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Abstract

The field of nanotechnology has pushed a remarkable transition towards exploring and
harnessing unique properties and functionalities presented by engineered
nanomaterials. An extensive investigation of their physicochemical properties is of
paramount importance to gaininsightinto their structural—functional relationships.
Recent developments in nanoscale characterization techniques, such as the use of solid-
state nanopores have enabled single-molecule measurements, offering unprecedented
insights into investigating nanomaterials on individual basis. The ability of nanopores to
provide label-free and rapid detection and characterization of nanomaterials in solution
based on their ionic current readout makes this technique a great candidate. However,
its use in nanomaterials characterization is still limited by the need to tailor the
nanopore aperture sizeto the size of the analyte, impeding the analysis of heterogenous
samples due to low signal-to-noise-ratio readouts and low throughput.

In this thesis, a polymer electrolyte nanopore-based approach for enhanced detection
of engineered nanomaterial is demonstrated. The heterogenous nature of
nanomaterials, including size, shape, assembly state, and functionalization layer is
explored by means of ionic current recordings with solid-state nanopores based on
pulled glass nanopipettes. Firstly, the analysis of DNA supramolecular asse mblies in their
native state is demonstrated in a rapid and high-throughput manner, employing the
polymer electrolyte system. Furthermore, the fingerprinting and quantification of the
assembly yield in different folding mixtures based on nanopore discriminants is showed
with a fixed tailored pore size. Secondly, the polymer electrolyte nanopore system
enabled the analysis of a range of functional nanomaterials, particularly targeting the
analysis of metallic nanospheres, nanorods, plasmonic nanostars, and protein-based
spherical nucleic acids. Overall, this thesis demonstrates the potential of solid-state
nanopores as a versatile tool for interrogating different characteristics of engineered
nanomaterials. These findings can contribute to complementing the toolbox of
nanomaterials characterization and support innovation in nanomaterials development

for many applications.
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1.1. Overview

In this chapter a detailed description of the general topic of the thesis is given. Itis then
followed by a discussion on characterization methods of emerging nanomaterials and
their applications. A description of characterization of nanomaterials with single-entity
resolution is provided, highlighting the opportunities and challenges of such methods.
The main discussionis centered on solid-state nanopores as a single-entity tool for the
characterization of nanomaterials, highlighting recent creative developments. The
chapter is concluded with a perspective on the current challenges in analyzing
nanomaterials and heterogenous mixtures with solid-state nanopores, linking up with

the main objectives of this thesis.

1.2. Emerging functional nanomaterials

Harnessing the power of materials has played a pivotal role in shaping our society. From
early times, materials have driven progress in many different shapes, from utilization of

basic tools, to buildings, transport, and clothing, to mention a few. Over the years we
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have learn a great deal how to exploit materials and building blocks to improve our daily
lives, but also to push innovation in different sectors. The recent shift towards
nanotechnology has opened a vast potential, spanning from electronics, to medicine,
and energy. Here the spotlight is on design and synthesis of innovative nanomaterials.
Nevertheless, characterization of materials at the nanoscale still remains a major
endeavor, requiring sensitive and high-throughput methods for their analysis.
Characterizing nanomaterials is crucial for achieving their full potential and
understanding their unique properties at the nanoscale. Here, the accurate
characterization of such nanoscale materials can support optimal performance, safety,
and meeting established regulations and standards. For example, in medicine,
characterization of nanomaterials can support new boost in the development of
effective drug delivery constructs, modernizing treatment paradigms. In electronics, this
can translate in progressing towards enhanced efficiency of devices. Meanwhile, in
energy, well characterized nanomaterials can play an important role in high-
performance renewable technologies.

Recent advancements in the field of nanotechnology has brought a major shift in the
way materials are designed, synthesized, and utilized. Traditionally, materials were
engineered at the macroscopic scale, with a focus on the bulk properties and their
applications. However, the field of nanotechnology has pushed a remarkable transition
towards exploring and harnessing the unique properties and functionalities exhibited by
materials and the nanoscale (1). One critical aspects of the shift from macro to
nanomaterials is the ability to have precise control over the size, shape, and composition
of the engineered nanostructures (2). This unprecedented level of control stimulated
the engineering of nanomaterials for a wide range of applications. One example in this
sense is the size-dependent optical properties, such of quantum dots, with implications
in fabrication of displays and lighting, and biomedical imaging (3). Another aspect of
exploiting nanoscale materials is the increase in surface area, allowing enhanced
interactions with the local environment in a highly responsive and sensitive manner. The
investigation of anisotropic nanoparticles is another niche that has stimulated great
developments inoptics, catalysis, and biomedical research (4). Furthermore, nanoscale
engineering of DNA and protein-based hybrid nanomaterials has enabled numerous

strategies for drug delivery systems and biosensors (5,6). Some of the upcoming classes
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of functional nanomaterials are being described in the following subsections, with a
main emphasis on anisotropic nanoparticles and nucleic acid-based engineered

nanomaterials.

1.2.1. Anisotropic nanoparticles

A recent class of nanomaterials that is becoming widely utilized in numerous
applications is anisotropic nanoparticles (7). Figure 1.1 exemplifies some of the most
commonly used anisotropic nanoparticles, with applications in bio-imaging in the visible
to near-infrared region (Figure 1.1A), surface-enhanced Raman spectroscopy (Figure
1.1B), and surface-enhanced catalysis (Figure 1.1C) (4). Anisotropic nanoparticles refer
to nanoscale particles that possess different properties or shapes in different directions
(7). The intriguing properties of anisotropic nanoparticles stem from the precise control
of their orientation and spatial arrangement. Various techniques can be employed to
synthesize anisotropic nanoparticles, including seed-mediated growth, template-
assisted synthesis, or supramolecular assembly (7). Common shapes of anisotropic
nanoparticles include rods, stars, triangles, among others (4). An appealing feature of
anisotropic nanoparticles is their shape-dependent plasmonic resonances, supporting
plasmon band in the near-infrared (NIR) region (8). This is attractive due to the low
absorption of tissues in this region, opening up possibilities for bioimaging and
photothermal therapy (9). Apart from this, anisotropic nanoparticles such as gold
branched nanostars have been reported as suitable sensing probes due to the presence
of hotspots that can significantly enhance the Raman scattering signal of nearby
molecules, supporting amplified Raman signals (10). With regard to the surface-
enhanced catalysis, anisotropic particles that present facets with high density of active
sites often display enhanced catalytic activity. Examples, such as palladium nanocubes
or platinum nanowires, have demonstrated enhanced catalytic activity in reactions,

including fuel cells and hydrogenation (11).
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Figure 1.1: Representative examples of engineered nanoparticles with anisotropic shapes tuned
forspecificapplications. (A) Shape-dependentplasmonicresonance tuning by adjustment of the
aspectratio of gold nanorods, and silver nanoparticles of different shapes: spherical, pentagon,
and triangle nanoparticles (50 nm scale bar) that can lead to plasmonicresonance bands at
different wavelengths. Adapted from ref. (4) and ref. (12). (B) Surface Enhanced Raman
Scattering (SERS) by gold nanoparticles using Rhodamine 6G (R6G) probe molecule. The SERS
effect for the R6G systematically increases with increase in the local curvature of the gold
nanoparticles, as a result of higher number and strength of the local field hotspots. Ad apted
from ref. (13) (C) Example of catalytic properties influenced by nanoparticle shape through
control of the crystallographic facets. Silver nanocubes show higher activity for styrene oxidation
in colloidal solution than near-spherical nanoparticles and nanoplates, due to their more-
reactive planes. Adapted fromref. (4).

1.2.2. Nucleic acid-based nanomaterials

With the continuous developments in nanotechnology, nucleic acids have received a
great attention not only as carriers of genetic information, but also as adaptable
functional material. The field of DNA structural nanotechnology, pioneered by Seeman
(14), has become an establishedresearch field following the principle of creating precise

and ordered nanostructures based on the Watson-Crick base pairing. The exceptional



level of sequence programmability has led to the engineering of different kinds of
structural and functional materials based on DNA (15). Furthermore, the concept of the
DNA origami folding technique introduced by Rothemund (16) has been stimulating the
generation of new programmable nanomaterials. The DNA origami technique relies on
the self-assembly properties of DNA, involving the use of a long single-stranded DNA
(ssDNA) scaffold and a mixture of hundreds of short ssDNA strands designed to bind
specific region of the scaffold (16). The hybridization of the staples based on the Watson-
Crick base-pairing drives the folding of the scaffold in well-defined nanostructures (16),
as depicted in Figure 1.2A-B. This DNA folding concept has sparked a variety of
constructs with implications in drug delivery, biosensing, and templating (17). The DNA
origami approach brings the possibility of engineering nanoscale objects with different
shapes and sizes with nanometer precision. A great promise of these DNA-based
constructs has been the development of drug delivery nanocarriers (18). Apart from the
biocompatibility and biodegradability aspects, another attractive feature of these DNA
nanostructures is the ease of functionalization with various molecules. This led to the
development of various drug delivery constructs where the molecules of interest are
embedded inthe DNA nanostructure. One example in this sense is the work carried out
by Zhang et al., where self-assembled DNA origami nanostructures were utilized to
perform in vivo delivery of the anticancer drug doxorubicin by noncovalent intercalation

of the drug molecules into the DNA nanostructures, (18), as shown in Figure 1.2C.
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Figure 1.2: DNA origami folding of nanostructures. (A) Schematic depicting the DNA origami
folding process. Alongsingle-stranded DNA scaffold (M13mp 18 phage genomicDNA) is folded
by addition of mixture of hundreds of short complementary rationally designed staple strands
to different regions of the scaffold strand, causing the scaffold to fold into well-defined
structuresin one-step annealing process: triangle, square, and tube origami shapes (B). Example
of triangular-shaped DNA origami drug carrier, depicting the loading of doxorubicin (DOX) anti-
tumourdrug through intercalation (C). Adapted fromref. (18).

Apart from 2D structures, different 3D designs have been proposed as well, showing
increased stability in serum and encapsulation efficiency (19-21). In this sense, Liu et al.
proposed in their work a tetrahedral nanostructure (Figure 1.3A), by folding DNA
origami sheets into a hollow 3D structure facilitated by the hybridization of DNA strands
placed at the edges of the 2D sheets (20). A particularly attractive feature explored by
the authors for this 3D DNA construct is the controlled conformational change in
response to adhesion to epithelial cell molecules (EpCAM), a molecular biomarker
expressed in circulating tumor cells. Moreover, incorporation of fluorophores or other
imaging agents into these constructs can facilitate their tracking.

Given the fact that the DNA origami folding is limited in size by the length of the DNA

scaffold utilized, hierarchical self-assembly strategies employing pre-folded DNA



building blocks have been suggested for supramolecular assemblies and periodic arrays
(22,23). Here, the building strategy revolves around the DNA specificity, by
incorporating ssDNA to the edge of one structure unit and its complementary ss DNA to
another structure unit that allows bridging the two in a predictable and repeatable
manner. Wang et al. demonstrated in their study the programming of supramolecular
assemblies from pre-folded building blocks, showing the ability to form dimer and
hexametric superstructures (Figure 1.3B) (23). The use of such building approaches at
the nanoscale can increase the DNA design space and maximize the potential of DNA-

based constructs for engineering intricate functional nanomaterials.

A

Quencher: Fluorophore:
Texas Red BHQ1 - / 6’FAM (quenched)
(image strands) g

L&
...... P t\“ ‘é \\'g‘_
% S f\f AN {*“ e x;ik\\ 5 ﬁk
@ﬁ‘ 7\.\\:)\\\ z\\\ " }\\\ N Q e Q\ Q\
AN r\ N \‘ (k\‘ ‘5

DNA origami sheet

Three folds in sync

a7 N
AR VAY,

§'/ti§\l
/|\ N, '

I><I - - S'“ K
?J/ " l’\"'\ta\Q

\/ \/

Figure 1.3: Supramolecular DNA origami assemblies. (A) Schematic design of the folding of
tetrahedral DNA 3D nanostructure and its conformational change. An aptamer duplex is used
for recognition and trigger a conformation change by the EpCAm biomarker. The confirmation
transition is monitored by separation of the adjacent DNA-conjugated fluorophore and
qguencher assembled on the DNA origami sheets. Adapted from ref. (20). (B) Supramolecular
assemblies formed by triangle and hexagonal DNA origami building blocks, together with the
AFMimaging (100 nm scale bars). Adapted from ref. (23).




1.2.3. Hybrid nanomaterials

The growing demand for new innovative materials has stimulated the utilization of two
or more nanomaterials in a hybrid configuration to amplify desired features, creating
materials with enhanced properties and functionalities. These hybrid nanomaterials can
be created by joining different components at the nanoscale, ranging from colloids, DNA
origami constructs, proteins, lipids, among others, to obtain synergetic effects that
improve their multifunctionality, compared to their use on individual basis. As a result,
materials with improved performances (thermal/mechanical stability, electron
conductivity, spatial arrangement, light emission, permeability, etc.) can be created by
tuning their composition and morphology.

One emerging trend in hybrid materials is building plasmonic superstructures that are
simple to integrate on solid substrates. The combination of DNA origami folded
nanostructures with metallic nanoparticles has been proposed for multiple applications
where the precise nanometer arrangement of the DNA origami structure and the tuned
optical properties of noble metal nanoparticles when these organic and inorganic
components are paired. An example in this direction is the work carried by Zhan et al.
on the integration of gold bowtie nanostructures on DNA origami sheets for single-
molecule SERS measurements (Figure 1.4A) (24). Capture strands were utilized to attach
the gold nanostructures on two rectangular DNA origami sheets linked together. Here,
the gold nanostructures were functionalized with thiolated ssDNA, complementary to
the capture strands present on the origami constructs. A similar approach was also
reported by Tanwar et al. where gold star-shaped nanoparticles with tunable gaps were
assembled on the DNA origami dimerized tiles and a Raman reporter molecule
positioned in between the nanostars gap (25). DNA origami has the special advantage
that it allows for spatial control over the conformations of the plasmonic nanostructures
in response to environmental signals.

Another emerging class of hybrid nanomaterials has been introduced by the Chad Mirkin
group, termed protein spherical nucleic acids (ProSNAs) (26). This class of hybrid
nanomaterials consists of a protein core with a chemically modified dense shell of
oligonucleotides (Figure 1.4B). The strategy proposed in their studies allows
independent variation of the protein core and the nucleic acid shell to target different

functionality (26). A major advantage brought by these hybrid constructs is the
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increased stability of the proteins from degradation, and increased cellular uptake due
to their functionalization, making them suitable probes for intra-cellular measurements
(27). Furthermore, the enhanced cellular uptake of ProSNAs facilitates intracellular

delivery of functional proteins for therapeutics, overcoming cellular entry and

degradation of cell-impermeable proteins (28).
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Figure 1.4: Emerging classes of hybrid nanomaterials. (A) Schematic of plasmonic bowtie
nanostructures assembled on DNA origami dimer construct and a Raman probe positioned at
the gap of the gold nanostructures. Adapted with permission fromref. (24). (B) Protein spherical
nuclei acids (ProSNAs) based on B-galactosidase protein core with a shell of oligonucleotides
conjugated on the surface of the protein. Adapted fromref. (28). (C) Schematicrepresentation
of a lipid-polymer nanoparticle with siRNA molecules bound. The hybrid nanoparticle consists
of a PLA core, a hydrophilicPEH shell, and cationiclipid monolayer (BHEM-Chol). Adapted from
ref. (29).



Lastly, another class of hybrid nanomaterials which have demonstrated great potential
in nanomedicine is the use of RNA therapeutic molecules and lipid-based nanoparticles
(Figure 1.4C) (29), as demonstrated by Yan et. al. (29). This combination results in a
powerful platform that can enable various RNA molecules to be efficiently packed and
delivered to targeted cells and tissues. RNA-based therapeutics, such as messenger RNA
(mRNA), small interfering RNA (siRNA), and micro RNA (miRNA) have shown great
potential in diseases treatment, vaccine development, and modulating gene expression
(30). The efficient use of these RNA molecules has been limited by their instability,
degradation, and poor cellular uptake (30). However, in combination with lipid-
nanoparticles, their encapsulation, stability, and efficient cell delivery to target cells can
be dramatically improved (31). Furthermore, lipid-based nanoparticles can be designed
to obtain controlled release of the embedded RNA molecules, supporting prolonged
therapeutic effects. With ongoing advancements in nanotechnology, these
nanomaterials systems hold great promise in opening new avenues for precision
medicine, standing as a versatile and effective platform for developing novel
therapeutics (31).

Whereas, the engineering of nanomaterials has showed tremendous progress and
continuous expansion in terms of nanoscale precision and new applications, some of the
current challenges revolve around their scalability and characterization. Of particular
importance here is the development of analytical tools that can provide sensitive,
comprehensive, and high-throughput analysis of engineered nanomaterials. This aspect
is discussed in the following subsections, with a particular emphasis on the single-entity

analysis.

1.3. Characterization of engineered nanomaterials

For the efficient use of engineered nanomaterials, it is important to fully characterize
their nanoscale properties and behavior under various conditions, relevant to the
application in question. Understanding their properties through reliable
characterization can improve their design and performance. For instance, the
widespread use of engineered nanomaterials and their commercialization requires

extensive characterization in terms of their quality and batch-to-batch reproducibility,
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which currently still poses challenges for their translation from laboratories into real-
world applications (32). From an analytical standpoint, discrimination of variations at
the nanoscale is a challenging endeavor itself. Therefore, techniques that support
simultaneous and integrated information in a high-throughput manner with regard to
the makeup and behavior of nanomaterials are highly demanded. This section describes
some of the most relevant features investigated for synthesized nanomaterials and
current techniques employed in their analysis, emphasizing their practical strengths and

limitations and their distinction as ensemble and single-entity techniques.

1.3.1. Physicochemical properties of engineered nanomaterials

As mentioned above, a great endeavor when it comes to engineered nanomaterials is
analyzing their physicochemical properties and correlating them to their functions and
behaviour. Nanoscale objects are typically dispersed into discrete entities with
particular characteristics. Key chemical and physical parameters for nanomaterials
typically include: size, shape, composition, surface charge, and concentration, amongst
others (33). In engineered nanoparticles, size and shape influence their diffusion
properties, fluid drag, optical characteristics, and cellularuptake (34,35). One key aspect
often interrogated in nanomedicine is the relationship between size/shape and the
toxicity of nanoparticles, as well as internalization and degradation properties (36).
Whereas, in nanoparticle synthesis, size distribution can inform on the quality of the
suspension.

Surface charge is another key parameter. As a fundamental component for controlling
the aggregation state, the electrostatic repulsion between nanoparticles favors stability
of colloidal suspensions (37). Particularly, when suspended in an electrolyte solution,
the screening of the nanoparticles can increase the aggregation state of a suspension
(38). A defined measure of the surface charge and the colloidal stability for nanoparticle
is represented by the zeta potential () (39). Factors that can affect the zeta potential of
nanoparticles in a solution, include ionic strength, pH, and adsorption of
charged/uncharged species (38). In addition to regulating a colloidal suspension’s
stability and tendency to aggregate, the surface charge also exerts an influence on the

interaction of the particle with the environment (40).
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1.3.2. Ensemble and single-entity characterization techniques

Alarge spectrum of techniques can be applied for the characterization of nanomaterials,
based on different modalities, such as: optical spectroscopy, light scattering, electron
microscopy, chromatography, electrophoresis, etc. (41). In this subsection, some of the
most commonly utilized techniques are mentioned. Here, two distinct approaches can
be made, namely ensemble techniques and single-entity measurement techniques
(Figure 1.5). Whereas, a single molecule detector concept is depicted in the middle panel
of Figure 1.5, it is important to note that analysis of a single-molecule generally entails
a dynamic system (rather than a single-molecule snapshot) and therefore the sampling

and time-dependent effect, as well as surrounding medium playing a role in the analysis

process.
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Figure 1.5: Concept of ensemble-based and single-molecule measurement. Adapted from ref.
(42).

Ensemble measurement techniques refer to measurement approaches where a large
population of nanomaterials is measured simultaneously, providing averaged
information of the same quantity. These approaches benefit from relatively fast
measurements (within several minutes), accelerating the measurement output and
facilitating the screening for desirable properties in different samples. Apart from this,
ensemble technique can provide statistical data on the average properties of the
nanomaterials populations evaluated. Two such techniques that are often employed in
routine analysis of nanomaterials are UV-Vis spectroscopy and dynamic light scattering
(DLS). These techniques have a great contribution in analysis of synthesized batches,

allowing the user to extract important information, such as size distribution, stabilityin
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different conditions, and concentration (33). UV-Vis spectroscopy, based on the
principle of measuring the ultraviolet and visible light absorption by a sample, is
commonly used to evaluate nanomaterials characteristics such as: size, concentration,
aggregates formation, and in some cases surface functionalization as well (43). DLS is an
ensemble-based technique that measures the scattered light intensity fluctuations of
particles in a sample to determine the size distribution (44). By observing variation in
the scatter light as a result of the Brownian motion of particles in solution, DLS extracts
information about their hydrodynamic size and diffusion properties (44). This
measurement technique is a great choice for routine analysis of monodisperse samples,
in various solvents, providing quick and non-invasive measurements (45). However,
given the dependence on scattering light intensity on particle size, the larger
components present in solution can cause bias in size estimation (45). This poses
limitations for the analysis of heterogenous samples, for accurately estimating the size
of non-spherical nanomaterials, due to the spherical model assumedin the analysis (45).
Another category of techniques involves the measurements at the individual particle
level, hereby referred as single-entity techniques. Opposite to traditional ensemble-
based methods where the mean response is obtained, single-entity measurements can
capture subtle variations in the sample on the basis of their individual assessment,
supporting detection of heterogeneity within a population of nanomaterials (42).
Furthermore, from the analytical perspective, the abilityto inspect nanomaterials at the
single-entity level allows a direct count of the analytes, eliminating potential
concentration constrains and the need for calibrations (42). One technique that has
gained popularity for providing high-resolution single-particle measurements at the
nanoscale is the use of transmission electron microscopy (TEM). During TEM
measurement, a beam of electrons is focused and transmitted through the specimen
investigated to create an image (33). Here, the interactions between the electrons and
the specimen provide information regarding the size and morphology of analyte on
individual basis (33). Hence, TEM can provide size and shape information of
heterogenous nanomaterial samples. A significant trade-off generally acknowledged in
utilizing TEM is the requirement of performing measurements in dry under high vacuum
conditions (46). To circumvent this, TEM approaches such as cryo-TEM and liquid cell

TEM (LCTEM) can favour characterization of nanomaterials in their hydrated or liquid
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state. This allow the user to explore in situcharacterization of aqueous dispersions, such
as characterizing nanoparticles dispersion in biological media or probing dynamic
processes such as nucleation and growth under various aqueous conditions, as
previously reported by Brydson and co-workers (47-49). While these approach are still
evolving, limitations are posed by the use of specialized equipment and the effect of
electron beam on the samples (46). Another method that can be explored for such
measurements is the use of atomic force microscopy (AFM) which supports
measurements in solution and under physiological conditions. AFM operates by
scanning a shaper probe (cantilever) over the surface of sample disperse on a substrate,
measuring the forces between the probe and sample surface to generate a topographic
image with high-resolution (41). AFM can be employed for examining nanomaterials
characteristics, suchas size, morphology, surface roughness, and mechanical properties.
Although, both AFM and TEM are powerful techniques that can provide detailed
information at the nanoscale level, they are limited in terms of their measurement
throughput and sample immobilization (50). This comes at the cost of longer
measurement time to cover different areasimaged/scanned and potential artefacts due
sample sedimentation on the substrate used. Another technique that has been
proposed for single-entity measurements of nanomaterials is based on solid-state
nanopores (51). This approach relies on the passage of individual analytes through a
nanoscale aperture, allowing for the detection of changes in ionic current, which can
then be used to infer about the physicochemical properties, such as size, charge, shape,
and analyte concentration (51). The main advantages brought by this approach is the
ability to provide rapid and non-destructive measurements of nanomaterials in solution,
without the need for extensive sample preparation or the use of high sample
concentrations (52). Furthermore, different strategies can be applied to sustain large
number of analytes measured and maximize the analysis throughput with low-volume
requirements. The unique ability to monitor the passage of analytes at the single level,
makes nanopores a technique with an untapped potential in detection and

characterization of a wide range of nanoscale analytes.
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1.4. Solid-state nanopores

The development of solid-state nanopore technology in the last decades has enabled
numerous applications in single-entity research (53,54). This section provides an
overview of the general sensing principle in nanopores, highlighting different nanopore
configurations and recent developments in performing quantitative analysis and
enhanced detection modalities using nanopore systems.

