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Abstract

The field of nanotechnology has pushed a remarkable transition towards exploring and
harnessing unique properties and functadiies presented by engineered
nanomaterials. An extensive investigation of their physicochemical properties is of
paramount importance to gain insightinto their structuthinctional relationships.

Recent developments in nanoscale characterizationrnegpies, such as the use of selid
state nanopores have enabled singi®lecule measurements, offering unprecedented
insights into investigating nanomaterials on individual basis. The ability of nanopores to
provide labelfree and rapid detection and charasization of nanomaterials in solution
based on their ionic current readout makes this technique a great candidate. However,
its use in nanomaterialcharacterization isstill limited by the need to tailor the
nanopore aperture size to the size of the aytalimpedingthe analysis dheterogenous
samples due to low signdéd-noiseratio readouts and low throughput.

In this thesis, a polymer electrolyte nanopdsased approach for enhanced detection

of engineered nanomaterial is demonstrated. The heteragen nature of
nanomaterials, including size, shape, assembly state, and functionalization layer is
explored by means of ionic current recordings with sgligte nanopores based on
pulled glass nanopipettes. Firstly, the analysis of DNA supramoleculanblssin their
native state is demonstrated in a rapid and hithhoughput manner, employing the
polymer electrolyte system. Furthermore, the fingerprinting and quantification of the
assembly yield in different folding mixtures based on nanopore discimténis 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, rateingbased
spherical nucleic acids. Overall, this thesis demonstrates the potential of-salsl
nanopores as a versatile tool for interrogating different characteristics of engineered
nanomaterials. These findings can contribute to complementing tbelbbx of
nanomaterials characterization and support innovation in nanomaterials development

for many applications.
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1.1. Overview

In this chaptera detailed description ahe generaltopic of the thesiss givenltis then
followed bya discusson oncharacterizationmethods of emerging nanomaterialand

their applications A description ofcharacterization of nanomaterialsith singleentity
resolutionis provided highlighting the opportunities and challenges of such methods
The maindiscussion is centeredn solidstate nanopores as a singéatity tool for the
characterization of nanomaterialshighlightingrecent creativedevelopments The
chapter is concluded with a perspective on the current challenges in analyzing
nanomaterials andeterogenousmixtures with soligstate nanopors, linking up wih

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 shdpas, 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 tasvard
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 ohaterials at the nancsale still remains a major
endeavor, requiring sensitive and hufftroughput methods for their analysis.
Characterizing nanomaterials is crucial for achieving their full potentiat
understanding their unique properties at the nanoscaldblere, the accurate
characterization of suchanoscale materials can support optimal performance, safety,
and meeting established regulations and standards. For example, in medicine,
characterization of nanomaterials can support new boastthe development of
effective drug delivery constructsjodernizing 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 @vancemens 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 amd the
applications However, the field ofnanotechnology hapusted a remarkable transition
towards exploring and harnessing the unique properties and functionaéibiitedby
materials and the nanoscalgl). One critical aspects of the shift from macro to
nanomaterials is the ability to have precise contgkr the size, shape, and composition

of the engineered nanostructure¢2). This unprecedented il of control stimulated

the engineering ohanamaterials fora wide range oapplications One example in this
sense is the sizdependent optical propertiessuchof quantum dots, with implications

in fabrication of displays and lighting, and biomedigahging(3). Another aspect of
exploiting nanscale materials is the increade surface area, allowing enhanced
interactions with the local environment in a highly responsive and sensitive mafimer.
investigation of anistropic nanoparticlesis another niche thatas stimulated great
developments in optis, catalyis and biomedical researdd). Furthermore, nanoscale
engineering of DNA and protelmased hybrid nanomaterials has enabled nuowey

strategies fodrug delivery systems and biosens{s6) 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 nuclecidbased engineered

nanmmaterials.

1.2.1. Anisotropic nanoparticles

A recent class of nanomaterials that is becoming widely utilized in numerous
applications is anisotropic nanoparticlés). Figure 1.1 exemplifies some of the most
commonly used anisotropic nanoparticlegth applications in biemaging in the visible

to nearinfrared region Figurel.1A), surfaceenhanced Raman spectroscopy (Figure
1.1B), and surfacenhanced catalysi@-igurel.1C)(4). Anisotropic nanoparticles refer

to nanoscalgarticles that possess different properties or shapes in different directions
(7). The intriguing properties of anisotropi@anoparticlesstem fromthe precise control

of their orientation and spatial arrangement¥ariaus techniques can be employed to
synthesize anisotropic nanoparticles, including sewmstiated growth, template
assisted synthesis, aupramolecularassemby (7). Common shapes of anisotropic
nanoparticles include rods, starsiangles among others(4). An appealing feature of
anisotropic nanoparticless their shapedependent plasmonic resonances, supporting
plasmon band in the neanfrared (NIR)egion (8). This is attractive due to the low
absorption of tissue in this region opening up possibilties for bioimaging and
photothermal therapy (9). Apart from this,anisotropic nanoparticles such as gold
branchednanostars have been reported asitable sensingrobes due to the presence

of hotspots that can significantly enhanceetiRaman scattering signal of nearby
molecules, supporting amplified Raman signald0). With regard to the surface
enhanced catalysis, anisotropic particles that present facets with high density of active
sites often display enhanced catalytic iadtyy. Examples, such as palladium nanocubes
or platinum nanowires, have demonstrated enhanced catalytic activity in reactions,

including fuel cells and hydrogation (11).



A Light absorption

}Aspect ratio 3.9
5w -
O 0OQ X0 ) £
A | | 1 =1
) ! Ry : >
2 ]l ‘ s
3 \ s
S s
wv -
O o~ £
< \ =
©
o
\ ®
@
800 nm Wavelength . L
550 600 650 700
Wavelength (nm)
B Raman signal enhancement C Catalytic properties
——Star+R6G B
Triangle+R6G §
(o}
s

6000 -
——Sphere+R6G

C-C aromatic

5000

C-C aromatic

C-C aromatic
Reaction rate

P
S
S
C-H

3000

Intensity (cnt)

C-C aromatic

1 @
—
1
2000

=z /O
a
1000 - b v s
w Oxidation
. e

400 600 800 1000 120 1400 1600 1800 Time
Raman Shift (cm )

Figurel.l: Representative examples of enginedmnanoparticles with anisotropic shapes tuned
for specifiapplications(A) Shape-dependent plasmonic resonanteningby adjustment of the
aspectratio ofjoldnanorods andsilver nanoparticles of different shapeghericalpentagon,
and triangle nanoparticl®(50 nm scale barthat can lead to plasmonic resonance bands at
different wavelengths. Adapted fromref. (4) and ref. (12). (B) Surface Enhanced Raman
Scattering (SER by gold nanoparticles using Rhodamine 6G (R6G) probe molecule. The SERS
effect for the R6G systematically increases with increase in the local curvature gbttie
nanoparticles, as a resut higher number and strength of the local field hotspotsaptdd
from ref. (13) (C)Example of atalytic propertieanfluencedby nanopartite shape through
control of the crystallographiacets.Silver nanocubes show higher activity for styrene oxidation
in colloidal solution than neaspherical nanoparticles and nanoplates, due to their more
reactive planesAdapted fronref. (4).

Conversion

1.2.2. Nucleic acidbased nanomaterials

With the continuous developmestin nanotechnology, nuclkeacids have received a
great attention not only asarriers of genetic information, but also as adaptable
functional material. The field of DNA structural nanotechnolggpneeredby Seeman
(14), has become @m established researdield following the principle of creating precise

and ordered nanostructures based on the Watgornck base pairinglhe exceptional
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level of sequencgrogrammability haded to the engineeringof different kinds of
structural and functional materials based on D{A). Furthermore the concept of the
DNA origami folding technique introduced by Ratiund (16) has been stimulatinghe
generation of newprogrammable nanomaterials. The DNA origagcihnique relies on
the selfassembly properties of DNA, involvitige use ofa long singlestranded DNA
(ssDNA) scaffold and a mixture of hundreds of short ss§&ifdAds designed to bind
specific region of the scaffo(d6). Thehybridization of thestaplesbased on thaVatson
Crick basepairing drives the faing of the scaffold in welllefinednanostructures(16),
as depicted inFigure 1.2A-B. This DNA folding caept has sparked a variety of
constructs withimplicationsin drug deliery, biosensing, and templatind.7). The DNA
origami approach brings the possibility of emggringnanoscale objects with different
shapes and sizes withanometer precisionA great promise of these DN#ased
constructs has been the development of drug delivery nanocar(ie8$ Apart from the
biocompatibility and biodegradabilityspects, another attractive feature of thedaNA
nanostructures is the eas# functionalizationwith various moleculesThis led to the
development of various drug delivery constructs where thelecules of interest are
embedded in the DNA nanostructure n®example in this sense is the wodarried out
by Zhanget al., where selfassembled DNA origami nanostructures were utilized to
perform in vivodelively of the anticancedrug doxorubicin byhoncovalentintercalation

of the drug molecules into the DNAnostructures,(18), asshownin Figurel.2C.
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of triangularshaped DNA origami drug canrjelepicting the loading of doxorubicin (DOX) anti
tumourdrugthrough intercalatior(C) Adaptedrom ref. (18).

Apart from 2D structures, different 3D designs have been proposed as well, showing
increased stability in serum and encapsulatedficiency(19-21). In this sense, Liet al.
proposed in theirwork a tetrehedral nanostructure Kigure 1.3A), by folding DNA
origami sheets into a hollow 3D structure facilitated by the hybridization of DNA strand
placed at the edges of the 2D she¢®D). 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
expres®d 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 selassembly strategies employing gi@ded 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 complementddNAdo
another structure unit that allow bridging the two in a predictable and repeatable
manner. Wanget al. demonstrated in their study the programming of supramolecular
assemblies from préolded building blocks, showing the ability to form dimer and
hexametric superstructuregFigure1.3B) (23). The use of such building approaches at
the nanoscale can increase the DNA design spademaximize the potential of DNA

based constructs for engineering intricate functional nanomaterials.
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Figurel.3: Supramolecular DNA origami assembl{@g.Schematiaesign of the folding of
tetrahedrd DNA 3D nanostructure and its conformational charge aptamemuplex is used

for recognition and triggea conformation change bthe EpCAm biomarker. The confirmation
transition is monitored by separation of the adjacent Dbi#hjugated fluorophore and
guencher assembled on the DNA origami sheets. Adapted fron2@f.(B) Supramolecular
assemblies formed by triangle and hexagonal DNA origami building blocks, together with the
AFM imaging (100m scale bars). Adaptdcbm ref.(23).
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1.2.3. Hybrid nanomaterials

The growing demand for new innovativeaterials hastimulated theutilization of two

or more nanomaterials in aybrid configurationto amplify desired featuresgreating
materials with enhanced properties and functionaliti&ese hybrid nanomaterials can
be created byoiningdifferent componentsat the nanoscaleranging from colloids, DNA
origami constructs, mteins, lipids, among otheysto obtain synergetic effects that
improve their multifunctionality, compared to their use on individual basis. a result,
materials with improved performances(thermal/mechanical stability, electron
conductivity, spatial aangement, light emission, permeability, etcgn be created by
tuning their composition and mohwlogy.

One emerging trend in hybrid materials is building plasmenijgerstructuresthat are
simple to integrate on solid substrated.he combination of DNA origami folded
nanostructureswith metallicnanoparticleshas been proposed for multiple applications
where the precise nanometeairrangementof the DNA origami structure and thened
optical properties of noble metal nanoparticles when these organic enwdganic
components are pairedAn examplen this direction is the work carrieby Zhanet al.

on the integration of gold bowtie nanostructures on DNigami sheets for single
molecule SERS measureme(igure 1.4A) (24). Capture strands were utilized to attach
the gold nanostructures on two rectangular DNA origami sheets linked together. Here,
the gold nanostructureswvere functionalized with thiolated ssDNA, complementary to
the capture strands present on the origami construcds smilar approachwas also
reported by Tanwaet al.where gold stasshaped nanoparticles with tunable gaps were
assembled on the DNA origandimerized tiles and a Raman reporter molecule
positioned in betweerthe nanostars gag25). DNA origami has the special advantage
that it allows for spatial control over the cammations of the plasmonic nanostructures
in response to environmental signals.

Another emerging class of hybrid nanomateribés been introdced by theChad Mirkin
group, termed protein spherical nucteiacics (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 degradati@nd increased cellular uptakidue

to their functionalization making thensuitable probesfor intra-celldar measurements

(27). Furthermore, the enhanced cellular uptake of ProSNAs facilitates intracellular
delivery of functional proteins for therapeutics overcoming cellular entry and

degradation of cellmpermeable proteing28).
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Figure 1.4: Emerging classes of hybrid nanomateriéfs Schematicof plasmonic bowtie
nanostructures assembled on DNA origami dimer construct and a Raman probe positioned at
the gap of the gold nanostructuse Adapted with permission from rg4). (B)Protein spherical
ydzOf SA | OA Ra ¢ 4dkRidsiddsaipiotein coke itk a 8hgll of oligonucleotides
conjugated on the surface of the protein. Adapted from (@8B). (C)Schematic representation
of a lipidpolymer nanoparticle with siRN#olecules bound. The hybrid nanoparticle consists
of a PLA core, a hydrophilic PEH shell, and cationic lipid monolayer {BhtiHMAdapted from
ref. (29).




Lastly, anotherclass of hybrid nanomaterials which hademonstrated greatpotential

in nanomedicine is the use of RNA therapeutic molecules anddgse@d nanoparticles
(Figure 1.4C) (29), as demonstrated by Yaet. al. (29). This combination results in a
powerful platform that can enablgarious RNA molecules to be efficignpacked and
delivered to targeted cells and tissuddNAbased therapeutics, such as messenger RNA
(mRNA), small interfering RNA (siRNA), and micro RNA (miRNA) have shown great
potential in diseases treatment, vaccine developmeartd modulating gene exgssion

(30). The efficient use of these RNA Imoules has been limited by their instability,
degradation, and poor cellular uptak€30) However, in combination with lipid
nanoparticles, theiencapsulation, stability, and efficient cell delivery to target cells can
be dramatically improved31). Furthernore, lipidbased 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 rewenues for precision
medicine, standing as a versatile and effective platform for developiogel
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 challengesevolve aroundtheir scalability and characterizatio®f particular
importance here is the development of analytical tools that can provide sensitive,
comprehensive, and higthroughput analysis of engineered nanomaterials. This aspect
is discussed in thimllowing subsections, with a particular emphasistioa singleentity

analysis.

1.3. Characterization of engineered nanomaterials

For the efficientuse of engineered nanomaterialg isimportant 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 performandeor instance, the
widespread use ofngineered nanomaterial@and their commercialization requires

extensive characterization in terms thfeir quality and batcko-batch reproducibility,
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which currently still poses challengés their translation from laboratories into real
world applicationq32). From an analytical standpoint, discrimination @riations at

the nanoscale is &hallengingendeavoritself. Therefore, techniques that support
simultaneous and integrated information in a hifitoughput manner with regard to

the makeup and behavior of nanomaterials are highly demandéts section describes
some of the most relevant features investigated for synthedinanomaterials and
current techniques employed in their analysis, emphasizing their practical strengths and
limitations and their distinction as ensemble and singfeity techniques.

1.3.1. Physicochemical properties of engineered nanomaterials

As mentionedabove, a great endeavor when it comes to engineered nanomaterials is
analyzing their physicochemical properties and coriaeathem to their functionsand
behaviar. Nanoscale objects ardypically dispersed into discrete entities with
particular charaatristics Key chemical and physical paraere for nanomaterials
typicallyinclude: size, shape, composition, surface chaage, concentration, amongst
others (33). In engineered nanoparticles,ize and shapeinfluence their diffusion
properties, fluid drag, optical characteristics, and cellular upt48é,35) Onekey aspect
often interrogated in nanomedicineis the relationship between sizahapeand the
toxicity of nanoparticles as well as iernalization and degradation propertie6).
Whereas, innanoparticle synthesis, size distribution can inform on the quality of the
suspension.

Surfacecharge is anothekey parameter Asa fundamental compaoent for controlling

the aggregation state, the electrostatic repulsion betwaemoparticles favors stability

of colloidal suspension@7). Particularly, when suspended in an elebfte solution,

the screening of the nanoparticles can increase the aggregation state of a suspension
(38). A cefined measure of the surface charge and the colloidal stability for nanopatrticle
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 specig®8). LYy | RRAGA2Y (2 NBIdAZ I GAy3
stability and tendency to aggregatihe surface charge also exerts iafluence on the

interaction of the particle with the environment40).
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1.3.2. Ensemble and singlentity characterization techniques

A large spectrum of techniques can be applied for the characterizationnoimnaterials,
based on different modalities, such as: optical spectroscopy, light scattering, electron
microscopy, chromatography, electrophoreses¢. (41). In this subsection, some of the
most commonly utilized techniques amentioned. Here, two distinct approachesan

be made, namely ensemble techniques and sirgiéity measurement techniques
(Figurel.5). Whereas, a single molecule detector concept is depicted in the middle panel
of Figure 1.5, itis important to note that analysis of a singtdecule generally entails

a dynamic system (rather than a singt®lecule snapshpand therefore the sampling

and timedependent effect, as well as surrounding medium playing a role in the analysis

process.

Conventional sensor Single-molecule detector Single-molecule sensor

9 00 000 00 0 @ 920000000600
——— —3 |
| L J L |
Many molecules, one One molecule, one Many molecules, many
signal signal single-molecule signals
Quantitative analysis Detection/mechanism Quantitative analysis

Figurel.5: Concepif ensemblebasedandsinglemolecule measuremenAdapied from ref.
(42).

