA in the nanobridge configuration
compared to 17.96 ± 2.12 pA measured in a standard
configuration at an applied bias of 250 mV. As is described
below, the mean peak current for each fragment size closely

follows the radius of gyration squared using a worm-like chain
model with and without self-avoidance39,42 correction indicat-
ing that the peak current is proportional to the cross-sectional
area of the DNA blocking the nanobridge. Furthermore, the
lower spread in the current blockade distribution are indicative
of the ability to discriminate DNA strands of different lengths
based solely on peak current distributions as opposed to more
conventionally the event charge deficit (ECD).43

Utilizing the added advantage of using the nanobridge, we
showed that it is possible to perform fragment sizing using peak
amplitudes alone. For this, a solution consisting of a mixture of
500 bp, 1500 bp, and 5 kbp (Figure 5a−d) at a concentration of
100 pM was used as was a 1 kbp DNA ladder (fragment sizes:
500 bp, 1 kbp, 1.5 kbp, 2 kbp, 3 kbp, 4 kpb, 5 kbp, 6 kbp, 8 kbp,
10 kbp, Figure 5e−h). As shown in the current−time trace,
Figure 5a, it was possible to identify the different species in
solution with mean peak currents being 2.4 ± 0.5 pA, 5.1 ± 0.5
pA, and 10.7 ± 0.6 pA for 500 bp, 1.5 kbp, and 5 kbp,
respectively (Figure 5c). The total number of detected events
accurately reflected the equal concentration for the three
species within the solution.
Because of the narrow peak current distribution in the

nanobridge configuration, DNA can be identified based not

Figure 4. dsDNA detection comparison between conventional and nanobridge configurations. (a) (i) Nanobridge configuration. Ionic current
recordings for 5 kb DNA (top) and 200 bp DNA (bottom) recorded in 100 mM KCl at 250 mV voltage applied. Measurements and analysis were
performed using a 10 kHz low-pass filter. For visualization purposes only, the trace was filtered at 200 Hz. The measured peak current was 17.17 ±
0.96 pA and 3.42 ± 0.34 pA respectively. (ii) Corresponding measurements in a conventional nanopore configuration. For 5 kbp the peak current
was 17.65 ± 2.11 pA. No events were detected for 200 bp. (iii) Scatter plots showing the dwell time and peak current distribution for 5 kbp DNA
(top) and 200 bp DNA (bottom) detected in the nanobridge and conventional configurations. (b) Voltage dependence on current blockade for 1.5
kbp DNA. The peak current as determined by Gaussian fitting was 9.94 ± 0.82 pA at 250 mV, 14.62 ± 0.68 pA at 300 mV, 17.43 ± 0.68 pA at 325
mV, and 20.16 ± 0.92 pA at 350 mV, respectively. (c) (i) Peak current, fwhm, and SNR dependence on voltage applied using the nanobridge
configuration. The fwhm remained largely unchanged at 1.83 ± 0.28, while SNR increases from 29.2 ± 2.4 at 250 mV to 38.8 ± 1.8 at 350 mV due to
decrease in DNA translocation time at higher voltages. (ii) Peak current, fwhm, and SNR dependence on DNA length at a fixed voltage (250 mV). In
the nanobridge configuration the mean peak current scales with the radius of gyration squared of the DNA molecule: from 3.42 ± 0.34 pA for 200 bp
to 24.59 ± 0.92 pA for 10 kbp. A similar trend was observed for the SNR, whereas the fwhm values remained similar. As point of reference SNR and
fwhm for 5 kbp detected using a conventional configuration are plotted in the graph (orange square).
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only on the current blockade but also by looking at the
integrated area of the region bounded by each recorded event
(equivalent charge). This should not be confused with the
event charge deficit whose values, in conventional nanopore
experiments, are related to the amount of charges carried by a
specific analyte. In a nanobridge configuration, broadly
dispersed dwell time distributions do not allow for a similar
interpretation. Notably, in a nanobridge configuration, the
integrated event profile was distributed along a straight line
allowing accurate identification of DNA strands by linear fitting
of the equivalent charge. The linear relationship between
equivalent charge and dwell time is consistent with the
proposed model; that is, the current blockade is constant for
the duration of time the DNA spends in the nanobridge. For
instance, for mixed fragment samples, three distinct slopes were
calculated: 2.48 pA for 500 bp, 5.19 pA for 1.5 kbp, and 10.31
pA for 5 kbp (Figure 5d). These fits result in slightly lower
values than in Figure 5c due to the boundaries used in the
integration of individual events. This again marked a difference
with a conventional nanopore approach where the event charge
deficit is generally clustered rather than dispersed (SI S8). This
method can be used for more complex samples, as shown by
using a 1 kbp DNA ladder whereby 10 peaks can be clearly seen
based on the peak current distributions alone (Figure 5g).
Importantly, much like previously discussed, the peak current
distributions and conductance are proportional to the DNA
radius of gyration squared and hence surface area, see Figure
5i−j.