1.4.1. Nanopore working principle

The general nanopore readout relies on resistive pulse sensing where the nanopore links
two compartments filled with an electrolyte solution with electrodes immersed in each
compartment (Figure 1.6A) (55). Electrolytes used in the two compartments of the
nanopore setup are typically monovalent salt (e.g., KCI, NaCl, LiCl). Upon the application
of a potential bias across the pore through the pair the electrodes placed on each side,
a constant ionic current is measured, defined as the open pore current. After the
introduction of analytes into the electrolyte compartment, they are translocated
through the nanopore causing a temporary modulation in the measured ionic current.
The characteristic of the current perturbations such as current magnitude, duration, and
frequency (Figure 1.6B), lead to information about the physico-chemical properties of
the analyte (i.e., size, charge, shape, concentration) and its interactions with the
nanopore (51,55,56). Due to the nanoscale dimensions of the pore which are closely
matching the size of the analyte, the nanopore-based readout involves counting
molecules at the individual level. This sensing approach enabled, inter alia, the single-
molecule analysis of RNA (57), DNA nanostructures (58-60), proteins (61,62), ribosomes
(63), and virus particles (64,65). Furthermore, nanopores have been employed in the

analysis of inorganic colloids and nanoparticles (66-68).
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Figure 1.6: Nanopore working principle. (A) Schematic depicting the working principle of
conventional nanopore sensing. A nanoscale size pore separates two reservoirs filled with
electrolyte buffer and a electrodes placed on each side. By applying a constant voltage bias
across the pore, the analyte translocate through the pore resultingin a change in the open
current, in form of translocation pulse with a characteristics amplitude and durationdependent
on the analyte (B). Adapted from ref. (69).

1.4.2. Nanopore configurations and fabrication

Nanopores can be categorized into three main groups, based on in the nature of the
materials they are made of, i.e., biological, solid-state, and hybrid nanopores (70).
Initially, the most exploited nanopores were the biological nanopores. Biological
nanopores refer to a class of nanopore that comprise pore-forming proteins inserted
into planar lipid or synthetic membranes (71). One widely used example here is a-
hemolysin (aHL) nanopores, with a pore diameter of 1.4 nm (72), initially used in
nanopore sequencing experiments. This was followed other variants (i.e. MspA) and
other engineered and modified biological pores, such as improving accuracy and speed
of improved nanopore sequencing performance. The small dimensions of these pores
and their reproducible nature have played a major role in pushing the field of nuclei acid
sequencing, as demonstrated by the commercialization of nanopore sequencing devices
from Oxford Nanopore Technologies Ltd (73). Nevertheless, the intrinsic small
dimensions of such pores limit their use to a narrow range of analytes, particularly
restricted to the analysis of nucleic acid and small molecules. Considering their limited
applicability for the broader use of engineered nanomaterials, this class of nanopores is

not further discussed here.
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Solid-state nanopores have gained recent popularity in comparison with biological
nanopores, due do their advantages in terms of stability, control of pore size, surface
functionalization, and compatibility/integration with other techniques (microfluidic or
optical techniques) (51). Subjected to the choice of material and fabrication approach,
the geometry and architecture of solid-state nanopores vary from one another. To date,
the most popular choices interms of configuration is the use of planar thin membranes
(SiNx, SiO2, graphene) (51). Nanofabrication approaches commonly applied for these
nanopore, involve the use of focused electron/ion beam sculpting techniques and
controlled dielectric breakdown (CDB) (51).The most applied method for creating pores
with diameters in the low nanometre regime relies on electron/ion beam milling in a
free-standing thin membrane (Figure 1.7A) (51). Adjustments of the beam spot size,
duration, and position on the thin membrane allows for precise control of the pore size
and shape (74). While this fabrication approach provides tuning the pore to very small
dimensions, it involves the use of expensive instrumentation that requires experienced
user and time-consuming process to yield a larger number of pores. Another emerging
fabrication approach recently proposed is the use of CDB (Figure 1.7B) (75). To form a
nanopore, the membrane is subjected to a strong electric field in an electrolyte solution
which favours structural defects caused by the tunnelling leakage current occurring,
resulting in a dielectric breakdown of the thin membrane (75). An attractive aspect in
this caseis the direct fabrication of nanopores in microfluidic devices, as this fabrication
is done in solution using an electrolyte solution, which can greatly reduce the fabrication
and assembly steps involved in the production process (76). However, in this process
pore size are generally limited to a maximum of approximately 20 nm, due to the

increased likelihood of multiple pore formations or pores with irregular shapes (77).
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Figure 1.7: Schematic representation of thin membrane solid-state nanopore fabrication
methods. (A) Focused electron/ion-beam milling displaying a sequence of TEM images showing
nanopore formation in silicon dioxide membrane (right panel) using an electron beam (left
panel). (B) Nanopore fabrication by means of controlled dielectric breakdown. The membrane
is exposedtoan electricfield where structural defects are produced due to tunnelling leakage
current, favouring the formation of nanopore through the membrane. Adapted from ref. (51).

Another fabrication approach vyielding solid-state nanopores with conical geometry is
the laser-assisted pulling of quartz capillaries (Figure 1.8) (78,79). This simple and fast
approach for fabricating nanopores with tuneable pore sizes relies on the use of a
benchtop laser-puller instrument. The fabrication processes involves heating of a glass
or quartz capillary and applying a pulling force from each end of the capillary, resulting
in two nanopipettes with similar pore sizes (78). The pore size tuning generally comes
down to adjusting the heating and pulling parameters of the laser-puller and the
dimensions of the capillary used (78). While this fabrication is somewhat limiting for
fabrication of sub- 10 nm pore, it allows the user to easily tune the pore size in a wider
range and obtain pores fabricated in cost-effective and rapid manner without multiple

steps. Furthermore, the 3D geometry of the nanopipettes can prove advantageous in
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different applications and integration in confined volumes or manipulation inthe x, y, z

dimensions (80).
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Figure 1.8: Laser-pulled nanopores. (A) Schematic representation of nanopore fabrication by
means of laser-pulling a glass capillary. A capillaryis mountedand subjected to heating by means
of a laser, followed by a hard pull step from the two ends of the capillary, resultingin a pair of
nanopipettes with similar pore size. (B) Representative geometry of the nanopipette, indicating
the pore radius (r) and the cone half-angle (B). Adapted from ref. (81).

Lastly, a third recognised class of nanopores is represented by the so-called hybrid
nanopores (Figure 1.9), combining the features of solid-state and biological nanopores.
This nanopore configuration usually involves the combination of solid-state nanopores
with larger orifice (SiNx membrane or glass nanopipette), acting as support for docking
a biological component with a constricted aperture, such as using protein pore (82) or

DNA origami nanostructures (83).

DNA origami
nanostructure

Hybrid nanopore formation

Figure 1.9: Example of hybrid nanopores. Schematicrepresentation hybrid nanopore comprising
of silicon nitride membrane and a 3D DNA origami nanostructure with a double-stranded
overhangthatis dockedinside the orifice of the SiN,larger pore. Adapted fromref. (83).
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1.4.3. Properties and considerations in nanopore sensing

Nanopore sensing relies on the recorded current signal to provide information about
the characteristics of the analytes investigated. Upon the application of an electrical bias
across the pore, ions flow through the pore, altering the ionic current. This operating
principle is similar to the traditional Coulter Counter technique (84). The nanoscale
dimensions of the fabricated pore allows measurements at the single-molecule level
(52). The ionic conductance of the nanopore can be described including the bulk
conductivity (the electrolyte solution used), the counterions shielding the surface charge
of the pore, and the pore geometry (85). Considering a negatively charged pore with a

cylinder geometry, the pore conductance (G) can be expressed by Equation 1.1:
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where dpore is the diameter of the pore, Lpore represents the length of the pore, uxand
uci are the electrophoretic mobilities of potassium and chloride ions, nkc is the
concentration of potassium and chloride ions, e is the elementary charge, o is the

surface charge density in the nanopore (85).
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Figure 1.10: lon current blockage. Schematicrepresentationof ion current blockade in nanopore
sensing, usingthe analogy of an elephant versus an ant moving through a door. Adapted from
ref. (86).

In a typical nanopore setup, analytes are driven electrophoretically (or in some cases
electroosmotically) through the narrow constriction of the pore that separates the two
reservoirs filled with electrolyte solution. The translocation of an individual analyte
causes a characteristics temporal change in the recorded ionic current. Translating this
in terms of signal-to-noise ratio (SNR), a large change in the ionic current is ideal in
resolving the translocation signal from the current baseline. When the pore size is close
to the dimensions of the translocating analyte, a pronounced change in the ionic current
is obtained. Opposite to this, if the pore is large relative to the dimensions of the analyte,

the current will be little impacted by the translocating analyte. A good analogy for this
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principle is displayed in Figure 1.10. Pushing an elephant through a door will greatly
reduce the air flow through the door, whereas an ant moving through the door barely
causes any change.

One important parameter in nanopore analysis is the amplitude of the peak current
associated with a translocation event. The peak current amplitude is generally accepted
to be related to the occupied volume of the analyte, physically hindering the ionic
current flow in the sensing region of the pore, also referred as volume exclusion effect
(87). This peak current amplitude is often defined as Al, with typical values in range of
tens or hundreds of pA. This nanopore parameter has been the most utilized in assessing
the size/geometry of various analyzed by nanopores. Recent studies have pointed
deviations from the general resistive-pulse sensing (85,88). Depending and ionic
strength of the electrolyte solution and the surface charge of the pore, the Al can
observed as a resistive (current reducing, Al < 0) pulse or conductive (current
enhancement, Al > 0) pulse during a translocation event, with conductive events
reported in low ionic strength conditions (below 300 mM KCI) (85,88). Furthermore, it
has been suggested that the current enhancement effect can also be rationalized by
introducing highly charged analytes in low ionic strength electrolyte solution, which
causes a temporary increase in the ion flux during the translocation through the pore
(89).

Whilst electrophoretic force (EPF) is generally regarded as the dominant force in most
of the nanopore experiments, the negatively charged surfaces of solid-state nanopores
also generate an electroosmotic flow (EOF) (90), and ion current rectification (ICR) (91).
Charged pore surfaces in contact with the electrolyte solution built up an electrical
double layer (EDL) made up of counterions (92). Under an electric field, EOF arises due
to the interaction between the electric field induced by the applied voltage and
movement of ions within the EDL, generating a corresponding flow of the surrounding
liquid (92). Depending on the charge of the analyte and the polarity of the nanopore
wall, EOF acts on translocating analyte inside the nanopore, either complementing the
EPF or pointing in the opposite direction (90). As for the ICR effect, this is described by
an asymmetric ion distribution that results in non-linear current-voltage response, due
to preferential current flow in the direction of one polarity, typically observed in pores

with asymmetric geometry (i.e., conical pores) (91).
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Another parameter frequently investigated in nanopore analysis is the duration of the
translocation event (dwell time), reflecting the duration of time the analyte resides in
the sensing region of the nanopore. Dwell time is defined as the time between the initial
change in the ionic current and its recovery to the baseline. The dwell time distribution
can be used to extract information regarding the charge, mobility, and shape, or
interaction of the analyte with the pore (86). In several reports, an inverse relationship
between the dwell time and the applied electrical bias has been experimentally
demonstrated (93,94). Frequently, this is used as diagnostic for electrophoretically
driven transport, recording translocation events at several applied voltages. Here, an
important factor is also played by the length of the pore with longer pore lengths
sustaining an increased interaction between the analyte and the pore. Tuning of the
pore geometry and translocation conditions (applied voltage, ionic strength, etc.) are
important factors that can affect the event duration and resolving the events within the
temporal bandwidth of the instrument (86).

Another characteristic explored during the single-molecule nanopore analysis is the
capture rate (event rate). This parameter refers to the rate at which translocation events
are detected, usually defined as events per unit of time (e.g., s or min?). It has been
previously suggested that during the translocation process the analyte in the solution
follows two main stages: (a) transport from the bulk solution to the capture volume in
the vicinity of the pore by Brownian motion; and (b) the analyte enters the capture
volume near the aperture generated by the electric field, overcoming an entropic barrier
(95). The particle flux (J) describes (Equation 1.2) the frequency at which the analyte
enters the capture volume (hemispherical for a cylinder pore) (95):

nd?u
J= T Vpias € (Eq.1.2)

where Vpios represents the applied voltage and c is the concentration of the analyte in
the bulk, L represents the length of the pore.

In order to perform statistical analysis, is important to record a larger number of
translocation events. Recording a large data set involves long recording times, which is
consequently dependent on the analyte capture rate. While measurements in
considerably more concentrated samples can lead to a high capture rate and the

recording of many events in a short amount of time, a fine tuning is required. High
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analyte concentration can cause crowding and clogging of the nanopore sensing region.
On the other side, very low concentration translates in long recording times to gather
sufficient number of translocation events.

As highlighted in this section, recording translocation events with high SNR and high
capture rate within the temporal bandwidth of the instrument require
tuning/modification of the nanopore and the translocation conditions, such as ionic
strength, applied voltage, concentration where possible. Different strategies to obtain
enhanced detection with solid-state nanopore systems are described in the following

subsection with an emphasis on sensitivity, selectivity, and measurement throughput.

1.4.4. Strategies for enhanced detection with solid-state nanopores

There are several aspects of nanopore analysis that can expand its applicability in the
context of detection at the single-particle level, including: sensitivity, selectivity,
multiplexing, stability, and throughput. In the recent years, several nanopore strategies
have been proposed that overall contributed to the enhanced performance of solid-
state nanopores for various applications.

Chemical surface modifications

Surface coatings of solid-state nanopore can bring numerous practical advantages for
performing long and stable nanopore recordings with reduced non-specific interactions
and/or clogging that can hinder the translocation of large number of molecules, a
particular challenge acknowledged in the case of protein analysis (96). One practical
approach reported in this case, is the use of nanopores coated with surfactants. Hu et
al. reported the use of Tween 20 coating for preventing adsorption of proteins to silicon
nitride pores (97). Another effective chemical modification was described by Yusko et
al. where silicon nitride nanopores underwent a lipid-bilayer coating (Figure 1.11A) by
exposure to a solution of small unilamellar liposomes (98). This approach enabled them
to control the size of the nanopore (reducing the pore diameter) and slowing down the
translocation of the targeted proteins and obtain single-molecule measurement of
amyloid beta oligomers and fibrils. Furthermore, the lipid bilayer was further tuned by
incorporating lipid-anchored ligand or receptor molecule for selective capture of
proteins. Apart from this, a more recent strategy for boosting the sensitive
discrimination of proteins was proposed by Schmid et al., where a nanopore

electroosmotic trap (NEOtrap) was formed by immobilizing a spherical DNA origami
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nanostructure onto a passivated silicon nitride pore (Figure 1.11B) (99). Here, the DNA
origami nanostructure seals off the pore, stimulating the electroosmotic trapping of
nanoparticles irrespective of charge and sustaining long-duration measurements

(several hours). By reversing the applied voltage, a different protein can be trapped and

measured inthe nanocavity.
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Figure 1.11: Example of functionalized solid-state nanopores. (A) Schematic of lipid coated
(yellow layer) solid-state nanopore with streptavidin proteins (red) bound to lipid-anchored
biotin-PE ligands (blue). Representative ionic current traces denoting the enhanced detection
and selective capture of the protein in the presence of the biotinylated lipids coated on the
nanopore. Adapted with permission fromref. (98). (B) Schematicdisplaying the stepsinvolved
inthe formation of NEOtrap: (i) electrophoreticdocking of spherical DNA origaminanostructure
onto the passivated silicon nitride nanopore; the induced hydrodynamic flow (ii) favour the
trappingof proteinsin the nanopore by means of electroosmosis (ii). Adapted from ref. (99).
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Multi-pore configurations

The development of multi-pore configuration is as viable strategy to increase the
throughput of nanopore-based sensors, by recording one sample or additional samples
in parallel. Capitalizing on the new developments in nanofabrication, arrayed nanopore
configuration can be designed. Wen et al. proposed in their work a 30-100 nanopores
array in a suspended silicon nitride membrane which was used for the detection of
nanoparticles (Figure 1.12A) (65). While these high-end fabrication approaches are
attractive in terms of precision, they pose challenges for large-scale production. An
alternative strategy with potential for high yield and simple fabrication is the use of
nanoimprint lithography with a Si microneedle stamp, as demonstrated by Choi et al.
(100). Here, sub-10 nm nanopores were fabricated in a freestanding polymer membrane
in a single-step process. A different strategy in increasing the high-throughput in
nanopore measurement relies on the multibarreled glass nanopipettes that can be
independently controlled (Figure 1.12B) (101,102), allowing for simultaneous detection,

as well as trapping and dynamic manipulation, of individual molecules.

-26-



i | |efd
iy

N N/ 9
- o= - iy Amperemeter
o D
e
I T
DCbias | ~
ch.1 10 kbp DNA Cch.2 10 kbp DNA

Cch.3 10 kbp DNA

s ST

Figure 1.12: Example of multi-pore configurations. (A) Schematic of solid-state nanopore array
setup for addressing the translocation of nanoparticles through multiple nanopores. Adapted
with permission from ref. (103). (B) SEM image of quad-barrel nanopipete depicting ionic
currenttraces fromeach barrel used forthe translocation of 10 kbp DNA moleculesfrominside
the barrel into the bath. Adapted fromref. (102).
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Molecular probes

To address shortcomings in the detection of small molecules with solid-state nanopores
that are either present in low concentrations or require very small pore diameters, the
use of molecular probes has been proposed. This detection approach can sustain
sensitive and selective detection without the need of amplification or additional sample
preparation. Edel and co-workers proposed a highly sensitive and selective strategy for
binding biological targets using gold nanoparticles molecular probes (104). Their
approach consisted of functionalized gold nanoparticles with either dsDNA or antibodies
that allow the binding of clinically relevant biomarkers (procalcitonin and short
microRNA sequences), forming dimer nanoparticle complexes upon the binding. Rather
than directly observing the molecule of interest, the detection was carried out indirectly

by measuring the translocation of the dimeric nanoparticles with the captured target.
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The sensing strategy relied on differentiating the monomer (one peak signature) and
dimeric state (double-peak signature) recorded with the nanopore platform, as shown
in Figure 1.13A. The same group have also proposed the use of supercharged
unstructured polypeptides (SUPs) as molecular carriers for nanopore detection of
proteins. The SUPs molecular probes favored the differentiation of individual proteins
with different sizes and shapes by slowing down their translocation as a result of the
electrostatic interactions of the molecular probe with the surface of the nanopore. The
protein discrimination was based on the identification of subpeaks features,
characteristic of the individual proteins bound (105).

DNA-based molecular probes that facilitate multiplexed detection by means of solid-
state nanopores have been reported by Keyser and co-workers (106,107). A recent
example is the use of DNA dumbbell nanoswitches for multiplexed nucleicacid detection
and bacterial identification, with simultaneous detection using barcoded carriers (106).
As shown in Figure 1.13B, a DNA carrier combined with multiple dumbbell switches that
undergo a topology change from open to close upon hybridization of target strands. In
terms of the nanopore readout this translated in observing a nanopore current signal
transition from two small peaks signal in open state to a large single peak signal in the

close state.

-28-



monomeric dimeric
Ve molecular probe molecular probe with bound target
2 antigen
2 & N\ ofe
) —~ B~ P
S _t \_ 2\
\ ® = PR ... >
\ _____sod
\ nanoparticle monomer antigen probes antibody-antigen-antibody
—=n ] . N
Y,
/ 4 \
i representative
[} translocation signal
reference “}
C st =
electrode @ k] - ]
O — if = S o
& E | !
‘ 3
4'; \ time
1 L
miRNA antigen monomer miRNA probes AuNP dimer
(ssDNA-miRNA-ssDNA)
Y , o
N WY >
miRNA Ll
monomer dimer

- . 178bp e

[ Y & [ ] VAN [ A\ s 1
[@5 ‘ [ {&5 5 Target (’O—L_O! 5 [&‘D)J 5
11 nt 11 nt m 1]
‘ < i Nanopore Nanopore ‘ . i
woE — readout readout F —

Small double peak Large single peak

_[50 PA ___[s0pA

0.2ms

Figure 1.13: Example of nanopore sensing utilizing molecular probes. (A) Schematic showing the
concept of the dimer-forming gold nanoparticle probes. Upon the capture of the biomarker of
interest by the functionalized nanoparticles, a nanopore readout discrimination based on the
presence of singlet or duplet translocation signal can be observed for the monomeric and
dimericstate. Adapted with permission from ref. (108). (B) Schematic DNA carrier with probes
(green) and two groups of dumbbells (blue) that undergo atopological change from open state
to close state upon the hybridization of a DNA target strand. The characteristic nanopore
readout changes from asmall double peak current signal whenis the open state to alarge single
peaksignal whenis switched tothe close position. Adapted from ref. (106).

Polymer electrolyte nanopore
Another strategy for obtaining enhanced detection of analytes with solid-state
nanopores reported by our group relies on the utilization of a polymer electrolyte

external solution to enhance the translocation signal of analytes (57). This strategy
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brings the advantage of a very simplistic and easy-to-implement approach where the
polyethylene glycol (PEG) molecular agentis added to the electrolyte solution where the
nanopore (in this case nanopipette) is immersed. Previous work on the use of such
polymer electrolyte nanopore systems has shown a dramatic increase in the current
signals recorded (57,109). Importantly, this nanopore adaptation does not require any
intermediate steps and is compatible with a range of electrolyte solutions and ionic
strengths, supporting the sensing of multiple biomolecules and nanoparticles. As
reported in a mechanistic study on the use of such platform for the enhanced detection
of DNA molecules, PEG is assumed to bind the cations (K*) present in the external bath
and therefore cause an imbalance in the mobility of the ions which results in ion
depletion in the region of the pore (110). Thanks to this PEG-induced effect, the
translocation of different charged biomolecules resulted in obtaining high-amplitude
conductive peaks, maximizing the SNR of nanopore readout with the same pore
(57,109). Figure 1.14 illustrates the effect of the polymer electrolyte external bath in
driving the enhancement of the translocation signal, compared with the no-PEG
conditions. Moreover, it has been suggested that polymer electrolyte interface also
plays a role in contributing to the conductive signal enhancement, introducing

additional ions in the pore region when an analyte is translocating through (110).
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Figure 1.14: Polymer electrolyte nanopore. (A) Schematic and representative translocation
signals obtained for dsDNA translocating from inside the nanopipette into the extemal
electrolytesolution with and without the addition of PEG. Adapted fromref. (110).
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1.4.5. Applications and challenges in nanopore analysis of nanomaterials

The ability to detect particles on individual basis with nanoscale tailored pores brings
many advantages in characterizing new emerging functional nanomaterials in a rapid
and label-free manner. As described above, different nanopore sensing modalities and
strategies forincreasing ionic current SNR and temporal resolution for various molecules
makes this technique a potential toolbox that can complement the existing techniques
commonly applied in the characterization of the nanomaterials. Nanopore parameters
such as peak current amplitude and dwell time can contribute to the characterization of
individual analytes and correlate these with important characteristics of engineered
nanomaterials (i.e., size, shape, charge). The ability to record larger numbers of events
associated to the translocation of unlabeled individual particles in solution, yields
distributions of the nanopore current parameters and can be further used for statistical
and quantitative analysis.

Whereas nanopore sensing has been expanded to a wide range of molecules or in some
cases usedas a biosensor platform, particularly DNA-basedand protein-based molecular
structures, little research has been carried out on nanopore analysis of heterogeneous
mixtures. Often synthesized mixtures, whether they are DNA-based nanostructures,
colloidal suspensions, or hybrid nanomaterials, are known to have a heterogenous
character. This could translate in nanoscale variations related to their size, shape,
confirmation, or charge. Such aspects of newly engineered nanomaterials challenge the
wider use of nanopores for their comprehensive characterization. Particular limitations
are posed by the requirement to tune the pore size to the dimensions of the analyte
investigatedin order to maximize the readout signal. Secondly, the requirement of using
high ionic strength electrolyte solution can hinder the investigation of nanomaterials
that are less stable, particularly in the cases of synthesized colloidal suspensions. Lastly,
improving the stability during nanopore recordings can prove beneficial in the analysis
of low concentration samples that are limited by the nature of the synthesis process or
have an intrinsic low yield. The configuration of the nanopores comes with a great
benefit of accommodating volumes down to few microliters. Nevertheless, it is desired
to yield alarge number of events in the case of low concentration samples, which comes
at the cost of long recordings and therefore the stability aspect is key in such

measurement.
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Taking into account these practical considerations, the potential of nanopore-based
characterization of a large spectrum of engineered nanomaterials with real-life

applications can be explored.

1.5. Thesis aim and objectives

The overall aims of the research project were to explore the analysis of engineered
functional nanomaterials by means of solid-state nanopores. Nanopore measurements
stand as a toolbox with an untapped potential in the label-free and rapid detection and
characterization of a variety of nanomaterials. The experiments described here aimed
at providing acomprehensive analysis of different functional nanomaterials and explore
their heterogenous (size, shape, assembly yield) character with the use polymer
electrolyte nanopore-based system at the single-entity level. In this regard, a first focus
was on the analysis of DNA supramolecular assemblies and devising a methodology for
fingerprinting their assembly state, as well as developing quantitative analysis of their
yields in the folding mixtures. Secondly, the PhD project aimed to expand the
applicability of the nanopore-based systems and adapt the translocation conditions in
order to probe the analysis of relevant hard and soft, uniform and anisotropic
nanoparticle mixtures with a high-degree of discrimination based on their nanoscale

variations.