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

allowing the useto extract important information, such as size distribution, stability in
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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 casesfae functionalizatioras well(43). DLSs an
ensemblebased technique Hat measures the scattered light intensity fluctuations of
particles in a sample to determine the size distributi@4). By observing variatiomi

the scatter light as a result of the Brownian motion of particles in solution, DLS extracts
information about their hydrodynamic size and diffusion properti€44). This
measurement techniques a great choice for routine analysis of monodisperse samples,
in various solvents, providing quidnd norinvasive measuremens (45). However,
given the dependence on scattering light intensity on particle size, the larger
components present in solution can cause bias in size estimgdéh This poses
limitations for the analysis dfeterogenoussamplesfor accurately estimating the size

of nonspherical nanomaterialglue to the spherical modelssumedn the analysi$45).
Another category of techniques involves the measurements at the individual particle
level, hereby referred as rgyle-entity techniques. Opposite tdraditional ensemble
based methodsvhere the mean response is obtained, sirgldity measurements can
capture subtle variations in the sample on the badfigheir individual assessment,
supporting detection of heterogeeity within a population of nanomaterialg42).
Furthermore, fronthe analytical perspectivehe ability b inspect nanomaterials at the
singleentity level allows a direct count of the analytes eliminating potential
concentration constraingand the need for calibration§42). One technique that has
gained popularity for providinghigh-resolution singleparticle measurementsat the
nanoscaleis the use of transmission electron microscopy (TEMuring TEM
measuremat, a beam of electrons cusedand transmitted through the specimen
investigated to create an imad83). Here the interactions between the electrons and
the specimen provide information regarding the size and morpholofyanalyte on
individual basis(33). Hence, TEM can provide size and shape information of
heterogenousnanomaterial samples. A significant trad# generally acknowledgeih
utilizing TEM is the requirement of performimgeasurements in dry under high vaecuau
conditions (46). To circumvent this, TEM approaches such as-TBM and liquid cell

TEM (LCTEM) edavour characterization of nanomateriaits their hydrated or liquid
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state. This allow the user to explore in situ characterization of aqueous dispersions, such
as characterizing nanoparticledispersion in biological mediar probing dynamic
processes @¥ch as ncleation and growth under various aqueous conditions, as
previously reported by Brydson and-emrkers (47-49). While these approach are still
evolving, limitations are posed by the use of spéze equpment and the effect of
electron beam on the samplggl6). Another method that can be explored for gu
measurements isthe use of atomic force microscopy (AFM) which supports
measurements in solution andinder physiologicalonditions. AFM operates by
scanning a shaper probe (cantilever) over the surface of sample disperse on a substrate,
measuring the drces between the probe and sample surface to generate a topographic
image with higkresolution (41). AFM can be empyed for examining nanomaterials
characteristics, such as 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 rmis of their measurement
throughput and sample immobilizatior(50). This comesat the cost of longer
measurement time to cover different areas imaged/scanned and potential artefacts due
sample sedimentation on the substrate use@nother technique that has been
proposed for singlentity measuements of nanomaterials ibased onsolid-state
nanopores (51). Thisapproach 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, chhape,

and analyte concentratiorf51). The main advantages brought by this approach is the
ability to provide rapicand nonrdestructivemeasurementf nanomaterialsn solution
without the need for extensive sample preparation or the use of high sample
concentrations (52). Furthermore, different strategiesam be applied to sustainige
number of analytes measureand maximize the analysis throughpwith low-volume
requirements The unique ability to monitor the passage of analytes at the single level,
makes nanoporesa technique with an untapped potential in detection and

characterization of a wideange of nanoscale analytes.
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1.4. Solid-state nanopores

The development ofolidstate nanopore technology in the last decades has enabled
numerous applications in singkntity research(53,54) This section provides an
overview of the generalensing principle in nanopores, highlighting different nanopore
configuratiors and recent developments in performing quantitative analysis and
enhanced detection modalities using nanopore systems.

1.4.1. Nanopore working principle

The general nanopore readout re$ 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 v compartments of the
nanopore setup are typically monovalent satd.,KCI, NaCl, LiCJpon the aplication

of a potential bias across the pore through the pair the electrodes placeeach side,

a constant ionic current is measured, defined as thgero pore current. After the
introduction of analytes into the electrolyte compartment, they am@nslocated
through the nanopore causing a temporary modulation in the measured ionic current.
The characteristic of the current perturbations swadturrentmagnitude, duration, and
frequency (Figure1.6B), lead to information about the physiechemical properties of
the analyte (.e., size, charge, shape, concentration) and its interastiavith the
nanopore (51,55,56) Due to the nanoscale dimensions of the pore which are closely
matching the size of the analyte, the nanopdrased readout involves counting
molecules at the individual leveThis sensing approach enablenter alia, the single
molecule analysis &NA(57), DNA nanostructure&8-60), proteins (61,62) ribosomes
(63), and virus particle$64,65) Furthermore, nanopores have been employed in the

analysis of inorganic colloids and nanopartia|@6-68).
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Figure 1.6: Nanopore working principle(A) Schematiaepicting the working principle of
conventional nanopore sensing. 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 transldaeahrough the pore resulting in a change in the open
current, in form of translocation pulse with a characteristics amplitude and duration dependent
on theanalyte(B). Adapted from ref(69).

1.4.2. Nanopore configurations and fabrication

Nanopores can be categorized into three main ggubased on in the nature of the
materials they are made of,e., biological, soliestate, and hybrid nanoporeg70).
Initially, the most exploited nanopores were the biological nanopores. Biological
nanopores refer to a clasd nanopore that comprise pororming proteirs inserted

into planar lipid or synthetianembranes (71). One widely used example here fis
hemolysin { | [ 0 Y b, ywBhLa2pN® diameter of 1.4 nnf72), initially usedin
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 penfeance. Thesmall dimensions of these pores
and their reproducible nature have played a major role in pushing the field@€i acid
sequencingas demonstrated by the commercialization of nanopore sequencing devices
from Oxbrd Nanopore Technologies Lt(73). Nevertheless, the intrinsic small
dimensions of such pores limit their use to a narrow range of analytes, particularly
restricted to the analysis of nuckeacid and small molecule€onsidering their limited
applicability for the broader use of engineered nanomaterials, this class of nanopores is

not further discussed here.
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Solidstate 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 compatibilitfintegration with other techniques (micrfluidic or
optical techniques)51). Subjectedto the choice of material and fabrication approach
the geometry and architecture of solgtate nanopores vary from one anothéro date,

the mostpopular choicsin terms of configuration is the use of planar thin membranes
(SiN, SiQ, grapheng (51). Nanofabrication approaches camonly applied for these
nanopore, involvethe use offocused electron/ion beam sculpting techniques and
controlled dielectric breakdown (CDB91).The most applied method for creating pores
with diameters in the low nanometre regime relies on electron/ion beam milling in a
free-standingthin membrane (Figure1.7A) (51). Adjustments of the beam spot size,
duration, and position on the thin membrane allows for precise control offibee size

and shapg74). While this fabrication approach provides tuning the pore to very small
dimensions, it involves the use of expensive instrumentation that requires experienced
user and timeconsuming process to \ieka larger number of pores. Another emerging
fabricationapproach recently proposed is the use of GBBurel.7B)(75). To form a
nanopore, the membrane is subjected to a strong electrikdfiean electrolyte solution
which favours structural defects caused by the tunnelling leakage current occurring,
resulting in a dielectric breakdowof the thin membraneg(75). An attractive aspect in

this case is the direct fabrication of nanopores in microfluidic devices, as this fabrication
is done in solution usingeelectrolyte solution, which can greatly reduce the fabrication
and assembly steps involved in the production proc€&). 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 sh{pés
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A Focused electron/ion-beam milling

TEM electron beam

-

Figure 1.7: Schematic representationf thin menbrane solidstate nanopore fabrication
methods (A)Focused electron/iofibeam millingdisplaying a sequence of TEM images showing
nanopore formation in silicon dioxide membrane (right panel) using an electron beam (left
panel).(B)Nanopore fabrication byneans of controlled dielectric breakdown. The membrane

is exposed to an electric field where structural defects are produced due to tunnelling leakage
current, favouring the formation of nanopore through the membraAdapted fronref. (51).

Another fabricatiom approach yielding solistate nanopores with conical geometry is
the laserassisted pulling ofjuartz capillariegFigure1.8) (78,79) This simple and fast
approach for fabricating nanopores witiuneable pore sizes relies on the use of a
benchtop Aserpuller 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 siz€88). The pore size tuning generally comes
down to adjusting the heating and pulling parameters of the lgadler and the
dimensions of the capillary us€@8). While this fabrication is somewhat limiting for
fabrication of sub10 nm pore, it allows the user to easily tuthe pore sizan a wider
rangeand obtain pors fabricated in costeffective 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 volumasmanipulation in the x, y, z
dimensions(80).

A

Laser

Glass :

Capillary ré

I E'

Mpr— — H
Pull Pull .

Two Identical
Nanopipettes

Figurel.8: Laserpulled nanopores(A) Schematic representationf hanopore fabrication by

means of lasepullinga glass capillanA capillary is mounted and subjected to heating by means

of a laser, followed by a hard pull step from the two ends of the capillary,tieguih a pair of
nanopipettes with similar pore sizéB)Representativgeometry of the nanopipette, indicating

the pore radius (r) and the cone halfy 3t S 61 0® I(&)Y LGSR FNRY NBTO

Lastly, a third reagnised class of nanopores is represented by thecalted hybrid
nanopores(Figurel.9), combining the features of sokstate and biological nanopores
Thisnanopore configuration usually involves the combinatimfirsolid-state nanopors
with larger orifice(SiN membrane or glassnanopipette) acting as support for docking
a biological component with a constricted aperturguch as using protein po(&2) or

DNA origami nanostructuge(83).

DNA origami
nanostructure

Hybrid nanopore formation

Figurel.9: Exanple ofhybrid nanoporesSchematic representatidnybrid nanopore comprising
of silicon nitride membrane and 3D DNA origami nanostructure with a dowhétranded
overhang that is docked inside the orifice of the 3&kber pore Adapted fronref. (83).
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1.4.3. Properties and considerations in nanopore sensing

Nanopore sensing reliemn the recorded current signal to provide information about
the characteristics of thanalytes investigatedJpon the applicatiof anelectrical bias
across the pore, ions flow through the pore, altering the ionic current. This operating
principle issimilarto the traditional @ulter Counter technique(84). The nanoscale
dimensions of the fabricated pore allows measurements at the singlkecule level
(52). The ionic conductance of the nanoporean be described including the bulk
conductivity (the electrofte solution used), theounterionsshielding thesurface charge

of the pore, and the pore geometr{85). Consideringa negatively charged pore with a
cylinder geometry, the pore conductan¢&)canbe expressed by Equation 1.1:

i T,Q ‘ ‘ ‘s 'Q ‘ T”
T 0 Q

Orpd

where dporeis the diameter of the porelpore represents the length of the porgycand
Uciare the electrophoretic mobilities of potassium and chloride jongciis the
concentration of potassium and chloride iong, is the elementary charge, is the

surface charge density in the napore (85).
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Current

Time
Figurel.10: lon current blockageSchematic re presentation @n current blockade in nanopore
sensing, using the analogy of an elephagtsusan ant moving through a dooAdaptedfrom
ref. (86).

In a typical nanopore setup, analytes are driveactrophoretically(or in some case
electroosmotically) through the narrow constriction of the pore that separates the two
reservoirs filled with electrolyte solutionThe translocation of an individual analyte
causes a characteristics temporal change in the recorded ionic current. Traggtasin

in terms of signato-noise ratio (SNR), a large change in the ionic current is ideal in
resolving the translocation signal from the current baselihen the pore size is close

to the dimensions of the translocating analyte, a pronounced chantgeironic current

is obtained. Opposite to this, if the pore is large relative to the dimensions of the analyte,

the current will be littleimpacted by the translocating analyte. A good analogy for this
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principle is displayed irrigure1.10. 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 peslertt
associated with a translocation evefithe peak current amplitude is generally accepted
to be related to the occupied volume of the analyjghysically hindering the ionic
current flowin the sensing region of the pore, also referred as volume siatueffect

(87). This peak current amplitude is often d¢fS R | & p L Xalugshinaige af & LIA O
tens or hundreds of pA.his nanopore parameter has been the most utilized in assessing
the size/geometry of various analyzed by nanopores. Resardies have pointed
deviations from the general resistiymilse ®nsing(85,88) Dependingand ionic
strength of the electrolyte solution and the surface charge of the par&K S nL OF
observed as a resistive (current reducing) L< 0) pulse or conductive (current
Sy Kl yOS VS0) pulse daring a translocation eventyith conductive events
reported in low ionic strength conditions (beld800 mM KCI)85,88) Furthermore, it

has been suggested that the current enhancement effect also be rationalized by
introducing highly charged analytes in low ionic strength electrolyte solytiahich
causes a temporary increase in the ion flux during the translocation through the pore
(89).

Whilstelectrophoretic force(EPF)s generally regardeds the dominant forcen most

of the nanopore experimenisthe negatively charged surfaces of sedtdte nanopores
alsogeneaate anelectroosmoticflow (EOF}90), and ion current rectification (ICR91).
Charged pore surfaces in contact with the electrolyte solution built up an electrical
double layer (EDL) made up of coundas (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 flatveokurrounding
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 pointig in the opposite directior{90). As for the ICR effect, this is described by
an asymmetric ion distribution that results in ndinear currentvoltage response due

to preferential current flow in the direction of one polarity, typically observed in pore

with asymmetric geometry (i.e., conical porg9)).
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Another parameter frequently investigated in nanopore analysis is the duration of the
translocation event (dwell time)eflecting the duration of tira the analyte resides in
the sensing region of the nanopore. Dwell timelédined as the timdetween the initial
change in the ionic current and its recovery to the baseliie dwell time distribution

can be used to extractnformation regarding the drge, mobility, and shapeor
interaction of the analyte with the por€86). In several reports, an invezgelationship
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 voltagese, an
important factor is also pked by the length of the pore with longer pore lengths
sustaining an increased interaction between the analyte and the pbuming of the
pore geometry and translocation conditions (applied voltage, ionic strengfth) are
important factors that can aéct the even duration and resolvinghe eventswithin the
temporal bandwidth of the instrument86).

Anaher characteristic explored during the singi@lecule 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 timg.(es* or mirt). 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 @be analyte enters thecapture
volume near the aperture generated by the electric field, overcoming an entropic barrier
(95). The particle fluxJ) describes Equation 1.2the frequency at which the analyte

enters the capturevolume (hemispherical for a cylinder por5).

5 ®w 0oy
where Wiasrepresents the applied voltage amds the concentratn of the analyte in
the bulk, L represats 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,isvhich
consequently dependent on the analyte capture rate. Mhmeasurements 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 nanoporengeregjion.

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 terporal bandwidth of the instrument require
tuning/modification of the nanopore and the translocation conditions, such as ionic
strength, applied voltage, concentration where possibédferent strategies to obtain
enhanced detection with solidtate nanopoe systemsare described in the following

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

1.4.4. Strategies for enhanced detection with solistate nanopores

There are several aspects of nanopore analygscan expand its gplicability in the
context of detection at the singiparticle level, including: sensitivity, selectivity,
multiplexing, stability, and throughput. In the recent years, several nanopore strategies
have been proposed that overall contributed to the enhashgeerfamance of solid
state nanopores for various applications.

Chemicabkurfacemodifications

Surface coatings of solgtate nanopore can bring numerous practical advantages for
performing long and stableanopore recordings with reducednon-specific iteractions
andor clogging thatcan hinderthe translocation oflarge number of moleculesa
particular challenge acknowledgedn the case of protein analys{86). One practical
appraach reported in this case, is the use of nanopores coated with surfactantst Hu
al.reported the use of Tween 2@batingfor preventing adsorption of proteins to silicon
nitride pores(97). Another effective chemical modification was described by Yetko
al. where silicon nitride nanopores underwent a ligsdayer coating(Figurel.11A) by
exposureto a solution of small unilamelt liposomegq98). 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 singhelecule measurement of
amyloidbeta 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 prop@d by Schmid et al, where a nanopore

electroosmotic trap(NEOtrap)was formed by immobilizing a spherical DN#gami
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nanostructure onto a passivated silicon nitride pdfeégurel.11B) (99). Here, the DNA
origami nanostructure seals off the mgrstimulating the electroosmotic trapping of
nanoparticles irrespective of charge and sustaining {dagation measurements

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

measured in the nanocavity.
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Figure 1.11: Exampleof functionalized soliestate nanopores(A) Schemati®f lipid coated
(yellow layer)solid-state nanoporewith streptavidinproteins (red) bound to lipiganchored
biotin-PHigands (blue)Repregntative 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 from ref98). (B) Shhematic displaying the steps involved

in the formation of NEOtrap: (i) electrophoretic docking of spherical DNA origami nanostructure
onto the passrated silicon nitride nanoporehe induced hydrodynamic flow (ii) favour the
trapping of proteins in the n@opore by means of electroosmosis.(Apapted from ref(99).
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Multi -pore configurations

The development of muHpore configurationis as viable strategy to increase the
throughput of nanoporebased sensors, by recordirmgne sample or additional samples

in parallel. Capitalizing on the new developments inafahrication,arrayed nanopore
configuration can be designed. Wen al. proposed in their work a 3Q00 nanopores
array in a suspended silicon nitride membrane which was®dfor the detection of
nanoparticles Figure 1.12A) (65). While these higiend fabrication approaches are
attractive in terms of precision, they pose challenges for lezgale production. An
alternative strategy with potential for high yield and simple fabrication is the use of
nanoimprint lithography with a Si microneedle stangs demonstrated by Chet al.
(100) Here, sukdLO nm nanopores were fabricated in a freestanding paymembrane

in a singlestep process. A different strategy in increasing the Htgbughput in
nanopore measurement relies on the multibarreled glass nanopipettes that can be
independently controlledKigurel.12B) (101,102) allowing forsimultaneous detection,

as well agrapping and dynamic manipulatipof individual molecules.

-26-



r N\
i s
A/ ) - ¢ ¢ U Jt
- -
L

iy Amperemeter

~ o DC bias
Ch.1 10 kbp DNA Ch.2 10 kbp DNA
l If . I y 1
<
[
=]
200 ms
Ch.3 10 kbp DNA Ch.4 10 kbp DNA

S R

Figurel.12 Example of multpore corfigurations.(A) Schematiof solid-state nanopore array
setup for addressing the translocation of nanoparticles through multiple nanopores. Adapted
with permission from ref(103) (B) SEM image of qualarrel nanopipete depicting ionic
current traces from each barrel used for the translocation of 10 kbp DNA molecules from inside
the barrel into the bath. Adpted from ref(102)

Molecular probes

To address shortcomings the detection of small moleculegith solidstate nanopores
that are either present in low concentration®r require very small pore diameters, the
use of molecularprobes h& been proposed. This detection approach can sustain
sensitive and selective detection without the need of amplificatoadditional sample
preparation. Edel ad coworkers proposed a highly sensitive and selective strategy for
binding biological targets using gold nanoparticles molecular profd€®!) Their
approach consistedf functionalizedyoldnanoparticles witheither dsDNAor antibodies
that allow the binding ofclinically relevant biomarkers piocalcitonin and short
microRNA sequences), forming dimer nanoparticle complexes tigobinding. Rather
than directly observing the molecule of interest, the detectwas carriedbut 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 (doublegpeak signature) recorded with theanopore platform as shown
in Figure 1.13A. The same grqu have also proposed the use afupercharged
unstructured polypetides (SUPs) as molecular carrideg nanopore detection of
proteins. The SUWPmolecularprobes favored the differentiation of individual proteins
with different sizes and shapes by slowing down their translocai®m result othe
electrostatic interactions of the molecular probe with the surface of the nanop®le
protein discrimination wasbased on the identification of subpeaks featsye
characteristt of the individual proteins boundq105)

DNAbased molecular probes that facilitate multiplexed detectiopy means of solid
state nanopores have been reported by Keyser andvorkers (106,107) A recent
example is the use @NA dumbbell nanoswit&s for multiplexed nuclecacid detection
and bacterial identificatiopwith simultaneous detection using barcoded carriét96)
As shown irFigurel.13B, a DNA carriezombined with multiple dumbbell switches that
undergo a toplogy change from open to cloggon hybridization of target strands. In
terms of the nanopore readouthis translated in observing nanopore current signal
transition fromtwo small peaksignalin open state to a large single pesignalin the

close state.

