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Abstract

Protein sensing is crucial in understanding biological processes and diagnosis of
diseases as many relevant biomarkers are proteins. Sensitive and specific detection of
such proteins is crucial for disease diagnosis and studying molecular interactions at
nanoscale in complex biological systems. Traditional methods for such detection
involves ensemble or bulk measurement which average out the output lacking sensitivity
in detecting proteins that are in low abundance. Here, a sensitive biosensor based on
nanopipette is developed which can detect the precise positioning of proteins on DNA

origami.

DNA origami can be precisely functionalised with proteins at varying positions enabling
spatial control and signal enhancement facilitating the detection of proteins which are
otherwise difficult to detect. In this work, | show the specific attachment of protein binders
called affimers at multiple location which are specific to the infection biomarker C-
Reactive protein (CRP). For this, | have developed a DNA origami frame with a central
pocket in which different combinations of affimers can be functionalised that capture CRP
to observe that at least half of the origami structures are functionalised by CRP protein
when captured with one or more affimers. The formation of a stable affimer-
oligonucleotide conjugate is demonstrated of which the oligonucleotide is complimentary

to the DNA strands in the central pocket of DNA origami.

The oligonucleotides or functional molecules like proteins are always added in excess
during origami folding and functionalisation. There needs to be a strategy for removing
these excess molecules to prevent their interference in downstream applications, at the
same time provide high functionalisation efficiency, reduced structural damage and high
yield. |1 have shown the use of SPRI beads, which are traditionally used in DNA
sequencing, for the purification of DNA origami from excess biomolecules. | have
discussed about the optimum ratio of beads to be utilised and demonstrated the
successful purification of DNA origami while maintaining the structural integrity and high

yield comparing with column purification.

Finally, | demonstrate the difference in the ion current signals in percentage based on
the number of affimer-functionalised origami structures using nanopipette. | notice an
increasing trend in the percentage of origami occupied with affimer proteins with
increasing number of functionalisation. Thus, it enables the detection of precise
positioning of proteins opening up possibilities of developing highly sensitive label-free

sensors for biosensing.
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Chapter 1 Introduction

Proteins are essential biomolecules in living systems, playing a fundamental role in
regulating various molecular mechanisms. The upregulation or downregulation of
proteins can alter metabolic pathways, leading to disease. Composed of amino acids,
proteins adopt a hierarchical structure—primary, secondary, tertiary, and quaternary -
each contributing to their functional activity [1]. Various biophysical and biochemical
methods are employed to analyse protein structure and composition. Techniques such
as X-ray crystallography, NMR spectroscopy, and mass spectrometry provide structural
insights; however, they offer only ensemble averages and require large protein
concentrations, which poses challenges in clinical settings [2]. Conventional biochemical
assays such as ELISA are widely used in clinical diagnostics to quantify cumulative
protein interactions but provide only ensemble-average measurements [3]. While ELISA
is considered as a simple, scalable and quantitative method, it lacks the ability to resolve
molecular heterogeneity or dynamic interactions at single molecule level. In contrast,
single-molecule techniques have emerged as powerful tools for studying individual
protein molecules and their dynamic interactions in real time [4]. These approaches offer
unprecedented sensitivity and resolution, paving the way for protein-based molecular
diagnostics with applications in both research and clinical settings. Single molecule
protein detection techniques such as optical or magnetic tweezers and atomic force
microscopy can detect the folding and unfolding of proteins and protein-ligand interaction
by an external applied force [5]. AFM technique consist of a probe embedded on a
cantilever which deflects in response to interaction between tip and sample due to
attractive and repulsive forces allowing the study of biological molecules with 1-10 nm

resolution [6].

A technique in the forefront of single molecule sensing is the nanopore technology. A
nanopore sensor is composed of a nanometre sized pore embedded within a membrane
separating two compartments filled with an electrolyte solution. These compartments are
fitted with electrodes which produce a current when a voltage is applied due to the flow
of ions in solution. If no analyte is present, the measured current depends only on the
size, geometry and surface chemistry of the nanopore while the flow of the ions is
obstructed when a biomolecule is electrophoretically pulled through the pore from one
compartment to other due to applied voltage. This generates ion current blockages, the
characteristics of which define the properties of the analyte. This method provides
enhanced sensitivity at single molecule level enabling detection and quantification of
proteins in solution, analysing the charge and size, and monitoring binding interaction

between protein and a ligand.
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Nanopore sensors are used for biomolecule detection due to their single molecule
sensitivity, label-free and high-throughput real time detection. DNA detection using
nanopores is well-established and has been further extended to detect other
biomolecules, including proteins. Unlike DNA which has a uniform structure and high
negative charge, proteins offer complexity in terms of structure and charge making them
challenging candidate for analysis using nanopipettes. The size of the analyte need to
be comparable with the size of the nanopore to yield a good signal-to-noise ratio to get
a large ion current signal. Proteins are typically 2-10 nm in size hence an ideal pore size
of a sensor should be in the same range. Proteins with smaller size and heterogenous
charge fails to give good signal-to-noise ratio resulting in smaller peaks too small to
detect using glass nanopores. Moreover, single, unbound proteins pass too quickly
through the nanopore often making them undetectable [7]. It has been reported
previously that the use of DNA carriers attached to proteins can help in improving signal
to noise ratio while detecting proteins. DNA provides a uniform negative charge to the
conjugate enabling controlled movement enhancing the ion current signals specific to

proteins [8].

DNA has unique base pairing properties enabling self-assembly which has been utilised
in DNA nanotechnology to generate programmable nanostructures called DNA origami.
DNA origami utilised self-assembly of scaffold and short staple strands to fold into the
designed scaffold route at set temperature [9]. DNA origami can be an ideal candidate
to target proteins because of their massive size and negative charge enabling high signal
to noise ratio. DNA origami is widely used for functionalising biomolecules due to its
engineerability and has been used for applications like biosensing, studying enzyme
cascades and drug delivery [10-12]. It has been previously reported that C-reactive
protein (CRP) can be attached to DNA origami, producing large ion current signals during
translocation through nanopores, thereby enabling its detection, which would otherwise
be difficult [13]. This approach utilised molecular DNA-based binder molecule called
aptamers specific to CRP protein incorporated into DNA origami enabling site-specific
attachment of CRP protein. Though aptamers are excellent candidate for biosensing due
to its high specificity and smaller size, they are prone to degradation and difficult to
synthesise in large scale [14, 15]. Therefore, there needs to be a better molecular binder
which offers ease of synthesis, stability and diverse range of targets. Protein based
molecular binders are gaining importance due to its ease of production and ability to

produce diverse range of binders against various targets.

Functionalised origami structures have gained prominence in protein biosensing, offering
precise control over biomolecule attachment, which facilitates highly sensitive and

specific protein detection. Origami structures are used to detect biomarkers previously
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at single molecule level as they can capture individual molecule per structure especially
at low concentrations [13]. Functionalised DNA origami structures can be immobilised
on mica substrate and subsequently detected using atomic force microscopy [16].
However, the excess oligo or functional molecules while folding and functionalising
origami could interfere with the characterisation. Though there are several methods
established for DNA origami purification, they require tedious procedures, handling times

and could disintegrate the origami structures resulting in low yields.

There needs to be reliable and sensitive nanopore strategy capable of protein sensing,
and the question here is how can small proteins be detected with high resolution at single
molecule level. A strategy needs to be implemented for functionalising proteins on
nanostructures if they are to be used as carriers for protein detection in combination with
nanopore technology. For that, a stable design of DNA origami is required, and should
be characterised well. Moreover, functionalisation should not mean the excess of
molecules would interfere with characterisation. Therefore, an efficient purification
method for DNA origami should be established that give high functionalisation yield, at

the same time, remove background materials.

Recent advancements in nanopore technology have enabled reliable analysis of DNA
and RNA, but protein sequencing remains a major challenge due to the structural
complexity and functional diversity of proteins. Proteins play central roles in cellular
processes and serve as critical biomarkers for early diagnosis, prognosis, and monitoring
of therapeutic responses. Sensitive, rapid, and selective protein detection is therefore

increasingly important for both healthcare and personalized medicine.

Building on strategies such as the DNA origami-assisted nanopore sensing proposed by
Raveendran et al., which enabled selective capture and detection of CRP at picomolar
concentrations, this work aims to develop a nanopore-based protein biosensing platform
using a four-fold symmetry DNA origami frame (4FSF) functionalized with affimer
proteins as high-affinity CRP binders. This platform leverages the structural stability of
the origami frame and the specificity of protein binders to investigate single-molecule
capture and translocation events, with enhanced signal-to-noise ratios achieved via
PEG-modified electrolytes. The approach seeks to address the challenges of detecting

low-abundance proteins with high sensitivity and specificity.



Thesis Aim

This thesis aims to develop a DNA origami-nanopipette based detection system for
sensitive detection of proteins. It also answers the question whether protein binders-
specifically affimers could be incorporated into origami based carriers and enable
detection of target analytes by ensuring high specificity. Additionally, this work
establishes a robust and novel method for purification of DNA origami structures to
remove excess oligonucleotides and functional molecules, to make sure it does not

interfere with further applications.



Chapter outline

Chapter 1: Introduction to DNA nanotechnology, DNA origami purification

techniques, nanopore sensing, carriers in nanopore sensing and affimer proteins.

Chapter 1 introduces key concepts including DNA, its structure and function, DNA
nanotechnology, and DNA origami. A brief history of DNA and the emergence of DNA
nanotechnology is also presented. Furthermore, strategies for the functionalization of
DNA origami are discussed, followed by a detailed review of purification techniques,
highlighting their advantages and limitations. The second section of this chapter
introduces the concept of nanopore sensing, discussed the different type of nanopores
that can be fabricated, with a particular emphasis on nanopipettes which will be the class
of nanopores used in this thesis. Subsequent sections review the research conducted
on DNA origami and nanopipettes as biosensors, as well as the carrier molecules used
in biosensing, all of which form the foundation for the work presented in this thesis.

Chapter 2: Materials and method

This chapter presents a detailed methodology, and materials used in this work. Materials

and method are written separately for each chapter.

Chapter 3: DNA origami purification using solid phase reversible immaobilisation
beads (SPRI)

One of the aim of this thesis was to develop a purification protocol to remove excess
oligonucleotides and functional molecules from DNA origami. To achieve this, a novel
method called solid-phase reversible immobilization (SPRI) was developed for the
purification of both non-functionalized and functionalized DNA origami. This chapter
presents the optimization of the technique, its application to various DNA origami
designs, and the evaluation of its effectiveness in purifying functionalized DNA origami

structures.
Chapter 4: Conjugation and purification of oligonucleotide-protein complexes.

The second aim of this thesis was to incorporate protein binders for the functionalization
of DNA origami, which is presented in this chapter. This chapter details the conjugation
of oligonucleotide with affimer proteins and its characterisation. This construct is then

used in Chapter 5 for attaching CRP on DNA origami.
Chapter 5: Functionalisation of origami with CRP protein using affimers.

This chapter details the results obtained from the functionalization of DNA origami with
affimer proteins and CRP molecules. It provides evidence for the successful attachment

of a model affimer to DNA origami and demonstrates its use for subsequent binding of
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CRP. Atomic force microscopy (AFM) data are presented to confirm the binding of

affimer and CRP to the DNA origami structures.
Chapter 6: Nanopipette detection of functionalised origami.

In this chapter, a sensitive nanopipette biosensor is developed for the detection of small
proteins. The fabrication and characterization of the nanopipette are described in detail.
The ability of the nanopipette sensor to discriminate proteins with a molecular weight
difference of 12,000 Da is demonstrated. This chapter also presents the analysis of ion
current peaks obtained from measurements of DNA origami and functionalized DNA

origami.
Chapter 7: Thesis conclusion and future outlook.

The final chapter of this thesis summarizes all experimental findings in the context of the
wider scientific literature. It also outlines potential future directions for further

development of this work.



DNA and DNA nanotechnology

Deoxyribonucleic acid (DNA)

DNA as a chemical substance was first identified by Friedrich Miescher in 1869 from
leucocytes in pus which he named as nuclein [17]. Later in 1874, he observed that
nuclein was different from other chemical substances as it contained high amount of
phosphorous and confirmed using salmon milt that nuclein contained phosphorous in
the form of phosphoric acid [18]. Meanwhile, Richard Altmann identified the same
substance and named it nucleic acid as it behaved like an acid in chemical reactions in
1899 [19]. In 1893, Albrecht Kossel and Albert Neumann demonstrated that DNA is made
up of four bases and Kossel identified that DNA was part of the chromosome together
with proteins such as histone [19, 20]. In 1944, Oswald Avery identified DNA as a genetic
material and the carrier of hereditary characters [21]. In the late 1940s, Erwin Chargaff
demonstrated the specificity of the structure of DNA and discovered an important rule
called Chargaff’s rule concerning the proportion of bases in DNA. According to the rule,
DNA contained equal amounts of Adenine (A) and Thymine (T) on the one hand and
guanine (G) and cytosine (C) on the other [22, 23]. These findings, combined with the
biophysical studies of Maurice Wilkins and Rosalind Franklin with Raymond Gosling, led
Watson and Crick to the discovery of double helical structure of DNA in 1953 (Figure 1:1)
[24-26].

Figure 1:1 Diagram of DNA published in 1953. The two ribbon symbolises the phosphate-
sugar backbone and the horizontal rods represent the pairing between bases holding the
chains together. Vertical line represents the axis. (Adapted from [26]).



1.1 Structure of DNA

The DNA structure described by Watson and Crick is called B-DNA which is the most
biologically relevant and prevalent conformation of DNA under physiological conditions.
According to Watson-crick model of DNA, the DNA structure has two helical chains each
coiled around the same axis and each chain consist of phosphodiester groups joining 8-
D-deoxyribofuranose residues with 3’5’ linkages [26]. In each chain, residues are spaced
3.4 A (0.34 nm) apart, and along the z-axis. With an assumed rotational angle of 36°
between successive residues in a single chain, the structure completes a full helical turn
after 10 residues, corresponding to a repeat distance of 34 A (3.4 nm). The phosphorus
atom is located 10 A from the central fiber axis. The diameter of the DNA double helix is
2 nm [27]. The two chains of a DNA are held together by purine and pyrimidine
nitrogenous bases by hydrogen bonding. The purine bases consist of guanine (G) and
adenine (A), while pyrimidine bases consist of cytosine (C) and thymine (T) [28]. A purine
on one chain always base pair with a pyrimidine on the other chain and only specific
bases can pair with each other; adenine base pairs with thymine via two hydrogen bonds,
cytosine pairs with guanine with three hydrogen bonds (Figure 1:3 C). These bases are
flat heterocyclic rings consisting of carbon and nitrogen. Pyrimidines are single six
membered heterocyclic rings whereas purines are bicyclic structures with five and six
membered heterocyclic rings. The carbon and nitrogen in the bases are numbered as
shown in Figure 1:3 B. Pyrimidines are joined to the 1’ position of the sugar by glycosidic
linkage via nitrogen at position 1 whereas purine is linked via nitrogen at position 9 [29].
The ratio of amount of adenine to thymine and guanine to cytosine is always close to
one for DNA. The sugar of the sugar-phosphate is linked to the base via a glycosidic
linkage and phosphate is linked to sugar via a phosphor ester linkage. As the phosphates
are linked to sugars through two ester linkages, it is called as a phosphodiester bond
[28]. Sugar-phosphate attached to a base is called a nucleotide which is the building
blocks of DNA (Figure 1:2).
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Figure 1:2 lllustration of structure of B-DNA. A) sugar-phosphate when attached to a
base is called nucleotide which is the building block of a DNA molecule. Nucleotides are
connected in a sequence to form a DNA strand. The bases on one strand
complimentarily bind to bases on the other strand via hydrogen bonds to form a double
stranded DNA helix. B) structure of DNA backbone. Deoxyribose sugar linked with a
nitrogenous base is attached to each other via phosphate groups (Adapted from [28]).