Chapter 1 discusses the overall background in the context of the research described in
this thesis. A broad overview of the different classes of emerging nanomaterials is given
and the importance in elucidating their physicochemical properties. Then,
characterization methods for discriminating nanoscale variations are described, putting
an emphasis on the potential of use of solid-state nanopores as toolbox for
characterizing such nanomaterials. A major focus is put on the concept of nanopore
analysis, configurations, and recent strategies that support enhanced detection of
various analytes. Challenges of nanopore analysis in the context of engineered
nanomaterials are also detailed. Lastly, the aims of thesis are described, followed by a
brief overview of the content of each chapter of the thesis. Content from this chapter is

published in a recent review in Analytical Chemistry Journal as shared first author (111).
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Chapter 2 details the materials and methods usedto conduct the experiments described
in the thesis. A major focus is put on describing the setup and translocation conditions
utilized in the nanopore-based measurements, as well as the fabrication and

characterization of the solid-state nanopores.

Chapter 3 describes the detection of supramolecular DNA nanostructures with different
assembly degree. A rapid and label-free approach is proposed for fingerprinting higher-
order assemblies of DNA origami nanostructures with single-entity resolution, enabled
by nanopore recordings. A comparison with the gold standard methods for
characterization of DNA folded mixtures (AFM and gel electrophoresis) is given in the
context of yield quantification of each folded DNA nanostructure. Work from this

chapter is published in Biophysical Journal (60).

Chapter 4 explores the use of a polymer electrolyte nanopore-based approach for the
analysis of different classes of functional nanoparticles with distinct chemical
composition, capping agents and physical properties. A strong focus is put on tackling
the analysis of heterogenous mixtures and discriminating soft nanoparticles based on
their functionalization layers. Work from this chapter is published in BioRxiv (112) and

submitted to for journal publication.

Chapter 5 summarizes the main conclusions of the thesis and discusses future research

directions.
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Chapter 2: Materials and methods
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2.1. Overview

In this chapter, an overview of the materials and methods used to conduct the research
described in this PhD thesis is given. First, a detailed explanation of the nanopipette
fabrication and characterization is given. Next, a description of the nanopipette
measurement setup is provided, together with the data analysis methods applied in this
research. Lastly, an overview of the sample preparation applied throughout the
different nanopipette experiments is described. In addition to this general description,
each results chapter consists of its own materials and methods section describing in
detail the experimental conditions used, ranging from sample preparation to

measurement conditions.

2.2. Nanopipette fabrication

The fabrication of nanopipettes starts from a quartz capillary pulled into a pair of sharp
nanopipette tips by means of a benchtop laser-puller (Sutter Instruments P2000)(113),
as depicted Figure 2.1. One aspect of paramount importance is the nanopore size of the
tip of the nanopipette to maximise the signal-to-noise ratio for the detection of various
analytes. This requires tailoring of the pore size to closely match that of the analyte
under investigation. The fabrication started with a quartz capillary (i.e. 1.0 mm outer
diameter x 0.5 mm inner diameter) that was pulled into a needle-shape nanopipette by
means of CO; laser-based puller. In short, a focused laser beam melts the quartz

capillary, followed by pulling forces from opposite sides of the capillary, resulting in a
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pair of two nanopipettes with nominally the same pore size (Figure 2.1A). Several
parameters of the laser-pulling process require optimization to obtain reproducible pore
sizes. Each laser-pulleris different and dependent on the environmental conditions (i.e.
room temperature, humidity) where itis operated. There are five parameters that needs
to be adjusted in order to achieve the desired pore size: HEAT, FILAMENT, VELOCITY,
DELAY, and PULL. From these parameters, the greatest influence is provided by the HEAT
and PULL parameters. For instance, applying increased HEAT and PULL values leads to
smaller pores, and vice-versa. Table 2.1 displays an example of optimized pulling
program for pulling nanopipettes in the 100 nm regime using quartz capillaries. In order
to maintain a reproducible response of the laser-pulling process, a two-line program was
applied. The first line program mainly defines the shape and length of the nanopipette’s
taper. Whereas the second line program defines the size of the pore at the tip of the

nanopipette.

Table 2.1: Example of optimized parameters forlaser-pulling nanopipettes.

HEAT FIL VEL DEL PULL
750 4 30 150 80
650 3 40 135 150
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Figure 2.1: Laser-pulling process. (A) Schematic representation of the laser-pulling process,
where a quartz capillary is subjected tolaser-heating usinga CO, laser, followed by a hard-pull
step to produce a pair of nanopipettes with similar pore size. (B) Picture of P-2000 (Sutter
Instruments) benchtop laser-puller (113).

To further facilitate the fabrication of nanopipettes with different pore sizes, the choice
of the starting capillary diameter can be adjusted. Two examples of capillaries utilized

in this research are shown in the Table 2.2. For pore size ranges above 100 nm, quartz
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capillaries with diameter dimensions of 1.2 mm outer diameter x 0.9 mm inner diameter
were used. Alternatively, for pore sizes bellow 100 nm, quartz capillaries with
dimensions of 1.0 mm outer diameter x 0.5 mm inner diameter were used. Apart from
the capillary diameter, the thickness of the glass (outer diameter —inner diameter) plays

arole inthe pore size tuning.

Table 2.2: Example of quartz capillary dimensions used for nanopipette fabrication

Outer diameter Inner diameter
Capillary Barrel
(mmm) (mm)
Quartz 1.0 0.5 Single
Quartz 1.2 0.9 Single

2.3. Nanopipete characterization

Once a consistentlaser-pulling program was optimized, the resulting nanopipettes need
to be characterized to assess the nanopore diameter. In this research, two approaches
for characterizing nanopipettes were used: direct morphological characterization
utilizing Scanning Electron Microscopy (SEM) and indirect pore size estimation based on
electrical resistance measurements. Figure 2.2 shows representative SEM images of a
nanopipette fabricated by laser-pulling. Such a morphological characterization
technique can allow both pore size and taper length estimation of the nanopipette. SEM
is common technique applied for the morphological characterization of nanopipettes
with pore sizes in the nanometre regime (78), whereas Transmission Electron
Microscopy (TEM) can be employed to inspectin fine detail various geometrical aspects
of the tip region, such as: taper length, cone-angle, wall thickness of the pore (114).
Even though SEM is a commonly used method for pore size estimation of nanopipettes,
itis a time-consuming process, and it is limited by the electron beam exposure. Due to
the charging effect of the quartz capillary, SEM imaging of nanopipettes with relatively
small pore sizes (<50 nm) can prove challenging. An alternative solution is coating the
nanopipette tip with a thin layer of a conductive material, such as sputtering gold or

iridium.
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Figure 2.2: SEM characterization of laser-pulled nanopipetttes with a pore size diameter of
approximately 60nm. (A) SEM micrograph of the nanopipette pore size. (B) SEM micrograph of
the nanopipette taper.

A second approach implemented for the pore size estimation of laser-pulled
nanopipettes is the electrical resistance determination from the current trace obtained
using Ohm’s law. Generally, a linear response is expected for the IV curve recorded over
a range of voltages using a patch-clamp amplifier. In Figure 2.3, a characteristic IV curve
recorded between +500 mV and — 500 mV in 100 mM KCI is shown for a pore size
diameter of approximately 60 nm. However, it is worth mentioning that the
conductance can be influenced by several parameters, such as the electrolyte
concentration and wall surface charge which can induce an ion current rectification
effect. As opposed to the morphological characterization, this electrical approach is
simple and favours a quick estimate of the pore size and check that the nanopipette is

stable for measurements and the tip is not blocked/damaged.
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Figure 2.3: Representative current-voltage (V) curve of laser-pulled nanopipette witha nominal
pore size diameter of approximately 60nm. A pore resistance of 85+10 MQ was measured (N=7
nanopipettes from different pulls)., corresponding to a pore diameter size variation of lessthan
~5 nm.

2.4. Electrochemical setup

The nanopore setup utilized for translocation experiments is described in Figure 2.4. The
translocation experiments were carried out by filling the nanopipette with the
translocation buffer containing the analyte of interest. An Ag/AgCl wire was inserted in
the nanopipette barrel and acted as the working electrode, while a second Ag/AgCl wire
was immersed in the bath and acted as the counter and reference electrodes. The
analyte is driven from inside the nanopipette into the outer bath upon the application
of a potential bias. The electrodes are connected to a MultiClamp 700B patch-clamp
amplifier (Molecular Devices) and DigiData 1550B digitizer (Molecular Devices) to record

the ionic current.
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Figure 2.4: Schematic representation of the general setup utilized for the nanopore
translocation measurements. The analyte of interest is added inside to the nanopipette and a
pairof Ag/AgCl electrodes are placedinthe barrel and outsidein the electrolyte bath. Upon the
application of potential bias, the analyte can be driven from inside the nanopipette into the
outer bath.

Figure 2.5 displays the corresponding ionic current traces recorded in the absence of an
analyte (Figure 2.5A) and when nanoparticles are translocated from inside the
nanopipette into the outer bath (Figure 2.5B). The translocation events result in
perturbations of the ionic current baseline, where each current spike is associated with

the translocation of one analyte.
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Figure 2.5: loniccurrent measurement nanopipettes. (A) loniccurrent trace recorded when no
analyte was added to the nanopipette. The ionic current through the nanopore is carried by
anions and cations in the electrolyte buffer. (B) Representative ionic current trace showing
translocation events upon the translocation of nanoparticles from inside the pipette into the
outerbath.

2.4.1. Electrolyte solution

The translocation buffers used in the nanopore measurements were 100 mM KCl or 50
mM KCI (unless stated otherwise) prepared in Tris-EDTA (10 mM Tris, 1ImM EDTA, pH
8.0). A pH of 8.0 was chosen to maximize the negative charge of the molecules
translocated in these buffer conditions. The solutions were prepared using ultrapure
water and the solutions were further filtered using 0.1 um filter (Milipore) to remove
any potential contaminants. A similar electrolyte solution was used inside the
nanopipette and in the outer bath. A particular difference was the addition of Poly-

ethylene glycol agent (PEG 35k) to the outer bath, as described in each specific section.
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2.5. Electrodes preparation

Non-polarizable Ag/AgCl electrodes were used in the electrochemical setup for the
nanopore measurements. The choice of utilizing Ag/AgCl electrodes stems from fast
charge transfer properties from the electrode to the solution and their ease of
fabrication. Together with the electrolyte solution, the Ag/AgCl electrodes drive the
transport of ions across the nanopore. By applying a constant voltage, a potential
difference takes places between the electrodes. Equations 2.1. and 2.2 depict the redox
reactions taking place, stimulating the flow of cations (K*) and anions (ClI") in opposite
directions. KCl is a suitable choice of electrolyte due to the similar diffusion coefficients
of the K* and Cl ions (115). Redox reaction taking place at the electrodes used in
nanopore measurements. The AgCl is being reduced which leads to the formation of CI-
(cathode). Whereas, Ag is being oxidized to form AgCl (anode).

AgCly+e™ = Ag) + ClU™ (Eq. 2.1)

Agy +Cl” > AgCl,y + e™ (Eq.2.2)
The Ag/AgCl electrodes were freshly prepared before each nanopore measurement by
chlorination of 0.25 mm silver wire (Goodfellow Cambridge Ltd). Following this, the
electrodes were rinsed and sonicated in MiliQ water at room temperature.
2.5.1. Faraday Cage
For all experiments the nanopore setup was placedinside a Faraday cage to reduce noise
and thus to enable the detection and analysis of low current levels (pA). To further
minimise potential vibrational interferences, the Faraday cage was placed on a custom-

made anti-vibration platform, as shown in Figure 2.6.
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Figure 2.6: Image of the nanopore setup. A patch-clamp amplifieris used to apply avoltage and
measure ionic current in a two-electrode configuration through a single nanopore which is
integrated inside a Faraday cage to minimize interferences and external noise. A low-noise
digitizer is used to convert the analog signals into discrete digital data that can be visualized,
processed, and analyzed.

2.5.2. Nanapore data acquisition and analysis

Analysis of the current traces recorded with the nanopore setup was carried out using
the Transalyzer MATLAB script, developed by Plesa et al. (116). A general workflow
scheme of the data process is described in Figure 2.7. The data analysis starts with the
recorded current trace in raw format (abf). In the first step, the local baseline and rms
noise level (o) is determined. In order to extract events, a thresholding algorithm is
applied to extract the translocation events. Here, the events are identified if they are
above the threshold limit set (Figure 2.8), which is defined by the multiplication of the
rms noise level (o) with a set a peak detection factor. The peak detection factor is
selectedin such a way that the largest number of events is selected, whilst minimizing

the detection of noise spikes from the baseline.
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Figure 2.7: Workflow typically employed in the data analysis of the nanopore current traces.

As shown in Figure 2.8A-B, a 70 threshold was applied and only events above this
threshold were considered in the analysis. The 70 refers to a threshold that is seven
standard deviations away from the mean distribution of the baseline. When this
threshold factoris applied for peak detection, itimplies that a peak must be significantly
higher than the average value of the baseline current, in order to be considered as a
valid peak. 70 is associated with values very far from the mean, beyond ranges that are
typically coved by a confidence interval, with p-values that are very close to zero. This
threshold value was chosen to increase the likelihood of identifying only the most
pronounced peaks associated with a true translocation event, while disregarding small
fluctuations in the ion current cause by noise.

This event detection step is followed by characterization of the translocation events
according to their features, such as peak amplitude, dwell time, and equivalent charge

deficit (Figure 2.8C). The event features are detected on anindividual basis. This step is
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then proceeded by sorting and characterizing the event populations. Lastly, relevant
clustering and statistics can be generated by generating scatter and histogram plots
(Figure 2.8D-F). The obtained events were further analysed and plotted using Origin
2019b.
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Figure 2.8: Examples of nanopore translocation data analysis. (A) Representative ion current
trace with the 70 threshold indicated by the red line. (B) Same trace as in panel A with the
perturbationsintheion currentidentifiedas translocation events. (C) Representative event with
the translocation peak characteristics. (D) Scatter plot with peak amplitude versus the dwell
time. (E) Histogram of the peak amplitude distribution. (F) Histogram of the dwell time
distribution. The solid lines represent Gaussian fits to the data.
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3.1. Overview

In this chapter, the detection and characterization of supramolecular DNA
nanostructures is described. A solid-state nanopore employing a poly-ethylene glycol
enriched electrolyte was utilized to deliver real-time, non-destructive, and label-free
fingerprinting of higher-order assemblies of DNA origami nanostructures with single
entity resolution. An introduction to the DNA origami concept and its applicationsis first
presented. Then, current methods used in characterizing and assessing the yield of
folded DNA nanostructures are described.

The results section emphasizes the nanopore-based detection of folded DNA
nanostructures and the quantification of the assembly yield of four different assembly
designs from the ion current signals recorded. Furthermore, the assembly yield is
compared with standard techniques, such as gel electrophoresis and AFM. Lastly, the

chapter is concluded by offering a perspective of proposed nanopore approach for DNA
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nanostructures assessment and discuss how this approach can further complement the
current methods utilized in the analysis of supramolecular DNA assemblies. The work

described in this chapter was adapted for publication in the Biophysical Journal (60).

3.2. Aim and challenges

Solid-state nanopores have enabled the single molecule detection of a range of analytes
in a rapid and label-free manner. However, they often lack the ability to provide
quantitative information of heterogeneous mixtures where nanostructures of different
sizes are present, which often is the case in the analysis of folded supramolecular DNA
nanostructures. Here, we demonstrate asingle-molecule and high-throughput approach
for the analysis of higher-order DNA origami assemblies with a polymer electrolyte
nanopore. This nanopore approach enabled the characterisation of DNA origami
nanostructures at statistically relevant numbers in real-time and at single-molecule
resolution while being non-destructive and label-free, and without the requirement of
lengthy sample preparations or use of expensive reagents. The quantification of the
assembly yield of DNA origami nanostructures was demonstrated based on their

equivalent charge surplus computed from the ion current signals recorded.

3.3. Introduction

The use of DNA as a building block for the engineering of nanoscale materials is one of
the corner stones of DNA nanotechnology (117). In particular, the invention of the DNA
origami approach, which exploits Watson-Crick base-pairing between a single-stranded
DNA scaffold and multiple short staple-strands to fold the scaffold into a specific
predefined geometry (118), allowed the folding of nanostructures with large surface
area while simultaneously enabling spatially controlled assemblies and site-specific
chemical functionalisation (17). These unique characteristics have enabled the assembly
of nanostructures and patterns with controlled geometry and function, either by directly
folding the scaffold (119,120), or via higher-order assembly of pre-formed DNA tiles
(22,23,121), which found applications in biosensing (59,63,122-124), drug delivery

(125,126), and as tools for studying biological processes (127,128), inter alia.
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Fuelled by these rapid developments in engineering and fabricating complex DNA
nanostructures, there is an increasing demand for their characterisation, including the
assessment of assembly yields. Traditionally, the characterisation and assessment of
yield of DNA constructs has relied on methods such atomic force microscopy (AFM),
which relies on multiple scans of the folded structures and counting molecules from
each scan, and agarose gel electrophoresis, which relies on measuring the intensity of
the separated bands associated with each DNA nanostructure (129). A rapid, label-free,
and single-molecule approach would complement these techniques and would provide
a valuable addition to the existing tools.

In recent years, nanopores have been established as a powerful tool for the
characterisation of DNA nanostructures with single molecule resolution. Nanopore
sensing is based on the measurement of transient perturbations of the ion current
through a nanopore caused by the translocation of an analyte (51,130). The
characteristics of these perturbations, such as the amplitude and duration, provide
information about the physico-chemical properties of the translocating molecule,
including size, charge, and shape (55,131). Nanopore sensing has also been successfully
applied for the detection of colloidal nanoparticles (66,132) and biological nanoparticles
including virus particles (133), ribonucleic particles (63), protein aggregates (134), and
DNA nanostructures (83,88,135,136). Our group has previously demonstrated the
analysis of 2D DNA origami (137) and single molecule biosensing (59) using nanopores
and has recently shown the marked enhancement of single molecule detection within a
crowded nanopore (109). Other groups used DNA-based nanoswitches for sensing
applications using nanopores (138), and a similar approach has been used for
miniaturised molecular data storage (139).

Here, the single molecule detection of supramolecular DNA assemblies by solid-state
nanopore analysis is reported. It is demonstrated that the perturbations in the ion
current caused by the translocation of a DNA origami nanostructure can fingerprint
different states of higher-order assemblies, ranging from an individual monomer
building block to multimer assemblies. The quantification of the assembly yields of a
range of higher-order assemblies of DNA nanostructures with single-entity resolution is

obtained and benchmarked against agarose gel electrophoresis and AFM imaging.
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3.4. Materials & methods

3.4.1. DNA nanostructures

The design of the four DNA nanostructures used here follows the design published by
Tikhomirov et al. (22,140) and was carried out using the CaDNAno 2.3 software (141).
All four nanostructures were folded from the single-stranded ssDNA M13mp18 (7249
bp) following the standard procedure for DNA origami fabrication (4). For the higher-
order assemblies, the individual tiles were first folded individually using three main kinds
of staples: bridge staples, interior staples, which constitute the main body of the tile,
and a specific set of edge staples, which allow for a specific interaction between the
structures. While the same set of bridge staples and interior staples is shared by all DNA
nanostructures, each one of them has a different set of edge staples. The edge staples
can be “giving” (featuring a two-nucleotide extension), “receiving” (with a two-
nucleotide truncation) or inert (characterised by two hairpins, forming a loop
conformation, and preventing the further higher-order assembly of DNA origami along
that side). Each structure can have eight giving/receiving staples or five inert staples. For
the assembly, we followed published protocols (22,140) where the edges of each tile
can be labelled as north, south, east, and west. Each set of interactive edge staples is
complementary to just one other specific set of edge staples (north giving edges are
complementary to west receiving edges, west giving edges to south receiving edges,
east giving edges to north receiving edges, and south giving edges to east receiving
ones), allowing for a targeted assembly and avoiding spurious interactions.
Furthermore, the addition of the negation strands, which are complementary to the
edge staples, inactivate the excess edge staples so that the monomers can be used in
higher-order assemblies (22,140). To fold the structures, the individual monomer
structures having complementary edge sequences were mixed together in equal
concentrations and volumes, in order to increase the yield of the assembly (141).
Specifications on the sequences and the interactions between the pre-assembled
monomers for all the higher-order structures used in this work are provided in the data

repository (142).
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3.4.2. DNA nanostructures folding

The single-stranded M13mp18 DNA scaffold 7249 bp was purchased from New England
Biolabs (NEB, UK) at an initial concentration of 250 pg/ml. The staple strands were
purchased from Integrated DNA Technologies (IDT, UK) and resuspended in 1x TE buffer
pH 8 (Sigma Aldrich, UK) to a final concentration of 100 uM. The negation strands were
purchased from IDT and resuspended in 1x TE buffer pH 8 to a final concentration of 200
KUM. For the folding, the ssDNA scaffold (final concentration 10 nM) was mixed with the
staple strands (final concentration 75 nM) in 1x TE buffer pH 8 with 12.5 mM of Mg (Ac)2
in 80 pL total volume. To fold the individual tiles, the solution of scaffoldand staples was
heated to 90°C for 2 min and annealed using a temperature ramp from 90°C to 20°C at
6 sec per 0.1°C in a Mastercycler Nexus PCR Thermal Cycler (Eppendorf). Following the
annealing step, the negation strands were added to the solution to achieve a final
concentration of 375 nM in 80 plL final total volume. Another temperature ramp was
then applied, going from 50°C to 20°C at 2 sec per 0.1°C. The folded structures were
purified using Sephacryl S400 (GE Healthcare, UK) size exclusion columns in order to
remove the excess staple strands, and the product was eluted in 1x TE pH 8, 12.5 mM
Mg(Ac)2. The concentration of the individual tiles was measured using a NanoDrop
2000c Spectrophotometer (Thermo Scientific, UK) to prepare solutions with equal
concentration. To fold the higher-order assemblies, equal volumes of the required
individual monomers were mixed in PCR tubes and annealed using a temperature ramp
from 55°C to 45°C (at 2 min per 0.1°C) followed by a ramp from 45°C to 20°C (at 6 sec
per 0.1°C). The folded nanostructures were imaged by AFM to confirm the successful

assembly.

3.4.3. Atomic Force Microscopy Imaging

For AFM imaging, 10 uL of purified DNA sample diluted to a final concentration of 0.5
nM in 1x TE pH 8, 12.5 mM Mg(Ac). were deposited on a freshly cleaved mica substrate
(Agar Scientific, UK) and incubated at room temperature for 15 min. Additional 150—-180
pL of 1x TE pH 8, 12.5 mM Mg(Ac)2 buffer was added to the sample to facilitate the
imaging. The samples were imaged using a Dimension Fastscan Bio (Bruker, UK) in
tapping mode in liquid with Fastscan D SisN4 cantilevers with a Si tip (Bruker, UK). We

used the following imaging parameters: scan rate = 2—8 Hz, 256 samples/line, amplitude
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setpoint = 150 - 300 mV, drive amplitude = 3000 mV, integral gain = 1, proportional gain
= 5. The data were processed using Nanoscope analysis 1.9.

3.4.4. Agarose gel electrophoresis

The quality of the DNA origami nanostructures was further inspected with agarose gel
electrophoresis (Error! Reference sourcenotfound.). For this, 50 mL 0.7% agarose gel w
as prepared using 1x TAE buffer containing 12.5 mM Mg(Ac)2. The DNA origami samples
were prepared by mixing a 20 ul aliquot at a concentration of 10 ng/ul with 4 pul of 6x Tri
Track Loading Dye (Thermo Scientific, UK). M13mp18 scaffold was added as a reference.
A GeneRuler 1kb DNA double-stranded ladder (Thermo Scientific) was used as molecular
marker and positive control (Error! Reference source not found.). The running buffer
consisted of 1x TAE and 12.5 mM Mg(Ac)z. The gel was run at a constant voltage of 70 V
for 120 min. The gel was then stained for 30 min with Diamond Nucleic Acid Dye
(Promega) diluted in 1x TAE buffer. For this, 5 uL 10,000x concentrated Diamond Nucleic
Acid Dye was diluted in 1x TAE buffer and the gel incubated at room temperature for 30
min on a rocking platform. The agarose gel imaging was carried out using the GeneSnap
software. Quantification of the relative amounts of monomers, various assembly
intermediates, and final products for each DNA origami sample was carried out by
measuring the corresponding bands’ intensity with ImageJ and normalize by the size of
the higher-order assemblies to account for the amount of double stranded DNA stained

per macromolecule.