-28-



monomeric dimeric
Vb—k molecular probe molecular probe with bound target
2 antigen
> o Rad
° -~ e
\ ‘OQ‘ / - Q 2\ %\\
\ ® =% L . T TSR »
\ ____god
\ | nanoparticle monomer antigen probes antibody-antigen-antibody
— ] . '
N
4 \
A\ representative
[} translocation signal
reference .4’3
electrode @ o - §
o —_— i ® g 2
& 5 %
4|§ \ time
: L
mMiRNA antigen monomer miRNA probes AuNP dimer
(ssDNA-miRNA-ssDNA)
P ‘ e
........... >
miRNA ke
monomer dimer
ovn s
178 bp
r i e P 1 VAN [ ] [ ]
wans EE ------------ i — — ] w— g | o n o
l J5 ‘ | {&5 5 Target _C?E)j 5 [&J 5
eee S e“"s ses e
‘ < i Nanopore Nanopore ‘ ; i
woE — readout readout o

Small double peak Large single peak

_[so PA ___[s0pA

0.2ms
Figurel.13: Example of nanopore sensing utitig molecular probeg¢A) Schematishowing the
concept ofthe dimerforming gold nanoparticlprobes. Upon the capture of the biomarker of
interest by the functionalized nanoparticles, a nanopore readout discrimination based on the
presence of singlet oduplet translocation signal can be observed for the monomeric and
dimeric state Adapted with permission from ref108) (B) Schemati®©NA carrier with probes
(green) and two groups of dunibells (blue) that undergo a topological change from open state
to close state upon the hybridization of a DNA target strand. The characteristic nanopore
readout changes from a small double peak current signal when is the open state to a large single
peaksignal whenis switched to the close positiddapted from ref(106).

Polymer electrolytenanopore
Another strategy for obtaining enhanced detection of analytes with sstiade

nanopores reported by our groupelies on the utilization ofa polymer electrolyte

external solutionto enhance the transication signal of analyteés7). Ths strategy
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brings the advantage of a very simplistic and edasymplement approachwhere the
polyethyleneglycol (PEG) molecular agenadded to the electrolyte solution where the
narnopore (in this case nanopipefteis immersed.Previous work on the &s of such
polymer dectrolyte nanopore systems hahown a dramatic increase in the current
signals reorded (57,109) Importantly, this nanopore adaptation does not require any
intermediate steps and is compatibleith a range of electrolyte solutions and ionic
strengths, supporting the sensing of multiple biomolecules and nanopartiéss.
reported in a mechanistic study on the use of such platform for the enhanced detection
of DNA molecules, PEG is assumed ta e 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 porg110) Thanks to this PEfBduced effect, the
translocation of differentchargedbiomolecules resulted in obtainingigh-amplitude
conductive peaks maximizng 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 danslocation signal, compared with the -REG
conditions. Moreover, it has been suggested that polymer electrolyte interface also
plays a role in contriing to the conductive signal enhancement, introducing

additional ions in the pore region when an artalistranslocating through(110)

===\ ~ no PEG
DNA

PEG

- o
PEG
Figure 1.14: Polymer electrolyte nanoporgA) Schemati@and representative translocation
signals obtained for dsDNA translocating from inside the opgpette into the extemal
electrolyte solution with and without the addition of PE&lapted from ref(110)
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1.4.5. Applications and challenges in nanopoamalysis of nanomaterials

The ability to detect particles on individual basis with nanoscailered pores brings
many adantagesin characterizing new emerging functional nanomateriadsa rapid

and labelfree manner As describedbove,different nangore sensing modalities and
strategies for increasingnic currentSNR and temporal resolutidar various molecules
makes this techniqua potentialtoolbox that can complement the existing techniques
commonly applied in the characterization of the naratarials.Nanopore parameters
such as peak current amplitude and dwell time can contribute to the characterization of
individual analytes and correlatethese with important characteristics oéngineered
nanomaterials i(e., size, shape, chargelhe abiliy to record larger numberof events
associated to the translocation of unlabeled individual particles in solution, yields
distributions of thenanopore currentparameters and can be further used f&tatistical

and quantitativeanalysis.

Whereas nanoporesensing has been expanded to a wide range of moleal@ssome
casesusedasabiosensoiplatform, particularly DNAased and proteitbased molecular
structures, little research has been carried out oanopore analysis oheterogeneous
mixtures. Often synthesized mixtures, whether they are DN&sednanostructures
colloidal suspensi@) or hybrid nanomaterials, are known to hawaeheterogenous
character. Thisould translate in nanoscale variations related to their size, shape,
confirmation, or chargeSuch aspects of newly engineered nanomaterials challenge the
wider use of nanopores for their comprehensive characterizatitarticular limitations

are posed by the requirement to tune the pore size to the dimensions of the analyte
investigated in ordeto maximize the readout sign&econdly, 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 suspemnhsistig.
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 volungdown tofew 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 keguech

measuement
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Taking into account #se practical considerationsthe potential of nanoporebased
characterization of a largepectrum of engineered nanomaterials with rddé

applicationscan be explored.

1.5. Thesis aim and objectives

The overall aims of theesearch project were to explore the analysis of engineered
functional nanomaterials by means of seithte nanopores. Nanopore measurements
stand asatoolbox with an untapped potential in the labefiree and rapid detection and
characterization of varety of nanomaterials. The experiments described here aimed
at providing a comprehensive analysis of different functional nanomaterials and explore
their heterogenous (size, shape, assembly yieldharacter with the use polymer
electrolyte nanoporebased sgtemat the singleentity level In this regarda first focus
was on the analysis @NA supramolecular assembligsd devisinga methodology for
fingerprinting their assembly state, as well dsvelopingquantitative analysis of their
yields in the foldag mixtures. Secondly, thePhD project aimed to expand the
applicability of the nanopordased systems and adapt the translocation conditions in
order to probe the analysisf relevant hard and soft, uniform and asotropic
nanoparticle mixtures witha high-degree of discrimination based on their nanoscale

variations.

Chapter 1discusses 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 impotance in elucidating their physicochemical properties hen,
characterization methods for discriminating nanoscale variations are described, putting
an emphasis onthe potential of use of solidtate nanopores as toolbox for
chamacterizing such nanomateif Amajor focus is put on the concept of nanopore
analysis, configurationsand recent strategies that support enhanced detectionof
various analytes.Challenges of nanopore analysis in the context of engineered
nanomaterials are also detailetastly, he aims of thesis are described, followed by a
brief overview of the contenbf each chapter of the thesi€ontent from this chapter is

published in a recent review in Analytical Chemistry Journal as shared first &utligr
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Chapter Zetailsthe 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 nanoporebased measurements, as well as the fabrication and

characterization of te solidstate nanopores.

Chapter 3describes the detection ofupramolecular DNA nanostructuregdth different
assembly degree. A rapid and lalfiede approach is proposed for fingerprinting higher
order assemblies of DNA origami nanostructuvath single-entity resolution, enabled

by nanopore recordings. A comparison with the gold standard methods for
characterization of DNA foldeshixtures (AFM and gel electrophoresis) is given in the
context of yield quantification ofeach folded DNA nanostructure. ¥ from this

chapter is published in Biophysical Jour(&0).

Chapter 4explores the use o polymer electrolyte nanop@-based approach for the
analysis of different classes dinctional nanoparticles with distinct chemical
composition, capping agents and physical properties. A strong focus is put on tackling
the analysis oheterogenousmixtures and discriminating softangarticles based on

their functionalization layersWork from this chapter is published in BioR§ie2)and

submitted tofor journal publication.

Chapter ssummarizes the main conclusions of the thesis disdussesuture 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, 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 describeth addiion 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 fabricatn of nanopipettes starts from a quartz capillary pulled into a pair of sharp
nanopipette tips by means of a benchtop lagetler (Sutterinstruments P2000§113)

as depictedrigure2.1. One aspect of paramount importance is the nanopore size of the
tip of the nanopipette to maximise the sigrt-noise ratio for the detectin 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 capillag. {.0 mm outer
diameter x 0.5 mm inner diameter) that was pulled into a neestigpe nanopipette by
means of C®laserbased puller. In short, a focused laser beam melts the quartz

capillary, followed by pulling forces from opposite sides of the capillary, resulting in a

-34-



pair of two nanopipettes with nominally the same pore s{Eggure 2.1A). Several
parameters of the lasepulling process require optimization to obtain reproducible pore
sizes. Each laseuller is different and dependent on the environmental conditions. (

room temperature, kimidity) whereit is 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 paramete. For instance, applying incresasHEAT and BLLvalues leads to

smaller pores, and vieeersa.Table 2.1 displays an example of optimized pulling
program for pulling nanopipettes in the 100 nm regime using quaépillaries. In order

to maintain a reproducible response of the lageiling process, a twdine program was

F LILX ASRP® ¢KS FANRG fAYS LINPINIY YIAYyfe R
taper. Whereas the second line program defines the sizthe pore at the tip of the

nanopipette.

Table2.1: Example of optimized parameters for lagaulling nanopipettes

HEAT FIL VEL DEL PULL
750 4 30 150 80
650 3 40 135 150
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Figure2.1: Lasefpulling process(A) Schematic representation of the laspulling process,
where a quartz capillary is subjected to lagerating using a GQaser, followed by a hargull
step to produce a pair of nanopipettes \Wisimilar pore sizgB) Picture of P2000 (Sutter
Instruments) benchtop lasepuller(113).

To further faciliaite 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 thEable2.2. For pre size ranges above 100n, 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 1@fh, quartz capillaries with
dimensions of 1.0 mm outer diameter x 0.5 mm inneardeter were used. Apart from
the capillary diameter, the thickness of the glass (outer diametaner diameter) plays

arole inthe pore size tuning.

Table2.2: Example of quartz capillary dimensions usedfanopipette 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 consistent las@ulling program was optimized, the resulting nanopipettes need

to be haracterized 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 measurementEigure2.2 shows representative SEM images of a
nanopipette fabricated by Ilasquulling. Such a morphological characterization
technigue can allow both pore size and taper length estiarabf the nanopipette. SEM

is common technique applied for the morphological characterization of nanopipettes
with pore sizes in the nanometre regimé/8), whereas Transmission Electron
Microscopy (TEM) can be employed to inspect in fine detail various geometrical aspects
of the tip region, such as: taper length, ceargle, wall thickness of the porgl14)

Even though SEM is a commonly used method for pore size estimation of nanopipettes,
it is a timeconsuming process, and it is ltedl 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 od conductive material, such as sputtering gold or

iridium.
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Figure2.2:. SEM characterization of laspulled nanopipettteswith a pore size diameter of
approximately 60 nm(A) SEM micrograph of the nangyette pore size(B)SEM micrograph of
the nanopipette taper.

A second approach implemented for the pore size estimation of lpsked
nanopipettes is the electrical resistance determination from the current trace obtained
dZaA Ay 3 hKYQA&a aflifear iespinSeyisSekidediet! férine IV curve recorded over
a range of voltages using a patclamp amplifier. IrFigure2.3, a characteristic IV curve
recorded between +500 mV angl500 mV in 100 mM KCI is shovior a pore size
diameter of approximately 60 nmHowever, 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
effed. As opposed to the morphological characterization, this electrical approach is
simple and favours a quick estimate of the pore size and check that the nartepipet

stable for measurements and the tip is not blocked/damaged.
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Figure2.3: Representativewrent-voltage (V) curve déserpulled nanopipettevith a nominal
poresize diameter of approximatelp&m A pore resistanceof p 5 Was memsured (N=7
nanopipettes from different pulls)caresponding to a poreliametersize variatiorof less than
~5 nm

2.4. Electrochemical setup

The nanopore setup utilized for translocation experiments is describEdyure2.4. The
translocation experiments were cad 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 the counter and reference electrodes. The
analyte is driva from inside the nanopipette into the outer bath upon the application

of a potential bias. The electrodes are connected to a MultiClamp 700B juddchp
amplifier (Molecular Devices) and Cigital1550B digitize¢(Molecular Devices) to record

the ionic current.

-39-



A

d

Amplifier

Ag/AgCl
electrode

<— Nanopipette

Translocation

— / analyte

P Electrolyte
Ag/AgCl /"I “ o

electrode

Electrolyte buffer
& =4

Figure 2.4: Schematic representation of the general setup utilized for the nanopore
translocation measurements. The analyte of interestdded inside to the nanopipette and a
pair of Ag/AgCl electrodes are placed in the barrel and outside in the electrolyte bath. Upon the
application of potential bias, the analyte can be driven from inside the nanopipette into the
outer bath.

Figure2.5 displays the corresponding ionic current traces recorded in theeace of an
analyte (Figure 2.5A) and when nanoparticles are translocated from inside the
nanopipette inb the ouker bath (Figure 2.5B). The translocation events result in
perturbations of the ionic current baseline, where each current spike is assoeiited

the translocation of one analyte.
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Figure2.5: lonic current measurement nanopipettd#\)lonic current trace recorded when no
analyte was added to the nanopipett&€he ionic current through the nanopore is carried by
anions and cations in the electrolyte bufféB) Representative ionic current trace showing
translocation events upon the translocation of nanoparticles from inside the pipette into the
outer bath.

2.4.1. Electrolyte solution

The translocation buffers used in the nanopore measurements were 100 mM &Gl or
mM KCI (unless stated otherwise) prepared in-EXTA (10 mM Tris, 1mM 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 andthe solutions were further filtered using Odm 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 glycohgent (PEG 35k) to the outer bath, as described in each specific section.
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2.5. Electrodes preparation

Nonpolarizable Ag/AgCl electrodes were used in the electrochemical setup for the
nanopore measurements. The choice of utilizing Ag/AgCI electrodes stemsfést
charge transfer properties from the electrode to the solution and their ease of
fabrication. Together with the electrolyte solution, the Ag/AgCI 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 cationg) (&nd anions (Qlin opposite
directions. KCl is a suitable choice of electrolyte due to the similar hffuefficients
of the K and Clions (115) Redox reaction taking place at the electrodes used in
nanopore measurements. The AgCl is being reduced which leads to the formation of ClI
(cathode). Whereas, Ag is being oxidizedaion AgCl (anode).

o0 Ba QO 06Q 06 da(Eqg.2.1)

0 06a° 0Q0 a Q (Eg.2.2)
The Ag/AgCl electrodes were freshly prepared before each nanopore measurement by
chlorination of 0.25 mm silver wire (Goodimhv 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 agals of low current levels (pA). To further
minimise potential vibrational interferences, the Faraday cage was placed on a eustom

made antivibration platform, as shown iRigure2.6.
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Figure2.6: Imageof the nanopore setupA patchclamp amplifier is used to apply a voltage and
measure ionic current in a twelectrode configurdon through a single nanopore which is
integrated inside a Faraday cage to minimizeeifgrences and external noise. A lavoise
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 withethanopore setup was carried out using
the Transalyzer MATLAB scrigeveloped byPlesaet al. (116) A general workflow
scheme of thedata process is described kigure2.7. The data analysis starts with the
recorded current trace in raw format (abf). In the first step, the local baseline and rms
noise level () 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 seFgure2.8), which is defined by the multiplication of the
rms noise level’() with a set a peak dettion factor. The peak detection factor is
selected in 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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1. Experimental current data

2. Find baseline and threshold

3. Detect events

4. Characterize events

5. Sort and characterize event populations

6. Generate scatter plots and histograms

Figure2.7: Workflow typically employed in the data analysis of the nanopore current traces.

As shown inFigure28AB, at° GKNBAK2f R gl a | LILX ASR Iy
threshold were considered in the analy$is ¢ KS T NBFSNR G2 | O
standard deviations away from the mean distribution of the baseline. When this
threshold factor is applied for peak @etion, it implies that a peak must be significantly

higher than the average value of the baseline current, in order to be considered as a
validpeakr ° A & | it v&alQesveryif& Rom the mean, beyond ranges that are
typically coved by a confidee interval, with pvalues that are very close to zerdhis

threshold value was chosen tincrease the likelihood of identifying only the most
pronounced peaks associated with a true translocation event, while disregarding small
fluctuations in the ion arrent 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(Figure2.8C). The event features are detected on an individual 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 scatidrhistogram plots
(Figure2.8D-F). The obtained events weréurther analysed anglotted using Origin
2019b.
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Figure2.8: Examples of nanopore translocation data analy@i$Representative in current

N OS gAGK GKS 1 KNBF BKsarheRrack ssRpar@lA ivithRhe 6 & G &
perturbations in the ion currentidentified asanslocation eventgC)Representative event with

the translocation peak characteristid®) Scatter pbt with peak amplitude versus the dwell

time. (E) Histogram of the peak amplitude distributio(f) Histogram of the dwell time
distribution. The solid lines represent Gaussian fits to the data.
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Chapter 3:Nanopore fingerprinting of
supramoleculaDNAnanostructures
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3.1. Overview

In this chapter, the detection and characterization of supramolecular DNA
nanostructures is described solidstate nanopore employing a pesthylene glycol
enriched electrolyte was utilized to deliver reithe, nondestructive, and labelree
fingerprinting of higheiorder assemblies of DNA origami nanostructures with single
entity resolution. An introduction to the DNA origami concept and its applications is first
presented. Then, current methods used in claesizing and assessing the yield of
folded DNA nanostructures are described.

The results section emphasizes the nanopoased detection of folded DNA
nanostructures and the quantification of the assembly yield of four different assembly
designs from theion current signals recorded. Furthermore, the assembly vyield 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 assesnent 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 waslapted for publication in th&iophysical Journgb0).