To confirm the generality of our approach, experiments were
also performed with other analytes including a 1 kb RNA ladder
(Figure 6a), ssDNA (M13mp18, 7.2 kb long, Figure 6b), and
small protein monomers such as α-synuclein (14.5 kDa,
hydrodynamic diameter 1.7−2.2 nm, 700 pM, Figure 6c).
Much like the DNA ladder, it was possible to discriminate
between different RNA fragment sizes albeit with lower
precision due to the smaller radius of gyration and less well-
defined structure. ssDNA often translocates very quickly <0.2
ms for M13; however, the detection in the nanobridge showed
a ×200 slowdown, SI S11, S12. This effect is substantial
considering alternative slow down strategies (sub-micro-
seconds) often rely on buffer exchange such as use of high
ionic strength LiCl22 which is not commonly compatible with
biological analytes. α-synuclein has a central role in neuro-
degenerative disorders and particularly Parkinson’s disease;
however, it is exceptionally challenging to detect with
conventional nanopore technology. The detection of proteins
within this size regime at low concentration is not typical due to
their fast translocation times and event rates significantly lower
than those predicted from Smoluchowski rate equation, often
requiring protein concentrations well in excess of 10−100nM.9

As shown in Figure 6c, α-synuclein was significantly slowed
down with the vast majority of the events ranging between
0.1−0.75 ms at 600 mV, while the current blockade was well-
defined with a mean of 30 ± 3 pA and high SNR = 11.5 440 ±
1.1.
In summary, we have presented a new detection method for

solid state nanopores based on dual barrel nanopipettes for the

Figure 5. Detection of mixed dsDNA sample in the nanobridge configuration. (a) Translocation signals of a sample containing 500 bp, 1.5 kbp, and
5 kbp at a concentration of 100 pM each in 100 mM KCl buffered in TE (pH 8.0) at 200 mV. (b) Representative current blockade traces of 500 bp,
1.5 kbp, and 5 kbp DNA. (c) Peak current histogram for a mixture containing 500 bp, 1.5 kbp, and 5 kbp. The mean peak current was obtained via
Gaussian fitting (2.4 ± 0.5 pA for 500 bp, 5.1 ± 0.5 pA for 1.5 kbp, and 10.7 ± 0.6 pA for 5 kbp). (d) Equivalent charge plot was used to identify the
different DNA population and was shown to be linear dependent on dwell time. The calculated slopes were 2.5 pA for 500 bp, 5.2 pA for 1.5 kbp,
and 10.3 pA for 5 kbp. (e) Translocation signal of a 1 kbp DNA ladder, containing 10 DNA fragments (500 bp, 1.5 kbp, 2 kbp, 3 kbp, 5 kbp, 6 kbp, 8
kbp, and 10 kbp) at a total concentration of 100 pM in 100 mM KCl buffered in TE (pH 8.0) at 350 mV. (f) Representative current blockades and
(g) peak current histogram. (h) Equivalent charge plot for the same sample as shown in g. (i) Peak current and (j) conductance for the 10 DNA
fragments in the 1 kbp ladder (orange), sample from panel a (yellow), and data from Figure 4c (green). The scaling is in excellent agreement with
the DNA radius of gyration squared (right axes) using a worm-like chain (WLC) model with and without self-avoidance.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b03196
Nano Lett. XXXX, XXX, XXX−XXX