3.4.5. Nanopore fabrication and characterization

The nanopores were fabricated starting from 1.2 mm x 0.9 mm quartz capillaries
(QF120-90-10; Sutter Instrument, UK) with the SU-P2000 laser puller (World Precision
Instruments, UK), using a two-line program: (1) HEAT, 800; FILAMENT, 4, VELOCITY, 30;
DELAY, 145’ PULL, 95; (2) HEAT, 730, FILAMENT, 3; VELOCITY, 40; DELAY, 135; PULL, 150.
The pulling parameters are instrument specific and lead to nanopipettes with a
nanopore diameter of approximately 160 nm. The nanopipettes were characterized by
measuring their pore resistance in 0.1 M KCI (~40 MQ) and the nanopore dimensions
were confirmed by Scanning Electron Microscopy (SEM) using a Nova NanoSEM at an

accelerating voltage of 3-5 kV.
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3.4.6. Nanopore translocation measurements

The translocation experiments were carried out by filling the nanopipette with the
translocation buffer (100 mM KCI, 0.01% Triton-X, 10 mM Tris, 1 mM EDTA, pH 8.0)
containing the DNA origami sample at a concentration of 500 pM. The nanopipette was
then immersed in a 100 mM KCl bath with the addition of 50% (w/v) Polyethylene Glycol
(PEG) 35 kDa (ultrapure grade, Sigma Aldrich). An Ag/AgCl wire (0.25 mm diameter,
GoodFellow UK) was inserted in the nanopipette barrel and acted as the working
electrode, while a second Ag/AgCl wire was immersed in the bath and acted as the
counter and reference electrodes. The DNA origami nanostructures were driven from
inside the nanopipette into the external bath by applying a negative potential to the
working electrode placed inside the nanopipette with respect to the reference electrode
in the bath. The ion current was recorded with a MultiClamp 700B patch-clamp amplifier
(Molecular Devices) in voltage-clamp mode. Data was acquired at a 100 kHz sampling
rate with a 20 kHz low-pass filter using the pClamp10 software (Molecular Devices). The
ion current traces were further analysed with the MATLAB script Transanlyser,
developed by Plesa et al. (116). The obtained translocation events were analysed by
applying a 7-sigma threshold level from the baseline, and only the events above the
threshold were considered as translocation events. The obtained events were further

analysed and plotted using Origin 2019b.

3.5. Results & discussion

3.5.1. DNA nanostructures assembly

In this chapter, the discrimination of supramolecular DNA nanostructures with solid-
state nanopores is demonstrated by exploiting the unique signature in the translocation
signal resulting from the perturbation when the nanostructures pass through the
nanopore (Figure 3.1). Here, the translocation signal characteristics suchas peak current
maxima (maximum peak current amplitude) and dwell time (duration of the event) are

used to characterize the translocating nanostructures on individual basis (Figure 3.1B)
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Figure 3.1: Schematic representation of the nanopore setup. (A) The DNA origami
nanostructures are translocated from inside the nanopore into the outer bath upon the
application of a negative potential bias while the ion current is measured. (B) Representative
ion currenttrace showingtranslocationevents. A representative eventis shown inthe inset with
the translocation peak characteristics.

For this, four different DNA nanostructures were assembled, starting from a pre-
assembled DNA origami (85 nm x 85 nm) used as a building block (referred to hereafter
as monomer), followed by a two-monomer assembly (dimer), a three-monomer
assembly in an L-shape (trimer), and lastly a 2x2 array of monomers (referred to
hereafter as 2x2) (Figure 3.2A). AFM measurements confirmed the correct folding of the

DNA nanostructures (Figure 3.2B).
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Figure 3.2: Design of the higher-order assembly DNA nanostructures indicating the sets of
monomer building-blocks used for their assembly. Schematic representation of the DNA
nanostructures, starting with asingle monomer building block (1), dimer (2), trimer(3), and 2x2
(4). The sequences for each set of staples are provided in the data repository (142). Edge
modification of the monomer nanostructures were made in orderto assemblethe higherorder
DNA nanostructures. The tiles design comprise of a single layer of double-stranded DNA helix
(~ 2nm thickness). (B) AFM micrographs of the DNA nanostructure depictedin panel A (50 nm
scale bar).

3.5.2. Nanopore analysis of DNA origami monomer

A pore diameter of 160 nm was chosen to be large enough to accommodate the largest
DNA nanostructure (2x2) while retaining a sufficient signal-to-noise ratio for the
detection of the monomer. Figure 3.3 shows a representative SEM image of the
nanopore, together with current-voltage curves obtained from three different pulled

nanopipettes, showing a good overlap between the pore of the nanopipettes.
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Figure 3.3: Nanopore characterization. (A) SEM micrograph of a nanopipette used for

translocation experiments, with atop view inset of the pore (200 nm scale bars). The diameter

of the pore usedin this study was approximately 160 nm. (B) Current-voltage curves(IV) of three
nanopipettesrecordedin 0.1 M KCI.

The detection of the smallest (monomer) and largest (2x2) DNA nanostructures with a
fixed pore size was facilitated by adapting the bath conditions where the nanopipette is
immersed. It was previously demonstrated the single-molecule-detection sensitivity can
be enhanced when polyethylene glycol (PEG) is added to the bath solution to a final
concentration of 50% w/v (109,143). The presence of PEG led to translocation peaks
that were well-resolved from the ion current baseline (Error! Reference source not f
ound.4A). In contrast, the translocation of monomer DNA nanostructures inthe absence
of PEG resulted in a low signal-noise-ratio, constraining the detection of the monomer

nanostructures.
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Figure 3.4: Nanopore translocation DNA origami monomer. (A) lon current trace before and
after the addition of the DNA origami monomer. (B) AFM micrograph of a monomer DNA
origami sample (400 nm scale bar). (C) Densityscatter plot of the monomer DNA origamisample
with the peak current amplitude versusdwelltime and their corresponding marginal histograms.
The solid linesin the marginal histograms represent a Gaussian distribution fitted to the data. A
total of N = 2307 translocation events were analysed, and their corresponding peak current
maximaand dwell time values extracted.

Furthermore, the presence of PEG allowed us to detect all DNA nanostructures with a
high signal-noise-ratio and to record stable ion current traces with high capture rate (~5
events/sec at -300mV) for several minutes without any evidence of nanopore clogging.
This is evidenced in Figure 3.5, depicting a continuous nanopore recording for a duration

of 6 min of a 2x2 DNA origami sample.
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Figure 3.5: lon Current trace of the 2x2 DNA origami sample recorded for 6 minutes under an
appliedvoltage of -300mV.

Several control experiments were carried out to confirm the translocation of the DNA
origami nanostructure. First, the translocation of the monomers was investigated from
inside the nanopipette into the outside bath under a constant voltage bias of -300 mV
(Figure 3.6B). The translocation of the monomer DNA nanostructures resulted in
conductive (current enhancing) translocation signal peaks, where each peak is
associated with the passage of one molecule. No peaks were detected under the same

conditions if no analyte was added to the nanopipette (Figure 3.6A).
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Figure 3.6: Control ion currents traces of monomer DNA nanostructures translocation. (A)
translocation at -300 mV when no analyte is added inside the nanopipette; (B) translocation at
-300 mV when monomer DNA origamisample is addedinside the nanopipette; (C) translocation
at 4300 mV when monomer DNA origami sample is added inside the nanopipette; (D)
translocation at 0 mV when monomer DNA origami sample is added inside the nanopipette. The
currentand timescales are the same for all graphs.

The translocation events of the monomer sample can be characterized using the peak
current maxima (maximum amplitude of the peak from the baseline) and dwell time
(duration time of an event). The results (N = 2307 peaks) are displayed in the density
scatter plot of Figure 3.4C, which shows that the translocation peaks fall within a well-
defined area. Density scatter plots are commonly used in nanopore experiments to
display the characteristic signature of the analyte (108). The histograms showing the
peak current maxima and the dwell time distributions, respectively, are alsoshown in
the figure. Both distributions have been fitted with a Gaussian distribution function
yielding an average peak amplitude of 123 + 27 pA and an average dwell time of 2.1 +
0.6 ms. Upon increasing the applied voltage, anincrease in the peak current maxima of
the conductive peaks was observed, as wellas a decrease of the dwell time (Figure 3.7A-
D), suggesting that the DNA nanostructures are electrophoretically driven through the
pore. This observation was also confirmed by translocation controls where no potential
was applied (Figure 3.6D) or the applied bias was reversed (Figure 3.6C). Furthermore,
the effect of DNA nanostructure concentrations and the effect of applied voltage on the

translocation event frequency was also probed. With an increasing concentration of
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DNA nanostructures, more molecules are expected in the capture region of the
nanopore which results in a larger number of translocation events. This observation was
confirmed by running translocation measurements at different concentrations (50-500
pM), as shown in Figure 3.7F. Moreover, increasing the applied voltage induces a larger
capture region, leading to a greater number of translocation events (Figure 3.7E). Here,
aslightincrease in the error bars of the event frequency was observed at higher applied
voltage. This can potentially be attributed to variations in the translocation of the DNA
nanostructures reaching the sensing region over time. Increasing the translocation
speed of the nanostructures at higher voltages canalso cause a substantial increasein
crowding effect at the aperture, which potentially can cause fluctuations in the event
frequency. The translocation observations reported in terms of applied voltage and
concentration are consistent with established physical models reported in the literature

on the study of nucleic acids translocations through solid-state nanopores (144-146).
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Figure 3.7: Translocation characteristics DNA origami monomer. Histograms of the current peak
amplitude (A) and the dwell time (B) distributions for increasing absolute values of applied
voltages V = -200 mV, -300 mV, -400 mV, -500 mV, and -600 mV. The solid lines represent
Gaussian fits to the distributions. Data was normalized to the total event count recorded for
each condition. Average peak current maxima (C) and dwelltime (D) at V =-200 mV, -300 mV, -
400 mV, -500 mV, and -600 mV. Error bars show the standard deviationfrom threeindependent
recordings. Eventrate of the DNA nanostructures translocation as a function of V (E) and sample
concentration (50 pM, 100 pM, 250 pM, and 500 pM) (F). Error bars show the standard deviation
fromthree independent recordings. Monomer DNA origami sample (250 pM for panel A-E) was
used for these translocation experiments, and each translocation condition was repeated
independently threetimes.
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3.5.3. Nanopore signal comparison of supramolecular DNA origami assemblies

The higher-order-assembly DNA origami samples were further analyzed using the same
translocation conditions as for the monomer analysis. Figure 3.8A depicts the current
versus time traces obtained for the monomer and 2x2 samples where a new population

of translocation events can be observed for the 2x2 sample.
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Figure 3.8: Comparison translocation signal monomer and 2x2 supramolecular assembly
samples. (A) Nanopore translocation current traces of the monomer (left) and the 2x2 (right)
samples. The current and time scales for the two traces are identical. The orange shading
indicatesthe currentrange <150 pA, and the blue shadingindicates the currentrange >150 pA.
The insets show a representative translocation event for each sample. The scale bars are the
same for both insets. (B) Histograms of the current peak amplitude for the monomer sample
(left) and the 2x2 sample (right). The solid lines represent Gaussian fits to the data.

While the monomer sample led to translocation events with peak current maxima of
less than ~150 pA, events with significantly larger current amplitudes can be seen for
the 2x2 sample — the current range within which these new peaks fall is indicated by the
blue shading. This observation suggested that our nanopore platform is able to discern
the two ‘extreme’ designs of the higher-order DNA origami assemblies introduced in

Figure 3.2A using a fixed nanopore diameter.
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The distributions were fitted with a single and a two-peak Gaussian distribution (shown
as solid lines in the plot). While the monomer sample yielded an average peak current
maximum of ~123 pA, the distribution corresponding to the more well-defined cluster
in the 2x2 assembly sample density scatter plot which is reminiscent of the one found
for the monomer vyielded an average peak current maximum of ~170 pA, and the
broader less well-defined distribution an average peak current maximum of ~260 pA.
Despite the slightdifference in average peak currents, it was hypothesised that the more
well-defined cluster of the 2x2 sample corresponds to monomers in the sample which
were not successfully assembled into higher-order assemblies. This hypothesis was

confirmed by spiking the 2x2 sample with increasing concentrations of the monomer.
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Figure 3.9: Monomer spiking of 2x2 DNA origami samples. (A) Density scatter plots of the peak
current maxima as a function of dwell time for 2x2 sample spiked with monomer sample. (B)
Histograms of the current peak maximadistributions for the 2x2 sample spiked with monomer
sample with multi-peak Gaussian fits represented by the solid lines. The notation 1:1, 2:1, and
10:1 for the left-to-right graphs in each panel indicates the molar ratio of monomer sample
spiked into the 2x2 sample.

As can be seen in Figure 3.9, a shift towards the monomer cluster was observed when
increasing the number of monomers spiked into the 2x2 sample. However, itis unlikely,
given the relatively broad width of the distribution, that the less well-defined cluster

represents only a single assembly state. The range of characteristic translocation peaks
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of the 2x2 sample ion current are displayed in Figure 3.10, showing a range of peaks

with differences in their conductive peak current amplitude and dwell time.
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Figure 3.10: Representative translocation peaks characteristic of the heterogeneous 2x2 sample
with theircorresponding dwelltime and peak current maximavalues.

This is further supported by both AFM imaging (Figure 3.11) and gel electrophoresis
(Figure 3.12) which suggested that the high-order assembly DNA origami samples,
contained not only the end-structure folded in the sample, but also intermediates
assemblies and unreacted monomers, observation that also applies to the 2x2 DNA

origami sample.

trimer(B), and 2x2 (C), usinga 2 pum x 2 um scan size (400 nm scale bars).

As shown in Figure 3.12, the gel electrophoresis analysis also confirmed the presence of
multiple DNA nanostructures in the higher-order assembly samples, i.e. the dimer
sample contains the monomer nanostructures as well. The trimer sample contains
monomer and dimer nanostructures. The 2x2 samples contains monomer, dimer, and

trimer nanostructures. A dsDNA ladder (1kb) was utilized as a positive control.
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Figure 3.12: Agarose gel electrophoresis of DNA origamisamples. Lane M: GeneRuler 1kb dsDNA
ladder; Lane 1: M13mp18 circularssDNA; Lane 2: monomer DNA origami sample; Lane 3: dimer
DNA origami sample; Lane 4: trimer DNA origami sample; Lane 5: 2x2 DN A origami sample. Note,
Figure 3.15D isa subset of this figure.

In order to deconvolute further the broad less-well defined cluster of translocation
events in the 2x2 sample all four DNA origami assembly samples were analyzed, and the
respective density scatter plots are shown in Figure 3.13. One of the clusters for the 2x2
sample is very similar to the single population observed in the monomer sample.
However, the 2x2 sample shows an additional broader and less well-defined cluster

centred at around 4 ms and 250 pA.
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Figure 3.13: Nanopore translocation comparison of all DNA origami samples. Density scatter
plots of peak current amplitude as a function of dwell time forthe monomersample (A), dimer
sample (B), trimersample (C) and 2x2 sample (D). The number of eventsanalysed, N, for each
sampleisgivenineach panel.

All four DNA origami assembly samples (monomer, dimer, trimer, 2x2) were analysed
individually with the nanopore platform using the same translocation conditions. The
density scatter plots allowed the identification of different clusters for eachsample, and
for all higher-order assembly samples (Figure 3.13B-D) a consistent presence of the
monomer cluster was noticed. This is not unexpected — the higher order assembly
processes have finite yields and a certain percentage of unassembled monomers are
expected to remain. Furthermore, the higher-order assemblyis reversible, and while the
assembled construct is expected to be energetically favourable, dissociation of higher-

order assemblies can occur over time. The translocation peak characteristics of each
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DNA origami sample showed differences in terms of their peak current amplitude and
dwell time distributions, as shown in the peak current and dwell time distribution plots
in Figure 3.14. The dimer sample yielded one additional well-defined cluster of peaks,
with slightly higher peak current maxima and dwell time averages, consistent with what
is expected for the translocation of assembled dimers. However, the situation is much
less clear for the trimer sample — similar to the 2x2 sample — where in addition to the
well-defined cluster originating from the monomer peak an additional number of much
less-well defined clusters are observed. While the clustering is qualitatively different
between the four samples, the density scatter plots cannot provide quantitative details

about the assembly intermediates.
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Figure 3.14: Histograms for peak current maxima (A) and dwell time (B) distributions for each
DNA origami sample investigated. From top to bottom: monomer, dimer, trimer, and 2x2
samples. Translocation events were recorded at -300 mV.
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3.5.4. DNA origami assembly yield analysis

Finally, in addition to distinguish different assembly intermediates within a mixed
sample, the aim was to go beyond the standard analysis of DNA origami nanostructures
assembly (AFM and gel electrophoresis) and quantify the percentage of each DNA
nanostructures present in the higher-order assembly samples. While the peak current
amplitude versus dwell time density scatter plots highlighted significant differences
between samples, to extract more detail from the translocation information, an
additional nanopore translocation discriminant was investigated. The observed
translocation peaks are conductive, and therefore imply that an increased amount of
charge is passing through the nanopore during the translocation event compared to the
baseline while no DNA origami pass through. The Equivalent Charge Surplus (ECS) of
each translocation event was defined as the area of the conductive translocation peak

(Figure 3.15A) (116).

-67-



ECS ? 800 ]
700
600 ]

O 500-
-
« 400 -
(&) d
W 300 -

200 -

Peak current maxima

£ 100 -

A
v

T T T T T T T

Dwell time 5 10 15 20 25 30X
Origami surface area (nm?)

e
S
o
N
o
~

0.2,

L]
0.1

Normalized count
Normalized count

Normalized count
Normalized count
o
s

v
C | I,
0.0+ 00+ ; )
0 500 1000 0 500 1000
ECS (pC) ECS (pC) ECS (pC) ECS (pC)
[ I Nanopore
—_
§ . ' Agarose gel
T 100
2
>
>
£
£ 50+
()]
v
v
<
0

Figure 3.15: Foldingyield quantification of DNA nanostructuresbased on nanoporeanalysis. (A)
Schematicrepresentation of Equivalent Charge Surplus (ECS), obtained from calculating the area
of the translocation peaks. (B) ECS as a function of the DNA origami surface area for the four
DNA nanostructure assembled (the red line represents a linear fit to the data). The error bars
represent the width of the Gaussian fits displayed in panel C. (C) ECS histograms of the DNA
origami samples; from leftto right: monomer, dimer, trimer, and 2x2 sample. The distributions
were fitted with single or multi-peak Gaussian distributions. The notation I-1V marks the peaks
corresponding to each of the DNA nanostructures in the respective sample (e.g. the dimer
sample shows two peaksinthe ECS distribution, attributed to the presence of the monomer (1)
and dimer DNA origami (ll) in the sample). (D) Agarose electrophoresis gel of the DNA origami
samples; from left to right: monomer samples, dimer sample, trimer sample, and 2x2 sample.
The I-1V notation of the gel bands marks the presence of the nanostructure component in the
respective sample. (E) Bar chart comparison of the assembly yield of each DNA nanostructure
(blue bar: nanopore data, red bar: gel electrophoresis data).
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The ion current signature discriminants used above (peak current maximum and
translocation dwell time) are likely dependent on the shape and orientation of the
nanostructure during translocation through the nanopore. In contrast, the overall
charge is expected to remain conserved for the same higher-order assembly state of
DNA origami, and can be expected to scale linearly with the size of the higher-order
assemblies made from identical DNA origami (monomers). This is confirmed in Figure
3.15B, where the average ECS values of the DNA origami designs are plotted versus their
surface area. The red line represents a linear fit to the data. Figure 3.15C depicts the ECS
distributions for each higher-order DNA origami sample analysed with the nanopore
platform. In contrast to the distributions of the peak current maxima (Figure 3.8B), even
for the most complex sample (2x2 sample) four clearly discernible peaks can be seen in
the distribution, which suggests that each peak corresponds to either the monomer
building block, the fully assembled structure, or a particular higher-order assembly
intermediate. To allocate the different distribution peaks to a particular structure, the
information obtained from less complex assemblies was used in the analysis of the more
complex assemblies. Clearly, the monomer sample is expected to contain predominantly
monomers and at most a negligible amount of non-specifically assembled higher-order
structures. This is reflected in the very prominent peak centred around an ECS of ~150
pC (left-most panel of Figure 3.15C). The solid line represents a Gaussian fit to the
distribution, which yielded an average ECS of 143 pC. The barely noticeable contribution
to the distribution at around 300 pC may indicate a negligible presence of non-specific
assemblies, but the contribution is difficult to quantify and is significantly smaller.
Therefore, we allocate the ECS peak centred at 143 pC (labelled 1) to the monomer. The
ECS distribution of the dimer sample shows two peaks (second panel of Figure 3.15C).
In this assembly sample we expect the monomer and of course the dimer to be present.
Therefore, we fitted the distribution with a two-peak Gaussian while keeping the first
peak fixed at 143 pC, the position obtained from the monomer sample (most-left panel
of Figure 3.15C). The fits are represented by solid lines in the figure; the red line
represents the fixed monomer peak (1), and the blue line the additional peak (Il) which
yielded an average ECS of 332 pC, and which we attribute to the presence of the dimer.

To confirm that peak Il indeed represents the dimer, the dimer sample events were
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sliced according to which Gaussian peak of the ECS distribution they belong, and
generated the associated peak current maxima versus dwell time density scatter plots

(Figure 3.16).
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Figure 3.16: Clusterisolation based on ECS. (A) Density scatter plots of the current peak maxima
as a function of dwelltime for (top to bottom): monomer sample, dimer sample, trimer sample,
and 2x2 sample. (B) ECS histograms forthe DNA origami samples presented in panel A. Marked
Gaussian fitted peaks correspondto the DNA nanostructures of interestin each sample. (C) The
correspondingsliced cluster depicted in a density scatter plot using only the translocation events
sliced according to the marked Gaussian fitted peaks shown in Panel B. We note that the
intensity scales are normalised to the number of translocation events shown, and therefore are
different comparedto panel A.

As shown in the second row of Figure 3.16, the monomer component in Figure 3.13A is
not present in the density scatter plot (panel C of Figure 3.16), supporting the viability
of this ECS clustering to mark the different DNA nanostructure components present in

the assembly samples. The same approach was then applied for the trimer and the 2x2
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sample, resulting in an ECS distribution peak at 481 pC (lll) which represents the trimer,
and an ECS distribution peak at 636 pC (V) which represents the 2x2 component. Aslight
discrepancy was noted between the fixed monomer and dimer peaks in the ECS
distributions compared to the observed distribution for both the trimer and 2x2. This
may have resulted from small variations in pore size of the nanopipettes used, as each
dataset was obtained with different nanopipettes. However, the deviations are small
and do not impact on our ability to distinguish different populations. The equivalent
data slicing as for the dimer sample was carried out and, like the dimer samples, the
fully assembled DNA nanostructures vyielded well-defined isolated clusters in the
respective density scatter plots (Figure 3.16C). While all current traces were recordings
of 3 min, the same analysis was carried out on a shorter trace (1 min) with
correspondingly fewer translocation events (Figure 3.17), showing that the results

remain consistent for shorter current traces (1min vs 3min recorded trace).
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Figure 3.17: ECS histograms for dimersample based on a 3-minute translocation recording (A)
and 1-minute translocation recording (B). Solid lines are Gaussian fits to the distributions.

The areas of the Gaussian fits to the ECS distribution peaks allowed to associate
individual translocation event to a distinct assembly state (monomer building block, fully
assembled DNA nanostructure, or assembly intermediate) and thus to estimate the
percentage of each higher-order DNA nanostructure present in the samples and
compute an assembly yield for each DNA construct. Figure 3.15E (blue bars) shows the
yield for forming the desired end-product for each higher-order assembly sample, i.e.

the percentage of monomer (l), dimer (Il), trimer (Ill) and 2x2 (IV) in the monomer,
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dimer, trimer and 2x2 sample, respectively. As expected from the histogram in Figure
3.15C, the yield for the monomer is 100%, while yields for the higher-order assemblies
decrease with the increase in assembly. To further investigate the impact of the intrinsic
variability of the nanopipettes for our assembly yield quantification, a number of
translocation measurements of the same DNA origami sample was carried out using
different but nominally identical nanopipettes. In Figure 3.18 the ECS distribution based
on the recordings of five independent nanopipettes is shown and the vyield
corresponding to the dimer DNA nanostructure for each repeat was quantified, showing

a standard deviation in the calculated yield of 2% for 5 inde pendent measurements.
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Figure 3.18: ECS histograms for dimersample based on recordings obtained from five different
nanopipettes measurements.
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Table 3.1: Percentage of dimer DNA nanostructure yield determined from the ECS distributions
based on five different nanopipette measurements of the same sample together with the

standard deviation.

Nanopipette

repeat

Dimer assemblyyield quantification

Nanopipette 1

Nanopipette 2

Nanopipette 3

Nanopipette 4

Nanopipette 5

Dimer Dimer
Area ECS peak | Area ECS peak Il nanostructure nanostructure
yield yield*SD
4.2 14.2 77
3.2 14.7 82
3.6 14.0 80 79+2
3.5 14.1 80
4.3 14.1 77

To further support the proposed quantification approach based on the ECSdiscriminant,

the analysis of trimer DNA nanostructures with two different assembly configurations

was probed. For this purpose, an additional trimer assembly design was built in order to

obtain astacked trimer configuration assembly using the same pre-assembled monomer

building blocks. To achieve this, the folding mixture consisted of a monomer set with

two edge staples placed on its opposite edgesin order to favour a linear assembly of the

three pre-assembled monomers. The assembly configuration difference between the L-

shape trimer and the stacked trimer is depicted in the AFM micrographs in Figure 3.19A.
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Figure 3.19: Comparison nanopore translocation of two different trimer nanostructure
configurations. (A) AFM micrographs of trimer DNA nanostructure assembled L-shape (top
panel) and stacked (bottom panel) configuration (50 nm scale bar). (B) Density scatter plots of
peak current maximaas afunction of dwell time forthe L-shaped trimer DNA sample (top panel)
and stacked trimer DNA sample (bottom panel). The number of events analysed, N, for each
sample is given in each panel. (C) ECS histograms of the L-shaped DNA sample (top panel) and
stacked DNA origami sample (bottom panel). The distributions were fitted with single or multi-
peak Gaussian distributions. The notation I-lll marks the peaks corresponding to each of the DNA
nanostructuresinthe respective sample, attributed to the presence of the monomer structures
(1), and dimer structures (1), and trimer structures (111) in the sample.