3.2. Aim and challenges

Solidstate nanopores have enabled the single molecule detection of a range of analytes
in a rapid and labefree manner. Hwever, 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 demonstragesinglemolecule and highhroughput approach

for the analysis of highesrder DNA origami assemblies with a polymer electrolyte
nanopore. This nanopore approach enabled the characterisation of DNA origami
nanostructures at statistically relevant numbens reattime and at singlemolecule
resolution while being nowlestructive and labetree, and without the requirement of
lengthy sample preparations or use of expensive reagents. The quantification of the
assembly yield of DNA origami nanostructures wasnaohstrated 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 nanotechnolo@l7) In particular, the invention of the DNA
origami approach, which exploits Wats@rick baseairing between a singistranded
DNA sc#old and multiple short staplstrands 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 anesg&teific
chemical functionalisatio(iL7). These unique characteristics have enabled the assembly
of nanostructures and patterns with controlled geometry and function, either by directly
folding the scaffold119,120) or via higheorder asembly of preformed DNA tiles
(22,23,121) which found applications in biosensir{§9,63,122124) drug delivey
(125,126) and adools for studying biological process@7,128)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 characteasatncluding 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 countingeoubes from
each scan, and agarose gel electrophoresis, which relies on measuring the intensity of
the separated bands associated with each DNA nanostru¢iize) A rapid, labefree,

and singlemolecule 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 nanostruces 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 anal{d&,130) The
characterstics of these perturbations, such as the amplitude and duration, provide
information about the physicahemical properties of the translocating molecule,
including size, charge, and shgp®,131) Nanopore sensmhas also been successfully
applied for the detection of colloidal nanoparticl€86,132)and biological nanoparticles
including virus particle§133) ribonucleic particle63), protein aggregate6134) and

DNA nanostructures(83,88,135,136) Our group has previously demonstrated the
analysis of 2D DNA origadi37)and single molecule biosensi(0) using nanopores

and has recently showmé marked enhancement of singtelecule detection withira
crowded nanopore (109) Other groups used DN#ased nanoswitches for sensing
applications using nanoporel138) and a smilar approach has been used for
miniaturised molecular data storag39)

Here, the single molecule detection of supramolecular DNA assemblies bystiéd
nanopore anajlsis 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 higheorder assemblies, ranging from an individual monomer
building block to multner assemblies. The quantification of the assembly yields of a
range of higheworder assemblies of DNA nanostructures with sirgiéty resolution is

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

3.4.1. DNAnanostructures

The design of the four DNA nanostructures used here follows the design published by
Tikhomirov et al. (22,140)and was carad out using the CaDNAno 2.3 softwdie}1)

All four nanostructures were foltl from the singlestranded s®NA M13mpl8 (7249

bp) following the standard procedure for DNA origami fabrication (4). For the higher
order assemblieghe 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 bettheen
structures.While the same set of bridge staples and interior staples is shared by all DNA
nanostructures, each one of them haslifferent set of edge stapled he edge staples
Oy 0SS dG3AAPAYyIYdzOTFS2 iIANE y BEGH Syias2y v s a N
nucleotide truncation) or inert (characterised by two hairpins, forming a loop
conformation, and preventing the further higherder 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 protocda2,140)where the edges of each tile

can be labelled as north, south, east, and west. Eatlofsinteractive 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 sa@iting 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 mesocaas be used in
higherorder assemblieg22,140) To fold the structures, the individual monomer
structures having complementary edge seques were mixed together in equal
concentrations and volumes, in order to increase the yield of the asse(idly)
Specifications on the sequences and the interactions between theagsembled
monomers for all the higheorder structures used in this work are provided in the data

repository (142)

-49-



3.4.2. DNA nanostructures folding

The singlestranded 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 afinal concentration of 200
UM. 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 (é{d¥g

in 80 uL total volume. To fold the individual tiles, the solution of scaffold and 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 (Epp&ontiorfing the
annealing step, the negation strands were added to the solution to achieve a final
concentration of 375 nM in 80 pL 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 stsuctare
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}. The concentration of the individual tiles was measured using a NapoDro
2000c Spectrophotometer (Thermo Scientific, UK) to prepare solutions with equal
concentration. To fold the highearder assemblies, equal volumes of the required
individual monomers were mixed in PCR tubes and annealed using a temperature ramp
from 55°Cto 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 pL of purified DNA sample dilteea final concentration of 0.5

nM in 1x TE pH 8, 12.5 mM Mg(Agkre deposited on a freshly cleaved mica substrate
(Agar Scientific, UK) and incubated at room temperature for 15 min. AdditionglL860

puL of 1x TE pH 8, 12.5 mM Mg@a)ffer was addedd the sample to facilitate the
imaging. The samples were imaged using a Dimension Fastscan Bio (Bruker, UK) in
tapping mode in liquid with Fastscan RNgicantilevers with a Si tip (Bruker, UK). We

used the following imaging parameters: scan rate8 Bz 256 samples/line, amplitude

-50-



setpoint = 1506 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 \ilaher inspected with agarose gel
electrophoresis Error! Reference source not foungl.For this, 50 mL 0.7% agarose gel w
as prepared using 1x TAE buffer containing 12.5 mM Mg (A& DNA origami samples
were pepared by mixing a 20 pl aliquot at a concentration of 10 ng/ul with 4 pl of 6x Tri
Track Loading Dye (Thermo Scientific, UK). M13mpl8 scaffold was added as a reference.
A GeneRuler 1kb DNA douldanded ladder (Thermo Scientific) was used as molecular
marker and positive controlError! Reference source not found.The running buffer
consisted of 1x TAE and 12.5 mM Mg{A€he gel was run at a constant voltage of 70 V
for 120 min. The gel was then stained 8@ min with Diamond Nucleic Acid Dye
(Promega) dilutedn 1x TAE buffer. For thisph 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 gehaging 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
measuringthe correspondingd Iy Rt&nSitywith ImageJand normalize by the sizeof

the higherorder assemblieto accountfor the amount of double strandedDNAstained

per macromolecule.

3.4.5. Nanopore fabrication and characterization

The nanopores were fabricated startifgpm 1.2 mm x 0.9 mm quartz capillagie
(QF12090-10; Sutter Instrument, UK) with the SR2000 laser puller (World Precision
Instruments, UK), using a twime program: (1) HEAT, 800; FILAMENT, 4, VELOCITY, 30;
59[ !, X mMnpQ t] [[Z dppT 6HO | 91 ¢Z TOMBA CLJ[!
The pulling parameters are instrument specific and lead to nanopipettes with a
nanopore diameter of approximately 160 nm. The nanopipettes were characterized by
YSF&adNAYy3I GKSANI LBNBE NBaAadlyOS Ay nom a
were confrmed by Scanning Electron Microscopy (SEM) using a Nova NanoSEM at an

accelerating voltage of¢® 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 K@,01% TritorX, 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 ina 100 mM KCI bath with the addition of 50% (w/v) Polyethylene Glycol
(PEG) 35 kDa (ultrapure grade, Sigrdriéh). 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 origammasdructures 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 Molamp 700B patcllamp amplifier
(Molecular Devices) in voltaggamp mode. Data was acquired at a 100 kHz sampling
rate with a 20 kHz lowass filter using the pClamp10 software (Molecular Devices). The
ion current traces were further analysed with thBIATLAB script Transanlyser,
developed byPlesaet al. (116) The obtained translocation events were analysed by
applying a %&igma threshold level from the baseline, and only theergs above the
threshold were considered amnslocation eventsThe 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 namastures with solid
state nanopores is demonstrated by exploiting the unique signature in the translocation
signal resulting from the perturbation when the nanostruetsi pass through the
nanopore Figure3.1). Here, the translocation signal characteristics such as peak current
maxima (maximum peak current amplitude) and dwell time (duration ofetent) are

used to characterizéhe translocating nanostructures on individual ba@tsyure3.1B)
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Figure 3.1: Schematic representation of the nanopore setufA) The DNA orlgam
nanostructures are translocated from inside the nanopore into the outer bath upon the
application of anegative potential bias while the ion current is measur@).Representative

ion current trace showing translocation events. A representative eventis shown inthe inset with
the translocation peak characteristics.

For this, four different DNA nanostiuces 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 twamonomer assembly (dimer), a threeonomer
assembly in an-khape (trimer), and lastly a 2x2 array monomers (referredto
hereafter as 2x2)Rigure3.2A). AFM measurements confirmed the correct folding ef th

DNA nanostructuresHgure3.2B).
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Figure 3.2. Designof the higherorder assembly DNA nanostructures indicating the sets of
monomer buildingblocks used for their assemblgchematic representation of the DNA
nanostructures, starting with a single monomer builgiiliock (1), dimer (2), trimer (3), and 2x2
(4). The sequences for each set of staples previded in the data repositoryl42) Edge
modification of the monomenanostructures weremadein order to assemble the higher order
DNAnanostructures. The tiles design comprise of a single layer of datraleded DNA helix

(= 2nm thickness)(B) AFM micrographs of the DNA nanostructure depicted in panel A (50 nm
scale bar).

3.5.2. Nanopore analys of DNA origami monomer

A pore diameter of 160 nnwas chosen to be large enough to accommodate the largest
DNA nanostructure (2x2) while retaining a sufficient sigoaloise ratio for the
detection of the monomer. Figure 3.3 shows representative SEMmage of the
nangoore, together with currentoltage curves obtained from three differepulled

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

translocation experiments, with atop view inset of the po2@F nmscale bars). The diameter

of the pore used in this study was approximately 160 (B)Currentvoltage curves (1V) of three
nanopipettes recorded in 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 previouslylemonstrated the singlenoleaule-detection sensitivitgan

be enhancedwvhen polyethylene glycol (PEG) is added to the bath solution to a final
concentration of 50% w/A{109,143) The presence of PHEd to translocation peaks

that were weltlresolved from theion current baselineError! Reference source not f
ound4A).In contrast, the translocation of monomer DNA nanostructures in the absence
of PEG resulted in a low sigaadiseratio, constraining thedetection of the monomer

nanostructures.
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Figure3.4: Nanopore translocation DNA origami monomgX) lon current trace before and
after the addition of the DNA origami monomé&B) AFM micrograph of a nmomer DNA
origami sample (400 nm scale b&()Density scatter plot of the monomer DNA origami sample
with the peak currenamplitudeversugiwell time and their corresponding marginal histograms.
The solid lines in the marginal histograms representusSian distribution fitted to the data. A
total of N = 2307 translocation events were analysed, and their corresponding peak current
maxima and dwell time values extracted.

Furthermore, the presence of PEG allowed us to detect all DNA nanostructuresa with
high sighahoiseratio and to record stable ion current traces with high capture rate (~5
events/sec at300mV) for several minutes without any evidence of nanopore clogging
This is evidenakin Figure 3.5depicting a continuous nanopore recording &duration

of 6 mn of a 2x2 DNA origami sample.
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400 pA

1 min

Figure3.5: lonCurrent trace of the 2x2 DNA origami sample recorded for 6 minutes under an
applied voltage of300mV.

Several control experiments weraried 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 undarconstant voltage bias @800 mV
(Figure 3.6B The translocationof 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 nanagiip (Figure 3.6\
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A -300mV: no analyte -300mV: DNA nanostructures
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Figure 3.6: Control ion currents tracesf monomer DNA nanostructures translocatid#)
translocation at300 mV when no analyte is added inside the nanopipéB#yanslocation &
-300 mV when monomer DNA origami sample is added inside the nanopi{iettenslocation
at +300 mV when monomer DNA origami sample is added inside the nanopif@}te;
translocation at 0 mV when monomer DNA origami sample is added inside the nariepipet
current and 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). Thesults N = 2307 peaks) are displayed in the density
scatter plot ofFigure 3.£, which shows that the translocation peaks fall within a-well
defined areaDensity scatter plots are commonly used in nanopore experiments to
display the characteristic sigture of the analyte(108) The histograms showing the
peak current maxima and the dwell time distributions, respectively, are also shown in
the figure. Both distributions have been fittedittv a Gaussian distribution function
yielding an average peak amplitude of 1227 pA and an average dwell time of 21

0.6 ms. Upon increasing the applied voltage, an increase in the peak current maxima of
the conductive peaks was observed, as well dsaease of th dwell time Figure 3.A-

D), suggesting that the DNA nanostructures are electrophoretically driven through the
pore. This observation was also confirmed by translocation controls where emtdit

was appliedFigure 3.8) or the applied las was reversd Figure 3.€).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 argpected 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 concentrations5(#D

pM), as shown ifrigure 3.F. Moreover, increasag the applied voltage induces a larger
capture region, leading to a greater numbert@inslocation eventsKigure 3.E).Here,

a slight increase in the error bars of the event frequency was observed at higher applied
voltage. This capotentially beattributed to variationsin the translocation of the DNA
nanostructures reaching the sensing regiower time Increasing the translocation
speed of the nanostructures atdher voltages can also cause a substantgleasdn
crowding effect at the aperta@, which potentially can cause fluctuations in the etven
frequency The translocation observatisrreported in terms of applied voltage and
concentrationare consistent with established physical models reported in the literature

on the study of nucleic ads translocations through solistate nanoporeg144-146).
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Figure3.7: Translocation characteristics DiAgamimonomer.Histograms of the current peak
amplitude(A) and the dwell timg(B) distributions for increasing absolute values of applied
voltagesV =-200 mV,-300 mV,-400 mV,-500 mV, and600 mV. The solid lines represent
Gaussian fits to the distribution®ata was normalized to the total event coumtoorded for
each conditionAverage peak current maxing@)and dwell timg(D)atV =-200 mV ;300 mV;
400 mV ;500 mV, and600mV. Error bars show the standard deviation from three independent
recordings. Eventrate of the DNA nanostructures translonats a function of (E)and sample
concentration (5@M, 100pM, 250pM, and 5000M) (F). Error bars show the standard deviation
from three independent recordings. Monomer DNA origami san2Bé pM for panel A5 was
used for these translocation experants, and each translocation condition was repeated
independently three times.
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3.5.3. Nanopore signal comparison of supramolecular DNA origami assemblies

The highetorder-assembly DNA origami samples were further analyzed using the same
translocation conditios as forthe monomer analysidzigure 3.8 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.

A , | “ B 0.2

Normalized count
o
-

e
(=)

0 250 500
Peak current maxima (pA)

0.10

0.05-

Normalized count

: e ] 0.00 i ! j
I 0 250 500

2s Peak current maxima (pA)

100 pA

Figure 3.8: Comparison translocation signal monomer and 2x2 supramolecasaembly
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. Bmgershading
indicates the currentrange <150 pA, and the blue shading indicates the currentrange >150 pA.
The insets show a representative translocation event for each sample. The scale bars are the
same for both insetqB)Histograms of the current pdaamplitudefor 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 largement 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
iKS (62 WSE(GNSBYS Qorder DAA digathasemblias tBoduded @ K S NJ

Figure3.2A using a fixed nanopore diameter.
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The distributions were fitted with a single and a tyweak Gaussian distribution (shown

as solid lines in the plot). While theamomer sample yielded an average peak current
maximumof ~123 pA the distribution corresponding to the more wealefined cluster

in the 2x2 assembly sample density scatter plot which is reminiscent of the one found
for the monomer yielded an average pealirrent maximum of ~170 pA, and the
broader less weltlefined distribution an average peak current maximum of ~260 pA.
Despite the slight difference in average peak currents, it was hypothesised that the more
well-defined cluster of the 2x2 sample correspls to monomers in the sample which
were not successfully assembled into higleder assemblies. This hypothesis was

confirmed by spiking the 2x2 sample with increasing concentrations of the monomer.
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Figure3.9: Monomer spiking of 2x2 DNA origami sampl@g Density scatter plots of the peak
current maxima as a function of dwell time for 2x2 sample spiked with monomer sa(Bple.
Histograms of the current peak maxima distributions for the 2x2 sampkedpvith monomer
sample with multipeak Gaussian fits represented by the solid lines. The notation 1:1, 2:1, and
10:1 for the leftto-right graphs in each panel indicates the molar ratio of monomer sample
spiked into the 2x2 sample.

As can be seen iRgue 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 wadfined cluster

represents only &ingle assembly stat&he range of characteristic translocation peaks
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of the 2x2 sample ion current adisplayedin Figure 3.10 showing a range of peaks

with differences in their conductive peak current amplitude and dwell time.

" \ \
21 \ \ \
Q. < ‘ N
o AR ,// <| | i /f
- ~ \ / o \ 4 <
\ 8 v o
2.3ms W \\ / 2
3.2ms .\'—. \ /
3.7ms «f
- &
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Figure3.10: Representative translocation peaks characteristic of the heterogeneous 2x2 sample
with their corresponding dwell time and peak current maxima values.

This is further supported by both AFM imagifigure 3.1)and gel electrophoresis
(Figure 3.12)which suggesgd that the highorder assembly DNA origami samples,
contaired not only the endstructure folded in the sample, but also intermediates
assemblies and unreacted monomers, observation that also applies toxheDRIA

origami sample.

. =
. 4
e ol

Figure3.11 AFM micrograph of the 'highe]rder asmbly DNA origami samples: dirgfr
trimer (B), and 2xAC) usinga 2 um x 2 um scan size (400 nm scale bars).

Asshownin Figure3.12 the gelelectrophoresisanalysisalsoconfirmedthe presenceof
multiple DNA nanostructuresin the higherorder assemblysamples,i.e. the dimer
sample containsthe monomer nanostructures as well. The trimer sample contains
monomer and dimer nanostructures. The2x2 samplescontainsmonomer, dimer, and

trimer nanostructures A dsDNAadder(1kb) wasutilized asa positivecontrol.
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Figure3.12 Agarose gel electrophoresis of DNA origami samplase M: GeneRuler 1kb dsDNA
ladder; Lane IM13mp18 circular ssDNA; Lane 2: monomer DNA origami sample; Lane 3: dimer
DNA origami sample; Lane 4: trimer DNA origami sample; Lane 5: 2x@Igidmi sample. Note,
Figure 3.1Bis a subset of this figure.