G



confinement and high-resolution detection of single molecules
within a zeptoliter volume. The presented method does not
require clean room facilities, is low-cost, and is time-efficient to
fabricate and operate. We demonstrate that nanobridges can
slow down molecules by several orders of magnitude compared
to conventional nanopores with the same dimension. This is a
substantial improvement over existing nanopore methods that
reduce translocation speeds by modulating viscosity, electro-
phoretic force, and pressure, which often result in broadening
of current/dwell time distributions and lower SNR, and in turn
hinders the discrimination of multiple analytes in complex
samples. Sampling rates can be as low as 1 kHz, which results in
significantly lower noise facilitating the rejection of local
interference and at the same time enabling the use of simpler/
cheaper amplifiers. We demonstrated that, compared to
conventional nanopores, nanobridge translocation peak cur-
rents exhibit tighter distributions with lower fwhm values and
superior SNR performance. As direct consequence, an accurate
molecular size readout can be performed solely on the current
amplitude or alternatively, as in the case of multiple DNA
populations, from the equivalent charge/dwell time distribu-
tions.

We showed that it is possible to extend our platform to single
molecule protein detection. Generally, in nanopore sensing, an
optimal SNR is achieved with low nanopore channel depth and
pore dimensions closely matching those of the analyte.
Different protein analytes have dimensions spanning several
orders of magnitude which require a broad range of nanopore
sizes for optimal detection. In contrast, nanobridge detection is
particularly versatile as it allows to confine single analyte in the
nanobridge independent of the analyte dimensions. Impor-
tantly, the method capabilities can be extended to confine and
detect a wide range of analytes including RNA, ssDNA, and
small proteins which are particularly challenging to detect with
conventional nanopore as the diffusion volume is restricted. We
believe that this platform can be adapted for detection of
targeted analytes in biological fluids, by incorporation of a
sieving matrix such as a hydrogel within the nanopipettes.
Built upon nanopore foundations, the reported method

offers substantial technological advantages including single
molecule confinement and slowdown of molecular transport,
enabling longer detection times at higher signal-to-noise ratios.
As such, the presented method opens the door for future
possibilities to measure a wide range of biological analytes and
extract, label-free, single molecular and conformational

Figure 6. Detection of ssRNA, ssDNA, and α-synuclein in the nanobridge configuration. (a) Current−time trace for a 1 kb ssRNA ladder (2 μg/mL)
in 100 mM KCl at an applied bias of 400 mV. For visualization purposes, approximate levels are designated for each fragment size (0.5, 1, 2, 3, 5, 7, 9
kb). (b) Peak current histogram and (c) corresponding equivalent charge plot. (d) Current time trace for a 100 pM sample of M13mp18 ssDNA in
100 mM KCl at an applied bias of 200 mV. (e) Current−dwell time contour plots are shown for voltages of 200 mV, 300 mV, and 400 mV,
respectively. Similar to dsDNA, the dwell times increase with voltage due to compacting of the DNA in the nanobridge. Events as slow as 40 ms
could be detected which is substantially slower than in a conventional nanopore configuration. (f) Current−time trace for monomeric α-synuclein
for a concentration of 700 pM in 100 mM KCl and recorded at an applied bias of 400 mV. (g) Current−dwell time contour plots are shown for
voltages of 400 mV, 500 mV, and 600 mV, respectively.
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information usually inaccessible with conventional nanopore
technology.
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