An important characteristic of the DNA polynucleotide chain is the structural asymmetry
of its ends. One end, known as the 5’ end, features a 5’-OH group, while the opposite
end, termed the 3’ end, carries a 3’-OH group. Since DNA consists of two complementary
strands, the 5’-3’ direction of one strand aligns with the 3’-5’ direction of the other,
resulting in an anti-parallel arrangement of the polynucleotide strands in double-stranded
DNA (Figure 1:3 A).
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Figure 1:3 Structure of DNA A) Anti-parallel structure of double stranded DNA. B)
structure of nitrogenous bases in DNA, the numbers denote the positions of carbon and
nitrogen. C) pairing of purine and pyramidines; adenine pairs to thymine via two
hydrogen bonds, guanine pairs to cytosine via three hydrogen bonds (Adapted from
[28]).

The double helical structure has two asymmetrical grooves, the major groove and minor
groove which arises due to the antiparallel orientation of DNA strands and the angle at
which bases are linked to sugar-phosphate. The difference in width between the major
and minor grooves arises from the angles at which the glycosidic bonds attach the bases
to the sugar backbone. These bonds are positioned approximately 120° apart, resulting
in an asymmetrical arrangement of the bases that creates two grooves of unequal size
when stacked along the helical axis. The major grooves are wider, around 22 A enabling
higher access to protein for fundamental molecular processes such as replication and

transcription whereas minor grooves are shorter around 12 A [29].
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Figure 1:4 Surface representation of DNA in which bases are coloured as purple. Sugar-
phosphate backbone is coloured as follows; carbon : green, oxygen : red, phosphorous:
orange. DNA grooves create two continuous surfaces that encircle the helical structure.
These grooves are formed by the exposed edges of the base pairs, as illustrated in the
figure. The major groove (highlighted by the yellow ribbon) is broader and more
accessible, whereas the minor groove (marked by the orange ribbon) is narrower
(Adapted from [28]).

The model of DNA proposed by Watson and Crick qualified the characteristics necessary
for a genetic material such as auto-replication, specificity, information content and the
ability of genes to mutate. The auto-replication is possible based on Chargaff's rule called
base pairing, adenine always pair to thymine and guanine to cytosine. According to the
Watson-Crick model, DNA is linear structure accounting for its specificity and information
content; the sequence of the nucleotides constitute the genetic information [19]. The
genetic information in a DNA is transferred to ribonucleic acid (RNA) which serve as the
template for production of proteins. This was envisioned by Francis Crick as central
dogma of molecular biology and formed the basis of gene expression and molecular

regulation [30].
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Figure 1:5 Central dogma of molecular biology. DNA is capable of auto replication, and
the genetic information is transcribed to RNA and translated to proteins forming the basis
of gene expression. The arrows indicate the direction of transfer of genetic information.

While the role of DNA as the carrier of genetic information has been extensively studied
and remains fundamental to molecular biology, this aspect is beyond the scope of this
thesis. Instead, this work focuses on DNA as a structural nanomaterial, leveraging its
programmability, sequence-specific hybridization, and nanoscale self-assembly

properties for biosensing applications.

DNA Nanotechnology

The field of DNA nanotechnology uses the programmability and specificity of the base
pairs interactions of DNA to build nanostructures with nanoscale precision. This idea was
first put forward by Nadrian C. Seeman in the 1980s who introduced the concept of DNA
self-assembly by designing synthetic DNA structures that could form precisely controlled
DNA nanostructures. According to Seeman, the conformational variability and backbone
flexibility of DNA could facilitate the formation of nucleic acid junctions which is essential
to their biological function [31]. One such example is the replication junction, site where
the parent ds DNA unwinds and new complimentary strands are synthesised by DNA
polymerases, which was inherently suggested in Watson and Crick’s proposal for DNA
replication mechanism (Figure 1:6 A) [32]. Another example is the Holliday structure
(1964), the intermediate structure that forms during DNA recombination and repair and
is crucial in genetic recombination [33]. A Holliday junction is a key intermediate in
homologous recombination, enabling the exchange of genetic material between

homologous DNA molecules. It consists of a four-stranded structure where two DNA
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duplexes are linked at a crossover point. The migration of this junction occurs through a
stepwise exchange of base pairs, moving the crossover point along the DNA. This
process, known as branch migration, can proceed in either direction, leading to different
recombination outcomes. The Figure 1:6 B illustrates the symmetry of the Holliday
junction, with half-arrows indicating the 5' to 3' directionality of DNA strands and a lens-
shaped object representing the two-fold sequence symmetry. The transition between
different conformations of the junction is driven by base-pairing rearrangements,
ultimately leading to either the restoration of the original DNA pairing or the formation of
newly hybridized helices. In 1982, Seeman proposed using Holliday junctions as the
foundation for constructing DNA lattices and nanostructures [31]. In 1991, he created the

first 3D DNA cube nanostructure proving that DNA could be used for structural

engineering [34].
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Figure 1:6 A) A replicational junction. The half-arrows indicate the 5' to 3' directionality
of the individual DNA strands. The outer strands represent the parental double helix,
while the inner strands correspond to newly synthesized DNA. This disjoint junction
structure exhibits sequence symmetry between the two newly formed double-helical
segments, reflecting the intermediate stage of DNA replication. B) The recombination
junction (a) The Holliday structure as originally proposed by Holliday (1964) [35], where
the shaded backbones were initially paired with each other, as were the unshaded
backbones. The half-arrows indicate the 5' to 3' directionality of the strands, while the
full-headed arrows represent the two-fold symmetry axis. The junction itself is the point
where the strands cross, and its migration corresponds to the movement of this
crossover point along the DNA. (b) This representation highlights the potential four-fold
backbone symmetry, as suggested by Emerson (1969) [36], Broker & Lehman
(1971)[33], and Sobell (1972) [37]. The two-fold sequence symmetry is depicted by the
lens-shaped object at the centre of the structure. The migration of the branch point, as
indicated by reactions | and Il, leads to different recombination outcomes: repeated
reaction | restores the original pairing, while repeated reaction Il results in the formation
of newly hybridized double helices (Adapted from [31]).

Structural nanotechnology relies on three factors; hybridisation, stably branched DNA
and synthesis of DNA sequences [27]. Hybridisation is crucial for any sequence
dependent formation of nanostructures. The important aspect in hybridisation of nucleic

acid is the sticky end cohesion to join pieces of linear duplex DNA. Sticky ends are short,
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single-stranded overhangs created when a double-stranded DNA molecule is cut by
certain restriction enzymes. These overhangs can base pair with complementary sticky
ends from another DNA molecule, allowing for specific and efficient recombination or
ligation [38]. Sticky end cohesion relies on coherence of two double helical molecule by
hydrogen bonding as illustrated in Figure 1:7. Two sticky ends will adhere to each other

in a programmable and specific fashion to form a Watson-crick double helix.
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Figure 1:7 Sticky ended cohesion. The illustration depicts two unwound double helices
with strands of slightly different lengths, forming overhanging single-stranded regions,
known as sticky ends. When these complementary sticky ends encounter suitable
conditions, they can anneal through base pairing, as shown in the middle. The final step
involves covalent joining of the DNA strands, achieved through enzymatic (or sometimes
nonenzymatic) ligation, resulting in a continuous double-helical structure (Adapted from
[39)).

A stably branched DNA is crucial in nanotechnology and also for biological process. The
processes of replication and genetic recombination occur due to the involvement of the
triple-branched replication fork and the four-armed Holliday junction. The combined
effect of hybridisation and branching of DNA makes DNA an eligible construction
material. For example, four copies of four-armed DNA can be attached by sticky
cohesion to form a quadrilateral where only the inner sticky ends are used. This structure

can be extended to form an infinite lattice (Figure 1:8) [31].
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Figure 1:8 Self-assembly of branched structures to form larger structures. The structure
on left is individual four-armed structure consisting of 4 strands coloured differently and
named X, Y’, X’and Y. The sticky ends are represented by small protrusions on the ends
of each strand. The sticky ends adhere to each other, for example Y to Y’ and X to X’ to
form a tetrahedral structure. Note that not all sticky ends are used hence if bound to more
structures it can form an infinite 2D or 3D lattice (Adapted from [27]).

The branch points in inherently branched structures like Holliday junctions can migrate
allowing relocation hence they are unstable. This is due to the sequence symmetry, that
is two pairs of strands within the four strands of a Holliday junction have the same
sequence. To build stable DNA structures, branch migration has to be eliminated which
can be done by choosing sequences that lack symmetry within the vicinity of branch
point. These sequences are not available naturally, hence are synthesised artificially in
laboratories. Nowadays, it is possible to order required DNA sequences and even DNA
sequences with modifications such as biotinylated DNA are readily available [27].

A fundamental step in DNA nanotechnology is the motif design. Motif design involves
altering the connections between DNA strands in two distinct double helices to create a
new pattern of connectivity. This is called as reciprocal exchange. For example, in the
Figure 1:9, reciprocal exchange occurs between the red and blue strands resulting in a
single structure comprising of red-blue and blue-red strands. This is designed in
computer and the resulting strands are synthesised to carry out the reaction. A single
recombinase enzyme reciprocal exchange result in the same topologies whereas if two
or more happens, it result in structures with different topologies. Reciprocal exchange
can be carried out with strands of same polarity or different polarity, however, the best-
behaved molecules are those formed from different polarity [27, 31]. One important motif
is the DX motif where exchange happens between strands of different polarity. It arises
from two reciprocal exchanges between double stranded helices [40]. In DX + J motif,
there is an extra domain which is perpendicular to the plane of the two helices and serve

as a topographic marker (Figure 1:9) [41].
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Figure 1:9 Motif generation by reciprocal exchange. A) A red strand and a blue strand
becomes red-blue and blue-red strand as a result of reciprocal exchange operation. B)
DX motif and DX + J motif. DX motif arises from two reciprocal exchange between DNA
strands of different polarity. DX + J motif contain an additional domain which is
perpendicular to the plane of the DX DNA helices (Adapted from [27]).

Using the principles described above, DNA can be used to construct nanostructures
which are mostly characterised by their topologies. However, some structures have been
characterised geometrically such as large constructs made from annealing of long
scaffold strand with several helper strands, often called a DNA origami which is
described in the next section. Earliest DNA nanostructures were described as topological
species as structures like branched junctions were not robust, but rather floppy [42, 43].
The first two nanostructures produced were a cube [34] and a truncated tetrahedron [44]
characterised topologically by denaturing gel electrophoresis. Other example is the
assembly of DNA oligonucleotides to form a octahedron structure characterised by cryo-
electron microscopy [45]. In this work, the three dimensional structure has 12 edges
connected by 6 flexible joints . Five of the edges are DX motifs and seven are PX motifs.
The PX molecule is formed by exchanges between strands of identical polarity at every
possible position. The joints are four-way junctions that connect the core-layer double
helices of each edge. The DNA folds successfully to form an octahedron of 22 nm (Figure
1:10).
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Figure 1:10 A) early topological structures built from DNA. A cube like molecule is shown
on the left, each edge corresponds to two double helical turns of DNA. A DNA truncated
octahedron is shown on the left. B) Design of DNA octahedron. Top: Three-dimensional
structure involving twelve octahedron edges connected by six flexible joints (octahedron
vertices). Five of the edges are DX motifs (cyan) and seven are PX motifs (rainbow
colours). The joints are four-way junctions that connect the core-layer double helices of
each edges. Middle: Secondary structure of the branched-tree folding intermediate.
Bottom: Schematic of a PX edge (Adapted from [27] and [45]).

1.2 DNA origami

DNA origami technique involves the use of a scaffolding strand with helper strands to
assemble into a nanostructure. The first example of the use of a scaffold strand in DNA
nanotechnology was reported by Yan et al. to make a one-dimensional array [46]. The
formation of octahedron by Shih et al. described in the previous section also utilised a
long DNA strand annealed with five short helper strands [45]. However, a major impact
of using a long DNA strand with short helper strands to form a nanostructure was put
forward by Rothemund in 2006 [9]. The nanostructure called DNA origami was folded

from single stranded M13 viral DNA and formed into a variety of shapes.

Paul Rothemund described the assembly of several designs including single layered and
planar structures ranging from simple triangular, rectangular, star shapes to complex
smiley shapes (Figure 1:12). A designated planar pattern was converted into an array of
parallel cylinders, each representing a DNA double helix. To interconnect these helices,
periodic crossovers were strategically incorporated, with a spacing of 1.5 helical turns
(16 base pairs) along each helix. This arrangement enabled a single strand to weave
through successive helices, serving as the scaffold. Rather than remaining intact, the
complementary strand was fragmented into numerous shorter oligonucleotides, known

as staple strands, typically ranging from 15 to 60 nucleotides in length, which traversed
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between neighbouring helices via the crossovers. Instead of synthesizing a long single-
stranded DNA chemically, a more cost-effective and practical approach is to use a
naturally occurring viral genome as the scaffold. Viral genomes, often thousands of
nucleotides in length, originate from bacteriophages with well-defined sequences,
among which the M13mp18 genome is the most commonly used for assembling DNA
origami structures. The sequences of the staple strands are dictated by the scaffold's
routing pathway, the positions of the crossovers necessary for structural integrity, and
the locations of nicks in the strand (Figure 1:11). The scaffold and staple strands are
then combined in a salt-containing buffer and gradually annealed by cooling from 90°C
to room temperature. This controlled annealing process allows each staple strand to
hybridize at its designated position on the scaffold, ultimately forming the intended DNA

origami structure [9].
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Figure 1:11 lllustration of DNA origami design. A) A red shape is approximated by parallel
double helices that are interconnected through periodic crossovers, shown in blue. B)
The scaffold, represented in black, weaves through each helix, forming additional
crossovers highlighted in red. C) Initially, most staple strands bind two helices and are
16 nucleotides long. D) A similar representation to C displays strands as helices, where
red triangles indicate scaffold crossovers, black triangles mark periodic crossovers with
minor grooves on the top face, and blue triangles highlight periodic crossovers with minor
grooves on the bottom. Cross-sectional views of the crossovers provide insights into
backbone positions, represented by colored lines, while major and minor grooves are
distinguished by large and small angles between them. In C, arrows point to nicks that
are sealed to form continuous green strands, while yellow diamonds in C and D denote
positions where staples can be cut and rejoined to bridge the seam. E) The final design,
achieved after merging and rearranging along the seam, consists mainly of 32-nucleotide
staples that span three helices (Adapted from [9]).

For folding a DNA origami structure, Rothemund's work utilized circular single-stranded
genomic DNA from the M13mp18 phage, which consists of 7249 nucleotides, as the
scaffold. A hundred-fold excess of 200-250 staple and supplementary strands were then
mixed with the scaffold and annealed by gradually cooling from 95°C to 20°C in under
two hours. The resulting DNA origami structures were characterized by depositing them

on mica and imaging them with an atomic force microscope. Using this method, several



20

shapes of DNA origami was designed such as 26 helix square, rectangle, a five-pointed
star, triangle and even a smiley [9].

~ 100 nm

Figure 1:12 DNA origami shapes. Folding paths of DNA origami shapes; (from left to
right) square, rectangle, star, smiley, triangle with rectangular domains, triangle with
trapezoidal domains and bridges between them. Dangling curves and loops represent
unfolded sequence. Middle and bottom rows represent AFM images. Scale bars in
images without scale bars: 165 nm x 165 nm. Scale bars in bottom row; for rectangle 1
um, remaining images in bottom row: 100 nm (Adapted from [9]).