In order to deconvolute further the broad lessell defined cluster of translocation
events in the 2x2 sample all four DNA origami assembly samples were analyzed, and the
respective density scatter plots are showrFigure 3.130ne of the clusters for thex2
sample is very similar to the single population observed in the monomer sample.
However, the 2x2 sample shows an additional broader and lessdeffled cluster

certred at around 4 ms and 250 pA.
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Figure3.13 Nanopore translocation comparison of all DNA origami samjlessity scatter
plots of peak currenamplitudeas a function of dwell time for the monomer samhg, dimer
sample(B), trimer samplgC)and 2x2 sampl€D). The number of events ahged N, for each
sample is given in each 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 idéfication of different clusters for each sample, and

for all higherorder assembly samplegigure 3.18-D) a consistent presence of the
monomer cluster was noticed. This is not unexpectethe higher order assembly
processes have finite yields and artaen percentage of unassembled monomers are
expected to remain. Furthermore, the higherder assembly is reversible, and while the
assembled construct is expected to be energetically favourable, dissociation of -higher

order assembliesan occurover time The translocation peak characteristics of each
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DNA origami sample showed differences in terms of their peak cuaemilitude and

dwell time distributions, as shown in the peak current and dwell time distribution plots
in Figure 3.14The dimer sample gided one additional weltlefined 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 samplg similar to the 2x2 sample where in addition to the
well-defined cluster originating from the monomer peak an additional number of much
lesswell defined clusters are observed. While the clustering is qualitatively different
between the four sampleghe density scatter plots cannot provide quantitative details

about the assembly intermediates.
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Figure3.14: Histograms for peak current maxinjd) and dwell time(B) distributionsfor each
DNA origami saplie investigated. From top to bottom: monomer, dimer, trimer, and 2x2
samples. Translocation events were recorde<880 m\/
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3.5.4. DNA origami assembly yield analysis

Finally, in addition to distinguish different assembly intermediates within a mixed
samplethe aim wado 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 higherder assembly samples. While the peak current
amplitude versusdwell 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 condine, 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 deéid as the area of the conducéiviranslocation peak

(Figure 3.15A(116)
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Figure3.15: Folding yi¢d quantification of DNAanacstructures based on nanopore analy§4s.
Schematic representation &quivalent Charge Surplus (EGBtained from calculating the area

of the translocation peakgB)ECS as a function of the DNA origami surface area for the four
DNA nanostructure assebled (the red line represents a linear fit to the data). The error bars
represent the width of the Gaussian fits displayed in pandéCJECS histograms of the DNA
origami samples; &m left to right: monomer, dimer, trimeand 2x2 sample. The distrifmns

were fitted with single or multpeak Gaussian distributions. The notatieiVimarks the peaks
corresponding to each of the DNA nanostructures in the respective samgelfe dimer
sample shows two peaks in the ECS distribution, attributed tptesence of the monomer (1)

and dimer DNA origami (1) in the sampl&)Agarose electrophoresis gel of the DNA origami
samples; from left to right: monomer samples, dimer sample, trimer sample, and 2x2 sample.
The HV notation of the gel bands markise presence of the nanostructure comparten the
respective samplgE)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 abdypeak 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 highagr assembly state of

DNA origami, and can be expected to scale linearly with the size of the foglear
assemblies made from identical DNA origami (monomeFsys is confirmed ifrigure
3.1, where the average ECS values of the DNA origami designstie peysus their
surface area. The red line representsredr fit to the dataFigure 3.1& depicts the ECS
distributions for each higheorder DNA origami sample analysed with the nanopore
platform. In contrast to the distributions of theeak currentmaxima Figure 3.8), 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 partcuhigherorder 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@®rp to contain predominantly
monomers and at most a negligible amount of regrecifically assembled higherder
structures. This is reflected in the very prominent peak centred around an ECS of ~150
pC (leftmost panel ofFigure 3.18). The solid lineepresents 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 pecific
assemblies, but the contribution is difficuld tquantify and is significantly smaller.
Therefore, we allocate the ECS peak centred at 143 pC (labelled I) to the monomer. The
ECS distribution of the dimer sample shows tvaaks (second panel ¢figure 3.1E).

In this assembly sample we expect the momorand of course the dimer to be present.
Therefore, we fitted the distribution with a twpeak Gaussian while keeping the first
peak fixed at 143 pC, the position obtained from the monomer sar(iplostleft panel

of Figure 3.1&). The fits are representelly solid lines in the figure; the red line
represents the fixed monomer peak (1), and the blue line the additional peak (II) which
yielded an average ECS of 332 pC, and which we attribute to the presence of the dimer.

To confirm that peak Il indeed repressts 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 maxiveasusdwell time density scatter plots

(Figure 3.1h
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Figure3.16: Clusterisolation based on ECS).Density scatter plots of the current peak maxima

as a function of dwell time for (top to bottom): monomer sample, dimer sample, trimer sample,
and 2x2 samplgB)ECS histograms for tiENA origami samples presented in panel A. Marked
Gaussian fitted peaks correspondto the DNA nanostructures of interest in each sé@jphe.
corresponding sliced cluster depicted in a density scatter plot using only the translocation events
sliced accating 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 compared to panel A.

As shownn the second row oFigure 3.16the monaner componentin Figure 3.13 is
not present in the density scadt plot (panel C oFigure 3.1% supporting the viability
of this ECS clustering to mark the different DNA nanostructure components present in

the assembly samples. The same approach was #pplied for the trimer and the 2x2

-70-



sample, resulting in an ECS distribution peak at 481 pC (lll) which represents the trimer,
and an ECS distribution peak at 636 pC (IV) which represents the 2x2 component. A slight
discrepancy was noted between the fixedonomer 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 nanopipetie 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 yielded vdefined isolated clusters in the
respective denity scatter plots Kigure 3.1€). 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 event&igure 3.1), showing that the results

remain consistent for shorter current traces (1misi3min recorded trace).
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Figure3.17: ECS histograms for dimer sample based omar8ite translocation recordinf)
and Eminute translocation recordinB). Solid lines are Gaussian fits to the distributions.

The areas of the Gaussian fits to the ECS distribution peaksealltiwassociate
individual translocation event to a distinct assembly state (monomer building bldbk, fu
assembled DNA nanostructure, or assembly intermediate) and thus to estimate the
percentage of each higherder DNA nanostructure present in the samples and
compute an assembly yieldrfeach DNA constructigure 3.1& (blue bars) shows the
yield forforming the desired engbroduct for each higheorder assembly sampleg.

the percentage of monomer (1), dimer (II), trimer (Ill) and 2x2 (IV) in the monomer,
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dimer, trimer and 2x2 sample, respectively. As expedteoh the histogram irFigure
3.15C, theyield for the monomer is 100%, while yields for the higbeter assemblies
decrea® with the increase in assemblio 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. Figure 3.18he ECS distribution based

on the recordings of five independent nanopipettes is shown and the vyield
corresponding tdhe dimer DNA nanostructure for each repeat was quantified, showing

a standard deviation in the calculated yield of 2% for 5 pathelent measurements.
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Figure3.18. ECS histograms for dimer sample based on recordings obtained from five different
nanopipettes measurements.

-72-



Table3.1: Percentage of dimer DNA nanostructure yigitermined from the ECS distributions
based on five different nanopipette measurements of the same sample together with the
standard deviation.

Nanopipette
Dimer assembly yield quantification
repeat
Dimer Dimer
Area ECS peak | Area ECS peak| nanostructure nanostructure
yield yield = SD
Nanopipette 1 4.2 14.2 77
Nanopipette 2 3.2 14.7 82
Nanopipette 3 3.6 14.0 80 79+2
Nanopipette 4 3.5 14.1 80
Nanopipette 5 4.3 14.1 77

To further support the proposed quantification approach based onBRsS discriminant,

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 a stacked trimer configuration assembly using the sa@psembled monomer
building blocks. To achieve this, the folding mixture consisted of a monomer set with
two edge staples placed on its opposite edges in order to favour a linear assembly of the
three preassembled monomers. The assembly configuratidfedince between the L

shape trimer and the stacked trimer is depictedtie tAFM micrographs iRigure 3.19.
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Figure 3.19 Comparison nanopore translocation of two different trimer nanostructure
configurdions. (A) AFM micrographs of trimer DNA nanostructure assemblstidpe (top
panel) and stacked (bottom panel) configuration (50 nm scale fBYypensity scatter plots of
peak current maxima as a function of dwell time for th&Haped trimer DNA samp{top panel)

and stacked trimer DNA sample (bottom panel). The number of events analystat,each
sample is given in each pan@)ECS histograms of theshaped DNA sample (top panel) and
stacked DNA origami sample (bottom panel). The distributieere fitted with single or muki
peak Gaussian distributions. The notatielil marks the peaks corresponding to each of the DNA
nanostructures in the respective sample, attributed to the presence of the monomer structures
(1), and dimer structures (lland trimer structures (I11) 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 reasg, the stacked trimer DNA origami sample
was translocated under the samanopore conditionsFigure 3.18 shows the density
scatter plots for the ishape and stacked trimer DNA origami samples with three clusters
identified in both cases which are agsated with folding of the trimer nanostructure,

its partial folding (dimer), or the presence of unreacted -pgsembled monomers.
Moreover, the ECS distribution of the stacked trimer DNA origami samples consistently

shows three peaks similarto the ansiy of the kshape 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 H§&&Sed quantified yield for the trimer
nanostructure present in the twdNA origami samples show particular differences.
Whereas the ishape 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 vyield obtained for the monomer nasiouctures was approximately double in the
case of the stacked trimer sample (35%), in comparison withgbape 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 appagh can further support the investigation of different
assembly designs and serve as feedback in the design optimization ebriegyh

assemblies with higlgield and higkstability characteristics.

3.5.5. Assembly yield comparison with gel electrophoresis

Tradtionally, agarose gel electrophoresis is often employed to estimate assembly yields.
An electrophoresis gel containing lanes for each higinder assembly is shown in
Figure 3.1B, and the assembly yields were determined from the agarose gel by
densitomety and taking into account the size of the structure. The resultshosvn as

red bars inFigure 3.1& and the numeral values are shown ifable 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 higler assemblies

for the trimer and 2x2 sample compared to the nanopore measuremehblé 3.2.

Our approach isamparable to gel electrophoresis in terms of costs and ease of use but
with the added advantage of single molecule sensitivity and the ability to obtain
guantitative results withinminutes. Another often employed means of assessing the
yield of DNA origanstructures is AFMOur AFM micrographsH@gure 3.1} confirmed

the heterogenous character of the higherder 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 strekures and fine detail of the folding can be 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 vyield is
questionable 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 unelresentation 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 underepresentation of monomers in the higherder assembly samples

(trimer and2x2 samples) compared to the nanopore measurements.

Table 3.2. Percentage of DNA nanostructures determined for each DNA origami sample
analyzed. The notationlV refers to the DNA origami nanostructures geat in the sample
analyzed: {monomer nanostructure, Hdimer nanostructure, IHtrimer nanostructure, and IV

- 2x2 nanostructures. The dash indicates that the component was not detected and no
percentage was computed.

DNA origami Ratio DNA anostructure nanopore  Ratio DNA nanostructure agarose
sample analysis (%) gel analysis (%)
Il 11 v I Il 1] v
Monomer
100 - - - 100 - - -
Sample
Dimer Sample 23 77 - - 12 88 - -
Trimer Sample 17 21 62 - 48 19 33 -
2x2 Sample 44 14 10 33 66 13 3 18

Campared 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 labefree analysis of the DNA origami samples within a few minutes with
single nolecule 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 revedhe presence of DNA constructs that have formedhwiery

low yields. InFigure 3.F we demonstrate nanopore detection of DNA origami
nanostructures down to the 50 pM concentrations.

In addition to utilising nanopore measurements for the determinatiomsfembly yields

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 high@rder DNA constructs and shed light on thetability

in different assembly configurations. Furthermore, the analysis istie® 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 thepoa@@pproach

in labelfree separation or purification, where, depending on the translocation peak
characteristics, the DNA nanostructure can be steered.glectrophoretically) into a
collection or waste tube. Future developments of the nanopore measare approach

will include the parallelisation of measurement using arrays of nanopores to increase
throughput. Previous studies demonstrated the fabrication of setmte nanopore
arrays on silicon nitride or graphene membran@st9,150) which are manufactured
using inherently scalable approaches. Similarly, Alawetral. have shown the use of
multiple glass nanopipettes embedded in a PDMS de\({itek) Furthermore, machine
learning approaches integrated with nanopore measuratsecan lead to a redglme
classification of the DNA nanostructures. Examples of combining nanopore sensing with
machine learning has been demonstrated for different analytigs?-154) As the field

of DNA origamis 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

guantificatian 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 (>100@eats) for each sample within minutes enables
statistically relevant studies in a nafestructive and labefree way. The discrimination

of various assembly states for higheder DNA origami assemblies was demonstrated
based on their equivalent charge rplus 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
singlemolecule detection is requiredThis work complements related approaches of
using nanopore translocations characteristics to differentiate between DNA
nanostructures with different geometriegs8,155,156)further enabling the analysis of

higherorder assemblies.
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Chapter 4Nanopore Sensors for Enhanced
Detection of Nanoparticle Mixtures
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4.1. Overview

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

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

solidstate nanopore approach to discriminate nanoscale variations and its potential as
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a complementarytoolbox for the analysis of nanoparticles. The work described in this
chapter was adapted for manuscript publication in BioR®i%7) and submitted for

journal publication.

4.2. Aim and challenges

Nanopore sensing has been successfully used to characterize biological molecules with
singleentity resolution based on theesistive 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, thegquire 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 armuctive 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 maadsi science of our system by
OKI N} OGSNAT Ay3 (GKS RSAINBS 2F oO0N}YyOKAY3
ydzOt SAO I OAR O2@SN} IS 27F aa2T7 (iEhis wad@nillSA Yy
have clear impact in the field of materials sciencekgloring the potential of nanopore
sensing for the labelree analytical characterization of a wide range of nanopatrticle

systems.

4.3. Introduction

Over the past few decades, the use of nanopatrticles has played a significant role in the
advancement of medine, optics, and electronic§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 now#tiag)
Understanding the structuraiunctional relationships of engineered nanoparticles is a
continuous undertaking that requires andepth exploration of their physicochemical
properties. Therefore, the ability to characterize nanoparticles in a Hhgbughput

manner is of utmost importance. However, characterizing nanoparticles in their native
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state, specifically in heterogenous mixtures, presents many challgiddg Dyramic

light scattering (DLS) or bis spectroscopy are ensemideeraging techniques and,
therefore, fall short in fully characterizing heterogenous nanoparticle mixtijfesl)
Nanoparticle tracking analysis (NTA) is suitable for analysing size distribution of
polydisperse nanoparticle suspensions, however it poses limitations in terms of size
ranges (~361000 nm) and its accuracy dependence on coneian, and assessing
particles with different shapegl62) Imaging methods such as transmissionceten
microscopy (TEM) provide higésolution characterization of individual nanoparticles
but suffer from sampling bias, low throughput, and require careful sample preparation
(33).

As discussed in the previous chapteanopore sensing is a powerful laHete electrical
technique that uses the Coulter principle for single entity anal§i&id) This tehnique

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 currgniab
combination of geometrical exclusion of electrolyte solution, ion concentration
polarization, and additional charges brought by the analyte it¢BH,163) The
magnitude and duration of these modulations reflect the treotation dynamics of the
analyte, which are dependent on its physicochemical propertieg.(size, shape,
charge)131,164,165)Moreover, large numberof nanoparticles can be driven through

the pore, making iain appealing sensing method for higflroughput characterization.
Even though nanopores have been employed in numerous sensing applications, it has
an untapped potential for the analysis of nanoparticlé$6) This is because current
nanopore measurements require the size of the pore to match the size of the analyte,
limiting the invesigation to homogenous mixtures(108,167,168) Furthermore,
nanopore measurements require higbnic-concentration electrolytes which precludes

the analysis of nanoparticles systems that are unstable at high sireagth (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 siz&7,170)

In this chapter polymerelectrolyte enhanced nanopore sensing which enables the

analysis of heterogenous nanoparticle samples at low ionic streisggiiesented The
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polymer electrolyte environment genetes 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 mixtusésiilarto the what

has been described in ChapterThen, the characterization of nanoparticles at low ionic
strength (10 mM KClI)s demonstrated, enabling the analysis of anisotropic gold
nanostars (AuNS) with varying degrees of branchiedore reporting the detection and
analysis of an emerging class afi¢tional soft nanoparticles, protein spherical nucleic
acids (ProSNAs) with distinct oligonucleotides shells. The smagieparticle analysis
approach described herein will complement the toolbox of existing nanomaterials
characterization techniques unlshing the potential of nanopore sensing for the

universal analysis of nanopatrticles.

4.4. Materials & methods

4.4.1. Chemicals & materials

lf NBIF3ISyida d@aSR Ay GKS (N}yaf 2 @bdiNg2 yo I SiESU
oMy d@®Ya FTNRY aAffALRNBE a2aidSYy yR FdaNIKS!
CNAIIR2Y 95¢! > yR t9D NBF3ASyda 6SNBE LzZNDK
Ol MB&l LIS R yIy28LKSNBE o6mMnsE HnX onImnns
OF LIWSR yIy2NRRa omOlF BEIJAR yNy2 &Mk DEha Od d M
LX | GAydaOlF OMNSRI &S y2aLIKSNBEa oon yY RAIFYS
bl y2/ 2 WtIREA FNIyRQE S &aAT S NBLRZ2 RASRISKSNB 2 RE
YSGOI®ZMBONI & O8 Sl y2LI NI A Ot 3 ND2E&SR O

I RRAGA2yilHe LA AYl 6Sté& ¢ yY (KAOlyS&aao
4.4.2. Nanoparticle characterization
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4.4.3. Nanopore fabrication and character&tion

The nanopores were fabricated startiigtpm 1.0 mm x 0.5 mm quartz capillaries
(QF12090-10; Sutter Instrument, UKyith the SUP2000 laser puller (World Precision
Instruments, UK), using a twme program: (1) HEAT, 750; FILAMENT, 4, VELOCITY, 30;
DELAY, 145, PULL, 80; (2) HEAT, 600, FILAMENT, 3; VELOCITY, 40; DELAY, 135; PULL,
The pulling parameters are instrume 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 poresistance in 0.1 M KCI| and the pore
dimensions were confirmed by Scanning Electron Microscopy (SEM) using a Nova

NanoSEM at an accelerating voltage g6 &V.

4.4.4. Nanopore translocation measurements

Unless otherwise specifiedhe translocation experimentgere carried out by filling the
glass nanopore with the translocation buffer (50 mM KCI, 0.01% TXtd® 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 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 insertedh@ 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 &ppg 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 pakamp amplifier
(Molecular Devices) in voltaggamp mode. Bta was acquired at a 100 kHz sampling
rate with a 20 kHz lowass filter using the pClamp10 software (Molecular Devices). The
ion current traces were further analyzed with the MATLAB script Transalyzer, developed
by Plesaet 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 anfEM characterization was conducted by Strobbia
laboratory at the University of Cincinnati, USPhe samples were used as received.

First, citratecapped gold nanoparticle (12 nm) seeds were synthesized using the
Turkevich method(172) Briefly, 100 mL DI 2@ boiling wa¢r and 200 pL of 0.5 M
HAuC] were dispersed for 10 s. 15 mL of 1% trisodium citrate was added. After the final
colour change, the solution was boiled for-36 minutes. Then the solution was cooled,
filtered through a 0.22 pm nitrocellulose membrane, atdred at 4°C until further use.

The Au nanostars synthesis followed the-Dah group surfactantree procedure with

a few modificationg173) In brief, under room temperature and fast stirring, 10 mL of
DI HO, 10 uL 1 M HCI, and 493 pL of 0.5 M HAuEE added to a plagt scintillation

vial. Then, 100 pL of Aeeds were added, and 10 s&terward quickly added AgNQf
various concentrations B mM; samples named S5, S10, and S30 relating to the
AgNOdJinal concentration, 5 puM, 10 uM, and 30 pM, respectively) and 5@{.0.1 M

AA (ascorbic acid)simultaneously. After the Au nanostar synthesis, 3250f thiol
stabilizer ( HFPEGCOOH) was added to the Au nanostars, vortexed, then idle for 30 min
at room temperature. After 30 minutes, the solution was centrifuged aadhedthree

times with DI HO (1500g, 15 min, £C). Lastly, the samples were redispersed inZ0l H
and stored at 4 °C until used. Au Nanostars with thiol stabilizer were prepared for
imaging by dropping 10 pL off@ld diluted sample onto a 20thesh 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 nanopdcle tracking analysis (NTA) system with a 532 nm laser4Q and 80

fold dilutions of the samples were used for the measuremehtginction spectra of the

samples were collected via a Biotek Microplate reader.