Even though these trimer DNA nanostructures differ in their assembly configuration,
they both have similar surface areas and therefore similar ECS distribution peaks is
expected in this case. In this line of reasoning, the stacked trimer DNA origami sample
was translocated under the same nanopore conditions. Figure 3.19B shows the density
scatter plots for the L-shape and stacked trimer DNA origami samples with three clusters
identified in both cases which are associated with folding of the trimer nanostructure,
its partial folding (dimer), or the presence of unreacted pre-assembled monomers.
Moreover, the ECS distribution of the stacked trimer DNA origami samples consistently

shows three peaks similarto the analysis of the L-shape trimer DNA origami sample. This
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is an agreement with the equivalent nanostructure surface area between the two trimer
configurations analysed. Interestingly, the ECS-based quantified yield for the trimer
nanostructure present in the two DNA origami samples show particular differences.
Whereas the L-shape trimer DNA origami sample resulted in a trimer nanostructure
yield of 62%, the stacked trimer DNA origami sample resulted in a trimer yield of 45%.
The yield obtained for the monomer nanostructures was approximately double in the
case of the stacked trimer sample (35%), in comparison with to L-shape trimer sample
(17%). Nevertheless, both trimer samples resulted in similar yields associated with the
folding of the dimer nanostructure - 20% for stacked trimer sample and 21% for the L-
shape trimer sample, respectively. This potentially suggests that the assembly efficiency
for the same amount of building blocks is alsoinfluenced but its assembly configuration.
Such quantification yield approach can further support the investigation of different
assembly designs and serve as feedback in the design optimization of high-order

assemblies with high-yield and high-stability characteristics.

3.5.5. Assembly yield comparison with gel electrophoresis

Traditionally, agarose gel electrophoresis is often employed to estimate assembly yields.
An electrophoresis gel containing lanes for each higher-order assembly is shown in
Figure 3.15D, and the assembly yields were determined from the agarose gel by
densitometry and taking into account the size of the structure. The results are shown as
red bars in Figure 3.15E and the numerical values are shown in Table 3.2. Overall, the
yields obtained with gel electrophoresis show the same trend as the ones obtained from
the nanopore measurements. However, there are some notable differences. The
agarose gel indicated a larger percentage of monomers in the higher-order assemblies
for the trimer and 2x2 sample compared to the nanopore measurements (Table 3.2).
Our approach is comparable to gel electrophoresis interms of costs and ease of use but
with the added advantage of single molecule sensitivity and the ability to obtain
quantitative results within minutes. Another often employed means of assessing the
yield of DNA origami structures is AFM. Our AFM micrographs (Figure 3.11) confirmed
the heterogenous character of the higher-order DNA origami samples. AFM is extremely
well suited to study small numbers of DNA origami at very high detail so a good

understanding of their structures and fine detail of the folding canbe obtained. Previous
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studies demonstrated the use of AFM imaging to obtain quantification yields of folded
DNA nanostructures based on the molecule count from AFM scans in solution
(140,147,148). However, their use for quantification of the assembly yield is
guestionable in this case. AFM scans depend heavily on the mica surface preparation
which is required for imaging, and this is likely to lead to an under-representation of
smaller DNA constructs owing to the higher sedimentation rate of the larger DNA
origami structures onto the mica substrate. This was confirmed here, where we
observed an under-representation of monomers in the higher-order assembly samples

(trimer and 2x2 samples) compared to the nanopore measurements.

Table 3.2: Percentage of DNA nanostructures determined for each DNA origami sample
analyzed. The notation I-IV refers to the DNA origami nanostructures present in the sample
analyzed: |- monomernanostructure, Il - dimer nanostructure, Ill - trimer nanostructure,and IV
- 2x2 nanostructures. The dash indicates that the component was not detected and no
percentage was computed.

DNA origami Ratio DNA nanostructure nanopore Ratio DNA nanostructure agarose
sample analysis (%) gel analysis (%)
| ] ]| v | | n \Y)
Monomer
100 - - - 100 - - -
Sample
Dimer Sample 23 77 - - 12 88 - -
Trimer Sample 17 21 62 - 48 19 33 -
2x2 Sample a4 14 10 33 66 13 3 18

Compared to the standard analysis methods of AFM and agarose gel electrophoresis,
the nanopore measurements offer several advantages. Our nanopore method allowed
us to obtain a label-free analysis of the DNA origami samples within a few minutes with
single molecule resolution at statistically relevant numbers, and no lengthy sample

preparations or use of expensive reagents. Another advantage of the nanopore
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approach is its single molecule analysis which can potentially detect minute
concentrations and reveal the presence of DNA constructs that have formed with very
low vyields. In Figure 3.7F we demonstrate nanopore detection of DNA origami
nanostructures down to the 50 pM concentrations.

In addition to utilising nanopore measurements for the determination of assemblyyields
of DNA origami, the approach enables a range of other applications. For example, the
ability to differentiate between assembly states enables the probing of the
association/dissociation of higher-order DNA constructs and shed light on their stability
in different assembly configurations. Furthermore, the analysis is real-time and non-
destructive, i.e. the DNA origami nanostructures could be collected in the bath after
translocation and reused. This opens up the possibility for using the nanopore approach
in label-free separation or purification, where, depending on the translocation peak
characteristics, the DNA nanostructure can be steered (e.g. electrophoretically) into a
collection or waste tube. Future developments of the nanopore measurement approach
will include the parallelisation of measurement using arrays of nanopores to increase
throughput. Previous studies demonstrated the fabrication of solid-state nanopore
arrays on silicon nitride or graphene membranes (149,150), which are manufactured
using inherently scalable approaches. Similarly, Alawami et al. have shown the use of
multiple glass nanopipettes embedded ina PDMS devices (151). Furthermore, machine
learning approaches integrated with nanopore measurements can lead to a real-time
classification of the DNA nanostructures. Examples of combining nanopore sensing with
machine learning has been demonstrated for different analytes (152-154). As the field
of DNA origami is expanding at a fast pace, more intricate structures in terms of design
and functionality emerge requiring the integration of additional nanopore features, like
machine learning algorithms, to provide accurate and robust identification and

quantification of complex supramolecular structures.
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3.6. Conclusion

In conclusion, nanopore translocation was explored as a single molecule approach to
probe the heterogeneous character of DNA origami assemblies. The large number of
events which can be recorded (>1000 events) for each sample within minutes enables
statistically relevant studies in a non-destructive and label-free way. The discrimination
of various assembly states for higher-order DNA origami assemblies was demonstrated
based on their equivalent charge surplus computed from the recorded ion current
signals, which allowed the quantification of the assembly yields without any lengthy
sample preparations, and importantly enables a range of other applications where rapid
single-molecule detection is required. This work complements related approaches of
using nanopore translocations characteristics to differentiate between DNA
nanostructures with different geometries (58,155,156), further enabling the analysis of

higher-order assemblies.
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Chapter 4: Nanopore Sensors for Enhanced
Detection of Nanoparticle Mixtures

B. 1. OVEIVIEW ..oviiiiiiiiiiiiiietiee ettt e st e e e s e s e s s b e st e e e e s s s s s bareeaeeeeessenanns -79-
4.2. AiM and ChallE@NEES ....uvveeeeiieiieeee e - 80-
4.3, INErOAUCTION ....eeiiiiiieieee e s e s - 80-
4.4. Materials & Methods.........coiiiiiiiiiii e -82-

4.4.1. Chemicals & Materials........cceevveriiiiiiiieeeeeeee e -82-
4.4.2. Nanoparticle characterization........ccccceeecciiiieiec e, -82-
4.4.3. Nanopore fabrication and characterization........ccccccoeveeiiiiiiiiiineennen. - 83-
4.4.4. Nanopore translocation MeasuremMents ......ccccceeeeveeevrreeereeeeeeeerciirreeeeeeen. -83-
4.4.5. Gold nanostars synthesis and characterization ...........ccccceeeeiiecciiiennnn.n. -84 -
4.4.6. ProSNA synthesis and characterization ........ccccccvvvieeeiiiciiee s, -84 -
4.5. ReSUIS & dISCUSSION ...ecuviiiiiiiiiiieeiie ettt -87-
4.5.1. Characterization of spherical nanoparticles ........cccccovvvieeiiiiicccciiiieneenen. -87-
4.5.2. Enhanced detection of spherical nanoparticles........cccceevveeiviiieeeeniinenn. - 88 -
4.5.3. Enhanced detection of nanoparticle mixtures........cccevvveeeeeeeeieccinveveeennnnn. - 98-
4.5.4. Translocation of rod-like nanoparticles ........ccccceeeeeecccciiieeeee e, - 107 -
4.5.5. Nanopore analysis at low ionic strength........ccccceeeeeveciiiveeeeeiee e, -116-
4.5.6. Nanopore analysis of gold nanospheres and nanostars ...........cccceeeuueee. -119-
4.5.7. Nanopore analysis nanospheres with different branching degree ........ -123-
4.5.8. Detection of soft functionalized nanoparticles.......ccccccovveeeeeiieiinicnnnnnee. -130-
4.6, CONCIUSTON ettt -138-

4.1. Overview

In this chapter, the enhanced detection of nanoparticles and nanoparticle mixtures is
described, based on a solid-state nanopore approach utilizing a polymer electrolyte
bath. First, an introduction to the analysis and characterization of the nanoparticles is
given followed by a discussion of the challenges related to the analysis of heterogenous
mixtures.

The results section emphasizes the nanopore-based detection strategy for probing a
wide range of nanoparticles with distinct chemical composition, capping agents and
physical properties. Lastly, the chapter is concluded by offering a perspective of the

solid-state nanopore approach to discriminate nanoscale variations and its potential as
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a complementary toolbox for the analysis of nanoparticles. The work described in this
chapter was adapted for manuscript publication in BioRxiv (157) and submitted for

journal publication.

4.2. Aim and challenges

Nanopore sensing has been successfully used to characterize biological molecules with
single-entity resolution based on the resistive pulse sensing approach, but it has an
untapped potential for the analysis of nanoparticles. Nanopore measurements require
the size of the pore to match the size of the analyte, limiting the investigation to
homogenous mixtures. Furthermore, they require high ionic concentration electrolytes
which precludes the analysis of nanoparticles systems that are unstable at high ionic
strength. An adaptable nanopore system is presented here that takes advantage of a
polymer electrolyte system to comprise a conductive pulse sensing approach. The
proposed nanopore system enables the characterization of heterogenous nanoparticle
mixtures and the detection of a variety of nanoparticle samples at low ionic strength.
We also demonstrate the wide relevance in materials science of our system by
characterizing the degree of branching of “hard” anisotropic Au nanostars and the
nucleic acid coverage of “soft” protein spherical nucleic acids (proSNAs). This work will
have clearimpactin the field of materials science by exploring the potential of nanopore
sensing for the label-free analytical characterization of a wide range of nanoparticle

systems.

4.3. Introduction

Over the past few decades, the use of nanoparticles has played a significant role in the
advancement of medicine, optics, and electronics (120,158,159). The use of
nanoparticles not only sparked a strong engagement in the research settings, but they
have also become widely incorporated in numerous consumer goods nowadays (160).
Understanding the structural-functional relationships of engineered nanoparticles is a
continuous undertaking that requires an in-depth exploration of their physicochemical
properties. Therefore, the ability to characterize nanoparticles in a high-throughput

manner is of utmost importance. However, characterizing nanoparticles in their native
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state, specifically in heterogenous mixtures, presents many challenges (111). Dynamic
light scattering (DLS) or UV-Vis spectroscopy are ensemble-averaging techniques and,
therefore, fall short in fully characterizing heterogenous nanoparticle mixtures (161).
Nanoparticle tracking analysis (NTA) is suitable for analysing size distribution of
polydisperse nanoparticle suspensions, however it poses limitations in terms of size
ranges (~30—-1000 nm) and its accuracy dependence on concentration, and assessing
particles with different shapes (162). Imaging methods such as transmission electron
microscopy (TEM) provide high-resolution characterization of individual nanoparticles
but suffer from sampling bias, low throughput, and require careful sample preparation
(33).

As discussedin the previous chapter, nanopore sensingis a powerful label-free electrical
technique that uses the Coulter principle for single entity analysis (111). This technique
has garnered interest thanks to its simplicity and rapid measurements. In nanopore
experiments, individual entities are driven through a nanopore under the influence of
an electric field, causing a temporary modulation in the recorded ion current by a
combination of geometrical exclusion of electrolyte solution, ion concentration
polarization, and additional charges brought by the analyte itself (52,163). The
magnitude and duration of these modulations reflect the translocation dynamics of the
analyte, which are dependent on its physicochemical properties (e.g., size, shape,
charge) (131,164,165). Moreover, large numbers of nanoparticles can be driven through
the pore, making it an appealing sensing method for high-throughput characterization.
Even though nanopores have been employed in numerous sensing applications, it has
an untapped potential for the analysis of nanoparticles (166). This is because current
nanopore measurements require the size of the pore to match the size of the analyte,
limiting the investigation to homogenous mixtures (108,167,168). Furthermore,
nanopore measurements require high-ionic-concentration electrolytes which precludes
the analysis of nanoparticles systems that are unstable at high ionic strength (85,169).
Tuneable resistive pulse sensing (TRPS) is a nanopore technique that has found some
applications in nanoparticle characterization, but it is limited to nanoparticles larger
than 100 nm in size (67,170).

In this chapter, polymer-electrolyte enhanced nanopore sensing which enables the

analysis of heterogenous nanoparticle samples at low ionic strength is presented. The
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polymer electrolyte environment generates a large signal enhancement eliminating the
need for a nanopore that matches the size of the nanoparticle and therefore allowing
the high throughput analysis of heterogenous nanoparticle mixtures, similarto the what
has been described in Chapter 3. Then, the characterization of nanoparticles at low ionic
strength (10 mM KCl) is demonstrated, enabling the analysis of anisotropic gold
nanostars (AuNS) with varying degrees of branching, before reporting the detection and
analysis of an emerging class of functional soft nanoparticles, protein spherical nucleic
acids (ProSNAs) with distinct oligonucleotides shells. The single-nanoparticle analysis
approach described herein will complement the toolbox of existing nanomaterials
characterization techniques unleashing the potential of nanopore sensing for the

universal analysis of nanoparticles.

4.4. Materials & methods

4.4.1. Chemicals & materials

All reagents used in the translocation experiments were prepared using ultra-pure water
(18.2 MQ.cm) from Millipore system and further filtered through a 0.22 um syringe. KCl,
Triton-X, EDTA, and PEG reagents were purchased from Sigma Aldrich. Gold PEG
carboxyl-capped nanospheres (10, 20, 30, 40, and 50 nm diameter), PEG carboxyl-
capped nanorods (10 x 40 nm) silver citrate-capped nanospheres (30 nm diameter), and
platinum citrate-capped nanospheres (30 nm diameter) were purchased from
NanoComposix. The nanoparticle size reported here refers to the diameter of the
metallic core particle. The nanoparticles coated with PEG-carboxyl compromise of
additional coating layer of approximately 6 nm thickness.

4.4.2. Nanoparticle characterization

The stability of the gold nanoparticles diluted in the KCI translocation buffer was probed
by UV-Vis measurements using a NanoDrop ND-1000 spectrophotometer (Thermo
Scientific). The size distribution of the standard nanoparticles in solution was
determined by Zetasizer NanoZS (Malvern Instruments Ltd.). Unless specified, all the

standard nanosphere samples were used as received.
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4.4.3. Nanopore fabrication and characterization

The nanopores were fabricated starting from 1.0 mm x 0.5 mm quartz capillaries
(QF120-90-10; Sutter Instrument, UK) with the SU-P2000 laser puller (World Precision
Instruments, UK), using a two-line program: (1) HEAT, 750; FILAMENT, 4, VELOCITY, 30;
DELAY, 145, PULL, 80; (2) HEAT, 600, FILAMENT, 3; VELOCITY, 40; DELAY, 135; PULL, 150.
The pulling parameters are instrument specific and lead to glass nanopore with a
diameter of approximately 60 nm. Adjustments of the HEAT AND PULL parameters were
made to fabricate other pore sizes specified in this study. The pulled glass nanopores
were characterized by measuring their pore resistance in 0.1 M KCl and the pore
dimensions were confirmed by Scanning Electron Microscopy (SEM) using a Nova

NanoSEM at an accelerating voltage of 3-5 kV.

4.4.4. Nanopore translocation measurements

Unless otherwise specified, the translocation experiments were carried out by filling the
glass nanopore with the translocation buffer (50 mM KCl, 0.01% Triton-X, 10 mM Tris, 1
mM EDTA, pH 8.0) containing the nanoparticles (25 pg/ml). The glass nanopore was then
immersed in a similar buffer with the addition of 50% (w/v) Polyethylene Glycol (PEG)
35 kDa (ultrapure grade, Sigma Aldrich). The notation of the 50% PEG in the text refers
to the utilization of 50% (w/v) Polyethylene Glycol (PEG) 35 kDa. An Ag/AgCl wire (0.25
mm diameter, GoodFellow UK) was inserted in the glass nanopore barrel and acted as
the working electrode, while a second Ag/AgCl wire was immersed in the bath and acted
as the counter and reference electrodes. The nanoparticles were driven from inside the
glass nanopore into the external bath by applying a negative potential to the working
electrode placed inside the glass nanopore with respect to the reference electrode in
the bath. The ion current was recorded with a MultiClamp 700B patch-clamp amplifier
(Molecular Devices) in voltage-clamp mode. Data was acquired at a 100 kHz sampling
rate with a 20 kHz low-pass filter using the pClamp10 software (Molecular Devices). The
ion current traces were further analyzed with the MATLAB script Transalyzer, developed
by Plesa et al. (171). The obtained translocation events were analyzed by applying a 7-
sigma threshold level from the baseline, and only the events above the threshold were
considered as translocation events. The obtained events were further analyzed and

plotted using Origin 2019b.
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4.4.5. Gold nanostars synthesis and characterization

Gold nanostars synthesis and TEM characterization was conducted by Strobbia
laboratory atthe University of Cincinnati, USA. The samples were used as received.
First, citrate-capped gold nanoparticle (12 nm) seeds were synthesized using the
Turkevich method (172). Briefly, 100 mL DI H20 boiling water and 200 pL of 0.5 M
HAuCls were dispersed for 10s. 15 mL of 1% trisodium citrate was added. After the final
colour change, the solution was boiled for 15-30 minutes. Then the solution was cooled,
filtered through a0.22 um nitrocellulose membrane, and stored at 4 °C until further use.
The Au nanostars synthesis followed the Vo-Dinh group surfactant-free procedure with
a few modifications (173). In brief, under room temperature and fast stirring, 10 mL of
DI H20, 10 uL 1 M HCI, and 493 pL of 0.5 M HAuCl4 were added to a plastic scintillation
vial. Then, 100 pL of Au seeds were added, and 10 sec afterward quickly added AgNOs of
various concentrations (1-3 mM; samples named S5, S10, and S30 relating to the
AgNO3 final concentration, 5 uM, 10 uM, and 30 uM, respectively) and 50 uL of 0.1 M
AA (ascorbic acid), simultaneously. After the Au nanostar synthesis, 325 pL of thiol
stabilizer (HS-PEG-COOH) was added to the Au nanostars, vortexed, then idle for 30 min
atroom temperature. After 30 minutes, the solution was centrifuged and washed three
times with DI H20 (1500 g, 15 min, 4 °C). Lastly, the samples were redispersed in DI H,0
and stored at 4 °C until used. Au Nanostars with thiol stabilizer were prepared for
imaging by dropping 10 uL of 2-fold diluted sample onto a 200-mesh grid. The sample
was allowed to dry overnight at room temperature. Then transmission electron
microscope (TEM; Hitachi H7650) imaging was performed at 80 kV with an AMT
BIOSPR16. To determine the size and concentration were measured via NanoSight
NS300 nanoparticle tracking analysis (NTA) system with a 532 nm laser. 20-, 40-, and 80-
fold dilutions of the samples were used for the measurements. Extinction spectra of the

samples were collected via a Biotek Microplate reader.

4.4.6. ProSNA synthesis and characterization

ProSNA synthesis and characterization was conducted by Samanta laboratory at the
University of Austin, USA. The samples were used as received. B-galactosidase SNAs
were synthesized by following previously established procedures with some
modifications (26,27). Briefly, surface cysteine groups are first modified with Alexa Fluor

647 C2 maleimide. Following this step, NHS-PEGas-azides are conjugated to the surface-
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accessible lysine residues. Finally, DBCO-terminated DNA is attached to the azide-
modified proteins through copper-free click chemistry. A stock solution of B-gal (Sigma)
was exchanged into DPBS (Sigma) through centrifuge filtration (15000 rpm, 3 min, 4 °C),
three times washing using a centrifuge (Thermo Fisher) using 100 kDa MWCO Amicon
filters (Thermo Fisher). The B-gal was then treated with TCEP (4 nM final concentration)
to reduce the disulphide bonds and vortexed. Thereafter, the solution was passed
through a NAP-5 column to remove the TCEP and the purified B-gal solution was
concentrated using a 100 kDa MWCO Amicon filter. The protein concentration was
determined via UV-vis spectroscopy using the extinction coefficient at the characteristic
protein peak at 280 nm. Then 30-fold molar excess of Alexa Fluor 647 C, Maleimide (AF-
647, Thermo Fisher, Invitrogen,) was added to the protein and the mixture was shaken
overnight (1000 rpm, 4 °C) using a Benchmark MultiTherm Heating and Cooling Shaker
(Marshall Scientific). The solution was then rinsed multiple times with 0.1 M NaHCO3
(Thermo Fisher) usinga 100 kDa MWCO Amicon filter to remove any unreacted dye. The
absorbance of the filtrate was monitored at 650 nm to track the free dye. The washing
was stopped when the absorbance at 650 nm was negligible.

Using UV-vis spectroscopy, the concentration of the protein (cﬁ_gal) and the number of

dyes attached per protein (Ndye) were calculated using Equations 4.1 and 4.2:

AF—-647

_ Azgo — €280 CAF —647
Cp_gal = e (Eqg. 4.1)
280 nm
Ngye = “AE=57 (Eq. 4.2)
dye Cg—gal

Car—ea- i first determined using Equation 4.1, where £2f,°6%7 = 270,000 M cm™. The

value for e2£-%7 is 8,100 M! cm™.

Thereafter, NHS-PEGs-azide (Thermo Scientific) was added to the dye-labelled B-gal (B-
gal-AF) at 1000-fold molar excess and the reaction was incubated for 1.5 hrs with
shaking (1000 rpm, RT). The reaction mixture was then run through a NAP-25 column
(Cytivaillustra) and washed 5 times using centrifuge filtration (100 kDa MWCO Amicon
filters, 15000 rpm, 4 °C, 3 min per wash) to separate any free azide molecules. The
protein concentration of the product (B-gal-AF-azide) was again determined via UV-vis
spectroscopy. Then 50-fold molar excess of DBCO-DNA was added to B-gal-AF-azide
(samples were prepared with both DBCO-DNA 1 and DBCO-DNA 2; see Table 4.1 for
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sequences). The reaction was shaken for 3 days (1000 rpm, RT), following which the
reaction mixture was washed several times using PBS and 100 kDa MWCO Amicon filters
(15000 rpm, 4 °C, 6 min per wash) to remove free DNA. The final product (B-gal SNAs)
was characterized by UV-vis spectroscopy. First, based on the absorbance at 647 nm,
Car—6a7 Was first determined. Then, using Equation 4.2, c;_,, was determined.
Subsequently, using the absorbance at 260 nm, the number of DNA per protein (Npy,4)
was determined using Equation 4.3:
_ 4260 nm —eb O Cp—gal (Eq. 4.3)

NDNA - DNA
€260 nm €B—gal

Table 4.1: DNA sequences used for ProSNA samples.