1.2.1 DNA origami design and synthesis

Designing a DNA origami structure involves guiding the scaffold strand through the
desired shape and generating complementary sequences to facilitate its assembly into
the intended form. The first-generation DNA origami designing tools such as caDNAno
were developed for designing 2D and 3D origami [47]. caDNAno remains the most robust
software to design DNA origami while other software such as Tiamat, SARSE-DNA,
Nanoengineer-1, GIDEON, Hex-tiles, K-router etc has been developed [48]. The first-
generation software require manual scaffold routing and manual or semi-automatic
scaffold and staples crossover. Second generation software offer more features such as
it is user friendly and demand less technical knowledge when compared to first
generation software. The most used second generation software is vHelix which
integrates a simulation platform that can predict the folding of DNA origami in different
buffers [49]. Other examples include DAEDALUS [50] and TALOS [51] for 3D origami
and v-Helix-BSCOR [52], PERDIX [53] and METIS [51] for 2D origami. Another software
which has been reported is ATHENA that combines the features from first and second
generation [54]. DNA origami screening of large number is tedious using experimental
method, therefore computational based methods to predict DNA origami structures have
been developed. Molecular dynamic simulation can determine the structural, mechanical

and ionic properties of DNA origami [55]. However, due to the larger size and dynamic
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hybridisation and rehybridization of DNA origami, conventionally available structure
prediction packages such as AMBER [56], NAMD [57], and GROMACS [56] are
extremely computationally expensive. Coarse-graining packages such as canDO [57]
and COSM [58] are available to predict the mechanical strain of DNA origami to minimise
undesired folding. A versatile and practical approach to predict structural features in
detail that is developed is called oxDNA which is a web-based server [59-61]. oxView
which is the user interface in oxDNA offer de novo design of DNA nanostructure. MrDNA
can perform an all-atom molecular dynamic simulation in 30 minutes offering high

resolution and faster speed in simulating DNA origami [62].

For DNA origami assembly, the type of scaffold is chosen based on the size and
complexity of the desired DNA origami. The most commonly used scaffold is the
M13mp18 derived from the phage which is 7249 nucleotide long. Other commonly used
scaffolds include p7308, p7560, p8064 which are also isolated from M13 and are of
different lengths. The size of the DNA origami is dependent on the length of the scaffold
hence custom size scaffold could potentially expand more design possibilities [63].
Research has been done for scaling up of DNA origami synthesis by employing longer
scaffold strands [64, 65]. The yield of DNA origami is dependent on the cation
concentration as the stability is sensitive to cation concentration. The assembly of DNA
origami usually occurs at pH 8 in a Tris-acetate-EDTA buffers in the presence of
Magnesium ions (5-20 mM). The concentration of Mg?* ions varies with the complexity
of the DNA origami design. For example, high concentration Mg?* is required for 3D
origami structures whereas low concentration is enough for wireframe structures. Closely
packed DNA origami structures and wireframe structures can also fold under other
cations such as Na* [66]. The required NaCl concentration depends on the proportion of
staple strands that form stable double-stranded regions with the scaffold. By minimizing
weakly binding staples during design and adjusting sodium concentration accordingly,
efficient folding comparable to magnesium-based conditions can be achieved. Folding
of multi-layer DNA origami in sodium requires much higher salt concentrations (around
1.2-3.4 M NaCl) compared to magnesium, as proper assembly occurs only at these
elevated levels where both folded and unstructured species may coexist. DNA origami
structures are typically folded in one-pot, and involves the addition of 10-20x higher
concentration of staples compared to scaffold strands to avoid the formation of non-
specific aggregates [9, 67]. The folding involves the mixing of scaffold and staple strands
under appropriate buffer condition followed by heating to near boiling point and then
gradually cooling to enable spontaneous self-assembly of origami. This process is called
as thermal annealing [9, 68]. The time taken for the folding depend upon the complexity
of the structure, 2D structures need few hours whereas 3D origami requires days of

folding.
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1.2.2 DNA origami functionalisation

Functionalisation typically means attaching chemical moieties on DNA origami. There
are two ways by which DNA origami are typically functionalised; Pre-assembly
functionalisation and post-assembly functionalisation.

Pre-assembly functionalisation involves incorporating functionalised staples while folding
of DNA origami (Figure 1:13). One advantage of this approach is that the number of
attached molecules on the DNA nanostructure is precisely controlled, and each
attachment site is fully occupied, as long as the staple strands are pure and correctly
incorporated into the structure. They are most commonly used for incorporating
fluorophores as they can be easily incorporated while solid phase synthesis of
oligonucleotides [69, 70]. Such structures have been used as biosensor to investigate
cellular uptake and silence genes in plants [71-73]. Pre-assembly functionalisation has
been widely used to attach proteins, lipids [74, 75], aptamers [76-78], peptides [79, 80],
and polymers [81] to DNA origami. Aptamers have been incorporated onto DNA origami
scaffold and has been used for targeted cancer therapy [82]. However, some
disadvantages with pre-assembly functionalisation is that it is incompatible with
conjugates or functional molecules that are sensitive to high temperature and salt such
as proteins that can denature and aggregate. Moreover, the functionalised staples need
to be individually synthesised, purified and characterised.
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Figure 1:13 DNA origami functionalisation strategies. DNA origami is assembled by
annealing scaffold strand with short staple strands. A) modified DNA oligonucleotides is
added prior to folding in order to incorporate them during folding process. B) Modified
oligo nucleotides are conjugated in a separate step after folding DNA origami (Adapted
from [83]).

An alternative to this is post-assembly functionalisation where the functional molecule is
attached in a separate step onto origami after folding, either through covalent or non-

covalent approaches (Figure 1:13 B). Non-covalent modification involves DNA-DNA
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hybridisation and the functional molecule chemically conjugated to a DNA strand is
complimentarily attached to ssDNA overhangs protruding from DNA origami. The
assembled DNA origami is incubated with functional molecule conjugated with DNA
which complimentarily binds to the protruding overhang from the structure. This has been
used for attaching functional molecules such as proteins [84-87], fluorophores [10, 88,
89], aptamers [13, 90-92], small interfering RNA [73, 93, 94], polymers [81], quantum
dots [95], peptides [93, 94, 96] and lipids [97, 98]. This type of functionalisation has a

risk of DNA-DNA dissociation and loss of conjugate molecule.

Another common strategy for functionalising DNA origami is DNA-X conjugation. This
method involves using DNA handles such as peptide nucleic acids or DNA-binding
proteins to attach to DNA overhangs.. The most common non-covalent interaction
exploited for DNA origami functionalisation is high affinity biotin-streptavidin
functionalisation. This method is adopted for its ease of biotinylating staples and
engineering streptavidin systems hence used to attach proteins [74], peptides [99] and
metal conjugates [100]. Such systems are also used to study chemical reactions
observing successive cleavage and bond forming reactions on DNA origami [11]. This
work explores three linkers in which one linker A involves covalent attachment, while
other linkers are attached non-covalently. The reaction involves cleaving and bond
formation resulting in detachment of streptavidin which is monitored by AFM technique.
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Figure 1:14 Chemical cleavage reactions on DNA origami. A) Linkers A, B and C used
for immobilization of biotin. Linkers B and C are cleavable. Linker B is cleaved by DTT
(10 mM) and linker C by photogenerated singlet oxygen (sensitizer, eosin 100 mM). AP
is the phosphoramidite used for the synthesis of linker C. B) Schematic of the
arrangement of the linker—biotin—streptavidin conjugates at the DNA origami. C) AFM
images of origamis with streptavidin arranged as the letter ‘I after disulphide cleavage,
and the letter ‘Y’ after subsequent photochemical cleavage. (Adapted from [11])

Covalent functionalisation involves chemically modifying DNA origami with functional
groups enabling more stability and specificity compared to non-covalent hybridisation.
One approach is to modify the staple strands with primary amines that can interact with
N-hydroxy succinimide (NHS) esters on the functional molecule to form a stable amide
bond. This method is used to functionalise proteins [101], metals [102] and small
molecules on DNA origami. However, this approach offers poor functionalisation
efficiency. Another covalent approach is to utilise the maleimide -thiol chemistry to
conjugate functional molecules. DNA strand containing thiol groups (-SH) can be reacted
with maleimide containing functional molecule to form a stable thiosuccinimide bond
[103, 104].
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Figure 1:15 Cysteine-Bearing Protein of Interest (POI) is conjugated to the Azide-
Modified Oligos by DBCO-Maleimide Cross-Linker via a Copper-Free 1,3-Dipolar
Cycloaddition Reaction. (Adapted from [105]).

DNA-protein conjugation primarily relies on engineering single amino acid residues to
enable site-specific functionalization while preserving protein activity. Single amino acid
mutations or insertions are advantageous as they typically do not disrupt the functionality
of the modified protein. Most binding or model proteins used in conjugation reactions
lack naturally occurring cysteine or lysine residues, allowing these amino acids to be
strategically introduced at desired sites [106]. Cysteine is less abundant than lysine,
making it a preferred candidate for selective conjugation. However, the thiol (-SH) group
in cysteine can form disulfide bonds, leading to protein multimerization [107]. To prevent
this, a reducing agent must be used before conjugation. Cysteine-containing proteins
can be conjugated to DNA through two main approaches. One method involves the direct
attachment of cysteine to maleimide-modified oligonucleotides. An alternative strategy,
developed by Mukhortava and Schlierf, follows a two-step process: first, cysteine is
functionalized with DBCO-maleimide, and then it is conjugated to azide-modified
oligonucleotides (Figure 1:15) [105]. This approach utilises a Strain-promoted azide-
alkyne cycloaddition (SPAAC) which is a bioorthogonal click chemistry reaction that
enables covalent conjugation without the need for a copper catalyst. Murphy et.al has
demonstrated covalent attachment of urease enzyme to DNA origami using thiol
maleimide chemistry. The enzyme has a thiol group which reacts with a maleimide on
heterobifunctional crosslinker azido-PEG3-maleimide to form a stable thiosuccinimide
bond. In a second step, DBCO-modified ssDNA strand complimentary to overhang on

DNA origami is reacted with azide on urease enzyme using click-chemistry [108].
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Figure 1:16 A) The heterobifunctional crosslinker azido-PEG3-maleimide is incubated
with reduced urease, allowing the maleimide (purple) to react with the enzyme’s thiol
groups (-SH). A stable thiosuccinimide bond is formed between the maleimide and the
thiol. In the second step, DBCO-modified single-stranded DNA is reacted with the
urease-azide using “click” chemistry. B) lllustration showing DNA-conjugated urease
binding to DNA origami via complementary DNA strands (single-stranded DNA handles
shown in cyan and magenta). (Adapted from [108]).

1.2.3 DNA origami purification

The staple strands used for DNA origami assembly is added in excess to enable high
efficiency of folding. Similarly, functional molecules are also added in excess to ensure
high functionalisation efficiency on DNA origami in both pre-assembly and post-
assembly functionalisation. Purification removes excess oligonucleotides, functional
molecules, and mis-folded products. Same purification methods are used for purifying
both unfunctionalized and functionalised origami though each method has its own merits
and demerits. The main challenge with purifying DNA origami, especially functionalised
DNA origami is that most methods damage the nanostructure or the functional molecule.
Moreover, efficiency of purification reduces when large size proteins are used as

functional molecules.
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Figure 1:17 lllustration of methods to purify DNA origami. A) Affinity purification relies on
affinity between a tag on DNA origami with an external material such as column surface
or magnetic beads. B) membrane filtration uses a membrane to separate origami from
excess material using size cut-off membrane. C) Sedimentation purification utilises the
difference in density and size in separating heavy materials and light materials. D)
Retetion purification depends on the difference in retention times of materials in different
media such as agarose gels or size-exclusion chromatography beads. (Adapted from
[109)).

1.2.3.1 Sedimentation purification

Sedimentation purification utilised centrifugation to remove excess materials from DNA
origami and works on the principle of difference in size, density and shape between DNA
origami and smaller functional molecule or oligonucleotides (Figure 1:17C). Centrifuging
DNA origami sample in aqueous buffers results in retention of excess materials in the
supernatant which can be discarded. However, centrifugation might result in losing
samples, low molecular weight resolution and consuming time hence has limited
applicability. An updated method includes using gradient of glycerol to purify DNA
origami structures called rate zonal centrifugation [110]. This involves incubating the

assembled or functionalised DNA origami samples with different gradients of glycerol
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followed by centrifugation to result in separated fractions of product of interest and
excess molecules. The DNA origami and the excess molecules sediment through the
gradient at different rates enabling separation. This method struggles to produce high
concentrations hence poses as disadvantage on conditions where DNA origami is
needed in high concentrations such as structural studies. Another type of sedimentation
purification is PEG precipitation which give high yield of origami structures after
purification [111]. High-molecular-weight nanostructures are separated from low-
molecular-weight conjugates due to the excluded volume effects of added PEG
molecules. The nanostructures precipitate from solution as a result of PEG-induced
crowding, and are then resuspended in a buffer of choice at the desired concentration.
The main disadvantage of this method is it leaves residual PEG in the sample with
origami which might interfere with the applications [48]. In general, centrifugation based

method have limitations in scaling up and industrial applications.

1.2.3.2 Affinity purification

Affinity purification involves the attraction between an affinity tag on DNA origami to an
external material (Figure 1:17A). For example, Histidine tagged DNA origami staples can
be incorporated while origami assembly and can be purified by its affinity to a cobalt
based metal affinity resin [80]. Magnetic beads could also be used for affinity purification.
This approach involves incorporating biotinylated staples on DNA origami while folding
followed by attachment to streptavidin coated magnetic beads. The origami can be pulled
from the rest of the material by a magnet [112, 113]. Functionalised origami can then be
detached from magnetic beads by competitive binding that displaces biotin-streptavidin
bonding. This technigque has been used for solid phase synthesis of DNA origami, the
DNA origami is attached to a magnet by biotin-streptavidin linkage, then functionalised
with protein followed by purifying excess proteins before being removed from magnetic
beads [114].
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Figure 1:18 Magnetic beads modified with poly-T oligonucleotides (gray lines) were
hybridized to linker oligonucleotides (the gray-red-blue line) on the DNA origami. After
capture and removal of excess conjugates an invader (red-blue line) was added, binding
to the red toehold region on the linker and displacing the blue sequence, releasing the
origami. (Adapted from [114]).
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1.2.3.3 Membrane purification

Membrane purification uses a membrane with a size cut-off which can separate large
DNA origami structures from small staples or functional molecules (Figure 1:17B) [104,
115]. The speed of purification can be increased by coupling the membrane filters with
centrifugation and is the most common method used for purification. This method is
typically used to purify both non-functionalised and functionalised DNA origami, however
the increase in size of the functional molecule needs repeated rounds of purification
which often decreases the yield of purified origami. DNA origami samples are placed in
a centrifugal unit with an appropriate molecular weight cut-off and centrifuged resulting
in forcing excess staples and salt through the membrane while retaining DNA origami.

The retained origami can be suspended in a buffer and collected [94].

1.2.3.4 Retention purification

Retention purification relies on the difference in retention time of materials in different
media (Figure 1:17D). Size exclusion chromatography (SEC) is one of the type of
retention purification which uses a column packed with porous beads through which the
sample solution is passed through resulting in separation of component based on
different size dependent retention times [84, 86, 116]. The separation is as a result of
different path lengths during fluid passage through the resins. Smaller particles exhibit
longer path length due to diffusion into the resin. SEC based purification can be scaled-
up and used in industrial applications. SEC could be used to separate different types of
DNA origami such as separating monomers, dimers, trimers and other higher order

nanostructures. A related technique called fast protein liquid chromatography (FPLC)
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using superose 6 column which uses low pressure and faster flow rate could separate
DNA origami from excess staples, however could not distinguish between monomer and
dimer origami [114]. Another type of retention purification is gel filtration which is similar
to SEC, but uses centrifugation to send the samples through a column rather than pump-
driven or gravity driven flow as in SEC [114, 117]. This method does not require complex
chromatography instrumentation like SEC but the scalability is limited based on the
volume capacity of gel column and centrifuge. Gel purification is the another approach
which uses an applied electric field to push materials through a gel forming a band based
on the material size and charge [75, 81, 118, 119]. The sample can be collected by
excising the band followed by dissolving it and exchanging in buffer to yield a pure

sample.