4.4.6. ProSNA synthesis and characterization

ProSNA synthesis and characterization wasducted bySamanta laboratory at the
University of Austin, USAhe samples were used as receivedgalctosidaseSNAs
were synthesized by following previously established procedures with some
modifications(26,27) Briefly, surface cysteine groups are first modified with Alexa Fluor

647 G maleimide. Followinghis step, NH®EG-azides are conjugated to the surface
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accessible lysine residues. Finally, DB&f@inated DNA is attached to the azide
modified proteins through coppeiree click chemistryl & (12 O &galf(Sigind) 2 y 2
was exchanged into DPBSy(8a) through centrifuge filtration (15000 rpm, 3 min?@),

three times washing using a centrifug€hermo Fisher) using 100 kDa MWCO Amicon
FTAL GSNE 0 ¢ KSdadas tBeh tiektSdNihdT CBPKNE final concentration)

to reduce the disulphiddbonds and vortexed. Thereafter, the solution was passed
through aNARp O2f dzyy G2 NBY20S ( K-§al sdlitiontwask y R
concentrated using a 100 kba MWCO Amicon filter. The protein concentration was
determined via UWis spectroscopy usingatextinction coefficient at the characteristic
protein peak at 280 nm. Then 306ld molar excess of Alexa Fluor 64Maleimide (AF

647, Thermo Fisher, Invitrogen,) was added to the protein and the mixture was shaken
overnight (1000 rpm, 4C) using a Behmark MultiTherm Heating and Cooling Shaker
(Marshall Scientific). The solution was then rinsed multiple times with 0.1 M NaHCO
(Thermo Fisher) usingl®0 kDa MWCO Amicon filter to remove any unreacted dye. The
absorbance of the filtrate was monitoredt 850 nm to track the free dye. The washing
was stopped when the absorbance at 650 nm was negligible.

Using UWis spectroscopy, the concentration of the protetd () and the number of

dyes attached per proteind( ) were calculated using Equatiodsl and 4.2:

~

& (Eq.4.1)
0 — (Eq.4.2)
o is first determined usingquation4.1, where - = 270,000 M cntt. The
value for- i$8,100 Mt cnl.

Thereafter, NH®EG-azide (Thermo Scientifiwas added to the dyabelled -3 | f- 0}
galAF) at 1006old molar excess and the retion was incubated for 1.5 &rwith
shaking (1000 rpm, RT). The reactiontomx was then run through a NA® column
(Cytivallustra)and washed 5 times using centrifuge filtration (100 kDa MWCQ@a&mi
filters, 15000 rpm, £C, 3 min per wagho separate any free azide molecules. The
LINEGSAY O2yO0Sy i NI-gavARafidepwhs ajainSletediBdRviz®M 6 |
spectroscopy. Then 5@ld molar excess of DBEGDb ! ¢ & I -GaRAGaxzideld 2 |
(samples were prepared with both DBEINA 1 and DBGDNA 2;see Table4.1 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, 4G ¢ YAY LISNJ ¢l aKo G2 NBY203SNAZ)NS S
was characterized by WMs spectroscopy. First, based on the absorbance at 647 nm,

© was first determined. Then, using Equatiod.2, & was determined.
Subsegently, using the absorbance at 260 nm, the number of DNA per protein ()

was determined using Equatich3:

o (Eg. 4.3)

Table4.1: DNA sequences uséar ProSNA samples.

Expected Observed

Sequence 8260
{ S1lj dzS yoOB0y 06 mass mass
name (M-tcml)
(m/z) (m/z)
DBCO DBCO TEGTTT AAG ACG A
240,800 7351 7250
DNA 1 ATT TAA GAA
DBCO DBCO TEGTTT AAGAC TC/
228,600 1247 7162
DNA 2 TAT TAA CAA
C6SSAAG ACG AAT ATT T+
ThiolDNA 200,500 5760 5787

GAA

C6SS: ThieModifier C6 S5 (2O-DimethoxytritythexytR A & dz -[REcyRré&thwin
(N,Ndiisopropyl)}phosphoramidite)

DBCGE¢ 9 D-DBQEEG Phosphoramtdi (10-(6-oxo-6-(dibenzo[b,flazacyclooet-yn-
1-yl)-capramideN-ethyl)-O-triethyleneglycoll-[(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 nanopi@les was probed by means of sehthte
nanopores. It has been previously shown that the use ssitie nanopore systems
based on polymer nanopore enhances signals when biological macromolecules are
analysed €.g, DNA, see Chapter 80,109) 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 basi®f 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 electrolytedution (typically KCI). 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 nega®ly 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 bufferwith 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 # absorbance peak and an increase at longer wavelengths. ThasuVv
measurement after 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 théAuNPs prepared in watefError! Reference source not found). S
imilarly, the AuNPs suspensiovas measured by DLE&r(or! Reference source not
found.B), showing no broadeng of the size distribution (hydrodynamic diameter) of
the nanopatrticle, or the presence of aggregates. All in 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 incubatia period used for the stability assessment exceeded the nanopore
measurement conditions (ionic strength and incubation time) and therefore can be

regarded as a worstase scenario.
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Figure4.1: Stabilityassessment AUNP suspended in 100 mM KCI buffer sol(Apb\V-Vis
spectra of 50 nm PEG carboxcgpped AuNPs in 100 mM KCI buffer solution measured after 1
hr incubation (red line) compared with a preparation in MQliwater (black line). A similar
spedrum is observed in both cases indicating that the nanoparticles in 100 mM KCI buffer
solution are stable for >1 h({B) Dynamic light scattering (DLS) measured size distribution
(hydrodynamic diameter) of nominally 50 nm diameter PEG carbcagyped AuNPseasured

in 100 mM KCl after fir incubation.

4.5.2. Enhanced detection of spherical nanoparticles

In this work, a polymer electrolyte nanopore syst€bv) was used to enable the
detection of heterogenous nanoparticle mixtures with a fixed nanopore size (diameter)
(109) Glass nanopores with diameter of 60 nnwere fabricatedby mean of laser
pulling nanopipettes. A representative SEM image of the nanopore and cwolage

of nanopres from different pulls recorded in 0.1M KCI are depicted in Figure 4.2.
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Figure4.2: Representative nanopore characterizatigA) Scanning electron micrograph of a
representative glass nanopores usedhis study. Inset: top view of the nanopore tip showing
that ithas a ~60 nm internal diameter. Note: The micrograph foreshortens depth resulting in an
exaggerated angle of the pipette wéB)Currentvoltage curves {V) of three glass nanopores
recordedin 100 nM KCI. All three pipettes were pulled with an identical program which gave
~60 nm pores, sth as the one shown irgmel A.

The translocation of uniform 20 nm gold spherical nanopaidl@UNPs) sample was
probed utilizing a glass nanopebaseal system with a tailord pore size diameter. The
TEM image in Figure 4.3 depicts the uniform sphémeaoparticles, confirmingheir

diameter size.

Figured4.3: TEM image of 20 nm diameter gold spherie@hoparticles. Scale bar TEM graph: 50
nm.
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The translocation of 20 nm gold sphericalnoparticles (AuNPs) samples was
investigatedunder an applied voltage o500 mV. As depicted ifrigure 4.4 the
nanopore setup consisted of ranopipette filled with and immersed in an electrolyte
(KCI) 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 exteral bath. As shown ikigure 4.4A, no translocation events
were observed for the 20 nm AuNPs using standard electrolyte buffer condii@s (
50mM KCI solution) due to the large pore with respect to the diameter of the AuUNPs.
However, the addition of 50% w/v PEG (polymer eldgte) to the outer bath resulted

in conductive (curreaenhancing) translocation events wedsolved from theion
current baseline (Figure 3. These events are characterised by a specific conductive
peakmaximaamplitude lc) and dvell time (as showin Figure 4.8 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 eagyimplement and reproducible leading to the
recording of several hundreds of events in several minutes. Compared to other methods
for increasing detection of moleculg&74) our method solely relies on adjusting the
external bath conditions, therefore excluding potential interferences related to the
nanoparticle samples investigatettilizing 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 bafA) Schematic
illustration depicting 20 nm AuNPs translocating across the nanopore towards tee lwath

into the outside and the recorded ion current trace-800 mV for 20 nm AuNPs utilizing a 50
mM KCI external electrolyte batind a 60 nm diameter poréNo translocation events were
observed under these conditiond) Representative translocatiosetup depicting the use of
50% (w/v) PEG (polymer electrolyte) in 50 mM KCI in the external electrolyte bath with the
corresponding recorded ion current trace-&00 mV, showing conductive translocation events
for 20 nm AuNPs. A representative translocatevent is shown in the inset with the
translocation peak amplitude and dwell time characteristics.
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The translocation characteristics of th20 nm AuNPs was first studied. Control
experiments were conducted to confirm that the recorded peaks fronciorent traces

are associated with the translocation of AUNPs. No events were obsanadzsence of
nanoparticles in solution (Figure 4.5A) or under the application of a positive voltage
(Figure 4.5C)Furthermore, no translocatiorevents were observed uder nobias

conditions (Figure 4.5D).

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

l

+500 mV: AuNPs

D 0 mV: AuNPs

<
o
(=
n

5 sec

Figured.5: lon current traces recorded with a 60 nm diameter glass nanopore in a bath solution
containing 50% PEG in 50 mM KCI. The glass nanopore was bi#8¢eb80 mV when no
analyte was added inside the glass nanop@B3;500 mV when 20 nm diameter PEG carboxyl
capped AuNPs were added inside temnopipette (C)+500 mV when 20 nm diameter AUNPs
were added inside the glass nanopqi)0 mV when 20 nm diamet&uNPs were added inside

the glass nanopore. The current and timescales are the same for all graphs. A concentration of
25 pg/mL was used for the recordings with 20 nm diameter AUNPs.
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Furthermore, nFigure 4.6a plot of the power spectral density degdhe noise profile
for measurements with and without the addition of PEG to the external bath, showing

similar noise characteristics.
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Figured.6: Power spectrum density plot of 60 nm diameter pore biage&00 mV with 50 mM
KCI (blue trace) and 50% PEG and 50 mM KCI (red trace) external bath solution.
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Apart from the control experiments shown abovetatsstical histograms of the
amplitude and dwell time events at different voltageseets are displayedor
translocation of 20 nm AuNP$he translocation events were normalized to the event
count for each recordinglncreasing the magnitude of the applied voltage led to an
increase in amplitude of the conductive peak current and a decrease in the dwe|l ti
suggesting that the electrophoretic force plays a major contribution in driving the
negatively charged APs through the poreHgure 4.A-D). Statistical histograms of the
amplitude and dwell time events at different voltageseats are displayed ifkigure
4.7A and Figure 4.€. The voltage dependence suggested that the recorciatent
signals are the resulof particle translocations through the nanopore, rather that
binding or accumulation of particles at the orifice. Similarly, a linear increaieein
frequency of the translocation events was observed with increasing voltage and

increasing nanopdcle concentrations Kigure 4.EF).
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Figure4.7: Translocation event characteristics of 20 nm diaeyeREG carboxydapped AuNPs
translocating through a ~60 nm diameter pore with 50% PEG in 50 mM KCI external bath.
Histograms of the conductive peak curref®) and dwell time(C) distributions for applied
voltagesV=300mV,-400 mV,-500 mV,-600 mV, ad -700 mV. The solid lines represent
Gaussian fits to the distributions. Average conductive peak cu(@and dwell timgD)atV =

-300 mV ;400 mV ;500 mV;600 mV, and700 mV. Error bars show the standard deviation from
three independent recordingaith different pulled glass nanopores. The conductive current
peaks were larger with increasingly negative voltages, while the dwell times shor{&)Edent

rate of the 20 nm diameter AuNPs translocation as a function of vol(&yfevent rate of the0

nm diameter AUNPSs translocation as function of the sample concentration 6, 8, 12, and 25 ug/mL
which correspond to concentrations of 1.4X 101 x 1€, 7.1 x 1&,and 3.1 x 18 particles/mL
(calculated assuming all particles have the same avedagmeter). Error bars show the
standard deviation from three independent recordings with different pulled glass nanopores.
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To better interpret theenhanced detection effeaflescribed here pores with similar
diameter (60 nm) were utilized to translocatéfdrent AUNPs samples (50 nm, 20 nm,

and a mixture of 50 and 20 nm AuNPs) both in KCl and 50% PEG and KCI, by switching
external bath where the glass pore is immersed into. These results are depidigpe

4.8, where a dramatic increase in the SNRth## translocation peaks can be observed

between the no PEG case and when PEG is added to external electrolyte bath.
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Figured.8: lon current traces of nanoparticle translocations through a ~60 nm diameterip

which the external electrolyte bath was eithgx) 50 mM KCI o(B) 50 mM KCI + 50% PEG. The
inside of the nanopore contained PEG carbecgpped AuNPs of 50 nm diameter (left), 20 nm
diameter (middle), or a mixture of a 50 nm and 20 nm diametgh{ji Singleglass nanopores

(=60 nm diameter) was used for each nanopatrticle mixture in the two conditions. In the absence
of PEG in the bath solution 20 nm AuNPs translocation peaks are not resolved from the current
baseline. The current and time scabs the same for all the ion current traces in panels A and

B. In all cases, the glass nanopore contained 50 mM KCI withou{@S8atter plots of the
O2y RdzOG A @S IPBelrsis d@ediANideBf yhé transfodation events extracted from the

ion curent traces in panel (B). lon current traces were recorde@@® mV. The concentration

of the individual AUNPs (50 nm and 20 nm AuNPs) was 25 pg/mL, whereas the 50 nm and 20 nm
AuUNP mixture was recorded at mixture ratio of 10: #6620 nm AuNPs
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Interesingly, for larger diameter AUNPs (50 nm) that closely match the diameter of the
pore, a change from resistive peaks (current reducing signals) to biphasic signal (resistive
and conductive peaks) was observed when PEG was used in the externatbatls. T
exemplified inFigure 4.8-B where in both cases, 50 nm AuNPs and 50 nm AuNPs
artificially mixed with 20 nm AuNPs, a strong biphasic signal can be observednThe
current traces inFigure 4.8 show a clear discrimination regarding the current
amplitude ofthe 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 plotgFigure 4.&). The average conductive peak amplitude was 61.1 £ 1
pA for he 20 nm AuNPs and 225 * 1 pA for the 50 nm AuMRsder 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 nominalpore diameter. As displayed in the ion current traces and the individual
translocationpeaksin Figure 4.9a similar enhaced effect was observed in the case of

all three different pulled glass nanopores with similar pore diameter (60 mimg.large
amplitude difference denotes the strong signal enhancement generated by the polymer
electrolyte thatallowed the analysis ofrange of different AUNPs with a fixed nanopore

size (60 nm in diamet} as further exemplified in the following sections.
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Figured.9: Enhanced translocatiosignal reproducibilityf 50 nm AuNPgA)lon current traces
obtained with three different glass nanopores. All the ion current traces were adjusted to the
same current and timacale.(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@sing 6
nm diameter pore sizes and 50 nm diameter AuNPstranslocated in 50% PEG and 50mM KCl and
biased at500 mV. A repducible effect of the enhanced translocation signal can be observed.
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4.5.3. Enhanced detection of nanoparticle mixtures

Following the detectin 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
AuUNPs suspensions with different diameters, ranging from 10 nm to 50 nm. Similarly, a
fixed pore size (60m diameter) was utilized for each set of AUNPs. The corresponding
ion current traces recorded for each seft AUNPS are shown Figure 4.10 showing

clear differences in terms of the amplitude magnitude of the each AuNPs set analysed.

A 50 nm AuNPs C 30 nm AuNPs
\ | |
\ .
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i
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< | T
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Figure4.1C: lon current traces for PEGarboxyl capped AuNP samples translocated through 60
nm diameter nanopores into an electrolyte bath of 50% PEG in 50 mM KCI. The pipettes were
biased at500 mV and filled with 50 mM®& containingA) 50 nm diameter AUNP&3)40 nm
diameter AUNPSC)30 nm diameter AUNP$D)20 nm diameter AUNP$E)10 nm diameter
AuNPsor (F)or amixture containing: 10, 20, 30, 40, and 50 nm AuNPs. All the ion current traces
have the same currdrscale; however, parts D and E have a shorter timescale to allow showing
the higher translocation frequency. Optimization of the event rate has not been a focus in this
study.The nanoparticles concentrationspanels (AJE) were 25 ug/mL.
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The individial signals obtained for each set of AUNPs was analydézereas the
conductive peak represents the dominant featume the ion current signaturesa
distinctchange in the translocation signatun&as observedvhen different nanopatrticle

to pore sizeratios wereemployed Namely, when the size of the nanoparticle closely
matched the size of the pore, an additional resistive peak was observed. Thaviber

is evidenced iMable 4.2and Figure 4.11Avhere a biphasic (resistive and conductive
peak) signafiransitionsto a conductive signal when the size of the AUNP decreases with

respect to the size of the pore.

Table4.2: Average conductiven(c) and resistivey{lg) peak current valuewith the standard

error (SE)pbtained for PEGcarboxyl capped AuNP samples translocating through ~60 nm
diameter nanopores into an electrolyte bath containing 50% PEG and 50 mM KCI. The pipette
was biased at500 mV, and filled with a solution containing 50 mM KCI and 25 pg/mL of
nanoparticles. Note: we were unable to measure resistive peaks for the 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 in the table

Pore NP NP
diameter diameter diameter/ Translocated nlcx SE nlrx SE
pore events (pA) (pA)
(nm) (nm) .
diameter
50 0.83 286 225 1 71+1
40 0.67 469 160 + 2 37 £1
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 facle
nanoparticle set (Figure 4.B). The average conductive peak current increased with

the ratio of nanoparticle to pore diameter (¢t .), as shown in Figure 4.C1
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Figure4.11: Nanopore detection of gold nanoparticle mixturéa) Top panelTEM images of

the standard AuNPs, lefb-right: 50, 40, 30, 20, and 10 nm diameter (50 nm scale bar). Bottom
panel: schematic representain of the AUNP translocating through a 60nm fixed pore size with
representative individual translocation peaks for each AuNP, denoting a transition from biphasic
to conductive signature when the ratio of nanoparticle to pore size decredBfvent
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 dataet. The distribution of the 40nm sample iswider beise of a 15% coefficient

of variation of the nanoparticle size compared to 5% for the other sam&Average
conductive peak current as a functiog,ttl pore. The error bars represent the standard error of
the Gaussian fits displayed in panel B.