Expected Observed

Sequence €260
Sequence (5’-3’) mass mass
name (M1cm?)
(m/z) (m/z)
DBCO- DBCO TEG-TTTT AAG ACG AAT
240,800 7351 7250
DNA1 ATT TAA GAA
DBCO- DBCO TEG-TTTT AAC GACTCA
228,600 7247 7162
DNA 2 TAT TAA CAA
C6-SS-AAG ACG AAT ATTTAA
Thiol-DNA 200,500 5760 5787

GAA

C6-SS: Thiol-Modifier C6 S-S (1-O-Dimethoxytrityl-hexyl-disulfide,1’-[(2-cyanoethyl)-
(N,N-diisopropyl)]-phosphoramidite)

DBCO-TEG: 5’-DBCO-TEG Phosphoramidite (10-(6-oxo-6-(dibenzo[b,flazacyclooct-4-yn-
1-yl)-capramido-N-ethyl)-O-triethyleneglycol-1-[(2-cyanoethyl)-(N,N-diisopropyl)]-

phosphoramidite)
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4.5. Results & discussion

4.5.1. Characterization of spherical nanoparticles

In this study, the discrimination of nanoparticles was probed by means of solid-state
nanopores. It has been previously shown that the use solid-state nanopore systems
based on polymer nanopore enhances signals when biological macromolecules are
analysed (e.g., DNA, see Chapter 3) (60,109). Considering that many of the synthetic
nanomaterials are of comparable dimensions, we hypothesized that this nanopore
approach can be tailored for the analysis of different nanoparticles and discriminate
them on the basis of the recorded ion current. To investigate this hypothesis, PEG-
carboxyl gold spherical nanoparticles (AuNPs) were first utilized for the nanopore
translocation experiments. One requirement for performing nanopore measurements
is the use of electrolyte solution (typically KCl). Prior to nanopore measurements, the
stability of the AuNPs was assessed. The AuNPs stability was assessed by diluting the
nanoparticles in a 100 mM KCI buffer solution buffered at pH 8.0. The carboxyl acid
provides a highly negatively charge surface of the nanoparticle, being the highest at
basic pH due to the low isoelectric point, making it favourable for electrophoretically
driving the nanoparticles through the nanopore. If the nanoparticles are stable when
diluted in the buffer with a particular salt concentration, the measured spectrum of the
nanoparticles measured in the salt buffer and pure water is expected to be the same.
However, if the particles aggregate, this would be reflected in their spectrum, showing
a decrease in the absorbance peak and an increase at longer wavelengths. The UV-Vis
measurement after 1 hr incubation in 100 mM KCI of the AuNPs showed no red shift or
suppression of the absorbance peak recorded. This was further compared with the same
suspension of the AuNPs prepared in water (Error! Reference source not found.A). S
imilarly, the AuNPs suspension was measured by DLS (Error! Reference source not
found.B), showing no broadening of the size distribution (hydrodynamic diameter) of
the nanoparticle, or the presence of aggregates. Allin all, the AuNPs chosen in this study
was found to be stable in the electrolyte solution. The ionic strength of the KCI buffer
and the incubation period used for the stability assessment exceeded the nanopore
measurement conditions (ionic strength and incubation time) and therefore can be

regarded as a worst-case scenario.
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Figure 4.1: Stability assessment AUNP suspended in 100 mM KCI buffer solution. (A) UV-Vis
spectra of 50 nm PEG carboxyl-capped AuNPs in 100 mM KCI buffer solution measured after 1
hr incubation (red line) compared with a preparation in Milli-Q water (black line). A similar
spectrum is observed in both cases indicating that the nanoparticlesin 100 mM KCI buffer
solution are stable for >1 hr. (B) Dynamic light scattering (DLS) measured size distribution
(hydrodynamicdiameter) of nominally 50 nm diameter PEG carboxyl-capped AuNPs measured
in 100 mM KCl after1 hrincubation.

4.5.2. Enhanced detection of spherical nanoparticles

In this work, a polymer electrolyte nanopore system (57) was used to enable the
detection of heterogenous nanoparticle mixtures with a fixed nanopore size (diameter)
(109). Glass nanopores with a diameter of 60 nm were fabricated by mean of laser-
pulling nanopipettes. A representative SEM image of the nanopore and current-voltage

of nanopores from different pulls recorded in 0.1M KCl are depicted in Figure 4.2.
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Figure 4.2: Representative nanopore characterization. (A) Scanning electron micrograph of a
representative glass nanopores used in this study. Inset: top view of the nanopore tip showing
that ithas a ~60 nminternal diameter. Note: The micrograph foreshortens depth resultingin an
exaggerated angle of the pipette wall (B) Current-voltage curves (I-V) of three glass nanopores

recorded in 100 mM KCI. All three pipettes were pulled with an identical program which gave
~60 nm pores, such as the one shownin panel A.

The translocation of uniform 20 nm gold spherical nanoparticles (AuNPs) sample was
probed utilizing a glass nanopore-based system with a tailored pore size diameter. The
TEM image in Figure 4.3 depicts the uniform spherical nanoparticles, confirming their

diameter size.

Figure 4.3: TEM image of 20 nm diametergold spherical nanoparticles. Scale bar TEM graph: 50
nm.
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The translocation of 20 nm gold spherical nanoparticles (AuNPs) samples was
investigated under an applied voltage of -500 mV. As depicted in Figure 4.4, the
nanopore setup consisted of a nanopipette filled with and immersed in an electrolyte
(KCl) solution where the application of a potential between a pair of Ag/AgCl electrodes,
inside the glass pore and external bath respectively, drive the translocation of the
analyte towards the external bath. As shown in Figure 4.4A, no translocation events
were observed for the 20 nm AuNPs using standard electrolyte buffer conditions (i.e.
50mM KClI solution) due to the large pore with respect to the diameter of the AuNPs.
However, the addition of 50% w/v PEG (polymer electrolyte) to the outer bath resulted
in conductive (current-enhancing) translocation events well-resolved from the ion
current baseline (Figure 4.4B). These events are characterised by a specific conductive
peak maxima amplitude (Alc) and dwell time (as shown in Figure 4.4B inset), where each
peak is generated by individual nanoparticles translocating from inside the pore to the
outer bath. The enhanced detection approach by adapting the external bath conditions
of the nanopore setup proved to be easy-to-implement and reproducible, leading to the
recording of several hundreds of events in several minutes. Compared to other methods
for increasing detection of molecules (174), our method solely relies on adjusting the
external bath conditions, therefore excluding potential interferences related to the
nanoparticle samples investigated. Utilizing a concentration of 50% 35K PEG in the
external electrolyte bath was adopted and kept constant throughout all the nanopore
measurements, as it was previously demonstrated to provide the highest SNR (signal-

to-noise ratio) (57,109).
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Figure 4.4: Enhanced nanoparticle detection in polymer electrolyte bath. (A) Schematic
illustration depicting 20 nm AuNPs translocating across the nanopore towards the outer bath
into the outside and the recordedion current trace at -500 mV for 20 nm AuNPs utilizing a 50
mM KCl external electrolyte bath and a 60 nm diameter pore. No translocation events were
observed under these conditions. (B) Representative translocation setup depicting the use of
50% (w/v) PEG (polymer electrolyte)in 50 mM KCl in the external electrolyte bath with the
correspondingrecordedion currenttrace at -500 mV, showing conductive translocation events
for 20 nm AuNPs. A representative translocation event is shown in the inset with the
translocation peak amplitude and dwelltime characteristics.

-91-



The translocation characteristics of the 20 nm AuNPs was first studied. Control
experiments were conducted to confirm that the recorded peaks from ion current traces
are associated with the translocation of AuNPs. No events were observed in absence of
nanoparticles in solution (Figure 4.5A) or under the application of a positive voltage

(Figure 4.5C). Furthermore, no translocation events were observed under no-bias

conditions (Figure 4.5D).

A -500 mV: no analyte
-500 mV: AuNPs
B

+500 mV: AuNPs

D 0 mV: AuNPs

<
o

(=

n

5 sec

Figure 4.5: lon current traces recorded with a60 nm diameter glass nanopore in abath solution
containing 50% PEG in 50 mM KCI. The glass nanopore was biased at (A) -500 mV when no
analyte was added inside the glass nanopore; (B) -500 mV when 20 nm diameter PEG carboxyl-
capped AuNPs were added inside the nanopipette; (C) +500 mV when 20 nm diameter AuNPs
were addedinsidethe glassnanopore; (D) 0mV when 20nm diameter AuNPs were added inside
the glass nanopore. The current and timescales are the same for all graphs. A concentration of
25 pg/mL was used forthe recordings with 20 nm diameter AUNPs.
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Furthermore, in Figure 4.6, a plot of the power spectral density depicts the noise profile
for measurements with and without the addition of PEG to the external bath, showing

similar noise characteristics.
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Figure 4.6: Power spectrum density plot of 60 nm diameter pore biased at-500 mV with 50 mM
KCl (blue trace) and 50% PEG and 50 mM KCI (red trace) external bath solution.

Apart from the control experiments shown above, statistical histograms of the
amplitude and dwell time events at different voltages events are displayed for
translocation of 20 nm AuNPs. The translocation events were normalized to the event
count for each recording. Increasing the magnitude of the applied voltage led to an
increase in amplitude of the conductive peak current and a decrease in the dwell time,
suggesting that the electrophoretic force plays a major contribution in driving the
negatively charged AuNPs through the pore (Figure 4.7A-D). Statistical histograms of the
amplitude and dwell time events at different voltages events are displayed in Figure
4.7A and Figure 4.7C. The voltage dependence suggested that the recorded current
signals are the result of particle translocations through the nanopore, rather that
binding or accumulation of particles at the orifice. Similarly, a linear increase in the
frequency of the translocation events was observed with increasing voltage and

increasing nanoparticle concentrations (Figure 4.7E-F).
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Figure 4.7: Translocation event characteristics of 20 nm diameter PEG carboxyl-capped AuNPs
translocating through a ~60 nm diameter pore with 50% PEG in 50 mM KCI external bath.
Histograms of the conductive peak current (A) and dwell time (C) distributions for applied
voltages V=300 mV, -400 mV, -500 mV, -600 mV, and -700 mV. The solid lines represent
Gaussian fits to the distributions. Average conductive peak current (B) and dwell time (D) at V =
-300 mV, -400 mV, -500 mV, -600 mV, and -700 mV. Error bars show the standard deviation from
three independent recordings with different pulled glass nanopores. The conductive current
peaks were larger with increasingly negative voltages, while the dwell times shortened. (E) Event
rate of the 20 nm diameter AuNPs translocation as afunction of voltage. (F) Eventrate of the 20
nmdiameter AuNPs translocation as function of the sample concentration 6, 8, 12, and 25 pg/mL
which correspond to concentrations of 1.4x 10°, 1.1 x 10%°, 7.1 x 10%°, and 3.1 x 10*° particles/mL
(calculated assuming all particles have the same average diameter). Error bars show the
standard deviation from three independent recordings with different pulled glass nanopores.
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To better interpret the enhanced detection effect described here, pores with similar
diameter (60 nm) were utilized to translocate different AUNPs samples (50 nm, 20 nm,
and a mixture of 50 and 20 nm AuNPs) both in KCl and 50% PEG and KCl, by switching
external bath where the glass pore isimmersed into. Theseresults are depicted in Figure
4.8, where a dramatic increase in the SNR of the translocation peaks can be observed

between the no PEG case and when PEG is added to external electrolyte bath.
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Figure 4.8: lon current traces of nanoparticle translocations through a~60 nm diameterporein
which the external electrolyte bath was either (A) 50 mM KCl or (B) 50 mM KCl + 50% PEG. The
inside of the nanopore contained PEG carboxyl-capped AuNPs of 50 nm diameter (left), 20 nm
diameter (middle), ora mixture of a 50 nm and 20 nm diameter (right). Single glass nanopores
(~60 nm diameter) was used for each nanoparticle mixture in the two conditions. In the absence
of PEG inthe bath solution 20 nm AuNPs translocation peaks are notresolved from the current
baseline. The currentand time scales are the same forall the ion currenttraces in panels Aand
B. In all cases, the glass nanopore contained 50 mM KCI without PEG. (C) Scatter plots of the
conductive peak current (Alc) versus dwell time of the translocation events extracted from the
ioncurrent tracesin panel (B). lon currenttraces were recorded at -500 mV. The concentration
of the individual AuNPs (50 nm and 20 nm AuNPs) was 25 pg/mL, whereasthe 50 nmand 20 nm
AuNP mixture was recorded at mixture ratio of 10:1 50-to-20 nm AuNPs
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Interestingly, for larger diameter AuNPs (50 nm) that closely match the diameter of the
pore, a change from resistive peaks (current reducing signals) tobiphasicsignal (resistive
and conductive peaks) was observed when PEG was used in the externa bath. This is
exemplified in Figure 4.8A-B where in both cases, 50 nm AuNPs and 50 nm AuNPs
artificially mixed with 20 nm AuNPs, a strong biphasic signal can be observed. The ion
current traces in Figure 4.8B show a clear discrimination regarding the current
amplitude of the conductive signals recorded for the two sets of AuNPs (50 and 20 nm
diameter) with similar pore diameter, that also resulted in distinct populations in the
events scatter plots (Figure 4.8C). The average conductive peak amplitude was 61.1+1
pA for the 20 nm AuNPs and 225 + 1 pA for the 50 nm AuNPs. In order to demonstrate
the reproducibility of the enhanced effect observed in 50% PEG and KCI conditions, the
translocation of 50 nm AuNPs was carried with three different nanopores having a 60
nm nominal pore diameter. As displayed in the ion current traces and the individual
translocation peaks in Figure 4.9, a similar enhanced effect was observed in the case of
all three different pulled glass nanopores with similar pore diameter (60 nm). The large
amplitude difference denotes the strong signal enhancement generated by the polymer
electrolyte that allowed the analysis of a range of different AuNPs with a fixed nanopore

size (60 nm in diameter), as further exemplified in the following sections.
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Figure 4.9: Enhanced translocation signal reproducibility of 50nm AuNPs. (A) lon current traces
obtained with three different glass nanopores. All the ion current traces were adjusted to the
same current and time scale. (B) Consecutive translocation events extracted from ion current
traces recorded in (A) with three different glass nanopores. All the individual translocation
events have the same current and time scales. Nanopore recordings were carried out using 60
nm diameter pore sizesand 50 nm diameter AuNPstranslocated in 50% PEG and 50mM KCl and
biased at-500 mV. Areproducible effect of the enhanced translocation signal can be observed.
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4.5.3. Enhanced detection of nanoparticle mixtures

Following the detection of two sets of the AuNPs (50 and 20 nm) analysed with the
electrolyte nanopore platform, this analysis was further extended to a range of uniform
AuNPs suspensions with different diameters, ranging from 10 nm to 50 nm. Similarly, a
fixed pore size (60 nm diameter) was utilized for each set of AuUNPs. The corresponding
ion current traces recorded for each set of AuUNPS are shown in Figure 4.10, showing

clear differences interms of the amplitude magnitude of the each AuNPs set analysed.
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Figure 4.10: lon current traces for PEG-carboxyl capped AuNP samples translocated through 60
nm diameter nanopores into an electrolyte bath of 50% PEG in 50 mM KCl. The pipettes were
biased at -500 mV and filled with 50 mM KCl containing (A) 50 nm diameter AuNPs; (B) 40 nm
diameter AuNPs; (C) 30 nm diameter AuNPs; (D) 20 nm diameter AuNPs; (E) 10 nm diameter
AuNPs; or (F) ora mixture containing: 10, 20, 30, 40, and 50 nm AuNPs. All the ion current traces
have the same current scale; however, parts Dand E have a shortertimescale to allow showing
the highertranslocation frequency. Optimization of the eventrate has not been a focusin this
study. The nanoparticles concentrations in panels (A)-(E) were 25 ug/mL.
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The individual signals obtained for each set of AuNPs was analysed. Whereas the
conductive peak represents the dominant feature in the ion current signatures, a
distinct change in the translocation signature was observed when different nanoparticle
to pore size ratios were employed. Namely, when the size of the nanoparticle closely
matched the size of the pore, an additional resistive peak was observed. This behaviour
is evidenced in Table 4.2 and Figure 4.11A, where a biphasic (resistive and conductive
peak) signal transitions to a conductive signal when the size of the AUNP decreases with

respect to the size of the pore.

Table 4.2: Average conductive (Alc) and resistive (Alg) peak current values with the standard
error (SE) obtained for PEG-carboxyl capped AuNP samples translocating through ~60 nm
diameter nanoporesinto an electrolyte bath containing 50% PEG and 50 mM KCI. The pipette
was biased at -500 mV, and filled with a solution containing 50 mM KCl and 25 pg/mL of
nanoparticles. Note: we were unable to measure resistive peaks forthe 10 and 20 nm diameter
particles under these conditions. Each value shows the results based on a single nanopore
recording with number of translocated events displayed inthe table.

Pore NP NP
. ] diameter/ Translocated Alc £ SE Alr £ SE
diameter diameter
pore events (pA) (pA)
(nm) (nm) ]
diameter
50 0.83 286 225+ 1 71+1
40 0.67 469 160 + 2 371
60 30 0.50 937 98 +1 24 +1
20 0.33 1132 61+1 -
10 0.17 1715 21+1 -

The translocation signal distributions of each set of AuNPs were fitted to Gaussian
curves which enabled the identification of 5 distinct populations, one for each
nanoparticle set (Figure 4.11B). The average conductive peak current increased with

the ratio of nanoparticle to pore diameter (dws/dyre), as shown in Figure 4.11C.
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Figure 4.11: Nanopore detection of gold nanoparticle mixtures. (A) Top panel: TEM images of
the standard AuNPs, left-to-right: 50, 40, 30, 20, and 10 nm diameter (50nm scale bar). Bottom
panel:schematicrepresentation of the AuNP translocating through a 60nm fixed pore size with
representativeindividual translocationpeaks for each AuNP, denoting atransitionfrom biphasic
to conductive signature when the ratio of nanoparticle to pore size decreases. (B) Event
histogram of the conductive peak current for the 5 different AuNPs (50, 40, 30, 20, and 10 nm)
translocated with a fixed pore size (60 nm). The solid lines represent Gaussian fits to each
translocation data set. The distribution of the 40nm sample iswider because ofa 15% coeffidcient
of variation of the nanoparticle size compared to 5% for the other samples. (C) Average
conductive peak current as a function dy,/dgor. The error bars represent the standard error of
the Gaussian fits displayed in panel B.

Conventionally, nanoparticle analysis with nanopores leads to resistive (current-

decreasing) translocation signals because of the ion flow hindrance by the presence of
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the nanoparticle within the nanopore region resulting in a volume-exclusion of ions
(175). However, several studies have shown the occurrence of conductive peaks when
translocation of charged analytes was carried out in low ionic strength buffers, due to
the introduction of new ions brought by the ion cloud of the charged particles which
temporarily increases the pore conductivity (176-178). The formation of biphasicsignals
(resistive and conductive peaks) has been reported as well. In this case, it has been
proposed that this signal stems from two main competing effects: the geometric volume
exclusion of ions by the particle generating a resistive pulse, and the local increase in
pore conductivity due to the screening of the particle traversing the pore (179).
Nevertheless, the magnitude of the resistive and conductive peaks can be influenced by
several factors, including the electrolyte concentration, nanoparticle to pore size ratio,
and the nanoparticle surface charge (177). Sensale et al., identified the surface charge
of the particle as the main factor that influences the characteristics of the translocation
signal through the glass nanopores (180). The authors suggested that this phenomenon
occurs due to an ion accumulation/depletion associated with the surface charge of the
particle translocating through the pore, overriding the volume-exclusion effect.
Similarly, in the studies conducted by Menestrina et al. and Chen et al., biphasic signals
were reported both experimentally and in simulations when charged particles are
translocated through in low-salt buffer conditions (below 200 mM KCI) (181,182). The
authors reported resistive peaks followed by a conductive component and explained the
effect considering the charge carried by the analyte that causes a temporary ion
enrichment at the aperture when low-salt conditions are used. Although, similar
behaviour has been reported in this study, the magnitude of the conductive peak proves
to be much larger in case of PEG electrolyte bath. Similar to what has been reported
before, the presence of PEG in the external bath induces an ion depletion at the region
of the tip at negative applied bias, as shown in the voltammogram in Figure 4.11. This
has been suggestedto be the effect of cation transport hindrance due to the PEG binding
of cations in the external bath (57,109). Under such conditions, the counter-ion cloud
carried by the charged particle contributes to the temporal increased in the local ion
concentration at the tip region during translocation events, explaining the presence of

the conductive (current enhancing) signals.
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Figure 4.12: Voltammograms of a nanopipettein the presence of 50% PEG (red line) and absence
(black line) in the 50 mM KCI external bath. The slightly higher conductivity at negative bias in
the KCl only bath is due to the negatively charged glass wall of the nanopipette, which makes it
permselective to cations, as previously described forglass nanopores (183). In the presence of
PEG in the external electrolyte bath the ion current response at the negative bias is ~ 4 times
lower than the conditions without PEG in the external bath. The conductivity of the extemal
electrolyte bath was ~7 less conductive with the addition of PEG (0.09 S/m), compared with the
conditioninthe absence of PEG (0.6 S/m).

Furthermore, in a recently reported mechanistic study from our group on the role of
PEG on the translocation signal enhancement it was suggested that an interface is
formed at the nanopore tip between the inner and outer solution (KCl only and the
polymer electrolyte bath) (110). Here, it has been proposed that the interface at the
aperture is deformed by translocating particles from inside the pore into the outer bath
and this deformation induces an ionic rearrangement that plays a role in the ion
enrichment at the aperture, in addition to the screening effect of the charged particle.
Although, the conductive component proves to be the dominant feature here, the
experimental results presented here suggest that when the dimensions of the particle
and the pore diameter closely match, the geometry volume-exclusion effect contributes
to the ion current signal modulation as well (Figure 4.9A). Sensale et al., also suggested
a potential ion cloud distortion around the charged translocating particle due to the
applied electric field, leading to a tail of the counter-ions, where the translocating
particle first results in a resistive peak due to the volume-exclusion effect, and the

exiting of the particle through the pore follow with a local increase in the ion due to the
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tail of counter-ions under the applied electric field inside the pore (180). This
explanation can potentially give insight into the order of peak formation (resistive
followed by a conductive) in the biphasic signals recorded.

Considering that the conductive peak component represents the main feature in all the
translocation signals recorded, the current amplitude of the conductive peak was used
as the main discriminant between the different nanoparticles analysed with our
nanopore approach. To further evidence that the transition from conductive to biphasic
signal is dependent on the dnp/dpore, pores with different diameter (large and small)
were tested as well, while fixing the size of the AuNPs. Figure 4.13A portrays the effect
of this ratio change when alarger pore (150 nm diameter) was used for the translocation
of the 50 nm diameter AuNPs, leading to the loss of the resistive component.
Alternatively, pores with smaller diameter (30 nm) were used to show that even for the
20 nm diameter AuNPs, that previously gave a conductive signal only (Figure 11A), a
transition to the biphasic signal is obtained (Figure 4.13B). These combined results
where first the pore diameter size was fixed and different AUNPs were analysed and vice
versa, support our observations with the regards to the effect of dnp/dpore ON the
translocation signal recorded with the polymer electrolyte nanopores.

Having conducted experiments to elucidate the enhanced translocation signal recorded,
numerical simulations can be further explored to develop models that can explain the
shape of the enhanced translocation signals observed. Biphasic signals such as those
reported here, with a decrease and increase in the current, are believed to be due to
competing effects of geometric exclusion of ions (resistive contribution) and ion
concentration polarization. Poisson-Nerst-Planck and Navier-Stokes equations have
bene previously implemented for simulating the shape of biphasic signals and ion

concentration modulation when particles translocate through a cylindrical pore (182).
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Figure 4.13: Nanoparticle-pore ratioeffect. (A) Representative individual translocation peaks for
50 nm AuNPs translocating through a 60 nm pore (left) and 150 nm pore size (right), showing
the transition from biphasic to conductive shape when the pore size increases with respect to
the size of the particle. (B) Representative individual translocation peaks for the 20 nm AuNP
translocated through a30nm pore (left) and 60 nm pore size (right), showing the transition from
biphasic to conductive peak shape when the pore size is increased with respect to the size of
the particle. The current and time scales are the same for all the translocation peaks.
Translocation carried in 50% PEG and 50 mM KCI, undera -500 mV applied voltage.

To further support the capability of our nanopore approach to discriminate
heterogeneous nanoparticles mixtures, a mixture containing all AuNPs (50, 40, 30, 20,
and 10 nm) in one solution was translocated under similar conditions. The

representative ion current trace illustrated in Figure 14.A shows a good resemblance to
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the current signals recorded for the individual AuNPs sets in Figure 4.8. The Gaussian
distributions obtained for the individual AuNPs sets (Figure 4.11B) were fixed to the
conductive peak current distributions obtained for the AuNPs mixture, showing a good
data overlap for each peak (Figure 14.B). As depicted in the ion current traces and the
individual consecutive depicted in Figure 4.14A and Figure 4.14C, a clear difference
between the amplitude and shape (conductive and biphasic) of the translocation signals
can be observed, attributed to the different AuNPs translocating through the pore.