Work done by Hogberg et al. compared purification of three different functionalised
origami using purification methods such as ultrafiltration, gel filtration, ultra
centrifugation, PEG precipitation, gel extraction, magnetic bead capture and FPLC
(Figure 1:19). Origami structures were modified with three types of functional molecules;
Alexa 488 fluorophore representing smaller molecule, antibody fragment representing
moderate sized molecule and ferritin representing large sized molecule. It was
demonstrated that magnetic bead separation was superior to other methods in purity of
purified structures and recovery yield. Additionally the purity was independent of the
functional molecule attached establishing magnetic bead based method as a universal
method for purification of DNA origami [114].
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Figure 1:19 Assembly and purification of functionalised DNA nanostructures. A and B)
conjugates were added to DNA origami, excess conjugates were still present in the
sample. C) The samples were purified using the seven different methods compared in
this study. Purple represents the mixture of excess conjugates with DNA origami, red
denotes the fraction containing excess conjugates, and blue indicates the fraction with
purified DNA origami. D) Excess conjugates were removed and purified origami
obtained. (Adapted from [114]).

Thus, DNA origami structures provide precise spatial control at the nanometre scale,
enabling the site-specific attachment of proteins. Advances in purification techniques to
remove excess materials have improved the yield of functionalised DNA origami,
enhancing its utility in single-molecule analysis. Recent research has explored the use
of DNA origami as carriers for single-molecule detection in nanopore sensing, which is
the focus of the following section. Before discussing this application, an overview of
nanopores, their types, and their broader applications is presented.
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Nanopores

Nanopores consist of a nanometre sized pore embedded within a membrane separating
it into two compartments containing electrolyte solution such as NaCl, KCI, or LiCl.
Electrodes (Ag/AgCl) fit within the two compartments and when a voltage is applied
across the nanopore, ion flow freely through the pore producing an open current. The
flow of ions is partially obstructed when a biomolecule translocates through the pore
under the influence of the applied bias producing an ion current blockage. The current
blockage is recorded as current vs time (Figure 1:20). This principle of working is called
resistive pulse sensing and is widely used to detect size, shape and charge of
biomolecules [120].
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Figure 1:20 lllustration of nanopore set-up. A) nanopore inserted in a membrane
separating two fluidic reservoirs. An open current is produced (B) when a voltage is
applied across the compartments, whereas translocation of analyte (biomolecule)
reduces the current producing an ion current blockage. The current returns to its baseline
once the biomolecule exits the pore.

The nanopore sensor is set up in a Faraday cage to block electromagnetic fields. The
sensor is connected to a head-stage which transduces the current to an amplifier. The
amplifier amplifies and condition the signals before passing it to a digitizer, which
converts the analog signal to digital format which is recorded by a computer (Figure
1:21). These signals or events are analysed to extract information about the translocating
biomolecules based on the amplitude and dwell time of the event. These parameters can
give information about the characteristics of the analyte molecules. For example,

nanopore signals can provide information about the concentration of analyte in bulk
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solution from the translocation rate [121], conformational changes and secondary
structure of proteins through the event amplitude [122, 123], charge of analyte and
diffusion coefficient through dwell time [124, 125], aggregation and unfolding kinetics of
proteins through event amplitude and dwell time [126-128].

Faraday cage

Amplifier

Headstage

Figure 1:21 lllustration of nanopore set-up. The nanopore sensor is connected to head
stage which transformed into an amplifier. Amplifier is connected with a digitizer that
converts analog signals to digital signal read on a computer.

1.3 Types of nanopores

Nanopores can be classified based on the membrane on which the nanopore is located.
The membrane can be of biological origin often called a biological nanopore or be
inorganic called solid-state nanopores. Solid-state nanopores include 2D material
nanopores and glass nanopores or nanopipettes based on the material from which it is
fabricated (Figure 1:22). Further, biological and synthetic pores are combined to form
hybrid nanopores.

Biological nanopore Solid-state nanopore 2D-membrane nanopore Glass nanopore/
nanopipette

Figure 1:22 lllustration of types of nanopores. (Adapted from [4]).
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1.3.1 Biological nanopores

Biological nanopores are membrane protein embedded within a lipid membrane usually
synthesised by recombinant expression techniques. One such example is a-hemolysin
(a-HL), purified from Staphylococcus aureus and characterised to have a pore diameter
of 1.4 nm large enough to detect single stranded DNA and RNA molecules [129, 130].
The a-hemolysin monomers assemble into the lipid bilayer to form a heptameric structure
and remain open for an extended period of time allowing ions to pass through the pore
producing an open current [131]. The nanopore sensor would consist of a single
membrane protein channel embedded within a lipid membrane. Over time, other protein
pores were also isolated and used for single molecule detection of biomolecules such as
cytolysin-A (Cly-A) from Salmonella typhi (pore diameter 3.8 nm) [122, 123, 132],
aerolysin (pore diameter 1 nm) isolated from Aeromonas hydrophila [133, 134], MspA
from Mycolicibacterium smegmatis [135], and FraC with pore size 1.6 nm from a sea
anemone Actinia fragacea [136] (Figure 1:23). These nanopores are widely used for
stochastic sensing of various analytes such as DNA [137-140], RNA [141], peptides [142,
143], proteins [128, 144-146], metabolites [147] and protein-DNA complexes [148] at
single molecule level. The advantages of using a biological nanopore is its well defined
sensing region typically about 2 nm and its capability for modification with precision by
chemical methods or mutagenesis. Mutagenesis is widely used to engineer nanopores
as it offers high degree of control and selectivity. One example is the modification of Cly-
A pore in which a ring of glutamine residues were mutated to tryptophan residues in the
inner channel to detect post-translational ubiquitination of proteins. The analyte used for
this study was an enzyme (E2) isolated from Saccharomyces cerevisiae which could
self-ubiquitinate. The mutation of the biological pore which increased the hydrophobicity
of the nanopore lumen increased the dwell time of the E2 protein enabling real time

detection of ubiquitination of the enzyme [122].

However, biological nanopores present certain challenges, such as restricted pore size
(1-2 nm). Since they are membrane proteins of biological origin, they are prone to
degradation and impose limitations on the size of detectable analytes due to their fixed
pore dimensions unless specifically engineered. Consequently, the range of analytes
that can be detected remains restricted [4, 149, 150].
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Aerolysin

Figure 1:23 Biological nanopores: Structure of biological nanopore with their constricted
pore size (marked in red). A) a-hemolysin (PDB: 3ANZ), B) Cytolysin-A (PDB: 2WCD),
C) Aerolysin (PDB: 5JZT), D) MspA (PDB - 1UUN), and E) Fra-C (PDB: 4TSY).

1.3.2 Solid-state Nanopores

Solid-state nanopores are pores within inorganic or plastic materials fabricated by
methods such as ion beam sculpting [151], laser drilling [152, 153], electron beam drilling
[154] and dielectric breakdown of ultra-thin membranes [155, 156]. These nanopores are
thermally and mechanically stable when compared to biological nanopores but has
difficulty in controlling the shape of the pore. Solid state nanopores are fabricated from
materials such as SiNy [148, 157], Al,O3[158, 159], ZnO [160], TiO, [161], graphene
[162-164], MoS, [165-167], and HfO, [124, 168]. The inorganic or plastic membrane
enables solid-state nanopores to have extended diameters of up to 100 nm or more,
facilitating the translocation of large biomolecules. Electron beam drilling is the most
common method used to fabricate sub-10 nm pores using materials such as Si or SiN.
This method uses a high energy electron beam from a transmission electron microscope
(TEM) to remove atoms from the membrane generating a nanopore which can be
monitored real time (Figure 1:24). This method has been reported to produce pore size
less than 0.13 nm [154, 169, 170]. lon beam sculpting involves exposing a free standing
SisN4 containing a pre-drilled hole (formed with a focused ion beam machine) with ion
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beam, typically Ar* ions controlling the size of the nanopore which allows optimising the
size of nanopore and Li et.al has demonstrated they could reduce the initially drilled pore
size from 60 nm to 1.8 nm and validated using TEM images. This method utilises a feed-
back control ion sputtering system that counts the ion emitting through the nanopore
ceasing the ion erosion at the appropriate time [151]. A freestanding SiNx membrane
can be etched by exposing it to a 488 nm blue laser etching the membrane to form a
nanopore which can be precisely controlled. These laser etched nanopores were used
to detect proteins and DNA to produce ion current blockages [152]. Fabrication methods
for solid state nanopores utilises high cost and complex instruments such as TEM which
is labour intensive and time consuming. However, a method called controlled di-electric
breakdown (CBD) was introduced to solve this problem. In this method, a strong electric
field with a dielectric strength similar to, but not high enough to break the membrane is
applied across it producing a leakage current. This current creates tiny defects in the
membrane, allowing more charge to pass through increasing the damage. Over time,
these defects link together, forming a continuous path causing the membrane to
breakdown. This increases the current at the spot removing the membrane material to
form a nanopore with size ranging 1-20 nm (Figure 1:24) [156]. Another fabrication
technique for solid state nanopore is atomic layer deposition (ALD) which involves
depositing an ultra-thin membrane on a sacrificial layer which is then removed to yield a
free-standing membrane with desired composition. Nanopores are generated on this
membrane using focused electron beams or controlled di-electric breakdown and this is
done on materials such as SiO [171], TiO2 [161], Al203[158, 172], and HfO [173, 174].
Advances in micro-nanofabrication enabled the fabrication of single atom layer
nanopores from 2D materials such as graphene [162, 175-177], boron nitride (BN) [178,
179], tungsten disulphide (WS;) [180], bismuth telluride (Bi;Tes) [181], molybdenum
disulphide (M0S,) [165, 182] and transition metal carbides (MXenes) [183] offering high
sensitivity in detection. Nanopores are fabricated within these membranes typically by
focused electron/ion beam. The next category of synthetic nanopores, glass nanopores
or nanopipettes is discussed in detail in the next section as it has been extensively used

in my thesis.
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Figure 1:24 Fabrication of solid state nanopores A) Focused electron or ion beam is the
common method used to fabricate sub-10 nm pores. The pore size and shape can be
monitored real time during fabrication. TEM images (right) shows the formation of
nanopore in silicon dioxide membrane. The electron irradiation leads to a gradual
decrease in pore size to 3 nm. B) Controlled dielectric breakdown of membranes such
as SiN, SiO2, HfO,. The membrane is immersed in an electrolyte such as KCI, LiCl or
NaCl and exposed to electric field with dielectric constant comparable to the membrane
resulting in breakdown of membrane forming nanopore. (Adapted from [184]).

Solid state nanopores are widely used for detection of analytes such as dsDNA [154,
185], ssDNA [182, 186], plasmid DNA [187], proteins [153, 188], polypeptides [161],
miRNA [189], t-RNA [190] and dsDNA-protein complexes [171].

1.3.3 Hybrid nanopores

Hybrid nanopores involves the combination of biological and solid-state hanopores to
enhance detection of biomolecules. The advantage is combining the sensitivity and
reproducibility of biological nanopore with the robustness of solid state hanopores. The
first hybrid nanopore was the electrophoretic insertion of a-HL tethered with DNA to 3.6
nm SiN pore to detect ss-DNA [191]. This work involved mutating an a-HL to add an
additional amino acid loop containing a cysteine to which a thiol modified DNA oligomer
with a complimentary single stranded end was attached through disulphide bond (Figure
1:25). The DNA oligomer acted as an attachment point for a dsDNA that guides the
insertion of a-HL nanopore to SiN nanopore as a result of electrophoretic translocation.
The observation of ion current blockades upon the addition of single-stranded
oligonucleotides confirmed their translocation through the nanopore under applied
voltage, thereby demonstrating the functional integrity of the nanopore. However,
integration of biological nanopore to a solid state nanopore might lead to structural
deformation of biological pore leading to loss of its inherent single nucleotide
discrimination capability. Additionally, current leakage could be observed due to
incomplete sealing between the biological and solid state nanopore. These factors could

affect the overall performance and applicability of hybrid nanopores [150].
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Figure 1:25 lllustration of hybrid nanopore set-up. A) a-HL nanopore a 3 kb ds DNA
attached via a 12-nucleotide oligomer to one protein subunit. Arrow indicate the
disulphide at connection point (left). Experimental set-up where protein conjugated
dsDNA is electrophoretically translocated through solid state nanopore. B) Recorded ion
current traces at -300 mV with baseline conductance after a-HL insertion and ion current
peaks upon addition of ssDNA. (Adapted from [191]).

Other hybrid nanopores are formed by self-assembled nanostructures [192, 193] and
viral proteins [194]. 3D DNA origami structures were designed to insert into solid state
nanopore and was used to analyse A-DNA molecules. For this, four layers of overlapping
DNA skirts were designed one above the other to form a pore size of 7.5 nm followed by
voltage-driven insertion into the solid state nanopore. The functionality of this hybrid
nanopore as a resistive pulse sensor was demonstrated by DNA translocation events
with A-DNA [192]. Another interesting work was the design of self-assembled
nanostructures inserted directly into lipid bilayer to act as a transmembrane channels
(Figure 1:26 A). The DNA origami nanopore design consisted of a stem that penetrated
and spanned the lipid membrane and a barrel shaped cap that adhered to the membrane
via 26 cholesterol moieties. The nanopore demonstrated around 1 nS conductance and
gating properties in single channel electrophysiological measurements. These
nanopores are envisioned to be used as analytical sensors, antimicrobial agents and
nanodevices [193]. Interestingly, viral DNA pore has been inserted into a larger silicon
nitride nanopore to form a hybrid pore with low leaking and ability to discriminate and
sense biomolecules. Portal protein in the viral capsid is electrokinetically inserted into
the SiN pore and is used for detection of sSSDNA, dsDNA, peptides and globular proteins.
The portal protein was squeezed into the thin membrane as a result of applied voltage
[194].
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Figure 1:26 Hybrid nanopores. A) Schematic illustration of DNA origami pore formed
from 54 helical bundles. Cylinder indicate double helical DNA domains. Orange ellipsoid
indicate cholesterol modified oligonucleotides connected to adaptor strands. TEM
images of origami channels adhering to liposomes (right). B) Left: Illustration of DNA
packaging machine of dsDNA virus. Viral genomic DNA (red) is translocated into the viral
capsid by the packaging ATPase (yellow) through the portal protein (agua) embedded in
viral capsid (grey). Right: lllustration of integration of viral portal protein into solid-state
nanopore and application of voltage results in ion current (blue arrows). (Adapted from
[194] and [193]).

1.3.4 Glass nanopores or Nanopipettes

Pipettes are designed to measure and dispense volumes of liquid. The origin of pipettes
dates back to 1940s when Louis Pasteur developed Pasteur pipettes to transfer liquid
for his experiments. This was further developed into micropipettes in the 1950s to
transfer and measure small volumes. Albert Barber fabricated micropipettes from glass
to detect bacteria followed by fabrication of glass pipettes with pore size above 0.5 um
by Ling and Gerard in 1949 which was extensively used to study cell physiology [195,
196]. The continuous evolution of pipette technology and advancement in fabrication
methods lead to the development of nanopipettes which can manipulate extremely small
liquid volumes at nanolitre scale. These advancements paved the way for development
of fields such as single molecule analysis and nanotechnology allowing unprecedented

precision in liquid handling at the nanoscale.

Nanopipettes are glass pipettes with pore size less than 200 nm . Nanopipettes are used
as nanopores due to their ability to create a highly controlled nanoscale aperture
enabling single molecule detection and electrochemical measurements. Nanopipettes
enable resistive pulse sensing just like biological and solid-state hanopores hence are
used to detect size, shape and conformation of biomolecules [197]. Nanopipettes are a
powerful tool for single-molecule detection due to their simple, accurate, and cost-
effective fabrication technique, which can be easily performed on a standard laboratory

bench.
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1.3.5 Properties of nanopipettes

The electrochemical behaviour of nanopipettes is largely dependent on the interaction of
the solid surface of nanopipette with the electrolyte. The surface charge affect the ionic
transport through the nanopipette and molecule sensing. The translocation of analytes
through nanopipettes is affected by the electro-osmotic flow and electrophoretic forces,
which is described in the next section.