Convationally, 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 voluexelusion 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 iondrought by the ion cloud of the charged particles which
temporarily increases the pore conductivity/76-178). The formation of biphasic signals
(resistive and conductive peaks) has been reported as well. In disis, @t 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 travegsithe pore (179)
Nevertheless, the magnitude of the resistive and conductive peaks can be influenced by
several factors, includmnthe electrolyte concentration, nanoparticle to pore size ratio,
and the nanoparticle surface charg&77) Sensalet al.,identified the surface charge

of the particle as the main factor that influences the characteristics of the translocation
signal through the glass nanoporés30) 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 volueeclusion effect.
Similarly, in the studies conducted by Menestrigizgal. and Cheret al., biphasic signals
were reported both experimentally and in simulations when charged particles are
translocated through in lovgalt buffer conditions (below 200 mM KC1B81,182) The
authors reported resistive peaks followed byanductive component and explained the
effect considering the charge carried by the analyte that causes a temporary ion
enrichment at the aperture when lowalt conditions are used. Although, similar
behaviour has been reported in this study, the magnitefiéhe 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 neyative applied biasas show in the voltammogram in Figure 4.11This

has been suggestedto be the effect of cation transport hindrance due to the PEG binding
of cations in the external bat(s7,109) Under such conditions, the countemn cloud
caried 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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Figured.12 Voltammograms of a nanopipette in 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 chargkds wall of the nanopipette, which makes it
permselective to cations, as previously described for glass nanofit#8k 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 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
condition in the absence of PEG (0.6 S/m).

Furthermore, in a recently reported mechanistic study fronr guoup 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 (KCI only and the
polymer electrolyte bath110) Here it has beenproposedthat the interfaceat the
aperture is deformed by translocating particle®fn 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 patrticle.
Although, the conductive component proves to bee dominant feature here, the
experimental results presented here suggest that when the dimensions of the particle
and the pore diameter closely match, the geometry voluexelusion effect contributes

to the ion current signal modulation as wéHigure4.9A) Sensalet 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 countens, where the translocating
particle first results in a resistive peakelio the volumeexclusion effect, and the

exiting of the particle through the pore follow with a local increase in the ion due to the

- 102-



tail of counterions under the applied electric field inside the po(@80) This
explanation canpotentially give insight intathe order of peak formation (resistive
followed by a conductive) in the biphasic signals recorded.

Considering that the conductive peak component represents the main featuall 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 conductivieipbasic
signal is dependent on thengdpore, pores with different diameter (large and small)
were tested as wellwhile fixing he size of the AuNPEigure 4.13 portrays the effect

of this ratio change when a larger pore (150 nm diameter) was usdbddranslocation

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 adustive signal onlyHigue 11A), a
transition to the biphasi signal is obtainedFgure 4.1B). 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 @f/dthore ON the
translocation signal recorded with the polymer electrolyte nanopores.

Havingconducted experiments to elucidate the enhanced translocation signal recorded,
numerical simulations can be further explored to develop mode#t can explain the
shape of the enhanced translocation signals observeghhBsic signals such as those
reported here, with adecrease and increase in the curreaire believed to be due to
competing effects of geometric exclusion of ions (resistive contribution) and ion
concentation polarization. PoissoANerstPlanck and NavieBtokes equations have
bene previously implemented for simulating the shape of biphasic signals and ion

concentrationmodulation whenparticles translocatethrough a cylindrical por¢182)
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Figure4.13: Nanoparticlepore ratio effect(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 tlgsize increases with respect to

the size of the particlg(B) Representative individual translocation peaks for the 20 nm AuNP
translocated through a 30 nm pore (left) and 60 nm pore size (right), showing the transition from
biphasic to conductive peahape 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, uni@édanV applied voltage.

To further support e capability of our nanopore approach to discriminate
heterogeneous namparticles mixtures, anixture containing all AuNPs (50, 40, 30, 20,
and 10 nm) in one solutionwas translocated under similar conditions. The

representative ion currentrace illustraed in Figure 14A shows a good resemblance to
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the current signals recorded for the inibdual AuNPs sets iRigure 4.8 The Gaussian
distributions obtained for thendividual AuNPs set§iQure 4.1B) were fixed to the
conductive peak current distributi@nobtained for the AUNPs mixture, showing a good
data overlap for each peakHgure 14B). As depicted in the ion current traces and the
individual casecutive depicted irFigure 4.1A andFigure 4.1€, a clear difference
between the amplitude and shapedjeductive 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 modificaib®) or
arrayed nanopore$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 prewtudies
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 siz€175185) Here, the discrimination of nanoparticles with 10 nm
size differece in the low nanometre (360 nm diameter) range was explored.
Although, a large number of events were recorded in one measurement (N=2474), the
normalized conductive peak aent distributions in Figure 14B show a large
discrepancy between the ratio of small diameter AuUNPs-3Q0hm) 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 AuMfged in one solution can lead

to more welldefined distributions. Although, the Gaussian distributed peaks plotted for
the AuNPs mixture ifigure 4.18 resulted in relatively flat distributions centred at 160
pA and 225 pA (attributed to the 40 and S5@nrtranslocation), 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 catiow 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 intes¢ is present in low concentrationghat 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 ofc@ding ion current traces for mixtures over

- 105-



several minutes is advantageous in maximizing the detection output for low

concentrated analytes that have a low event rate.
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Figured4.14: AuNPamixture analys.(A)lon current of AUNPs mixture containing 10, 20, 30, 40,
and 50 nm AuNPs in one solution translocated trough a 60 nm diameter nanopore biased at
500 mV using 50% PEG and 50 mM (BIEvent histogram of the conductive peak current for
AuNPs mixtue shown in (A). The solid lines represent mpkiak Gaussian fits to the
translocation data(C)Consecutive individual translocation signals based on the AUNPs mixture
recordedin (A).
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4.5.4. Translocation of rodlike nanoparticles

Apart from the spherical naparticles described in the section above, anisotropic
particles with different aspeetatio were investigated by employing the same
electrolyte polymer nanopore system. Metallic rstlaped nanoparticles present
unique properties. Due to their anisotropshape, their optical, electronic, and catalytic
properties can be tuned, making them appealing for various applications such as
biomedical imaging, nanophotonics, drug delivery, and biosen&li§) Here, PEG
carboxyl coated gold nanorods (AuNRs) were probed under similar translocation
conditions as reported for the AuNPBigure 4.15shows the characterizationfdhe
AuNRs utilized in this study. In comparison with the gold nanospheres, the AuNRs have
different optical properties. A characteristic absorbance peak at 800anch990 nm

was observed for the AURE investigated herd={gure 4.18), due to their anis@bpic
shape. The TEM measurements of the AuNRs confirmed their anisotropic character
showing particles with a broken symmetry, namely having angated rodlike shape
(Figure 4.1B). The size measurements based on the TEM indicated an approximate ratio
of 1:4 between the diameter~10 nn) and the length 40 nm)of the rodshaped
particles, as shown irFigure 4.1&. A wider size distribution of their length was
observed, compared with their diameter, as presented in the normally distributed
histogram forthe partick size data obtained ifigure 4.18. This observation can
explain the presence of two optical absorli@npeaks recorded in Figure 444t longer

wavelengths.
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Figure4.15 Characterization bgold rodlike particles(A) UV-Vis spectra of PEG carboxyl
capped AuNRdepicting the corresponding optical absorbance pe@R¥TEM image of the gold
nanorods sample and a closg view of the individual rodike particle with its diameter and
lengthdimensions. TEM graph scale bar: 50 (@)Histogram displaying the size distribution of

the nanorods particle measured from TEM images, with average diameterand length of 10+ 1
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The translocation of nanorods through selthte 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).
¢ KS | dzb wa ©3.1&A8 nd?vSsitudtdd 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 4.18). This valuedlls 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 nanoporeThe 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 wh&oNRs 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 te &#lectric 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 @ectric field inside the pore, then

the larger crosssection 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 longnaal shape of the glass nanopores potentially
Fl @2dz2NBR GKS FEAIYYSYyld 2F (GKS yIFy2NRRAQ
therefore led to consistent (similar current amplitude and dwell time) translocation
peaks reorded (Figure 4.1€ andrigure4.17A). 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 thesenfinement conditions the AuNRs
translocation resulted in a larger magnitude e conductive peak current, with a
conductive peak current distributh centred at 60 pAHigure 4.18). Apart from this, a
change in the translocation signal from conductive to biphasic was observed for the

mayjority of the evengFigure 4.1B).
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Figure4.16: lon current of AUNRSs translocated through a 60 nm diameter pajand 30 nm
diameter pore(B). The pore was biased a00 mV utilizindgp0% PEG in 50 mM KCI extemal
bath. Corresponding event histagmns of the conductive peak current of the AUNRSs recorded
with a 60 nm diameter poréC)and 30 nm diameter poréD). The solid lines represent Gaussian
fits to the translocation data.

The translocation of the AuNRs through the @& diameter nanopore geprates
translocation events with long dwell time (1 ms). As shown Figure 4.1A-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 dimeokibe
AuNRs+10 x 40 nm) and the smaller pore diameteBQ 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 AuNRSs translocating through the smaller pore, it is worthtiomeng

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 adtigh
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 wedefor 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 feaalegded to the
shape of the analyte. Events with multiple current states have been reported for
nanoparticles with ligand attachmen{104) interactions with the pore(65), or
translocations through different orientationl87) As displayed ifigure 4.1T, these

long translocation events deviate from the triangular shape reported siphercal
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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translocation event®f AuNRs translocated through(&) 60 nm diameter pore an(B)30 nm
diameter pore, biased at500 mV. Represeative individual translocation signals are shown

for each translocation conditiofC) 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 individial 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 nanoporg487-189). In study carried out by Zhamrgal., the presence of
multiple peaks within a single translocation pulse were reported for the nanopore
analysis of nanorod$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-gadks within

a single translocation 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 gagdaks, similar to the indidual event
shapes described here. Similarly, in the study conducted byt al, the nanorods
translocation thorough solidtate nanopores resulted in different behaviours, with
wider distributions of the dwell time being related to the different lehgtof the
nanorods (188) To further onfirm 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 te smaller pore (30 nm). These differences are exemplified in the
scatter plots inFigure4.18 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 siitar nanopore conditions.

|
300, \, 300 K

2 200 -
=

_U

<1 100-

(%]
: &
1 0 T T T T 1
10 0 5 10
Dwell time (ms) Dwell time (ms)

Figure4.18: Scatter plots with conductive peak currentand dwell time for the translocation of
10 x 40 nm gold nanorod@8)and 10 nm nanospherdgB). A30 nm diameter nanopore/as used
in 50%PEG 50 mM KCl, biased320 mV.
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The influence of the voltage for the translocation of the AuNRs through the different

size of the pores was also investigatétie applied voltage can often play a critical role

inthe translocation of parA Of Sa o0& I FF¥FSOuUAYy3I GKS BE NIAO
shown in the dw# time box plots in Figure 4.13he data points show a larger spread

and positive skewness at lower voltage800 mV), as opposed to the high voltage
extreme (900 mV). Fuhermore, this trend is more evident for the translocation data

sets using the smaller podiameter (30 nM
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Figure4.19: Boxand-whisker plots showing the dwell time distribution of the AuUNRSs events
recorded at different voltages througi®)a 60 nm diameter porand (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 first and the third interquartile valuesthe data sets ath the whisker represent

the outliers.

The lower voltage condition (weaker electric field) favours a longer retention time of the
nanorods during their translocation, which leads to longer steric interactions with the
nanopore. This effect is also reflectin the event peak shape difference obtained for

the voltage extremes. IRigure 4.20representative long dwell time individual events

are depicted shedding light on the peak shape. Namely, at lower voltage multiple levels
within a single translocatio8 Sy i 6SNB 203 SNSRI GGRILASEF £ f
shape. Opposite to this, the high voltag®Q0 mV) events resulted in translocation
signals presenting splgeak shape and shorter dwell time due to the stronger electric

fields.
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Figured.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 KCI, biased at
300 mV (A) aneB00 mV (B)AIl theindividual 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 detecton of multiple subpeaks, 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. JRkel nanoparticles
displayedifferent 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 totl In this study the AuNRs translocation was limited to the use of AUNRSs
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 mak 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 patrticle
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 aientation.

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 irshigh
conditions (> 100 mM KClyelto improved SNR. However, this excludes the analysis of
less stable nanoparticles. Depending on nature of the material and the surface
functionalization, the particle stabilitwhen suspended in salt buffers can vary. €©n
example is the stability of theommonly used citrateapped nanopatrticles that is
limited when these are diluted in buffers with high ionic strength, typically higher than
20 mM KCI(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 matal: PEG carboxydapped gold
nanospheres (AuNPSs), citrate capped platinum nanospheres (PtNPs), and citrate capped
silver nanospheres (AgNPs) were analysed. Theig®nd DLS characterization of these
nanopartcles is displayed irFigure 4.121 Here the particles were diluted in a
translocation electrolyte solution containing 10 mM KCI, which is regarded as a suitable
range even for the citrate capped particles (platinum and silver particles in this study)

for the span of he measurement time.
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Figure4.21: Characterization of the homogeneous metallic nanosphere sam@¢&V-Vis
spectra of nominally 30m diameter nanospheres in 10 mMCK PEG carboxghpped AuNPs

(top panel), citrate capped PtNPs (mdle panel), citratecapped AgNPH6ttom panel).(B)
Dynamic light scattering (DLS) measured size distribution (hydrodynamic diameter) of nominally
30nm diameter nanospheres in 10 mMCK PEG carboxgbhpped AuNPs (topanel), citrate
capped PtNPs (mide panel), citratecapped AgNP$®€6ttom panel).

Figure 4.2A shows the characteristic s absorbance of these particles.strong
plasmon resonance optical absorbance at 520 nm was recorded for the AuNPs (top
panel) and 420 nm for the AgNPs (bottomnp§. 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 byirdicate
homogenous mixtures, without the presenoé aggregates forntgon, as depicted in
Figure 4.2B for the three sets of metallic nanospheres diluted in 10 mM KCI buffer
solution.

Thetranslocation ofgold, platinum, and silver nanoparticlesluted in 10mM KClvas
probed, demonstrating that polynmie electrolyte nanopores can reliably detect
nanoparticles with high-capture rates and high signtd-noise ratie (SNR) These
results are evident irFigure 4.22, where the translocation of three sets of the 30 nm
metallic nanospheres is shown utilizing@nm nanopore biased a00 mV in 50% PEG
and 10 mM KCI 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 depictedrinure 4.22and Table 4.3The Gaussian fits of the
peak curent distribution inFigure 4.2@\ resulted in average conductive peak current of
40+ 1 pA for the AuNPs, 401 pA for the PtNPs, and 38 + 1 for the AgNPs, respectively.

Table4.3: Average conductiven(c) peak current valuewith the standard error (SEbtained

for 30 nm nominal diameter NPs translocatdadugh ~60 nm diameter nanopores into an
electrolyte bath containing 50% PEG and 10 mM KCIn&hepipette was biased ab00mV,

and filled with a solution containing 10 mM KCl and 25 pg/mL of nanoparticles. Each value shows
the results based on a single nanopore recording wvifith number of translocated events
displayed in the table

Pore NP

diameter diameter mal:leprial NP capping Trag\f;ci:ted N I(C i)SE
(nm) (nm) P
Gold PEG 2477 40+1
Carboxyl
60 30 Platinum Citrate 1898 40+1
Silver Citrate 890 38 +1
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Figure4.22 Nanopore sensing of metallic nanospherBspresentativeion current traces (A)

and histograms of the conductive peak current distributi@®) for: 30 nm diameterPEG
carboxytcapped gold nanospheres (top pasgl30 nmdiameter citrate-capped platinum
nanospheres (middle parg) and 30 nndiametercitrate-capped silver nanosgnes (bottom
panek). The solid lines represent Gaussian fits to each translocation data set. Nanopore
recordings were carried outin 50% PEG in 10 mM KCI utilizing a 8anmater fixed pore size
biased at500 mV. The current and time scales are the sdom all the ion current traces.

4.5.6. Nanopore analysis of gold nanospheres and nanostars
Inspired by the results above, nanopore measuremewsre expandedto tackle
complex anisotropic nanoparticles. The unique properties. €lectronic and catalytjc

of anisotropic nanomaterials have gained popularity for various applications. One class
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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 syntlegi93) 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 complexityor 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 sHpglticle level and cannot
detect heterogeneity and diverging particles. Nanopatrticle tracking systemsecasel

to investigate particleat 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 singdarticle level remains a challenge thageds 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 shownthe TEM images iRigure 4.23-B, their
nominal hydrodynamic radius was broadly similar (60 nm for A8 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
nanoparicles (scatter plotd=igure 4.28). Under these nanopore conditions, tgeld
spherical nanoparticles show a confined cluster in terms of peak current amplitude and
translocation time as depictedin the top panel ofFigure 4.2C. However, opposite to

the translocation events obtained for the gold nanospheres, the events recorded for the
AuUNS sample show a wider spread in terms of the peak current and dwel(rirdele

parel Figure 4.2C) 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 setgbottom panel Figure 4.2C) These results suggested that the
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nanopore measurements can support the singlarticle analysis of anisotropic

nanostructures and support their differentiation from spherical nanopatrticles.
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Figure 4.23 TEM images ohomogenous gold nanosghes(A) and heterogenous gold
nanostargB). Scale bar TEM graphs: 50 r(@)Scatter plots with conductive peak curreity L
versus dwelltime of the translocation events are depictedfor the individual sets (top: paluel
nanogpheres; middle panel:@d 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
diameter fixed pore biased a500 mV).

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

nanospheres resulted in an average value larger tharnthibé of the nanostars sample
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(87 £ 1 pAvs31 £ 1 pA), as shown iRigure 4.28. As for the dwitime, depcted in
Figure 4.2€, the nanospheres resulted in an approximately three times faster

translocation with an average dwell time centred at 1 ms, compared to the nangstars

dwell time centred at 3 ms.
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Figured.24: Nanopore translocation comparison of spherical gold nanoparticles and nanostars.
(A) Representative ion current traces obtained for the spherical (left panel) and nanostar (right
panel) nanoparticles translocated through an approximatelp®@0diameter pore in 50% PEG
and 10 mM KCI conditions, biased%@0 mV The current and time scales are the safoeall

the ion current tracesEvent histogramsf the conductive peak currer{B) and dwell time(C)
distributions of the nanospheres (righanels) and nanostars samples (left panéel$ke solid
lines represent Gaussian fits to the distributions.
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These differences were attributed to the irregular shape of the -staped
nanoparticles and their heterogenous character, as depié¢tethe TEMmages(Figure
4.23A-B).