In contrast to previous nanopore strategies employing chemical modifications (184) or
arrayed nanopores (103), the nanopore system described here supports rapid detection
of heterogenous nanoparticles mixture and clear discrimination of their diameter size
within one measurement utilizing a fixed pore diameter size. Whereas previous studies
demonstrated the discrimination of nanoparticle mixtures utilizing a single nanopore,
they were predominantly applied for the analysis of binary mixtures with relatively large
difference in their size (175,185). Here, the discrimination of nanoparticles with 10 nm
size difference in the low nanometre (10-50 nm diameter) range was explored.
Although, a large number of events were recorded in one measurement (N=2474), the
normalized conductive peak current distributions in Figure 14.B show a large
discrepancy between the ratio of small diameter AuNPs (10-30 nm) and the larger
diameter AuNPs (40 and 50 nm) with respect to the pore diameter (60 nm). Further
adjustments of the concentration of each set of AUNPs mixed in one solution can lead
to more well-defined distributions. Although, the Gaussian distributed peaks plotted for
the AuNPs mixture in Figure 4.14B resulted in relatively flat distributions centred at 160
pA and 225 pA (attributed to the 40 and 50 nm translocation), the biphasic signal
component recorded for these particles further facilitates their additional fingerprinting
in the mixture. The additional resistive component of the translocation signal recorded
stands as a potential feature that can allow the detection of a particular analyte present
low concentration, relative to the other components present in the mixture. This
scenario is often met in the case of biological samples or other synthesized particle
mixtures, where the analyte of interest is present in low concentrations, that fall below
the limit of detection of the ensemble technique employed in the analysis. A single-
entity measurement approach similar to the one showed here can support such

detection. Furthermore, the advantage of recording ion current traces for mixtures over
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several minutes is advantageous in maximizing the detection output for low-

concentrated analytes that have a low event rate.
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Figure 4.14: AuNPs mixture analysis. (A) lon current of AuUNPs mixture containing 10, 20, 30, 40,
and 50 nm AuNPs in one solution translocated trough a 60 nm diameter nanopore biasedat -
500 mV using 50% PEG and 50 mM KCI. (B) Event histogram of the conductive peak currentfor
AuNPs mixture shown in (A). The solid lines represent multi-peak Gaussian fits to the
translocation data. (C) Consecutiveindividual translocation signals based on the AuNPs mixture
recordedin (A).

- 106 -



4.5.4. Translocation of rod-like nanoparticles

Apart from the spherical nanoparticles described in the section above, anisotropic
particles with different aspect-ratio were investigated by employing the same
electrolyte polymer nanopore system. Metallic rod-shaped nanoparticles present
unique properties. Due to their anisotropic shape, their optical, electronic, and catalytic
properties can be tuned, making them appealing for various applications such as
biomedical imaging, nanophotonics, drug delivery, and biosensing (186). Here, PEG-
carboxyl coated gold nanorods (AuNRs) were probed under similar translocation
conditions as reported for the AuNPs. Figure 4.15 shows the characterization of the
AuNRs utilized in this study. In comparison with the gold nanospheres, the AuNRs have
different optical properties. A characteristic absorbance peak at 800 nm and 990 nm
was observed for the AuNRs investigated here (Figure 4.15A), due to their anisotropic
shape. The TEM measurements of the AuNRs confirmed their anisotropic character
showing particles with a broken symmetry, namely having an elongated rod-like shape
(Figure 4.15B). The size measurements basedon the TEM indicated anapproximate ratio
of 1:4 between the diameter (~10 nm) and the length (~40 nm) of the rod-shaped
particles, as shown in Figure 4.15C. A wider size distribution of their length was
observed, compared with their diameter, as presented in the normally distributed
histogram for the particle size data obtained in Figure 4.15C. This observation can
explain the presence of two optical absorbance peaks recorded in Figure 4.15A at longer

wavelengths.
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Figure 4.15: Characterization of gold rod-like particles. (A) UV-Vis spectra of PEG carboxyl-
capped AuNRs depicting the correspondingoptical absorbance peaks. (B) TEMimage of the gold
nanorods sample and a close-up view of the individual rod-like particle with its diameter and
length dimensions. TEMgraph scale bar: 50 nm. (C) Histogram displaying the size distribution of
the nanorods particle measured from TEM images, with average diameterand length of 10+ 1
nm (+1c0) and 39 + 4 nm (+10), respectively (based on n=135 data points).

The translocation of nanorods through solid-state nanopores is influenced by a variety
of factors, including the size, shape, and charge of the nanorod. The translocation of the
10 x 40 nm AuNRs was carried out using the same pore diameter as before (60 nm pore).
The AuNRs’ volume of ~3.1 x 103 nm3 is situated between the volume of the 10 nm and
20 nm spherical nanoparticles. The translocation of the AuNRs through the 60 nm pore
resulted in conductive translocation peaks, with a peak current distribution centred at

40 pA (Figure 4.16A). This value falls in between the values obtained for the 10 nm and
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20 nm average conductive peak currents, 21 pA and 61 pA, respectively. Given the
anisotropic shape of these AuNRs, different orientations can be expected during their
translocation through the nanopore. The shape and orientation can exert an influence
on the magnitude and shape of the translocation signals during nanopore
measurements. Interestingly in this case, the majority of the translocation events
showed similar peak amplitudes and dwell times when AuNRs were translocated
through a 60 nm diameter pore. The amplitude of the translocation events with one
conductive current distribution peak suggested a consistent orientation during their
translocation. If the long axis of the nanorod is parallel to the electric field inside the
nanopore, then a smaller blockage of the pore is expected due to the smaller diameter
of the rod particle, with respect to the pore diameter size. On the other hand, assuming
the long axis of the nanorod is perpendicular to the electric field inside the pore, then
the larger cross-section area will likely generate larger current amplitudes. Here, it is
hypothesized that a parallel orientation is likely to occur during the AuNR translocation
through the glass nanopore. The long conical shape of the glass nanopores potentially
favours the alignment of the nanorods’ long axis with the electric field inside and
therefore led to consistent (similar current amplitude and dwell time) translocation
peaks recorded (Figure 4.16C and Figure 4.17A). In order to induce a stronger interaction
of the nanorods with the pore, a smaller pore diameter (30 nm) was used to translocate
the same sample of AuNRs. Under these confinement conditions the AuNRs
translocation resulted in a larger magnitude of the conductive peak current, with a
conductive peak current distribution centred at 60 pA (Figure 4.16D). Apart from this, a
change in the translocation signal from conductive to biphasic was observed for the

majority of the evens (Figure 4.17B).
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Figure 4.16: lon current of AuNRs translocated through a 60 nm diameter pore (A) and 30 nm
diameter pore (B). The pore was biased at -500 mV utilizing 50% PEG in 50 mM KCI extemal
bath. Corresponding event histograms of the conductive peak current of the AuNRs recorded
witha60 nmdiameterpore (C) and 30nm diameter pore (D). The solid lines represent Gaussian
fits to the translocation data.

The translocation of the AuNRs through the 30 nm diameter nanopore generates
translocation events with long dwell time (> 1 ms). As shown in Figure 4.17A-B, a clear
difference can be noticed between the translocation of AuNRs through a large (60 nm
diameter) and small pore (30 nm diameter). Considering the average dimension of the
AuNRs (~10 x 40 nm) and the smaller pore diameter (~30 nm), translocation through the

long-axis is predominantly expected to occur in this case. Whereas a wider spread was
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observed for the AuNRs translocating through the smaller pore, it is worth mentioning
that these events represent only a small fraction from the total number of events
recorded (~10 %). This can be potentially assigned the translocation of nanorods with
larger lengths that leads to a longer retention time at the aperture and a higher
probability for collisions and/or adsorption between the particle and the walls of pore
to occur before the particle is expelled in the external bath from inside the pore. Apart
from this, a difference in the shape of the translocation signals was observed for the
long dwell time events. Although, the amplitude and duration of translocation events
are the main discriminants employed in nanopore analysis for single particles, previous
reports suggested the translocation peak shape as a potential feature related to the
shape of the analyte. Events with multiple current states have been reported for
nanoparticles with ligand attachment (104), interactions with the pore (65), or
translocations through different orientations (187). As displayed in Figure 4.17C, these
long translocation events deviate from the triangular shape reported for spherical
particles, with the presence of multiple levels and/or shoulder peaks. The shape of these
events suggests that translocating particles experience a stronger interaction with the

walls of the pore and/or rotational tumbling effects.
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Figure 4.17: Scatter plots of the conductive peak current (Alc) versus dwell time of the
translocation events of AuNRs translocated through a (A) 60 nm diameter pore and (B) 30 nm
diameter pore, biased at —500 mV. Representative individual translocation signals are shown
for each translocation condition. (C) Long dwell time translocation events obtained for the
AuNRs translocating through a 30 nm diameter pore, as highlighted in the scatter plotin panel
(B). All the individual translocation events have the same current and time scales.
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Previous studies have reported similar peak shapes for the translocation of nanorods
through glass nanopores (187-189). In study carried out by Zhang et al., the presence of
multiple peaks within a single translocation pulse were reported for the nanopore
analysis of nanorods (187). Their experimental and simulated data suggested that, in
contrast with spherical nanoparticles, nanorods particles can experience rotational
tumbling as they translocate through the pore, giving rise to multiple sub-peaks within
a singletranslocation pulse for an individual nanorod particle. The reported peak shapes
following the translocation of the nanorods presented multiple levels or a dominant
peak feature and one or several shoulder sub-peaks, similar to the individual event
shapes described here. Similarly, in the study conducted by Liu et al., the nanorods
translocation thorough solid-state nanopores resulted in different behaviours, with
wider distributions of the dwell time being related to the different lengths of the
nanorods (188). To further confirm that the presence of the wider distributions is the
result of the anisotropic shape of the nanorods, the translocation of the nanorods was
compared with a set of 10 nm diameter spherical particles (similar diameter to the rod
particles) utilizing the smaller pore (30 nm). These differences are exemplified in the
scatter plots in Figure 4.18, where a clear difference can be observed in the events
distribution. The increase in dwell time events was not observed for the spherical

nanoparticles under similar nanopore conditions.
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Figure 4.18: Scatter plots with conductive peak currentand dwell time forthe translocation of
10 x40 nm gold nanorods (A) and 10 nm nanospheres (B). A 30nm diameter nanopore was used
in50% PEG 50 mM KCl, biased at-500 mV.
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The influence of the voltage for the translocation of the AuNRs through the different
size of the pores was alsoinvestigated. The applied voltage can often play a critical role
in the translocation of particles by affecting the particle’s mobility and conformation. As
shown in the dwell time box plots in Figure 4.19, the data points show a larger spread
and positive skewness at lower voltages (-300 mV), as opposed to the high voltage

extreme (-900 mV). Furthermore, this trend is more evident for the translocation data

sets using the smaller pore diameter (30 nm).
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Figure 4.19: Box-and-whisker plots showing the dwell time distribution of the AuNRs events
recorded at different voltages through (A) a 60 nm diameter pore and (B) and 30 nm diameter
pore. The line within the box is the median of the data. Lower and upper bounds of the boxes
representthe firstand the third interquartile values of the datasetsand the whiskerrepresent
the outliers.

The lower voltage condition (weaker electric field) favours alonger retention time of the
nanorods during their translocation, which leads to longer steric interactions with the
nanopore. This effect is alsoreflected in the event peak shape difference obtained for
the voltage extremes. In Figure 4.20, representative long dwell time individual events
are depicted shedding light on the peak shape. Namely, at lower voltage multiple levels
within a single translocation event were observed, typically presented as a “stair-case”
shape. Opposite to this, the high voltage (-900 mV) events resulted in translocation
signals presenting split-peak shape and shorter dwell time due to the stronger electric

fields.
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Figure 4.20: Individual translocation events with multiple levels extracted from recording of 10
x 40 nm gold nanorods through a 30 nm diameter pore in 50% PEG and 50 mM KCl, biased at -
300 mV (A) and -900 mV (B). All the individual translocation events have the same current and
time scales.

Based on these AuNRs nanopore measurements, it is evident the confinement of the
AuNRs translocation leads to a stronger interaction between the particles and the pore
with the detection of multiple sub-peaks, due to the increased SNR and dwell time. As
previously suggested in literature, the particular shape of these peaks can be further
used to extract information about the size/shape of the particle. Rod-like nanoparticles
displayed different translocation behaviour under nanopore confinement. Based on the

signals recorded, it was inferred that diverse forms of spatial confirmation can occur
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during the translocation of these anisotropic structures. Variations in the orientation of
nanorods offers an intriguing additional insight to monitor for nanoparticle
translocation through nanopores. The results presented in this section show the
possibility of analysing particle with high aspect ratios and how the recorded current
responds to it. In this study the AuNRs translocation was limited to the use of AuNRs
sample with only one nominal aspect ratio. Exploring the translocation of AuNRs with
different aspect ratios of their diameter and length can give valuable insight into the
study of peak shape, such as the number and/or the magnitude of the subpeaks
presented within a single translocation event. One final point worthy of discussionis the
influence of the nanorod concentration. Although, not investigated here, the particle
concentration of the rods inside the pore can potentially have impact on the orientation
as well. At high concentrations, the presence of large numbers of particles can
potentially hinder the rotation of the nanorod with high aspect ratios and potentially

favour one orientation.

4.5.5. Nanopore analysis at low ionic strength

The polymer electrolyte system also enables the analysis of nanoparticles at very low
ionic strength (10 mM). Generally, nanopore measurements are carried out in high-salt
conditions (> 100 mM KCl), due to improved SNR. However, this excludes the analysis of
less stable nanoparticles. Depending on nature of the material and the surface
functionalization, the particle stability when suspended in salt buffers can vary. One
example is the stability of the commonly used citrate-capped nanoparticles that is
limited when these are diluted in buffers with high ionic strength, typically higher than
20 mM KCl (190). To demonstrate that our electrolyte polymer approach can
accommodate such measurements, three sets of spherical metallic particles with a
nominal diameter of 30 nm, but of different material: PEG carboxyl-capped gold
nanospheres (AuNPs), citrate capped platinum nanospheres (PtNPs), and citrate capped
silvernanospheres (AgNPs) were analysed. The UV-Vis and DLS characterization of these
nanoparticles is displayed in Figure 4.121. Here the particles were diluted in a
translocation electrolyte solution containing 10 mM KCl, which is regarded as a suitable
range even for the citrate capped particles (platinum and silver particles in this study)

for the span of the measurement time.
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Figure 4.21: Characterization of the homogeneous metallic nanosphere samples. (A) UV-Vis
spectra of nominally 30nm diameter nanospheres in 10 mM KCl: PEG carboxyl-capped AuNPs
(top panel), citrate- capped PtNPs (middle panel), citrate-capped AgNPs (bottom panel). (B)
Dynamiclightscattering (DLS) measured size distribution (hydrodynamic diameter) of nominally
30 nm diameter nanospheres in 10 mM KCI: PEG carboxyl-capped AuNPs (top panel), citrate-
capped PtNPs (middle panel), citrate-capped AgNPs (bottom panel).

Figure 4.21A shows the characteristic UV-Vis absorbance of these particles. A strong
plasmon resonance optical absorbance at 520 nm was recorded for the AuNPs (top
panel) and 420 nm for the AgNPs (bottom panel). No plasmon resonance was observed

for the PtNPs (middle panel). No red shift or suppression of the absorbance peak was
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recorded after 1hr incubation. Similarly, the size distribution measured by DLS indicate
homogenous mixtures, without the presence of aggregates formation, as depicted in
Figure 4.21B for the three sets of metallic nanospheres diluted in 10 mM KCI buffer
solution.

The translocation of gold, platinum, and silver nanoparticles diluted in 10 mM KCl was
probed, demonstrating that polymer electrolyte nanopores can reliably detect
nanoparticles with high-capture rates and high signal-to-noise ratios (SNR). These
results are evident in Figure 4.22A, where the translocation of three sets of the 30 nm
metallic nanospheres is shown utilizing a 60 nm nanopore biased at-500 mV in 50% PEG
and 10 mM KClI conditions. The data also shows a good agreement between the average
conductive peak current recorded for each set of nanoparticles with nominally the same
size (30 nm diameter), as depicted in Figure 4.22 and Table 4.3. The Gaussian fits of the
peak current distribution in Figure 4.20A resulted in average conductive peak current of

40 £ 1 pA for the AuNPs, 40 + 1 pA for the PtNPs, and 38 + 1 for the AgNPs, respectively.

Table 4.3: Average conductive (Al¢) peak current values with the standard error (SE) obtained
for 30 nm nominal diameter NPs translocated through ~60 nm diameter nanopores into an
electrolyte bath containing 50% PEG and 10 mM KCI. The nanopipette was biased at -500 mV,
and filled with a solutioncontaining 10mMKCl and 25 pg/mLof nanoparticles. Each value shows
the results based on a single nanopore recording with the number of translocated events
displayedinthe table.

P NP
. ore . NP . Translocated  Alc +SE

diameter diameter . NP capping

material events (pA)
(nm) (nm)
Gold PEG- 2477 40 +1
Carboxyl

60 30 Platinum Citrate 1898 40 +1
Silver Citrate 890 38+1
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Figure 4.22: Nanopore sensing of metallic nanospheres. Representative ion current traces (A)
and histograms of the conductive peak current distribution (B) for: 30 nm diameter PEG
carboxyl-capped gold nanospheres (top panels), 30 nm diameter citrate-capped platinum
nanospheres (middle panels), and 30 nm diameter citrate-capped silver nanospheres (bottom
panels). The solid lines represent Gaussian fits to each translocation data set. Nanopore
recordings were carried outin 50% PEG in 10 mM KCl utilizinga 60 nm diameterfixed pore size
biased at-500 mV. The currentand time scales are the same forall the ion current traces.

4.5.6. Nanopore analysis of gold nanospheres and nanostars
Inspired by the results above, nanopore measurements were expanded to tackle
complex anisotropic nanoparticles. The unique properties (i.e. electronic and catalytic)

of anisotropic nanomaterials have gained popularity for various applications. One class

- 119-



of such anisotropic nanomaterials are gold nanostars (AuNS). These branched
nanoparticles are emerging as prominent plasmonic particles for application in surface-
enhanced Raman scattering (SERS) and offer several advantages over spherical
nanoparticles (173,191,192). The localized surface plasmon in AuNS is tuneable by
controlling the shape of the structure during the synthesis (193). However, current
characterization and quality control for these anisotropic nanostructures is not a trivial
task. The method of choice in this case mainly resumes to performing TEM imaging.
TEM can be used to identify anisotropy at the single particle level; however, it only
measures a small subset of particles, it cannot be performed during synthesis, and it
requires in most cases to remove particles from liquid medium. These issues make
increasing the complexity for real quality control of such nanoparticles. In contrast,
measuring the extinction spectrum and the motion of particles permits to measure the
sample as an ensemble, but it lacks information at the single-particle level and cannot
detect heterogeneity and diverging particles. Nanoparticle tracking systems can be used
to investigate particles at the single particle level, but they do not offer information such
as anisotropy or particle shape, as it assumes a spherical model. The effective
characterization of AuNS at the single-particle level remains a challenge that needs to
be overcome for effective translation of these nanoparticles to clinical settings, where
shape and heterogeneity of the particles has to be highly controlled.

First, a nanoparticle solution composed of AuNS was compared with the translocation
of gold spherical nanoparticles. As shown in the TEM images in Figure 4.23A-B, their
nominal hydrodynamic radius was broadly similar (60 nm for AuUNS vs 50 nm for AuNP),
but the ion current signals generated two clearly distinct populations indicating the
potential of this nanopore approach for the quantitative analysis of anisotropic
nanoparticles (scatter plots Figure 4.23C). Under these nanopore conditions, the gold
spherical nanoparticles show a confined cluster in terms of peak current amplitude and
translocation time, as depicted in the top panel of Figure 4.21C. However, opposite to
the translocation events obtained for the gold nanospheres, the events recorded for the
AuNS sample show a wider spread in terms of the peak current and dwell time (middle
panel Figure 4.21C). Similarly, when these two sets of particles (spherical and star-
shaped) were translocated as a mixture, two distinct clusters were observed that match

their individual sets (bottom panel Figure 4.21C). These results suggested that the
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nanopore measurements can support the single-particle analysis of anisotropic

nanostructures and support their differentiation from spherical nanoparticles.
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Figure 4.23: TEM images of homogenous gold nanospheres (A) and heterogenous gold
nanostars (B). Scale bar TEM graphs: 50 nm. (C) Scatter plots with conductive peak current (Alc)
versus dwelltime of the translocation eventsare depictedforthe individual sets (top panel: gold
nanospheres; middle panel: gold nanostars), and a mixture (bottom panel: gold nanospheres
and gold nanostars) in similar nanopore conditions (50% PEG in 10 mM KCI using an 80 nm
diameterfixed pore biased at-500 mV).

Figure 4.24 depicts the analysis of the nanosphere and nanostar particles analysed
under similar nanopore conditions. The conductive peak current obtained for the

nanospheres resulted in an average value larger than the that of the nanostars sample
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(87 £ 1 pA vs 31 £ 1 pA), as shown in Figure 4.24B. As for the dwell time, depicted in
Figure 4.24C, the nanospheres resulted in an approximately three times faster
translocation with an average dwell time centred at 1 ms, compared to the nanostars’

dwell time centred at 3 ms.
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Figure 4.24: Nanopore translocation comparison of spherical gold nanoparticles and nanostars.
(A) Representative ion currenttraces obtained forthe spherical (left panel)and nanostar (right
panel) nanoparticles translocated through an approximately 80 nm diameter pore in 50% PEG
and 10 mM KCl conditions, biased at -500 mV. The current and time scales are the same for all
the ion current traces. Event histograms of the conductive peak current (B) and dwell time (C)
distributions of the nanospheres (right panels) and nanostars samples (left panels). The solid
lines represent Gaussian fits to the distributions.
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These differences were attributed to the irregular shape of the star-shaped
nanoparticles and their heterogenous character, as depicted in the TEM images (Figure
4.23A-B).

4.5.7. Nanopore analysis of gold nanostars with different branching degree
Furthermore, different suspensions of AuNS samples with low and high degree of

branching were probed, following their different synthesis stages, here named S5, S10,

and S30, according to their branching degree, as shown in TEM images in Figure 4.25.
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Figure 4.25: TEM images of the synthesized gold nanostars: S5 (top panel), S10 (middle panel),
S30 (bottom panel). Scale bar graphs: 100 nm.
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As described in the material and methods section of this chapter, the branching degree
difference is the main result of varying the concentration of the AgNO3 (5, 10, and 30
KUM) in the synthesis process, hence the notation S5, S10, and S30 AuNS. The AuNS
samples all exhibit a large amount of anisotropy which gives rise to their unique optical
properties, as shown in Figure 4.26B. A shift to higher wavelength was observed with
increasing density of the nanostar branches: 659 nm for S5 AuNS, 696 nm for S10 AuNS,
and 888 nm for S30 AuNS. The mean size (hydrodynamic diameter) determined: 63.4
0.3 for S5 sample, 65.4 + 0.3 for S10 sample, and 70.7.4 + 0.3 for S30 sample (Figure
4.26C). The multiple AuNS morphologies are responsible for the skewed and broad
hydrodynamic size distribution.

Similarly to the analysis approach described above, nanopores with a fixed size (80 nm
diameter) were used to accommodate the translocation of the three different sets of
AuNS samples. The nanopore analysis of the AuNS samples is shown in Figure 2.27A.
With increasing branching density, a broadening of the distributions was observed, both
interms of peak current amplitude and dwell time, as shown in the scatter plotsin Figure
4.27B and box plots in Figure 4.28. Although, the average size differences between the
AuNS samples are relatively small (Figure 4.26C), the heterogenous character of these
sample changes with increasing branching density. As presented in the TEM images
(Figure 4.26A), the S5 AuNS nanostructure retain a more symmetric shape with sparse
short spikes present. Whereas, in the case of S10, and even more evident in the case of
S30 AuNS samples, the nanostructures synthesized present multiple spike-like

extensions, contributing to their anisotropic morphology.
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Figure 4.26: Characterization of the synthesized gold nanospheres samples. (A) Representative
TEM images of the S5, S10, and S30 synthesized AuNS samples (100 nm scale bar) and close-up
view of individual nanoparticles outlining the morphological difference between the samples.
(B) UV-Vis spectra of the synthesized gold nanostar samples: S5 (blue line: A,..,= 658 nm), S10
(greenline:A,.x=696 nm),and S30 (blackline: A,..=888 nm). (C) Nanoparticle tracking analysis
spectra of the gold nanostar samples: S5 (blue line), S10 (green line), and S30 (black line). The
mean size (hydrodynamic diameter) determined was: 63.4 + 0.3 for S5 sample, 65.4 £+ 0.3 for
S$10 sample,and 70.7.4 + 0.3 forS30 sample.