1.3.5.1 Double diffuse layer (DDL)

When a solid surface such as that of a nanopipette is in contact with an electrolyte, it
develops a surface charge due to ionisation or adsorption. Quartz (SiO;) contain silanol
groups on the surface, leading to a negative surface charge at neutral pH due to
deprotonation of silanol groups. This attracts the oppositely charged ions called counter
ions from the electrolyte solution to the nanopipette surface forming electric double layer
(EDL) [198]. The negative charge on the surface attracts the positive cations to form a
stern layer or stationary layer which is a tightly bound layer of counter ions. However, as
these ions are surrounded by large water molecules, a residual amount of anions are still
present which attract more cations to form a second layer called diffuse layer (cloud of
counter ions) which is loosely ordered. The diffuse layer is extended to the bulk solution
to form double diffuse layer (Figure 1:27). The thickness of the DDL is called the Debye
length, typically in nanometre range and is dependent on the ionic strength of the
solution. The potential generated at the boundary of stern layer and DDL is called stern
potential. The potential difference can affect the acceleration or deceleration of the
charged analyte translocating through the nanopipette [199]. For analytes with charge
opposite to the surface charge, DDL can enhance the translocation by electrostatic
attraction. By deliberatively introducing positive charges on the surface of nanopore,
reduction in translocation speed of ssSDNA was observed which demonstrates how DDL

can affect the ion screening [200].
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Figure 1:27 Schematic of electrical double layer.

1.3.5.2 Electrophoretic and electro-osmotic forces in nanopipette.

When a quartz nanopipette filled with an electrolyte (KCI) is immersed in an electrolyte
bath and connected to counter and reference electrodes (Ag/AgCl), the application of a
voltage across the system induces ion current flow through the nanopipette [201]. When
a voltage is applied, a potential difference is generated in the electrolyte creating an
electric field driving the motion of charged analyte called electrophoresis. An
electrochemical reaction is facilitated at the anode and cathode where oxidation occurs
at the anode and reduction occurs at the cathode, thus generating an electric field.

Anode: Ag + Cl™ - AgCl + e~
Cathode: AgCl+ e~ - Ag* + Cl™

Electrophoretic transport involves the movement of charged analytes under the influence
of an electric field. EDL will attract the counterions to the surface, hence for a negatively
charged analyte, an attractive force is generated pushing analytes to the positive
electrode.
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Electroosmosis is referred to the motion of liquid induced by the electric field, and is
generated due to the accumulation of ions in the surrounding electrolyte near the
charged inner surface. Electroosmotic flow can influence the translocation dynamics of
analytes depending on their charge. For analytes with charge opposite to that of the
nanopipette surface, EOF can accelerate the movement of analyte towards the detection
area enhancing detection speed [202]. Electrophoretic force is the primary force
governing translocation of DNA [203] whereas for proteins with respect to the electrolyte

parameters could be a combination of electrophoretic and electroosmotic forces [204].

1.3.5.3 Nanopipette fabrication

Nanopipettes are fabricated from glass most commonly quartz or borosilicate as the
starting material. These glass capillaries are converted to nanopipettes by an instrument
called laser puller. An example model of laser puller is the P2000 manufactured by Sutter
instruments (Figure 1:28). A laser puller consists of a CO; laser to heat and soften the
glass capillary followed by controlled pulling forces to create two nanopipettes with fine
tips or apertures. The material to choose for nanopipette largely depends on the type of
experiment. Borosilicate can be fabricated easily due to its soft nature and is cost
effective but has a higher dielectric constant resulting in high noise during electrical
measurements. They are often used for application in general microinjection or
electrochemical measurements. However, quartz capillaries have low dielectric constant
(3.8) and high resistivity reducing the noise in electrical recordings [205]. They are also
stronger and flexible making sharper breakage resistant pores hence is suitable for
single molecule detection [206]. The outer diameter and the inner diameter of the glass
capillary is also an important factor to consider to choose the right size of nanopore as it
determines the radius of the nanopore. The physical properties of the nanopipette is
governed by five parameters which can be controlled in laser puller. They are heat,
filament, velocity, delay, and pull. The steps involved in nanopipette fabrication is
illustrated in Figure 1:28.

Heat — The heat parameter in a laser puller determines the intensity of CO, laser, which
determines the extend of softening of glass capillary before pulling. This determines the

tip diameter, taper shape and integrity of the nanopore.

Filament — This parameter controls how the CO, laser pattern is distributed across the
glass capillary and determines the shape of the tip such as longer taper (large value) or

shorter tip (small value).

Velocity — This controls the force with which the pull bar travels to each side. High velocity

value means the pull will be sooner after glass softening.
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Delay — Delay parameter controls the waiting time between the end of laser heating and
the pulling of capillary determining the time for which the glass will be in molten state

before being stretched.

Pull — This determines the force with which the pipettes are pulled.

Step 1 —Laser Source
CO: Laser Capillary
‘ - ‘
Capillary Holder
Step 2

Force J . Force
Step 3 I

d &

Nanopipettes

Figure 1:28 A) Image of a laser puller (Sutter Instruments). Illustration of steps involved
in nanopipette fabrication using laser puller (Adapted from [207]).

1.3.5.4 Nanopipette morphological characterisation

Morphology of a nanopipette consist of the tip, a shank, shoulder and a stem as shown
in Figure 1:29B. The stem is several centimetres in length and the shank in millimetres
[201]. The morphology is characterised by optical or electron microscopes such as
scanning electron microscopy (SEM) or transmission electron microscopy (TEM) (Figure
1:29). The morphological parameters influence the application of nanopipette in single
molecule sensing. The taper is the region between the shoulder and the tip, the shape
and length influence the biosensing application. Other morphological characters such as
the tip diameter, material used for fabrication, outer and inner diameter also influence

the nanopipette application [208].
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Figure 1:29 A) Image of a nanopipette filled with a red coloured solution (adapted from
[209]). B) morphology of a nanopipette (left) and SEM micrographs of shoulder, shank
and tip of nanopipette (centre) and orifice of nanopipette (right) (Adapted from [208]).

1.3.5.5 Nanopipette electrochemical characterisation

Electrochemical method is used to characterise nanopipettes as high resolution
microscopy is tedious and expensive. For electrochemical characterisation, the pipette
is filled with an electrolyte and immersed in the electrolyte bath. The Ag/AgCI electrode
is inserted into the stem of the nanopipette and electrolyte and potential difference is
applied across it to generate ionic current. By sweeping the voltage across the
electrodes, pipettes current-voltage response can be measured and current-voltage plot
can be used to determine the resistance of the nanopipette. This value can be used to
determine the nanopore size as higher resistance value often indicates lower
conductance, subsequently smaller pore. The resistance can be calculated from the
equation [210, 211]:

L p COtO 1 1
P 7( )
+

re s T

R =

R is the resistance of the nanopipette pore, p is the resistivity of the electrolyte solution,
I is the length of the nanopipette stem, rs is the radius of the stem, r. is the radius of the
nanopipette tip and 6 is the cone angle of the nanopipette.

1.4 Nanopipette in Biosensing

Nanopipettes are extensively used as sensors in analytical science and biomedical
application for detection of biomolecules. Nanopipettes offer controlled nanoscale
dimensions combined with sensitivity and surface modification enhancing specificity. The
ease of fabrication and low cost makes nanopipette a potential tool for biosensing
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application. Biomolecule sensing using nanopipettes, including surface modifications to

enhance specific detection, with an emphasis on protein detection, is discussed below.

One method of sensing biomolecules using nanopipettes is by observing the changes in
ion current rectification (ICR) when molecule translocate through the pore. ICR is a
property observed in nanopipette where the ionic current flowing through the pipette
exhibit a non-linear response to applied voltage, leading to asymmetric current-voltage
characteristics [212]. The approach involves reversing the ion rectification of nanopipette
by reversing the surface charge on pipettes. The silanol groups of quartz pipette lead to
a negative surface charge at neutral pH and functionalisation of the nanopipette tip with
positively charge polyelectrolytes such as poly-L-lysine can reverse the rectification.
Therefore, the surface charges becomes positive, thus reversing ion selectivity to anions.
This enables the fine tuning of the sensing properties of nanopores. The sensitivity and
selectivity of the biomolecule detection can be enhanced by modifying the surface charge
of nanopipette by chemical modifications. Nanoparticles [213], aptamers [214, 215] and
proteins [216] has been used to modify nanopipettes and to enhance specificity in
detection of target molecules. The approach involves functionalising quartz nanopipette
with poly-L-lysine (PLL) or polyacrylic acid (PAA) followed by attachment of aptamer
specific to the target. An aptamer encoded nanopipette is developed to detect proteins
such as immunoglobins and ricin enabling single molecule detection [214]. Furthermore,
thrombin protein is detected by aptamer maodified nhanopipette using STING technology.
Signal transduction by ion nano-gating (STING) depends on an electrochemical read-
out and enable label-free detection of proteins [215]. Interestingly biotin-streptavidin
interaction is studied using nanopore by coating PLA/PAA functionalised nanopipette tip
with biotinylated BSA followed by attachment of streptavidin causing a change in current
amplitude [216]. Similarly, current rectification were also used to detect vascular

endothelial growth factor protein (VEGF) using pipette modified with 1gG.

Resistive pulse sensing is also demonstrated with nanopipette for detection of
biomolecules. The principle as described earlier measures the ion current when a voltage
is applied across the electrodes immersed in the stem of nanopipette and in electrolyte.
The analytes when electrophoretically pulled through the nanopore generates ion current
peaks characteristic of the analyte. The folding state of a 45 kbp double-stranded A DNA
strand is demonstrated at single molecule level using glass nanocapillaries combining it
with microfluidics [217]. Raveendran et al. has demonstrated detection of different
conformation of ribosome units using nanopipettes. In this work, a quartz nanopipette is
used to discriminate between individual 80 s ribosome with that of polysome based on

the difference in peak amplitude and dwell time of ion current peaks (Figure 1:30) [218].
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Figure 1:30 A) Control and DNA translocation experiments. No events are observed in
control (black), whereas ion current blockages observed when DNA is translocated
(adapted from [217]). B) Ribosome detection using nanopipette (illustration in the left).
Single molecule event trace and events corresponding to individual ribosome and
polysomes (right) (Adapted from [218]).
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1.5 Carrier molecules in Biosensing

A biosensor converts the interaction between an analyte and a receptor molecule into a
measurable signal. Depending on the analyte, the carrier molecule can be a biomolecule
such as an antibody, enzyme, DNA, organelle, whole cell, or microorganism. In
biosensing, a carrier molecule facilitates the transport, immobilization, or presentation of
the analyte to the sensor surface, enhancing detection efficiency. It can help stabilize the
target molecule, improve signal amplification, and ensure specificity in the interaction
between the analyte and the biosensor. Carrier molecules are often used in signal
transduction mechanisms, targeted delivery, or to bridge the interaction between the
recognition element (e.g., antibody, aptamer) and the sensor platform. These
interactions generate a unique fingerprint specific to the analyte. Antibodies are widely
used as carrier molecules due to their high specificity, strong binding affinity, and ability
to be functionalized for targeted delivery in diagnostics and therapeutics. One limitation
of using antibodies in biosensing is their stability and regeneration capacity, which has
led to the adoption of synthetic carrier molecules [219]. Whole cells, despite their
potential as carriers, are less commonly used due to their lower specificity, higher
detection limits, and longer response times. Interestingly, synthetic analogues can mimic
biomolecules, offering greater stability and flexibility for modifications tailored to specific
applications. Synthetic recognition elements include peptide aptamers-affimers,
oligonucleotide aptamers, and nucleic acid analogues such as peptide nucleic acids
(PNAs), locked nucleic acids (LNASs), glycol nucleic acids (GNAs), and threose nucleic
acids (TNAs) [220]. PNAs consist of repetitive N-(2-aminoethyl) glycine units attached to
nitrogenous bases, replacing the traditional sugar-phosphate backbone. LNAs,

incorporating a 2'-oxygen and 4'-carbon in the ribose methylene unit, provide enhanced
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stability, compatibility, and hybridization efficiency, making them valuable in clinical
diagnostics. However, their sequence length and base composition can affect stability,
limiting their broader application [221]. Oligonucleotide aptamers, typically 12—-25 bases
long, can bind proteins and serve as antibody alternatives. Their stability and shelf life
can be enhanced by modifying the sugar-phosphate backbone, making them suitable for
in vitro diagnostics, binding studies, and targeted therapy. However, these molecules are
susceptible to nuclease degradation and may exhibit reduced binding efficiency in blood
due to interactions with endogenous nucleic acid-binding proteins [222]. While antibodies
have long been the gold standard for protein binding, their size and complexity limit their
use in various biosensing applications. Affimers, present a promising alternative. These
small, stable proteins feature high-affinity binding surfaces for target proteins and have
successfully replaced antibodies in pathogen detection, protein sensing, and medical

diagnostics [223].

1.5.1 Carrier molecules in nanopipette biosensing

Surface functionalisation of nanopipette has gained importance in the last decade. The
selectivity stability and biocompatibility reduces any non-specific adsorption and enables
specific molecular detection due to which it has applications in advanced biosensing,
electrochemistry and intracellular probing [224]. However, surface modification is not
always feasible for detection of multiple analytes from the same fluid. Also, there is no
control over the exact location of the functional molecules on the nanopipette surface.
Hence, advances are required for detection of target analyte from a complex fluid and
for rare analyte which are at low concentration [225, 226]. One approach is to use a high
band width amplifier (MHz) to capture even small molecules, however, they generate
high noise. Small analytes such as proteins translocate very fast exceeding the
bandwidth of modern amplifiers, furthermore the translocation event rate of such
analytes are low. This would require a high concentration of protein molecules as analyte

which is difficult in clinical detection studies [7].

An interesting approach to rectify this issue is to use molecular carriers. A carrier
molecule contain a recognition element which can specifically bind to the target analyte.
A difference in ion current signals is observed when the analyte is bound with molecular
carrier vs empty carrier (Figure 1:31). The advantage of using a molecular carrier is that
the nanopipette would not have to be modified keeping the sensor generic and constant
for all the analytes. Another advantage is that smaller analytes such as proteins could
be easily detected by employing a carrier. The high signal to noise ratio and resolution
of ion current signals is highly dependent on the size of the analyte being comparable to
the size of the nanopore. it is often difficult to fabricate nanopipette with pore size as

small as that of protein. A widely used molecular carrier is DNA due to its uniform and
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well-defined negative charge and the ability to be electrophoretically pulled through the
nanopore. This might be of advantage for otherwise heterogenous analytes such as
proteins to be easily transported through nanopipettes under applied voltage [227]. The
carrier molecule could also slow down the transport of the target analyte enhancing the
signal to noise ratio and enable multiplexing as multiple analytes could be attached to
different regions of a molecular carrier [226, 228, 229]. Strategies of detection of target

analyte using molecular carriers are illustrated below (Figure 1:31).
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Figure 1:31 A) lllustration of molecular carriers used for target detection. B) attachment
of multiple aptamers specific to different protein targets to enable multiplexed detection.
C) Digitally encoded dsDNA carrier for detection of antibody. A 3-bit barcode is used to
identify the DNA carrier. D) Antigen detection based on gold nanoparticle dimerization.
(Adapted from review [184]).

Carriers can be of different types such as polymer based comprising of DNA and
nanoparticle based. An example is the detection of single stranded thiol modified DNA
conjugated to a 10 nm nanoparticle using a 50 nm nanopipette where ion current
blockage is recorded against time [230]. A 10 nm nanopatrticle is used as molecular
carrier with quartz nanopipette to detect IgY antibody [231]. The functional group is a
peptide which is conjugated to the nanoparticle which is complimentary to anti-peanut
IgY antibody. Picomolar to nanomolar concentration of lysozyme is detected by specific

aptamer conjugated to 5 nm nanoparticle using quartz pipette (Figure 1:32) [232].
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Figure 1:32 A) Working principle for single molecule detection of AUNP LBA/lysozyme
complexes through a nanopipette. SEM images of a typical nanopipette (left) and
nanopore (right) at the tip of the nanopipette. Schematic highlighting the strategy for
detection of lysozyme using AuNPs functionalised with an (lysozyme binding aptamer)
LBA aptamer. B) Current—time traces of top to bottom- AuNPs and AuNP-LBA ,AuNP-
LBA, free lysozyme, and AuNP-LBA/ lysozyme complexes. AuNPs and AuNP-LBA
exhibited current enhancement at negative while free lysozyme and AuNP-
LBA/lysozyme complexes exhibited current blockade at positive voltages.
Representative individual events are shown on the right-hand side of each trace
(Adapted from [232].