4.5.7. Nanopore analysisf goldnanogarswith different branching degree

Furthermore, different suspensions of AUNS samples with low and high degree of
branching were probed, following their different synthesis stages, here narbe819,

and S30, according to their branching degree, aswhin TEM images iRigure 4.25

ﬁ ": “?..ﬁ

S5
AuNS

S30 i
AuNS

R e .
Figured.25. TEM images of the synthesized gold nanostargtdgpanel), S10 (middle panel),
S30 (bottom pangl 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 Ag(8010, and 30

uM) in the synthesis process, hence the notation S&0, and S30 AuNBhe AUNS
samples all exhibit a large amount of anisotropy which gives rise to their unique optical
properties, as shown irfrigure 4.28. A shift to higher wavelength was observed with
increasing density of the nanostar branches: 659fant5 AuNS, 696 nm for S10 AuNS,
and 888 nm for S30 AuNS. The mean size (hydrodynamic diameter) deterdddt

0.3 for S5 sample, 65.4 £ 0.3 for S10 sample, and 70.7.4 + 0.3 for S30 Gagwpi=
4.26C) The multiple AuNS morphologieare responsild 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 nanopamalysis of the AUNS samples is showrfrigure 2.2A.

With increasing branching density, a broadening of the distributions was observed, both
in terms of peak current amplitude and dwell time, as showtheénscatter plots ifFigure
4.278 and box plotsniFigure 4.28Although, the average size differences between the
AuNS samplesra relatively smallKigure 4.2€), the heterogenous character of these
sample changes with increasing branching density. As predentehe TEM images
(Figure 4.28), the S5AUNS nanostructure retain a more symmetric shape with sparse
short spikes present. Whereas, in the case of S10, andrewen evident in the case of
S30 AuNS samples, the nanostructures synthesized present multiple -Bkgke

extensions, contributing ttheir anisotropic morphology.
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Figured.26. Characterization of theynthesized gold nanospheres samp(@g Representative

TEM images of the S5, S10, and S30 synthesized AUNS samples (100 nm scal elozgugan

view of individual nanoparticles outlining the morphological difference between the samples.
(B)UV-Vis spectra of the synthesized gold nanostar sam@égblue linej,= 658 nm), S10
(green lineqma,=696 nm), and S30 (black liRgx=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
S10 sample, and 70.7#40.3 for S30 sample.

Nevertheless, as it can be observed from the TEM imégegsire 4.2} the branching
density is not consistent throughout the S510,and S30 AuNS samples and some
particles show morphological resemblance with the S5 AuNS patti€leere 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 praeedtithe
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AuUNS 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 -Higsity branchd 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 Cl fitting an increase in the pegc@raagthe

total number of events) of the events falling outside the S5 Cl was outlined, namely 12%
for the S10 and 35% faohe S30 AuNS-{gure 4.2B). Tamy knowledge, this is the first
study demonstrating nanopore translocation of anisotropic synthe$igtarshaped
colloids with different morphologies. Based on the nanopore measurements, their
translocation can be conducted in a hitfitoughput manner with several hundreds of
events recorded in low ionic strength conditions without clogging of the .pOngposite

to the uniform standard AuNPs that fall within a narrow interval, the translocation of
AuUNS displayed a large spread in terms of peak current and dwell time. As expected, the
non-uniform shape of these nanostructures are subjected to differeriergations
traversing the nanopore. Hence, a large variation in both dwell time and peak current
amplitude is expected in the case of this heterogenous nanoparticle sanfilpsré

4.29.
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Figure 4.27. Nanopore analysisof gold nanostarswith different branching degree(A)
Representative ion current traces obtained for S5, S10, and S30 gold nanostars in 50% PEG in 10
mM KCI coditions using afixed pore size (80 nm diameter) biasedlft mV (B) Scatte plots

of conductive peak currents as a function of dwell time for the S5 AuNS satopfEfd), S10

AuUNS sample (middle panel), and S30 AuNS sarptoin panel). The red ellipse in the S10

and S30 scatter plot data indicates the 95% confidence iat@fthe S5 translocation events.

12% of the events fall outside the S5 CI for the S10 sample and 35% of the events fall outside
the S5 CI.
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Figured.28 Boxand-whisker plots showing the conductive peakent (A) and the dwell time

(B) for the S5, S10, and S30 AuNS samples (median, interquartile raiT@@&&=nd whiskers
range 595%). Translocation of th85, S10, and S30 was carried out in 50% PEG in 10 mM KCI
conditions using afixed pore size (80 dimmeter) biased af700 m\,

Similar to the analysis described for the nanorods, the peak shape of the translocation
events falling outside the CI of the S5 was further explored. Assuming that the majority
of the events falling outside of the S5 CI presenchange in their size and/or
morphology, the peak shap®f theseindividual events ere further examined for the

S30 AuNS sample. Thesample was chosen as it exhibitdde highest degree of
anisotropy and showed the largest difference compared to 8% AuNSsample. As
shown inFigure 4.29apart from the change in peak current amplitude and/or dwell
time for event clusters falling outside the S5 CI, a change in the peak shape was
confirmed as well. Interestingly, two predominant type of translocatsagnalswere
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 ofesgdhl
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, hencerdsepce

of one peak feature (typa events-top panel Figure 4.29On the other hand, the long
dwell time events that fall outside the S5 CI (> 1 ms), sladvanslocation signals with
multiple levels. Itis believed that these events are attributedh 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 (typ iii - middle panel Figure 4.29 show resemlance to the rodike
nanoparticles presented in the section above, where the maltel peaks are believed

to result due rotational tumbling and interaction with pore wallsen though, our
nanopore characterization of these AuNS mixtures is mainlyigirey a qualitative
comparison in relation to the branching density of these nanostructure, we foresee a
more indepth analysis in conjunction with more complex data analytics routifide
ability of the nanopore approach to analyse theldnanostar samies 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 nanoporédfgta.
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'Dwell time (ms)

100 pA

2 ms

Figured.29: Scatter pots of conductive peak curreas a tinction of dwell time for the S38uUNS
sample Individual translocation signapooled from the dfferent event clusters arenarked by

the arronsand the panel notatioa(i - refers to type i events; i refers to type ii events; ig
refers to type iii events)lhe red ellipse inthe S10 and S30 scatter plot data 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 shatpe, applicability ofthe polymer electrolyte
nanopore systenwas expan8 R (G2 GKS RSOSOGAZ2Yy 2F I Ga
nanoparticles. One relevant example here is the analysiprofeins and protein

spherical nucleiacids (ProSNAs). ProSNAs areanemef@ing 34 2F aaz2¥G¢
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with wide-spreadapplicationsin bottomrup materials assenty, intracellular sensing,
and CRISPBased genediting (26,27,194) ProSNAsre based on the spherical nucleic
acid (SNA) architecture and consist of a protein core functionalizddandense shell of
DNAstrands(Figure 4.3D(26). Comparedto its analogous native protein, ProSNAs.

the protein functionalized with ssDNAsinglestranded DNA)show an increase in
cellular uptake with the oligonucleotide density plagg a critical role in the cellular
uptake efficiency (194) Hence a rational investigation of the DMN#Aediated
functionalization of these hybrid nanostructuresrcsupport the development of new
architectures. The ProSNAs platform brings flexibility in allowing the independent tuning
of the protein core and the DNA shé¥6). Here,a wellestablished and characterized
ProSNA with ssDNA (22 nucleotides long) construct based on a large protein
galactosidasé464 kDA) was utilized, based on previously reported in ProSNAs studies
(26,195)
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Figured.30: (A) Schematic depicting theynthesistepsofi -gal SNAs. Structures(@)AFR647,
(CNHSPEG4zide, andD)DBCGEDNA.
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Figure 43@ K2 ga (KS aeéydKS agalSNAsBased dh theafculdions | A y A
described in Section 4.4.6 Materials and MethodsvasRS § SNY Ay SR @& G G|
NAs employing DBCDNA 1 had an average of ~2 dyes and ~42 DNA strands on the
protein surface whereas those using DBONA 2 had ~5 dyes and ~22 DNA strands on

the protein surfaceFigure 4.3khows UWis spectra of -gal derivatesThe absorbance
spectrum of nativei -galshows a peak at 280 nrhowever,oy” O Sgaliis modified with

ARc n T-gabAF), an additional absorbance peak is observed at 647 nm corresponding

to ARc n 1-gal SNAs show absorbance peaks at both 260 nm (corresponding to DNA)
and 647 nm(corresponding to the AB47). The number of dyes and DNA strands per
protein calculated using the absorbance spectra below indat#tat on an average;2

dyes and ~42 DNA strands on the protein surface for DBA®1 and ~5 dyes and ~22

DNA strands othe protein surface for DBGDNA 2. Representae data is shown for

I -gal SNAe with DBCGEDNA AFigure 4.3}
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Given thati -galactosidas@ igal) has an estimated isoelectric point of 5.5, the protein
core is overall negatively charged under physiological condit{@8%) Furthermore,

the addition of the DNA provides a high density of negative charges through their
phosphde backbone(195) Inthis sense, the nanopore translocation was carried out at

nearphysiological salt concentratiorutilizing 100 mM KCI electrolyte buffer for the

t N2{b! RAfdziA2Y YR pms> t9D mnn Ya-gd/f A

protein with an estimatechydrodynamic radius around 1015 nm(196) makes it an
ideal candidate for probing its translocation with sedithte nanopores. For this, a pore

diameter of approximately 30 nm was utilized for probing the translocatibnative

andDNAF dzy Ol A2yt ATSR LINRPGSAY O2yaiNHzpdad |

protein andi -gal SNAsvith functionalized ssDNAs was investigated using our polymer
electrolyte nanopore system. This approach enabled the direct detec#ioh-gal

protein and J -gal SNAsand their subsequent comparison without additional
functionalization steps of the nanopore, as previously reported for proteins detection
(99,197,198) As depicted irFigure 4.32, the polymer electrolyteenhanced sensing
approachSyl 6f SR (GKS RSGSBOHA 2 YINE dgal/BNAS WiiRva A @ S
different DNA loadings: 22 ssDNAis-gal SNA2) and 42 ssDNAg$ -gal SNA>),
respectively The average conductive peak current ob&iR ¥ 2 NJ (-gabprowgih (1 A @S
was centred at 32 pA, whilst substantial increase was observed ok SgaliSNA
sampleswith a peak centred at 94 p#or the i -gal SN£p (Figure 4.32and Table 4.4.

The large discrepancy in the recorded amplitude of t@nductive peak current
between the nativel -gal protein andi -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 nuclettiatp SSDNA strands lead to

an approximate extension of 13 nm in length, assuming an approximately 0.6 nm for the
nucleotide length(199) Similarly, a slight increase in the translocation duration was
observed between the native-galprotein andi -galSNA (Table 4.4. Importantly,

apart from the clear discrimination between the native protein and the BNA
functionalized analogousigure 4.3p,we werealso- 6 f S (2 RA FaSNBSY G A |
with two different DNA loading®ased on their conductive peaturrent amplituds

(SNA2- centred at 94 pA and SMAcentred at 171 pA). Remarkably, even at low DNA

loading (SN#&), 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 baogem sewring 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 tlogepr. These
results are in line with the approximately twold 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 incréadlee 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 inFigure 4.33 namely the presence of smalkkgistive 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 densé -galSNAzconstruct.

Table4.4: Average conductive peak curremif) and dwell time values with their standaediror
(SEpbtained for the ProSNA samples translocated through a 30 nm nanalpameeterbiased
at-700 mV. The nanopore wéHedwith 100 mM KCGind5 nMi -gal derivaives, whereasthe
external bath containe80% PE@nd 100 mM KCI.

ProSNA sample Translocated events n I(C pi)SE Dwell(:ri]r;\)e +SE
i -gal NT 262 32 1 0.10+ 0.0
i -galSNA:2 2042 94+1 0.11+0.0
i -galSNA:2 1224 171 +1 0.13+0.01
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Figured.32 Nanopore sensing girotein spherical nucleic acid®\) Nanopore translocation ion
OdzNNBy i (N} 0Sa 2 aid A oGS maanhtl¢), Kridl -gsl BNRXrigh). |
The current and time scales are the safoeall the ion current traceqB) Histograms of the
O2y RdzOGA @S LISI 1-30 dzNBIBIK-ga] SND, (hiddintbars), @l -gal SNA
(teal bars)(C)Average conductive peak cemt as a function of the oligonucleotide loading. The
error bars represent the standard errddanopore measurements were carried in 50% PEG and
100 mM KCl using a 30 diameterpore sizebiased at700 mV.

This rapid yet easto-implement nanopore serigg allowed to probe small variations in
the density of the soft DNA shell on the surface of the protdiaken together, these
results show that the polymeelectrolyte nanopore system can enable the
characterization of soft nanomaterials and allow foe thiscrimination of nanoparticles

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

cellularimaging, sensing, or drug delivé?p0,201)

B-gal native B-gal SNA,,
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Figure4.33 Representative individual translocation events recorde Pi@SNA sampl&s-gal
YIEGA DS -paANINAS AlygaERSNiA. A30 nm pore diameter biased &f00 m\ivas used
and the pipette filled with 100 mM KCI amichM i -galderivatives into a bath containing 50%
PEG in 100 mM KQhe current and time scales are the safoeall the translocation peaks

This nanopore approach is envisioned to be applied to other classes of soft nanopatrticles
Fa 6Stfd ! YyYRSNI GKS & Y98 SNAkitY ghir RBA lcadng, R A (0 A
not only resulted in a higher average conductipeak current, but also showed the
presence of resistive component within the translocation signal, as shokgume 4.33

This signature can potentially be exploited beyond the fingerprinting of particles whose
hydrodynamic radius matches the pore diamesize. 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 aisuges, exosomes, liposomes, are limited. The
current techniques in the analysis of such ckssaf nanopatrticles reliesn confocal
microscopy, electron microscopy, and ARRD2) However, apart from AFM, these

techniques cannot be applied for studyitige dynamics of deformation. AFM offers

-137-



highresolution 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 sudbdy, by tailoring pore sizes that can
induce deformation of different soft particles as their traverse the aperture. In the study
carried out by Holderet al., microgel deformation was investigated by translocation
through a glass nanopores with diametsizes smaller than the size of the microgels
(203) By corbination 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 theL)2 NB | YR 200dzZLJ GA2y 2F (KS LRNBC
dwell times and large current amplitudes during their translocation. The conformational
flexibility of many biological soft particles facilitate their translocation through smaller
pores. Hwever, in the case of rigid particles, translocations occurs only when the
particle size is smaller than the pore. In this sense, rigid nanoparticles can also be used
as a reference analyte to measure stiffness of soft partiédlesmilar approach habeen
proposed in the study conducted by Le¢ al., where the stiffness of nanosized
liposomes measured by means of sddidte nanopores was inferred by comparing to

the translocation behaviour of rigid polystyrene bedd64) Such experiments utilizing

our nanopores platform can facilitate numerous studies where controlling the stiffness

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

4.6. Canclusion

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
nanoprticles with differentdiameterswas demonstrated utilizing tailored paevith

fixed diameter size, facilitatingpe nanoparticlediscrimination onindividual basis and

in a mixture. The ability of this nanopore approach to fingerprint nanoparticies
further expanded tademonstrate the wide applicability of the method to characterize
metallic nanospheres of varied sizegnorods, plasmonic nanostars with various

degrees of branching, and protebased spherical nucleic acids with different
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oligonucleotde loadingsDiscrimination 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 his universahanoporesystenrepresents as viable method
that can complement the characterization of nanomaterials at the shaglity level in

a rapid and nordestructive way to support the exploration of newly synthesized

nanomaterials.
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Chapter 5:Conclusions & future outlook
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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 soliestate 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 sHegitty approach for characterizing

the physicochemical properties of heterogenous engineered nanomateriateebps of
solidstate nanopores. In this sense, the detection and characterization of several
emerging nanomaterials has been explored by utilizing a polymer electrolyte naropore
based approach facilitating enhanced laliele and rapid measurements at thengle
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 prejoeralt
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 naturef supramolecular DNA origami
assemblies. The use of a fixaize of thenanopore diameter enabled the direct
comparison of four DNA nanostructures with different assembly degree, starting from a
pre-folded square tile and supramolecular higlder assembes such as dimer, trimer,

and 2x2 assembly. Thebeklree 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 tisved 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 reshdts, t
nanoporebased approach proposed here benefited of rapid and siAplenplement
quantification of supramolecular DNA nanostructures in solution withwvolume 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 electmlyanopore 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 (1 50 nm diameter), and their s3zased 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 depegdon 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 prdiesed gherical
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 translocationassgithis
universal polymer electrolyte nanopoteased technique stands as a complementary
toolbox that support the characterization of newly synthesized nanomaterials and
potentially integrate such nanoscale probes withlore synthesis setups for contious

monitoring of synthesis products.

5.3. Future outlook

Several directions can be further explored with regard to the nancpa®ed approach
described in this thesis for nanomaterial detection and characterization. These

directions can be classified indvwparts: (1) integration of the nanopores with portable
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devices and/or microfluidic setups; (2) combining nanopore with other siegtity

measurements.

5.3.1. Nanopore integration modalities

The combination of solidtate nanopores measurements with kab-chip devices
offers a great potential for nanomaterials characterization and opens us a wide range of
applications. Such integrated approaches leverage the unique samdiy
measurement capabilities of nanopores and the ability of microfluidic setups ablen
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 needl&ke shape allows for integration in spatially confined
setups. One example in this direction is the work carried by Gengl., where an
integrated nanopipettemicrofluidic device was developed for-flow detection of DNA
molecules(205) Varongchayakukt al. reported a microfluidismanopore device that
supports onchip sample preparatign purification and singlenolecule nanopore
measurementy206) In terms of nanomaterial synthesis, such integrated architectures
can be used to monitor growth, assembly, and functionalization of nanoparticles and
potentially contribute b the optimization of the synthesized batch. The ability to obtain
reaktime readouts can accelerate the characterization processes and provide quick
feedback for optimizing experimental parameters or making informed decisions
concerning the nanomaterial ysthesis or quality monitoring. Tirgensitive
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 eleenthe 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 athe pant 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 lowoise nanopore measurements. Here, miniaturized- 3D
printed flow-cells were prototyped for accommodating the integcen of nanopipettes
(Figure5.1B) andsilicon nitride pore Figure5.1C) on PCB chip that is compatible with
the nanopore reader. Whilst the integrated flamells are simple in their design for

accommodating small volumes exchange, more intricate architesta@ be designed
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for coupling with microfluidic systems. Furthermore, adaptations can be made to
support pessureassisted nanopipette translocations. An example in this regard is the
study carried out by Germaet al. where applied pressure within nanopipettes was used

to draw individual particles into the porEl68)

Figure5.1: Compact and portable nanopore readéh) Picture of a commercial compact USB
powered nanopore reader (Elements SRL) and prototypeg-€ells mobilized onto PCB chips
to accommodate the integration of glass nanopipet{€ and silicon nitride membrane
nanopore(C)

5.3.2. Multi-modal measurements

The small footprint of nanopores and the possibility to integrate them with miniaturized
devicescan stimulate the combination of these measurements with other modes of
analysis. One example of dumkasurement concept explored here is the combination
of nanoporebased translocation and nanoimpact electrochemistry (NIE). While the

nanoporebased measrements can provide information about the physical
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