Nevertheless, as it can be observed from the TEM images (Figure 4.25), the branching
density is not consistent throughout the S5, S10, and S30 AuNS samples and some
particles show morphological resemblance with the S5 AuNS particles. There are many
subtle avenues of influence with regard to the growth conditions that can exert a
dramatic effect on the morphology and the yield of the synthesized anisotropic

nanostructures. This represents a limitation of the overall synthesis procedure of the
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AuNS samples and the optimization process for morphology and yield of the synthesized
nanostructures was not a focus in this study. To evidence the progression in terms of
nanopore detection from synthesis of AuNS (S5) to the high-density branched AuNS
(S30), 95% confidence interval (Cl) was computed using the S5 translocation events as
an input. Then, the S5 Cl was applied to the translocation events obtained for S10 AuNS
and S30 AuNS samples. Based on this Clfitting an increase in the percentage (from the
total number of events) of the events falling outside the S5 Cl was outlined, namely 12%
for the S10 and 35% for the S30 AuNS (Figure 4.27B). To my knowledge, this is the first
study demonstrating nanopore translocation of anisotropic synthesized star-shaped
colloids with different morphologies. Based on the nanopore measurements, their
translocation can be conducted in a high-throughput manner with several hundreds of
events recorded in low ionic strength conditions without clogging of the pore. Opposite
to the uniform standard AuNPs that fall within a narrow interval, the translocation of
AuNS displayed a large spread in terms of peak current and dwell time. As expected, the
non-uniform shape of these nanostructures are subjected to different orientations
traversing the nanopore. Hence, a large variation in both dwell time and peak current
amplitude is expected in the case of this heterogenous nanoparticle samples (Figure

4.28).
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Figure 4.27: Nanopore analysis of gold nanostars with different branching degree. (A)
Representativeion current traces obtained for S5, S10, and S30 gold nanostarsin 50% PEG in 10
mM KCl conditions using afixed pore size (80 nm diameter) biased at -700 mV. (B) Scatter plots
of conductive peak currents as a function of dwell time forthe S5AuNS sample (top panel), S10
AuNS sample (middle panel), and S30 AuNS sample (bottom panel). The red ellipse in the S10
and S30 scatter plot data indicates the 95% confidence interval of the S5 translocation events.
12% of the events fall outside the S5 Cl for the S10 sample and 35% of the events fall outside
the S5 CI.
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Figure 4.28: Box-and-whisker plots showing the conductive peak current (A) and the dwell time
(B) for the S5, S10, and S30 AuNS samples (median, interquartile range 25-75%, and whiskers
range 5-95%). Translocation of the S5, S10, and S30 was carried out in 50% PEG in 10 mM KCl
conditions using afixed pore size (80nm diameter) biased at-700 mV.

Similar to the analysis described for the nanorods, the peak shape of the translocation
events falling outside the Cl of the S5 was further explored. Assuming that the majority
of the events falling outside of the S5 Cl present a change in their size and/or
morphology, the peak shapes of these individual events were further examined for the
S30 AuNS sample. This sample was chosen as it exhibited the highest degree of
anisotropy and showed the largest difference compared to the S5 AuNS sample. As
shown in Figure 4.29, apart from the change in peak current amplitude and/or dwell
time for event clusters falling outside the S5 Cl, a change in the peak shape was
confirmed as well. Interestingly, two predominant type of translocation signals were
observed in the case of S30 AuNS sample, apart the events falling within the S5 CI. At
large conductive peak current amplitudes (> 50 pA), the translocation events mainly
showed the presence of a resistive component, similar to the case of spherical
nanoparticles matching the size of the pore diameter. These are believed to be large
nanostructures that have an increased diameter due to the presence of the dense
branches, but potentially still retaining a relatively symmetric shape, hence the presence
of one peak feature (type ii events - top panel Figure 4.29). On the other hand, the long
dwell time events that fall outside the S5 CI (> 1 ms), showed translocation signals with
multiple levels. Itis believed that these events are attributed to the presence of nanostar

particles with high morphological anisotropy that, due to the presence of long spikes,
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translocate in different orientations through the pore. The shape of the translocation
signals (type iii - middle panel Figure 4.29) show resemblance to the rod-like
nanoparticles presented in the section above, where the multi-level peaks are believed
to result due rotational tumbling and interaction with pore walls. Even though, our
nanopore characterization of these AuNS mixtures is mainly providing a qualitative
comparison in relation to the branching density of these nanostructure, we foresee a
more in-depth analysis in conjunction with more complex data analytics routines. The
ability of the nanopore approach to analyse the gold nanostar samples and show clear
differences from their isotropic analogous emphasizes the great utility of this single-
entity tool for nanoparticles characterization. Furthermore, potential yield analysis of

the synthesis products can be examined with this nanopore platform.
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Figure 4.29: Scatter plots of conductive peak current as afunction of dwell time for the S30 AuNS
sample. Individual translocation signals pooled from the different event clusters are marked by
the arrows and the panel notations (i - refers to type i events; ii —refers to type ii events; iii —
refersto typeiii events). The red ellipse inthe $10 and S30 scatter plotdata indicates the 95%
confidence interval of the S5translocation events.

4.5.8. Detection of soft functionalized nanoparticles

Having demonstrated that this strategy is suitable for investigating a variety of colloidal
particles regardless of their size and shape, the applicability of the polymer electrolyte
nanopore system was expanded to the detection of a “soft” class of functionalized
nanoparticles. One relevant example here is the analysis of proteins and protein

spherical nucleic acids (ProSNAs). ProSNAs are an emerging class of “soft” nanoparticles
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with wide-spread applications in bottom-up materials assembly, intracellular sensing,
and CRISPR-based gene editing (26,27,194). ProSNAs are based on the spherical nucleic
acid (SNA) architecture and consist of a protein core functionalized with a dense shell of
DNA strands (Figure 4.30) (26). Compared to its analogous native protein, ProSNAs, i.e.
the protein functionalized with ssDNA (single-stranded DNA), show an increase in
cellular uptake, with the oligonucleotide density playing a critical role in the cellular
uptake efficiency (194). Hence, a rational investigation of the DNA-mediated
functionalization of these hybrid nanostructures can support the development of new
architectures. The ProSNAs platform brings flexibilityin allowing the independent tuning
of the protein core and the DNA shell (26). Here, a well-established and characterized
ProSNA with ssDNA (22 nucleotides long) construct based on a large protein B-
galactosidase (464 kDA) was utilized, based on previously reported in ProSNAs studies
(26,195).
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Figure 4.30: (A) Schematicdepicting the synthesis steps of B-gal SNAs. Structures of (B) AF-647,
(C) NHS-PEG4-azide, and (D) DBCO-DNA.
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Figure 4.30 shows the synthesis steps of obtaining B-gal SNAs. Based on the calculations
described in Section 4.4.6 Materials and Methods, it was determined that the final B-gal
SNAs employing DBCO-DNA 1 had an average of ~2 dyes and ~42 DNA strands on the
protein surface whereas those using DBCO-DNA 2 had ~5 dyes and ~22 DNA strands on
the protein surface. Figure 4.31 shows UV-Vis spectra of 3-gal derivates. The absorbance
spectrum of native B-gal shows a peak at 280 nm, however, once B-gal is modified with
AF-647 (B-gal-AF), an additional absorbance peak is observed at 647 nm corresponding
to AF-647. B-gal SNAs show absorbance peaks at both 260 nm (corresponding to DNA)
and 647 nm (corresponding to the AF-647). The number of dyes and DNA strands per
protein calculated using the absorbance spectra below indicated that on an average, ~2
dyes and ~42 DNA strands on the protein surface for DBCO-DNA 1 and ~5 dyes and ~22
DNA strands on the protein surface for DBCO-DNA 2. Representative data is shown for
B-gal SNA22 with DBCO-DNA 2 (Figure 4.31).
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Figure 4.31: Representative UV-Vis spectra of (A) native B-gal, (B) B-gal-AF, (C) B-gal-AF-azide,
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Given that B-galactosidase (B-gal) has an estimated isoelectric point of 5.5, the protein
core is overall negatively charged under physiological conditions (195). Furthermore,
the addition of the DNA provides a high density of negative charges through their
phosphate backbone (195). In this sense, the nanopore translocation was carried out at
near-physiological salt concentration, utilizing 100 mM KCI electrolyte buffer for the
ProSNA dilution and 50% PEG 100 mM KCl in the external bath. The large globular B-gal
protein with an estimated hydrodynamic radius around 10 - 15 nm (196), makes it an
ideal candidate for probing its translocation with solid-state nanopores. For this, a pore
diameter of approximately 30 nm was utilized for probing the translocation of native
and DNA-functionalized protein constructs. Here, the discrimination of the native [3-gal
protein and B-gal SNAs with functionalized ssDNAs was investigated using our polymer
electrolyte nanopore system. This approach enabled the direct detection of B-gal
protein and B-gal SNAs and their subsequent comparison without additional
functionalization steps of the nanopore, as previously reported for proteins detection
(99,197,198). As depicted in Figure 4.32A, the polymer electrolyte enhanced sensing
approach enabled the detection of the native B-gal protein and B-gal SNAs with two
different DNA loadings: 22 ssDNAs (B-gal SNA22) and 42 ssDNAs (B-gal SNAs),
respectively. The average conductive peak current obtained for the native B-gal protein
was centred at 32 pA, whilst a substantial increase was observed for the B-gal SNA
samples with a peak centred at 94 pA for the B-gal SNA2; (Figure 4.32 and Table 4.4).
The large discrepancy in the recorded amplitude of the conductive peak current
between the native B-gal protein and B-gal SNAs can be attributed to the increase
surface area of the protein core due to the presence of the functionalized ssDNA strands
and its increase in the hydrodynamic size. The 22 nucleotide long ssDNA strands lead to
an approximate extension of 13 nm inlength, assuming an approximately 0.6 nm for the
nucleotide length (199). Similarly, a slight increase in the translocation duration was
observed between the native B-gal protein and B-gal SNAs (Table 4.4). Importantly,
apart from the clear discrimination between the native protein and the DNA-
functionalized analogous (Figure 4.32), we were alsoable to differentiate the B-gal SNAs
with two different DNA loadings based on their conductive peak current amplituds
(SNA22- centred at 94 pA and SNA42- centred at 171 pA). Remarkably, even at low DNA

loading (SNA22), comprising only of several sparsely attached ssDNA to the protein
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surface, we were able to provide a clear discrimination from the bare protein serving as
scaffold for attachment. In similar fashion, we showed the ability to differentiate
between the two different ssDNA loadings, with an increase in the peak current and
dwell time with the increasing density of the ssDNAs attached to the protein. These
results are in line with the approximately two-fold increase in the DNA shell density of
the functionalized protein. The increase in the density of the functionalized ssDNA can
change the effective size of the particle and lead to an increase in the hydrodynamic
radius. Interestingly, the increase in the density of the functionalized ssDNA strands (~
two-fold increase) also resulted in a change in the shape of the translocation signal, as
evidenced in Figure 4.33, namely the presence of small resistive conductive. The
increase in the density of the ssDNA strands not only increases the surface area of the
translocating particle, but it can potentially also increase its rigidity, as opposed to the

less dense B-gal SNA22 construct.

Table 4.4: Average conductive peakcurrent (Alc) and dwelltime values with their standard error
(SE) obtained forthe ProSNA samples translocated through a 30 nm nanopore diameter biased
at-700 mV.The nanopore was filled with 100 mM KCl and 5 nM B-gal derivatives, whereasthe
external bath contained 50% PEG and 100 mM KClI.

ProSNA sample Translocated events Al(cpi\iE Dwell(:.i:;e *SE
B-gal NT 262 32+1 0.10+0.01
B-gal SNA22 2042 94+1 0.11 +0.01
B-gal SNA4> 1224 171 +1 0.13+0.01
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Figure 4.32: Nanopore sensing of protein spherical nucleicacids. (A) Nanopore translocation ion
current traces obtained forthe native B-gal (left), B-gal SNA,, (middle), and B-gal SNA,, (right).
The current and time scales are the same for all the ion current traces. (B) Histograms of the
conductive peak current for native B-gal (pink bars), B-gal SNA,, (brown bars), and -gal SNA,,
(teal bars). (C) Average conductive peakcurrentas afunction of the oligonucleotide loading. The
error barsrepresent the standard error. Nanopore measurements were carried in 50% PEG and
100 mM KCl usinga 30 nm diameter pore size biased at-700 mV.

This rapid yet easy-to-implement nanopore sensing allowed to probe small variations in
the density of the soft DNA shell on the surface of the protein. Taken together, these
results show that the polymer-electrolyte nanopore system can enable the
characterization of soft nanomaterials and allow for the discrimination of nanoparticles

based on their functionalization state. These measurements provide a basis to
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investigate functionalization  strategies with  biomolecules (i.e., different
densities/moieties) for hybrid materials at the nanoscale level with implications in

cellularimaging, sensing, or drug delivery (200,201).

B-gal native B-gal SNA,,

50 pA

1ms

Figure 4.33: Representativeindividual translocation events recorded for ProSNA samples: 3-gal
native protein, B-gal SNA,,, and B-gal SNA,,. A30nm pore diameter biasedat -700 mV was used
and the pipette filled with 100 mM KCl and 5 nM B-gal derivatives into a bath containing 50%
PEGin 100 mM KCI. The current and time scales are the same forall the translocation peaks.

This nanopore approach is envisioned to be applied to other classes of soft nanoparticles
as well. Under the same nanopore conditions the B-gal SNA with higher DNA loading,
not only resulted in a higher average conductive peak current, but also showed the
presence of resistive component within the translocation signal, as shownin Figure 4.33.
This signature can potentially be exploited beyond the fingerprinting of particles whose
hydrodynamic radius matches the pore diameter size. One interesting aspect that could
be explored here is the rigidity of the translocating particles. Nanopore studies targeting
the translocation of soft nanomaterials and probing their dynamic deformation,
particularly biological carriers such as viruses, exosomes, liposomes, are limited. The
current techniques in the analysis of such classes of nanoparticles relies on confocal
microscopy, electron microscopy, and AFM (202). However, apart from AFM, these

techniques cannot be applied for studying the dynamics of deformation. AFM offers
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high-resolution imaging and the ability to conduct mechanical deformation of whole
particles, but it poses limitation in terms of the analysis throughput. Alternatively,
nanopores can be explored to carry out such study, by tailoring pore sizes that can
induce deformation of different soft particles as their traverse the aperture. In the study
carried out by Holden et al., microgel deformation was investigated by translocation
through a glass nanopores with diameter sizes smaller than the size of the microgels
(203). By combination of applied pressure to the glass nanopore and applied voltage,
the microgels were driven through the nanopore and their current signals were
recorded. In the case of smaller pores, the microgel deformation led to an increasing
interaction with the pore and occupation of the pore’s sensing zone, leading to longer
dwell times and large current amplitudes during their translocation. The conformational
flexibility of many biological soft particles facilitate their translocation through smaller
pores. However, in the case of rigid particles, translocations occurs only when the
particle size is smaller than the pore. In this sense, rigid nanoparticles canalso be used
as a reference analyte to measure stiffness of soft particles. A similarapproach has been
proposed in the study conducted by Lee et al., where the stiffness of nanosized
liposomes measured by means of solid-state nanopores was inferred by comparing to
the translocation behaviour of rigid polystyrene beads (204). Such experiments utilizing
our nanopores platform can facilitate numerous studies where controlling the stiffness

of the particle is important (e.g., drug delivery vesicles).

4.6. Conclusion

In this chapter, the development and implementation of a nanopore system enhanced
by a polymer electrolyte enabling the characterization of nanoparticles was
demonstrated. The enhanced detection and direct comparison of a range of spherical
nanoparticles with different diameters was demonstrated utilizing tailored pores with
fixed diameter size, facilitating the nanoparticle discrimination on individual basis and
in a mixture. The ability of this nanopore approach to fingerprint nanoparticle was
further expanded to demonstrate the wide applicability of the method to characterize
metallic nanospheres of varied sizes, nanorods, plasmonic nanostars with various

degrees of branching, and protein-based spherical nucleic acids with different

- 138-



oligonucleotide loadings. Discrimination of the various type of particles was inferred by
exploring nanopore discriminants such as dwell time, peak current amplitude, and shape
of the translocation signal. This universal nanopore system represents as viable method
that can complement the characterization of nanomaterials at the single-entity level in

a rapid and non-destructive way to support the exploration of newly synthesized

nanomaterials.
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Chapter 5: Conclusions & future outlook

5.1, OVEIVIEW ..eeiiiiiiiiiiiiiitic ettt aaa e - 140-
5.2. Summary of key achieVemeENts ......ccoooviiiiiieie e -140-
5.3, FULUTE OULIOOK ... .eiiiiieieee e - 141 -
5.3.1. Nanopore integration modalities........cccccvveereriiiicciiee e, -142 -
5.3.2. Multi-modal measuremMents ..........cccocveeriiiiniieiiiiecereee e -143 -

5.1. Overview

In this chapter a summary of the main research achievements of this thesis and future
perspectives are described. Two future directions are emphasized for this work, namely
the integration of solid-state nanopores with portable and compact amplifiers readers

and the possibility to carry out multimodal measurements.

5.2. Summary of key achievements

The overall objective of thesis was to develop a single-entityapproach for characterizing
the physicochemical properties of heterogenous engineered nanomaterials by means of
solid-state nanopores. In this sense, the detection and characterization of several
emerging nanomaterials has been explored by utilizing a polymer electrolyte nanopore -
based approach facilitating enhanced label-free and rapid measurements at the single
particle level in various mixtures. Nanomaterials characteristics such as size, shape,
assembly state, and functionalization layer were investigated. The approach did not
require the chemical modification of the nanopore or extensive sample preparation. It
provided a large number of translocation events within minutes, enabling the analytical
characterization of the samples.

In Chapter 3, the application of a polymer electrolyte nanopore system provided
valuable insight into the heterogeneous nature of supramolecular DNA origami
assemblies. The use of a fixed size of the nanopore diameter enabled the direct
comparison of four DNA nanostructures with different assembly degree, starting from a
pre-folded square tile and supramolecular high-order assemblies such as dimer, trimer,
and 2x2 assembly. The label-free nature of the method proposed facilitated the
fingerprinting of the four different assembly states based on their nanopore

translocation signal characteristics (peak current amplitude, dwell time, and ECS).
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Furthermore, quantification of their assembly yield was obtained from each folding
mixture based on their ECS nanopore discrimination parameter. Whereas the assembly
yield comparison with agarose gel electrophoresis showed comparable results, the
nanopore-based approach proposed here benefited of rapid and simple-to-implement
quantification of supramolecular DNA nanostructures in solution with low-volume and
low-concentration requirements. This approach not only aids in the rapid detection and
characterization of intricate DNA nanostructures, but also opens doors to investigate
various nanomaterial designs to enable the analysis and manipulation of large DNA
assemblies in real time.

In Chapter 4, the versatility of the proposed polymer electrolyte nanopore systems to
inspect a wider range of functional nanoparticles was demonstrated. The utilization of
tailored pores with fixed diameter sizes enabled the detection of low nanometer sized
spherical nanoparticles (10 — 50 nm diameter), and their size-based comparison and
discrimination both in homogenous and heterogeneous nanoparticle mixtures. The
enhanced detection with larger event count of colloidal suspensions was demonstrated
in low ionic strength conditions, favoring colloidal stability depending on the capping
agent used in their synthesis. Furthermore, the adaptability of this nanopore approach
was showcased by successfully fingerprinting metallic nanospheres, nanorods,
plasmonic nanostars with varying degree of branching, and protein-based spherical
nuclei acids with different oligonucleotide loadings. Discrimination among these classes
of nanoparticles was obtained by exploiting nanopore discriminants, including peak
current amplitude, dwell time, shape and subpeaks of the translocation signals. This
universal polymer electrolyte nanopore-based technique stands as a complementary
toolbox that support the characterization of newly synthesized nanomaterials and
potentially integrate such nanoscale probes with on-line synthesis setups for continuous

monitoring of synthesis products.

5.3. Future outlook
Several directions can be further explored with regard to the nanopore-based approach

described in this thesis for nanomaterial detection and characterization. These

directions can be classified in two parts: (1) integration of the nanopores with portable
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devices and/or microfluidic setups; (2) combining nanopore with other single-entity

measurements.

5.3.1. Nanopore integration modalities

The combination of solid-state nanopores measurements with lab-on-chip devices
offers a great potential for nanomaterials characterization and opens us a wide range of
applications. Such integrated approaches leverage the unique single-entity
measurement capabilities of nanopores and the ability of microfluidic setups to enable
precise control and manipulation of solutions with low volumes, facilitating
nanomaterials sample handling/delivery. Particularly, the geometry of nanopipettes and
the small tip size and needle-like shape allows for integration in spatially confined
setups. One example in this direction is the work carried by Gong et al., where an
integrated nanopipette-microfluidic device was developed for in-flow detection of DNA
molecules (205). Varongchayakul et al. reported a microfluidic-nanopore device that
supports on-chip sample preparation, purification and single-molecule nanopore
measurements (206). In terms of nanomaterial synthesis, such integrated architectures
can be used to monitor growth, assembly, and functionalization of nanoparticles and
potentially contribute to the optimization of the synthesized batch. The ability to obtain
real-time readouts can accelerate the characterization processes and provide quick
feedback for optimizing experimental parameters or making informed decisions
concerning the nanomaterial synthesis or quality monitoring. Time-sensitive
applications would also greatly benefit or such integrated nanopore measurements.
Furthermore, the ability of performing nanopore measurements using compact and
nanopore readers is desirable. This would eliminate the need for fixed laboratory setups,
providing flexibility to carry out measurements in various settings, remote locations, or
on-site analysis. The portability aspect also translates into faster nanopore analysis of
nanomaterialas directly at the point of interest. Figure 5.1A depicts a commercial
nanopore reader (Elements SRL) with compact dimensions (101 x 44 x 18 mm and 140
g) capable of providing low-noise nanopore measurements. Here, miniaturized 3D-
printed flow-cells were prototyped for accommodating the integration of nanopipettes
(Figure 5.1B) and silicon nitride pore (Figure 5.1C) on PCB chip that is compatible with
the nanopore reader. Whilst the integrated flow-cells are simple in their design for

accommodating small volumes exchange, more intricate architectures can be designed
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for coupling with microfluidic systems. Furthermore, adaptations can be made to
support pressure-assisted nanopipette translocations. An example in this regard is the

study carried out by German et al. where applied pressure within nanopipettes was used

to draw individual particles into the pore (168).

A

Figure 5.1: Compact and portable nanopore reader. (A) Picture of a commercial compact USB-
powered nanopore reader (Elements SRL) and prototyped fl ow-cells mobilized onto PCB chips
to accommodate the integration of glass nanopipettes (B) and silicon nitride membrane
nanopore (C).

5.3.2. Multi-modal measurements

The small footprint of nanopores and the possibilityto integrate them with miniaturized
devices can stimulate the combination of these measurements with other modes of
analysis. One example of dual-measurement concept explored here is the combination
of nanopore-based translocation and nanoimpact electrochemistry (NIE). While the

nanopore-based measurements can provide information about the physical
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characteristics of individual particles, NIE can provide insight into the electrochemical
and reactivity properties of individual particles in solution. NIE relies on the collision of
nanoparticles to the surface of microelectrode in aqueous conditions due to Brownian
motion (207). Upon a collision event on the surface of the electrode, electroactive
nanoparticles can induce an electrochemical reaction, such as direction oxidation and
reduction on the surface of the biased electrode (207). Figure 5.2A shows dual-probe
platform consisting of nanopore and a platinum microelectrode probe to obtain a
multimode characterisation of nanoparticles through ionic current measurements
(nanopore translocation) and nanoimpact events measuring faradaic currents upon the
nanoparticle collisionwith the electrode surface. Here, a 30 nm diameter citrate-capped
silver nanospheres diluted in an electrolyte solution (20 mM KCl) were measured using
the dual-probe setup using the portable nanopore reader described in Figure 5.1. Figure
5.2B-C shows the current-time traces recorded for both reverse translocation of the
AgNPs and the current spikes obtained due to the oxidation events on the surface of the
electrode. The combination of these techniques can favor simultaneous detection and
classification of nanoparticles based on their physical and electrochemical
characteristics. One potential application would be the identification of specific
nanoparticle type in a mixture, or nanoparticles with different functionalization
chemistries (i.e. electroactive versus insulating particles).

Apart from this, the interface of nanopore-based measurements with nonelectrical
readouts can be explored. One such combination is carrying our nanopore
measurements and surface-enhanced Raman scattering (SERS) measurements (208).
SERS relies on optical detection of unlabeled analytes by detection of the Raman
scattering in the presence of a nearby analyte (208). Depending on the nature of the
nanomaterials analyzed different strategies can be adopted. In the context of
anisotropic nanoparticle described in chapter 5, simultaneous ionic current readout and
single particle SERS measurement could be explored. Apart from these, integration of
SERS nanostructures to enhance the optical signal, such as patterned gold
nanostructures on the silicon nitride membrane (209) or by direct coating of glass
nanopipettes (108) can be used for characterizing a wider range of nanomaterials.

However, one challenging that needs to be accounted for is the time required for
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recording a Raman spectrum, considering the fast duration of a single analyte

translocation event.
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Figure 5.2: Multi-modal nanoparticles analysis example. (A) Schematic representation of dual-
probe setup consisting of nanopore (50 nm pore diameter)for reversetranslocations (from bath
inside the nanopipette) of 30 nm diameter citrate-capped AgNPs and a disk-shaped platinum
ultramicroelectrode (10 um diameter) for AgNPs oxidation by nanoimpact electrochemistry.
Correspondingion currenttrace obtained for nanopore translocation and faradic current traces
with oxidative spikes following the AgNPs collisions with the ultramicroelectrode (B). The
nanopore and ultramicroelectride were biased at +700 mV and AgNPs were dilutedin 20 mM
KCl electrolyte solution.
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