DNA based carriers are more commonly used due to their fixed charge and uniformity.
Several approaches are adopted to detect target molecules as showcased in Figure
1:33. Protein quantification is at nanomolar ranges are demonstrated by using DNA
carriers and nanopipettes. A 7.2 kb M13mp18 strand is used as the DNA carrier to study
the binding of biotin-streptavidin and digoxigenin-antidigoxigenin [233]. M13 mp18 strand
is also used as a carrier in nanopipette system to detect streptavidin using biotin
interaction but from a protein mixture [8]. This indicates that carrier molecule is potentially
an effective label free system to detect protein molecules at single molecule level.
Protein molecules in different size range is also analysed using 7.2 kp DNA carrier such
as ATP, lysozyme and thrombin by using their specific aptamers [234]. This has
demonstrated that this approach could be used for multiplexed detection of analyte
molecules. Approaches have been developed to enhance the sensitivity and specificity
of target detection, enabling the identification of single nucleotide polymorphisms at
nanomolar concentrations by incorporating carrier molecules with a nanopipette (Figure
1:33) [235]. Similar methodology has been utilised for detecting small DNA fragments
circulating as cell free DNA in bodily fluids such as blood plasma and saliva which has

been identified as biomarkers for cancer and infectious diseases [236]. Multiplexed
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detection of analytes are further explored by attaching dcas9 probes to create unique
barcodes on DNA which can give unique nanopore readout [229]. Aptamer-modified
DNA carriers are commonly employed for multiplexed detection, enabling the
simultaneous identification of up to three proteins, such as acetylcholinesterase and

thrombin, even in complex fluids like human serum [226].
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Figure 1:33 Schematic representation of a DNA carrier (48.5 kbp) engineered to contain
aptamer sequences (al, bl, a3) that bind to three proteins translocating through a
nanopore driven by the electric field. Translocations take place from inside the
nanopipette to the outside. As an example, a SEM is shown of a typical nanopipette tip
used with a pore diameter of 16 nm. Examples of translocation events of unmodified and
aptamer modified carriers are shown. Also shown are example translocations for the
detection of 3 and 2 proteins bound to the aptamers on the DNA carrier. Importantly, the
sub-levels can be used to differentiate between proteins both in terms of location and
magnitude (Adapted from [235]).

Though linear DNA carriers are widely used as molecular carriers for biomolecule
detection, translocation of long strands of DNA could result in knots and kinks resulting
in false positives [217, 237]. Another limitation is the translocation of multiple carriers
through the pore which could affect the single molecule detection [238]. To circumvent
this issue, DNA origami is used as a carrier in nanopipettes for detection of proteins.
Acetyl choline esterase protein is detected by an aptamer conjugated to a DNA origami
tetrahedron [239]. DNA origami structure can enhance the signal to noise ratio and also
form stable DNA carriers. Furthermore, Raveendran et al. has demonstrated detection

of c-reactive protein biomarker using aptamer conjugated DNA origami (Figure 1:34).
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The CRP protein was undetectable when translocated through the nanopore alone
whereas attachment to DNA origami produced ion current signals and made the protein
detectable [13]. This approach involves designing a DNA origami frame and inserting an
aptamer specific to CRP protein enabling the capture of CRP protein at the centre of
DNA origami. The unoccupied carrier and CRP occupied carrier can be discriminated
based on ion current signals, specifically the peak amplitude and dwell time values. The
CRP protein itself and when bound to the aptamer did not produce any ion current signals
whereas attachment to DNA origami produced ion current signal with high S/N ratio. A
shift in the values of peak amplitude and dwell time is also differentiated between CRP

occupied and unoccupied carrier.
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Figure 1:34 DNA origami carrier based biosensors. A) Schematic representation of
translocation of unoccupied carrier and CRP occupied carrier. B) Schematic
representation of the design and representative AFM micrographs of the unoccupied and
occupied DNA origami carriers. The frame DNA nanostructure is ~95 nm x 95 nm in
dimension with a 35 nm x 35 nm inner cavity. The DNA origami comprises small
nucleotide ‘anchors’ that protrude into the cavity which facilitate the incorporation of the
DNA aptamer via hybridisation. The DNA carrier also includes a polarity marker. ¢ Peak
amplitude and dwell time histograms of DNA nanostructure carriers (9 nM) and carriers
incubated with CRP at 9 nM concentration, both measured at a final carrier concentration
of 500 pM. d Typical ion current signatures upon translocation of CRP molecules, CRP—
DNA aptamer complexes, unoccupied carriers and CRP-bound occupied carriers. The
scale bars represent 20 pA and 1 ms, respectively. (Adapted from [13]).

DNA origami approach is effective, nevertheless, aptamers has several disadvantages
as a binding molecule as discussed in the previous section when compared to protein
binders. Hence, protein binders could be combined with the DNA origami carrier to
improve the sensing system to detect proteins. Moreover, the DNA origami design used
in [13] forms a ribbon like structure as seen in AFM images (Figure 1:35) hence the
design could be improved to ensure single molecule events.
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Figure 1:35 AFM image of DNA origami frame used in [13].

There is a rising need for the development of sensors for detecting small proteins as they
are relevant in clinical diagnostics. They are crucial for biomarker discovery and disease
diagnosis as many small proteins and peptides serve as important clinical biomarkers.
This thesis is focused on improving the DNA origami hanopipette sensor by incorporating

protein binders and emphasising on detection of small proteins.

1.6 Affimer proteins

Antibodies have been the most commonly used binding proteins in clinical diagnostics.
However, their limitations, including large size, multimeric structure, high production
costs, and time-consuming development have driven the search for alternative binding
proteins [240]. Additionally, antibodies require glycosylation and disulfide bonds for
activation, are sensitive to high temperatures, and cannot be efficiently expressed in
bacterial systems. To overcome these challenges, several non-antibody protein
scaffolds have been developed to display peptide sequences capable of binding specific
target proteins. These include ankyrin repeat proteins, repebodies, anticalins,
fibronectins, affibodies, and engineered Kunitz domains. These artificial binding proteins
offer advantages such as small size, monomeric structure, stability, and ease of
expression in E. coli. They can be engineered for various applications, including
conjugation reactions, fluorescent labelling, and PEGylation for enhanced stability as
these protein inherently lack cysteine residues (see 1.2.2). Affimers represent a novel
class of binding proteins derived from a consensus sequence of plant-derived
phytocystatins or human stefin proteins. These proteins, belonging to the family of
protease inhibitors, are small, monomeric, stable, and devoid of disulfide bonds and
glycosylation sites [241]. Structurally, affimers consist of a single a-helix and four
antiparallel B-strands, with two variable regions (VR1 and VR2). VR1, composed of nine
random amino acids, is located between the first and second B-strands, while VR2 is
positioned between the third and fourth B-strands [242] (Figure 1:36). It is the variable
regions that bind to the specific target molecules. Affimers are generated and screened

using phage display, a technique that involves exposing complex phage libraries
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displaying diverse binding sequences to immobilized target molecules. The target is
typically immobilized either by adsorption onto solid surfaces or by chemical modification,
such as biotinylation, followed by binding to a streptavidin-coated surface. After several
rounds of selection, phages exhibiting strong target affinity are isolated, sequenced, and
cloned into expression vectors [243]. Johnson et al. demonstrated the binding of CRP-
affimers to CRP protein using techniques such as surface plasmon resonance (SPR),
microarray experiments, and electrochemical impedance spectroscopy (EIS). Notably,
one affimer-modified surface exhibited comparable target binding in EIS, whereas
sterically bulky antibodies showed a lower response [244]. Additionally, the binding of
CEA-affimers to their target protein, carcinoembryonic antigen (CEA), has been
confirmed via SPR studies. These affimers have been shown to bind with high affinity (in
the nanomolar range) to native glycosylated, partially glycosylated, and deglycosylated

forms of the antigen.
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Figure 1:36 X-ray crystal structure of Adhiron92 scaffold (PDB ID no. 4N6T) at 1.75 A°
resolution. The single alpha helix and the four anti-parallel 8 strands are shown in white
with the insertion sites or variable regions shown in black. (Adapted from [241]).
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1.7 Protein-oligonucleotide conjugation

Oligonucleotide-protein conjugation combines the molecular recognition capability of
protein with the programmability and complementarity of DNA enabling its use in
diagnostic, analytical and nanotechnology applications [245, 246]. Protein provides
diverse functionalities such as acting as a specific receptor for ligand molecules while
DNA can be used to position a molecule of interest with nanometre precision [247-249].
Such oligonucleotide-protein conjugates can be of diverse application in single molecule
techniques which often require sophisticated experimental sample design. The complex
sample design w.r.t oligonucleotide-protein conjugates comprises of factors such as high
reaction vyield, versatility across diverse proteins, and retention of biological activity of
proteins. These conjugates have already been applied in single molecule technigues
ensuring functionality and accurate assembly of biomolecules of interest [234, 250, 251].
They are widely used in ultrasensitive detection methods [252], DNA nanotechnology
[253] and single molecule imaging [254].

Amino acids are the fundamental building blocks of a protein and amongst the naturally
occurring amino acids, cysteine is distinguished by the presence of a thiol (-SH)
functional group making it an excellent target for site-specific chemical modification.
Cysteine is found in less abundance (1.5 %) in proteins hence easier to target a specific
site without affecting other amino acids [255]. Moreover, the -SH group in cysteine is
highly nucleophilic exhibiting high reactivity with electrophilic group like maleimides
forming strong covalent bonds in conjugation reactions [256, 257].

1.8 DNA origami and nanopores in biosensing

One significant tool used for biosensing is nanopore sensing discussed in detail in next
section. Although nanopore sensing is a powerful tool for biomolecular detection, the
random translocation of proteins and DNA molecules through solid-state nanopores
makes it challenging to interpret their spatial organization [258]. To address this, carrier
molecules have been explored to facilitate controlled analyte translocation. Previously,
stochastic sensing of unfolded proteins was achieved by incorporating protein-binding
sites onto double-stranded DNA (dsDNA) carriers, which were then translocated through
glass capillaries. This approach eliminated the need for nanopipette surface modification
while allowing the DNA carrier to be tailored to specific analytes [251]. DNA carriers have
primarily been used to study DNA-binding protein interactions, as demonstrated using

silicon nitride (SiN) solid-state nanopores, where protein-bound and unbound DNA can
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be distinguished based on current amplitude [259]. While DNA origami presents a
promising carrier for escorting analytes through nanopores, understanding its own
translocation dynamics is crucial. Studies by Keyser’'s research group have shown that
adding neutral polymers to the electrolyte reduces electro-osmotic flow, facilitating the
transport of large DNA structures through nanopores [260]. Recently, Ding et al.
designed a ribbon-shaped DNA origami structure whose translocation was guided by
surface modifications, such as ATP/aptamer binding (Figure 1:37). Their findings
demonstrated that binding ATP or other target molecules altered the structural and
electronic properties of the origami, influencing its passage through solid-state
nanopores [261]. Additionally, DNA origami has been employed as a carrier in SiN
nanopores to model the nucleoporin complex for studying intrinsically disordered
proteins [262]. Further advancements include the use of DNA origami conjugated with
aptamers for biomarker detection. A notable study demonstrated the detection of C-
reactive protein (CRP) from human samples, where an aptamer specific to CRP was
thermally annealed to the DNA origami and translocated through a nanopipette. The
presence of CRP was identified based on peak shape, amplitude, and dwell time. This
approach holds significant potential for multiplexed biomarker detection in clinical

diagnostics.
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Figure 1:37 A) Design of DNA origami containing 8 aptamer sites for ATP binding. B)
Schematic of structural changes induced by ATP binding. C) Current traces for origami
translocation, ion current trace on top demonstrate signal for ATP translocation, middle
trace is translocation of origami ribbon 1 which has no aptamer sites on it, bottom trace
represents origami ribbon 3 which has 8 aptamer sites and saturated with ATP molecules
to ensure complete binding (Adapted from [261]).



57

1.9 Conclusion

In this chapter, an introduction to protein sensing strategies and single-molecule
techniques, particularly nanopores and DNA origami, is presented. A detailed review of
DNA and DNA nanotechnology is included, covering DNA origami, its applications, and
purification methods. Additionally, the chapter provides an in-depth overview of
nanopores and their applications in protein sensing. An overview of carrier molecules

used in biosensing is also discussed.

The first section introduces the chemical structure and biological function of DNA. The
uniqgue complementarity of DNA base pairing is a key feature exploited for the
construction of DNA nanostructures. From Seeman’s pioneering concept of DNA self-
assembly to the development of complex DNA origami designs, the field of DNA
nanotechnology has grown substantially, with wide-ranging applications in biosensing,
drug delivery, and vaccine development. The applications of DNA origami are enabled
by functionalization with DNA strands, proteins, and other biomolecules, which is
discussed in this chapter. Furthermore, the use of carrier molecules such as short
oligonucleotide binders (e.g., aptamers) and protein-based binders (e.g., affimers) offers
distinct advantages for DNA origami functionalization. For applications in areas like
vaccine development and drug delivery, robust purification of DNA origami is essential;

therefore, different purification techniques are reviewed in this chapter.

The following section focuses on nanopore biosensors. Nanopores have an established
role in analytical science and have emerged as powerful platforms for single-molecule
detection, enabling real-time analysis of biomolecules through ionic current recordings.
Various types of nanopores and their fabrication strategies are described in detail. This
chapter also provides an overview of research on hanopores as biosensors. Within this
field, nanopipettes have attracted interest due to their low cost, ease of fabrication, and
stability. Key properties of nanopipettes—including electrochemical characterization,
double-layer effects, resistive pulse sensing, and surface charge—are critical for

understanding their single-molecule detection capabilities and are discussed in detail.

Together, this chapter provides a comprehensive foundation for the research presented

in this thesis.
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Chapter 2 Materials and Methods

All chemicals are acquired through commercial suppliers Merck or Fisher at high purity
grade unless otherwise stated. All graphs are generated either through Origin2024b, or

python unless otherwise stated.

2.1 DNA origami production

All DNA strands used throughout this study were ordered from Integrated DNA
Technologies (IDT-DNA) with standard desalting service. The caDNAno (2.4.7) software
was used to design the DNA origami structures [47]. All origamis were folded using the
7249 nt M13mp18 circular single-stranded DNA scaffold (N4040S; NEB). All folded
origamis were stored at 4°C or immediately purified.

The caDNAnNo files of all the origami designs are publicly accessible on the repository:

https://archive.researchdata.leeds.ac.uk/1190/

2.1.1 4-Fold Symmetrical Tile and the biotinylated tile origami

The design of the 4-Fold Symmetrical Tile (4FST) DNA origami used here follows the
design published by Tikhomirov et al. [263]. The 4FST DNA origami staples are
categorized into 4 staple mixtures: interior, bridge, edge and negation, each mixture is a

mixture of all relevant staples.

To fold 40ul of the 4FST DNA origami, the folding mixture contained: 10nM M13mp18
scaffold, 12.5mM magnesium acetate, 75nM bridge mixture, 75nM bridge mixture, 75nM
edge mixture, and diluted in 10mM tris-HCI, 1mM Ethylenediaminetetraacetic acid
(EDTA) at pH 8.0 (1X TE buffer) (93283; Sigma-Aldrich). The folding of the 4FST DNA
origami was carried out with a thermal cycler by heating the folding mixture to 90°C for
2 minutes, followed by a gradual temperature decrease from 90°C to 20°C at the rate of

1°C per minute. The temperature was then further decreased down to 4°C until use.

For the biotinylated 4FST DNA origami, one of the standard edge staples (Edg-
T1R10C7-DHP) in the edge staple mixture was replaced with a 5’ biotinylated version of
the same staple. To fold the biotinylated 4FST, the same procedure as the standard
4FST was used. After the purification of the biotinylated 4FST origami, a total of 20nM
streptavidin (434301; Thermo Fisher) was added to the 4FST origami and incubated for
10 minutes at room temperature, then the biotinylated 4FST and streptavidin mixture

was subjected to purification again.


https://archive.researchdata.leeds.ac.uk/1190/

60

2.1.1.1 Dimeric 4-Fold Symmetrical Tile

To generate the dimer 4FST, the edge was replaced with a different set of edge staples
that allows the hybridisation between two 4FST. After the folding of the two separate
4FST origamis, the two samples were mixed at 1:1 volume (including all excess staples).
The mixture was then heated to 55°C and the temperature was then gradually decreased
to 20°C at a 1°C/min rate. The temperature was then further decreased down to 4°C until
use or storage at 4°C inside a fridge.

2.1.1.2 4-Fold Symmetrical Frame origami

The basic design principle of the 4-Fold Symmetrical Frame (4FSF) follows the 4FST,
thus the folding mixture components and the steps were the same as 4FST except for
the differences in staple sequences. For differences in structure, check the staple
sequences in the public repository mentioned in 2.1.

2.1.1.3 Frame origami

The design of the frame origami used here followed previously published design by
Raveendran et al. [13]. All the staples were pooled together into the staple mixture. The
origami folding mixture contains 10nM M13mp18 scaffold, 50nM staple mixture, 5mM
tris acetate (pH 7.4), 5mM magnesium acetate and 0.5mM EDTA. The folding of the
frame origami was carried out by heating the mixture to 95°C for 5 minutes followed by
gradual temperature decrease to 20°C. The temperature was then further decreased

down to 4°C until use.

2.1.2 DNA origami purification

All purified DNA origamis were stored in the DNA origami storage buffer composed of
10mM tris acetate, 10mM magnesium acetate, ImM EDTA unless otherwise stated. All
origamis were stored at 4°C and analysed within 2 weeks. All purification procedures

were performed in 1.5ml centrifuge tubes unless otherwise specified.

2.1.2.1 SPRI beads selection
HighPrep™ PCR Clean-up System (AC-60050; Magbio) was used for SPRI bead

purification of DNA origami. Prior to purification, the bead solution was set on the bench
at room temperature for 15 minutes. The beads solution was then vortexed for 30
seconds until a homogenous colour was observed. The 40ul folded DNA origami after
the folding reaction was mixed with 32uL of the SPRI beads to achieve the 0.8X volume
ratio. The volume for rest of the volume ratio is mentioned in the table below (Table 2-1).
The solution was mixed until a homogenous colour via flicking on the tube or pipette

mixing, followed by 10 minutes incubation at room temperature on the bench. The tube
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was then placed on a magnetic separation rack (commercially available or homemade
with 3D printer) for 5 minutes, the magnet pulled the SPRI beads from the solution to
form a pellet at the corner of the tube. The clear supernatant was then isolated and
discarded by pipette without disturbing the beads pellet. Then, two washes with 500pl of
80% (v/v) were performed and all excess ethanol from the tube was then carefully
removed with a P10 pipette. The tube with the beads pellet was removed from the
magnetic separation rack and sat on bench for 5 minutes to air dry. The dry pellet was
then resuspended in 40l of the DNA origami storage buffer through pipette mixing to
elute the DNA origami from the SPRI beads, followed by 5 minutes of incubation time.
The tube was placed back on the magnetic separation rack and the magnet caused the
beads to pellet at the corner of the centrifuge tube, a pipette was used to aspirate the
supernatant and transferred to a PCR tube. The purified DNA origami would need to
undergo a thermal de-clumping procedure (refer to main text for further information about
the process). The PCR tube was heated to 50°C using a thermal cycler for 2 mins,
followed by a gradual decrease of the temperature to 20°C at the rate of 3°C/min. The
temperature was then further decreased down to 4°C until use.

SPRI volume ratio Volume of origami (uL) Volume of SPRI beads
(nL)

0.4X 40 16

0.6X 40 24

0.8X 40 32

1X 40 40

2X 40 80

3X 40 120

4X 40 160

Table 2-1 SPRI volume ratio for DNA origami purification.

2.1.2.2 S-400 HR spin column filtration
The Microspin™ S-400 HR spin columns (27-5140-01; Cytiva) was used to purify the

DNA origami. The spin column was set-up according to the manufacturer instructions.
After the removal of the storage solution from the column by centrifugation at 750xg for
1 minute, the spin column was equilibrated with DNA origami storage buffer by adding

200pL to the column followed by centrifugation at 750xg for 1 minute. The equilibration
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step was repeated for 2 more times, all the eluates collected up were discarded. The
column was then transferred and inserted into a clean centrifuge tube, then 40ul of the
folded DNA origami was added to the column and spun down at 750xg for 1 minute. The
eluate from the column was collected which contained the purified DNA origami. The
volume of the purified DNA origami was checked with a pipette, if the volume was less
than 40ul, additional DNA origami storage buffer was added to bring the volume to 40pl.

2.1.3 DNA origami yield measurement

2.1.3.1 Absorption spectroscopy

The concentration of the purified DNA origami was measured via absorption
spectroscopy using a NanoDrop™ 2000c Spectrophotometer (Thermo Fisher). The
machine was blanked with the DNA origami storage buffer, 2ul of the sample was dotted
onto the measurement platform, measurement was performed using an extinction

coefficient of 33 mg/ml for Azso = 1.

2.1.4 Agarose Gel analysis

For the agarose gel analysis of the DNA origami, a 0.8% agarose gel was used. The
high purity agarose (16500500; Thermo Fisher) was mixed with 0.5X TBE, 10mM MgCl>
buffer in an Erlenmeyer flask, the agarose was melted via microwave at full power for 45
seconds, and immediately poured into the casting module of the agarose gel
electrophoresis system (Mini-Sub Cell GT Systems; Bio-Rad). Either a fixed mass (25
ng) of the purified DNA origami or a fixed volume (4 pl) of the purified DNA origami was
used. The purified DNA origami was mixed with 2pl of the loading dye (B7025S; NEB)
and the volume was brought up to a total of 8ul with DNA origami storage buffer. The
M13mp18 ssDNA scaffold was prepared in the same way with a fixed mass of 25 ng for
gel analysis. The gel was submerged in the 0.5X TBE, 10mM MgCl. buffer inside a cold
room (4°C), the samples were loaded with pipette, 70V was applied for 90 minutes. After
the agarose gel has finished running, the gel was transferred to a foil covered container
with 30ml of 1X TAE buffer inside, then 10ul of the Diamond nucleic acid dye (H1181;

Promega) was used and stained the gel for at least 30 minutes.

For the gel analysis of the DNA ladder, a 0.8% agarose gel was used. The agarose was
mixed with 1X TAE, melted with microwave at full power for 45 seconds, and casted with
the gel casting module as described above. The samples were prepared similarly to DNA
origami but with a different loading dye (B7024S; NEB). The gel was ran at 60V for 60
minutes, followed by gel staining with Diamond nucleic acid dye as described above. The
gel imaging was carried out with the InGenius LHR Gel Doc System (Syngene). Further

analysis of the gel such as densitometry analysis was done using python script.
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2.1.5 Origami-protein mixture clean up

DNA origami purification from excess functional molecules: Folded origami structures
were purified using SPRI beads as described earlier. The concentration of origami
solution was checked with absorption spectroscopy. 24 nM of C-reactive proteins (CRP;
140-11R; Lee-Bio) was added to 12 nM of purified 4FST origami. The clean-up of the
mixture follows the procedure described above.

2.1.5.1 SDS-PAGE analysis

A gradient Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
gel was prepared by first preparing a 4% and 20% polyacrylamide gel by mixing 1M Tris-
base, 0.3% SDS, pH adjusted with HCI to 8.45 buffer with 30% acrylamide/bis-
acrylamide (29:1), 1% ammonium persulfate and 0.1% Tetramethylethylenediamine
(TEMED).

For the preparation of the gradient gel, 1 volume portion of the 4% gel mixture was
aspirated with a 10 ml serological pipette with an electronic pipette controller, then the
same pipette was used to aspirate 1 volume portion of the 20% gel mixture. The
serological pipette was withdrawn from the gel buffer tube, an air bubble was then
generated by gently pressing the aspiration button from the controller, the air bubble was
allowed to raise. After the air bubble disappeared, the gradient gel mixture was
dispensed to the narrow gap in the sandwiched 1.0 mm glass plates. 1 mm size comb
was inserted, and the gel was allowed to solidify. 15 pl of samples were mixed with 6 pl
of 3X sample loading dye (187.5 mM Tris-HCI, 6% SDS, 30% glycerol, pH 6.8) so that
the final mixture contains a 1X loading dye buffer and 12 ng of materials. 1X cathode
(0.1M Tris base, 0.1M Tricine, 0.1% SDS, pH 8.3; J60992.K2; Alfa Aesar) and 1X anode
buffer (0.2M Tris-HCI, pH 8.9) were used for running the gel. 20 ul of sample was loaded
into the wells after the gel was solidified. The gel was then run at 200 V for 30 minutes.
Staining of the gel was done by silver staining kit (24641; Thermo scientific) following the
manufacturer’s instruction. The silver stained all organic components including proteins
and DNA. The stained gel was visualised and imaged using InGenius LHR Gel Doc
System (Syngene).
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2.1.6 Intact origami percentage calculation

To calculate the percentage of the intact origamis from AFM images, the following rules

were used.

Structures having at least three sides 80 nm considered as origami tile.
Structures with at least half of one triangle or all combined missing is
considered as a deformed tile.

Only structures fully in AFM image frame is considered.

Shape of a square as outline of structure only considered intact.

The structure should have two parallel lines meeting at a right angle to be

considered intact.

2.1.7 Protein functionalised origami percentage calculation

To calculate the percentage of the streptavidin functionalised origami from AFM images,

the following rules were used.

Structures having at least one side 80 nm considered as origami tile.
Only structures fully in AFM image frame is considered.
Protein on deformed origami is not considered.

If two origami structures are linked with one protein, it is counted as one.
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2.2 Affimer purification

2.2.1 Expression of CRP affimer in E.coli
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Mass spectrometry SDS-Gel

Figure 2:1 lllustration of protocol used for Affimer expression, purification and
characterisation.

2.2.2 Transformation

T7 RNA polymerase under control of lacUV5 promoter was used to express C-Reactive
protein (CRP) specific affimer protein. The competent BL21 (DE3) E coli cells were
thawed on ice. 10 ul of competent cells were added to carbenicillin resistant plasmid
containing CRP affimer sequence. The cells with the plasmid were incubated on ice for
30 seconds, followed by heat shock at 42°C in a water bath. This was then incubated on
ice for 2 minutes and 200 ul of 19 autoclaved 2YT media (16g tryptone, 10 g yeast
extract, 5 g NaCl, 1L) was added, followed by inoculation at 37°C for 1 hour at 230 rpm.
100 ul of the grown bacteria was plated on a LB agar plate (40g LB agar in 1L,
autoclaved) containing 100 ug/ml carbenicillin and incubated at 37°C overnight. The
mixture (100 pL) was spread onto an LB agar plate supplemented with 100 pg/mL

carbenicillin and incubated at 37°C overnight.
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2.2.3 Selection, growth and storage

A single colony was picked from the overnight cultured LB agar plate and added to 7 ml
of LB broth (LB broth powder, 20g in 1L, autoclaved) containing 100 ug/ml carbenicillin.
This was grown overnight at 37°C at 230 rpm. 5 ml of overnight culture was added to
400 ml of LB broth containing 100 ug/ml carbenicillin and grown until it reaches 0.8 at
OD600 measured by a UV-Vis spectrophotometer.

Protein production by induction with IPTG was used to initiate the production of the CRP
affimers. The culture with ODsoo 0.8 was induced with 0.1 mM of Isopropyl B-D-1-
thiogalactopyranoside (IPTG) and inoculated for 6 hours at 25°C, 150 rpm. The cells

were harvested by centrifugation at 4816xg for 15 minutes.

2.2.4 CRP affimer extraction and purification

The bacterial pellet was resuspended with 7.8 ml of lysis buffer (50 mM monobasic
sodium phosphate, 300 mM NacCl, 30 mM imidazole, 10% glycerol, 1% triton-X-100, pH
7.4), 80 ul of 10 mg/ml lysozyme, 3.2 ul of 25 U/ul Benzonase nuclease 99%, 80 ul of
100X Halt protease inhibitor, 80 ul of 0.5 M TCEP and incubated on a rotator (Stuart SB2
fixed speed rotator) at room temperature for 1 hour. This was then incubated in a 50°C
in a water bath for 20 minutes. The samples were centrifuged at 16000xg for 20 minutes
to pellet the cell debris The supernatant was transferred to a tube and centrifuges at

12000xg to pellet the remaining cell debris and insoluble proteins.

Purification of His-tagged affimer 800 ul of Ni-NTA slurry (400 ul resin) (Ni-NTA affinity
resin-Amintra;Abcam) was resuspended in 5 ml of wash buffer (50 mM monobasic
sodium phosphate, 500 mM NaCl, 30 mM Imidazole, 5 mM TCEP, pH 7.4). This mixture
was centrifuged at 1000xg to sediment the resin and aspirated the buffer. The
supernatant after lysis was added to the washed Ni-NTA resin and incubated at room
temperature on a rotator (Stuart SB2 fixed rotator) for 1 to 2 hours. This mixture was then
centrifuged at 1000xg for 1 minute, the supernatant was aspirated and stored to load in
SDS PAGE gel. A 5 ml centrifuge column (Thermo Fisher Scientific) was equilibrated by
adding wash buffer and allowing it to flow through the column by gravity. The resin
containing the attached affimers were resuspended in wash buffer and added to the
equilibrated centrifuge column and allowed it to be emptied by gravity flow. 1 ml of wash
buffer was added to the column and allowed to pass through the column by gravity. This
process was repeated until the absorbance of wash buffer was consistently <0.09. The
resin in the column was resuspended with 1 ml elution buffer (50 mM monosodium
phosphate, 500 mM NaCl, 300 mM imidazole, 20% glycerol, 5 mM TCEP, pH 7.4). The

eluate containing the affimer was collected in a tube. The process was repeated several
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times untili no more protein was eluted as monitored by A280 reading on a

spectrophotometer.

2.2.5 Sodium dodecyl Sulphate-Polyacrylamide Gel electrophoresis

15% polyacrylamide gel was prepared for confirming the size of the proteins. Ammonium
persulfate was added immediately before casting the gel and around 6 ml of resolving
gel was poured in between two gel plates separated by 1.0 mm spacer. 1 ml of propan-
2-ol was added to level the resolving gel. Once resolving gel was solidified, propan-2-ol
was removed and stacking gel was poured on top of resolving gel, immediately followed

by the insertion of the 1.0 mm gel comb, the gel was allowed to set.

Solution component Resolving gel (ml) Stacking gel (ml)

30% (w/v) Acryamide 0.8 % 7.5 0.83

(w/v) bis-acrylamide

3X - Gel buffer (0.3 % (w/v) 5 1.55
SDS, 3M Tris-HCI, pH 8.45)

dd H20 2.4 3.72

10 % (w/v) ammonium 0.10 0.10
persulfate (APS)

Tetramethylethylenediamine  0.01 0.01
(TEMED)

Table 2-2: composition of SDS gel

3X Reducing blue protein loading dye (New England Biolabs) was diluted to 1X using
protein samples and incubated at 95°C for 5 minutes. The samples were then
centrifuged for 1500xg for 2 minutes. The gel cassettes were assembled according to
manufacturer guideline and inserted into the gel electrophoresis chamber, the respective
reservoirs were filled with cathode buffer (100 mM Tricine, 0.1 % (w/v) SDS, 100 mM
Tris-HCI, pH 8.3) and anode buffer (400 mM Tris-HCI, pH 8.8). Precision plus protein
dual colour standards (Bio-Rad) marker was loaded into one of the wells and other wells
were loaded with respective protein samples. The gels were run at 50 V until the samples
entered resolving gel, and then at 100 V until the end. The gels were run until the blue
dye reached the bottom of the gel. The gels were then stained with InstantBlue Protein

stain for 15 minutes and photographed using GeneSnap software.
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2.3 Mass spectrometry

Mass spectrometric analysis was conducted at the University of Leeds, School of
Chemistry Mass Spectrometry Service with Dr. Martin Walko. The analysis was
performed using a Bruker impact Il Q-TOF mass spectrometer equipped with a VIP-HESI
source, operating in positive ion mode. Data acquisition was carried out with the scan

range set between 50 and 2000 m/z.

2.4 Surface Plasmon resonance

Protein-maleimide conjugation was performed using thiol-maleimide click chemistry to
covalently link purified cysteine-containing affimers (or other proteins, ~12 kDa) to biotin-
PEG2-maleimide (Thermo Fisher Scientific, A39261). Each 2 mg No-Weigh™ aliquot of
biotin-PEG2-maleimide was dissolved in 30 ul of anhydrous DMF (120 mM stock
solution). A freshly prepared buffer of 1xPBS with 5 mM TCEP and 3 mM EDTA at pH
7.5 was used throughout. This buffer was generated by mixing 1 ml of 10xPBS, 100 pl
of 0.5 M TCEP (prepared by dissolving 0.285 g TCEP in 2 ml ddH,O, pH adjusted to 7.0
with NaOH), 60 pl of 500 mM EDTA stock, and 8.6 ml of ddH,O, followed by pH
adjustment with concentrated HCI if necessary. Zeba Spin Desalting Columns (7K
MWCO, 0.5 ml resin volume, Thermo Fisher Scientific, 89882) were used for buffer
exchange. Columns were pre-washed by removing the bottom cap, placing the column
in a 1.5 ml Eppendorf tube, centrifuging at 1,000 xg, discarding the flowthrough, and
washing twice with 300 pl of the prepared PBS/TCEP/EDTA buffer, centrifuging each
time at 1,000 xg. Approximately 50 pl of synthesized affimer protein (~3—4 mg/ml, ~300
puM) was diluted with 50 pl of 1xPBS with 10% glycerol or the native buffer. The 100 pl
protein solution was added to the equilibrated Zeba column resin, followed by a 15 pl
droplet of ddH,O to ensure elution, and centrifuged at 1,000 xg for 2 minutes, yielding
~115 pl of buffer-exchanged protein in 1xPBS with 5 mM TCEP and 3 mM EDTA. This
solution was incubated for 45 minutes at 4°C on a tube rotator (1.5 ml tubes placed inside
a 50 ml Falcon tube). For conjugation, a fresh Zeba column was washed as before but
held before protein loading. In a new 1.5 ml Eppendorf tube, 10 pl of 120 mM biotin-
PEG2-maleimide (in DMF) was added. The Zeba column was then placed on top of this
tube, and the protein was eluted directly into the 10 pl maleimide-containing solution,
starting the conjugation reaction immediately. This gave a final linker concentration of
approximately 10 mM, in more than 20-fold molar excess over the protein (~500 pM).
The reaction mixture was incubated overnight (>12 hours) at 4°C with rotation. The
resulting mixture contained protein-PEG2-biotin conjugates and excess biotin-PEG2-

maleimide. To remove the excess linker, another Zeba spin column (7K MWCO, Thermo
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Fisher Scientific, 89882) was used to buffer exchange into 1xPBS with 10% glycerol. For
this step, columns required 2 minutes of centrifugation instead of 1 minute during the
initial wash step due to the glycerol content. The final protein solution was collected, and
concentration was measured using absorbance at 280 nm (A280), assuming the molar
extinction coefficient of the native protein without linker interference. For affinity
characterization, surface plasmon resonance (SPR) was performed on a Biacore T200
system (Cytiva) by Dr. lain Manfield in the Faculty of Biological Sciences of University of
Leeds. The SA sensor chip (Streptavidin surface, 4-channel) was used, with flow cell 1
reserved as the reference. The running and start-up buffer consisted of 1xPBS with
0.05% (v/v) Tween-20, and all samples were diluted into this buffer. Ligand proteins were
manually injected at 100 pM concentration to achieve an immobilization level of ~15
response units (RU), ensuring low surface density for accurate binding kinetics. In the
case of multivalent targets like CRP (C-reactive protein, a pentamer of 115 kDa), surface
density was adjusted to reflect a binding stoichiometry of 5:1 (analyte: ligand), ideally
targeting an RU increase of 16 for optimal kinetic fitting. SPR injection settings included
3 buffer washes before analysis, sampling at 10 Hz, detection across all flow cells, and
analyte injection for 3 minutes followed by a 30-second dissociation phase at a flow rate
of 13 pl/min. After each analyte cycle, dissociation was enhanced using 0.1 M sodium
carbonate as the regeneration buffer, followed by extra washes with running buffer and
stabilization before subsequent injections. Serial dilutions of analyte were prepared from
a top concentration of 400 nM down to the low nM range using 2-fold dilution steps in
12-15 tubes. Data were fit using the Langmuir isotherm model to determine the affinity
[13].

2.5 CRP functionalisation on DNA origami

The 4FSF origami frame was folded using protocol discussed earlier in materials and
method for Chapter 3. The universal strand for bio-functionalisation (USB) was designed
to functionalise the DNA origami. The USB included 2 strands, one is termed as the
socket or binding point which is complimentary to the internal strand in DNA origami. The
other one is called a plug which is attached with the binding protein of interest (biotin or
affimer). The plug is complimentary to the socket. The sequence of the strands used as

USB are as follows:
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Sequence

4FSF_25 2b:IEdg-
T1L1R13C2-USB-
Uni_Socket

4FSF_25 2b:IEdg-
T2L1R13C2-USB-
Uni_Socket

ACCAACTTTGAAAGAGGACAGAATAAAACGAACTAAC
GGAACATTTATCACCCGCCATAGTAGA

AAAGAACTGGCATGATTAAGACAGTAGCACCATTACC
ATTAGATTTATCACCCGCCATAGTAGA

4FSF_25 2b:IEdg-
T3L1R13C2-USB-
Uni_Socket

TTTACAAACAATTCGACAACTTACAGTAACAGTACCTT
TTACATTTATCACCCGCCATAGTAGA

4FSF_25 2b:IEdg-
T4L1R13C2-USB-
Uni_Socket

CAGCTTTCCGGCACCGCTTCTTGTGAAATTGTTATCC
GCTCAATTTATCACCCGCCATAGTAGA

Table 2-3 Universal binding strands for DNA origami functionalisation

The sequence marked in red are complimentary to each other. The plugs designed for

binding to the USB are:

Sequence Sequence

Name

Affimer Maleimide-TCTACTATGGCGGGTGATAAAT

plug

Table 2-4 Sequence of affimer plug.

4FSF with oligo attachment points

The number of sockets can be increased to 12 total inside the square cavity. The interior

binding sockets have expanded beyond the table above, allowing all 12 positions to be

turned into socket. These were pre-mixed into specific interior staples mixture at 1.2 pM,

simply add 5 pl into the folding mixture. The resultant 4FSF will have different number of

binding points (BP).
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For attaching different combinations of binding points 5 uL of these interior oligo is

added while preparing DNA origami.

Tile 1BP 2BP 4 BP 6 BP 8 BP 10 BP 12 BP
T1 R13 R13 R13 R13 R9, R9, R9,
R15 R13, R13,
R15 R15
T2 R13 R13 R9, R9, R9, R9,
R15 R15 R15 R13,
R15
T3 R13 R13 R9, R9, R9,
R15 R13, R13,
R15 R15
T4 R13 R9, R9, R9, R9,
R15 R15 R15 R13,
R15
Make up TE buffer to the reaction volume of 80 uL
15.0 pl 10.0 ul 0.0 ul 0.0l 0.0l 0.0l 0.0l

Table 2-5 Combination of binding points for achieving multiple points of functionalisation
on DNA origami.
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Figure 2:2 lllustration of DNA origami frame 4FSF demonstrating the binding points. R9,
R13, R15 could also be placed at T2, T3 and T4.

The USBs are incorporated onto the DNA origami by adding it together with the staple
mix during the standard folding. The affimer plug is added in a separate step after the

folding of origami. The folded origami structures were purified using 0.8X SPRI method.
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The thermal declumping at 50°C was coupled with attachment of oligo-affimer conjugate.
The attachment of oligo-affimer to DNA origami was done using a Thermocycler. 5 ul
from 2.5 puM oligo-affimer stock was added to 80 ul origami sample to yield a final
concentration of 140 nM and heated to 50°C for 2 minutes, followed by gradual decrease
to 20°C at the rate of 0.5°C per minute. The temperature was then further decreased to
4°C until use. After the attachment of oligo-affimer to DNA origami, it was incubated with
280 nM of CRP protein for one hour to facilitate binding of CRP to affimer. The sample
was further purified using 0.8 X SPRI method to remove excess of CRP molecules. The

attachment of CRP protein to DNA origami was confirmed by Atomic Force Microscopy.

2.6 Atomic Force Microscopy (AFM)

The freshly cleaved mica discs were pre-treated with 5yl of 10mM NiCl;, then
immediately 5ul of the DNA origami samples were deposited onto the mica by pipetting
directly into the NiCl, solution and left on bench for 5 mins, the samples were topped up
with 100pl of DNA origami storage buffer. The DNA origami samples were imaged using
a Bruker Dimension Fastscan (Santa Barbara, CA, USA) with Fastscan-D-ss, Fastscan-
D or ScanAsyst-Fluid+ cantilevers containing a Si tip. The imaging was carried out via
PeakForce tapping with ScanAsyst™ liquid imaging mode via Nanoscope software. All
images acquired have a pixel resolution of 1024 X 1024, images were analysed with
Nanoscope analysis 1.9.

2.7 Nanopore fabrication

The nanopipettes was fabricated using glass capillaries of outer diameter 1.0 mm and
inner diameter 0.5 mm (QF 100-50-7.5; Sutter instrument Co) using laser Puller (SU-

P2000 Laser puller; World Precision Instruments, UK).

2.7.1 Nanopore detection of origami monomer and tetramer

The nanopipettes with pore diameter of approximately 100 nm was used of these

measurements. Nanopipettes were pulled using a two-line parameter as shown below

Heat filament Velocity Delay Pull
750 4 30 150 80
510 3 40 135 150

Table 2-6 Table with parameters for pulling nanopipettes.
For translocation experiments, the nanopipette was filled 0.5 nM origami structures in
translocation buffer (100 mM KCI, 0.005 % Tween 20, 5 mM Tris acetate, 5 mM

Magnesium acetate, 0.5 mM EDTA). The origami structures were first diluted to 1 nM
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concentration using origami folding buffer (10 mM Tris-acetate, 10 mM Magnesium
acetate, 1 mM EDTA pH 7.4). This was then diluted to 0.5 nM concentration for
translocation using equal volume of 200 mM KCl, 0.01 % tween 20. The nanopipette with
the sample was immersed in an electrolyte bath containing 100 mM KCI. For
measurement with PEG, the electrolyte bath was prepared containing 50 % (w/v) 35K
polyethylene glycol (94646; Sigma-Aldrich) in 100 mM KCI. The nanopipette was
inserted with an Ag/AgCl wire (0.25 mm diameter, Goodfellow UK) which acted as a
working electrode and another Ag/AgCl wire was immersed in electrolyte bath which
acted as reference/ground electrode. The origami structures were translocated by
applying a negative potential to the working electrode placed inside the nanopipette with
respect to the reference electrode in the electrolyte bath. The ion current was measured
using a MultiClamp 700B patch clamp amplifier (Molecular Devices). The signal was
filtered using a low-pass Bessel filter at 20 KHz and digitized with Digidata 1550B. The
data was recorded using the pClamp10 software (Molecular Devices). The ion current
signals were analysed using a MATLAB script generously provided by Prof Joshua Edel
of Imperial College London. The events obtained were further analysed and plotted using
Origin 2019b. All the illustration figures were prepared using Coreldraw 2020.

2.7.2 Nanopore detection of functionalised origami

The nanopipette with a pore diameter of 90 nm was used for these experiments and

the program used in laser puller is as follows:

Heat filament Velocity Delay Pull
750 4 30 150 80
650 3 40 135 149

Table 2-7 Parameters for pulling nanopipettes

All experiments in this section were performed with 35K 50% PEG in 100 mM KCI as
electrolyte in which nanopipettes were performed. All functionalised DNA origami
structures were first diluted to 1 nM using origami folding buffer (10 mM Tris-acetate, 10
mM Magnesium acetate, and 1 mM EDTA). This was then diluted to 0.5 nM for
translocation experiments using 200 mM KCI, 0.01% tween 20 and filled in the

nanopipette. The instrument set-up was the same as used in the previous section (2.7.1).

For investigating whether the yield of protein binding affect the detected change in ion
current peaks, DNA origami frame (4FSF) with one binding site was made into 2 nM.

Then oligo-affimer construct was added to the origami at 5x, 10x, 50x and 100x excess
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by adding 10 nM, 20 nM, 100 nM and 200 nM oligo-affimer construct in a total volume of
40 uL. Similarly, origami structures with 10 binding points were treated with affimer-oligo
concentrations of 2.5x, 5x, 10x, 50x, and 100x to further evaluate yield dependency. 2
nM origami was added with 5 nM, 10 nM, 20 nM, 100 nM, and 200 nM affimer-oligo
construct in a total volume of 40 uL. To validate that the observed ion current changes
were not due to random non-specific interaction of affimer, DNA origami 4FSF was mixed
with 10-fold excess of affimer proteins. Affimer proteins were first diluted to 2 uM followed
by addition of 2 uL from it to 80 uL of 5 nM DNA origami 4FSF sample.

2.7.3 Event Data Analysis

In this study, | implemented a bootstrap-based statistical analysis to evaluate range-
specific characteristics across multiple datasets for all the functional DNA origami
analysis. The method was further developed and maodified by Dr. Chalmers Chau based

on a publicly accessible script (https://github.com/chalmers4c/Bootstrap analysis).

The analysis began by generating 1,000 bootstrap samples for each dataset through
random sampling with replacement, maintaining a consistent sample size of 500
observations. This resampling approach allowed us to estimate the variability of key
statistical metrics without relying on parametric assumptions. After generating the
bootstrap samples, we categorized the data into predefined value ranges derived from
the distributional properties of each dataset, enabling stratified analysis across distinct
intervals. These ranges, typically defined as 2, 3, or 4 segments, were determined based
on the underlying distribution and used to isolate data characteristics within specific
intervals. For each range and dataset, we computed summary statistics, including the
mean, median, and effect size. The effect size was measured as the difference between
the central tendency (typically the median) of each dataset and that of a desighated
reference dataset, allowing for a relative comparison of distributions. Confidence
intervals for the effect sizes were constructed using the 2.5th and 97.5th percentiles of
the bootstrap distributions, providing a measure of statistical uncertainty. Additionally,
we calculated the proportion of data points falling within each range, referred to as the
population ratio, to understand the distributional spread of the data across segments. To
facilitate condition-specific interpretations, we further segmented the results based on
unique experimental or observational conditions. This comprehensive, non-parametric
approach allowed for robust statistical inference and meaningful comparison of data
subsets, particularly valuable in contexts where traditional distributional assumptions

may not hold.


https://github.com/chalmers4c/Bootstrap_analysis

75

extracted event data from raw data
acquired from nanopore measurements

v

Resample (n = 500) event data with
replacement (allow same data to be €———

picked more than once)

¢ Repeat 1000 times

calculate the median of each
resampling and store it for later

¢ After repeat

Use the 1000 median as new event
population

Range selection by kernel density
estimation (define 2 ranges)

v

Compute the 95% confidence
intervals(2.5% to 97.5%)

v

Compute the percentage of data points
that fall within range 1 and 2, and export

Figure 2:3 Flow chart representing the step-wise process of bootstrapping.
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Chapter 3 DNA origami purification using Solid phase

reversible immobilisation beads (SPRI).

Introduction

While the assembly and functionalisation of DNA origami are well established, the
purification of desired structures from excess staples and functional molecules remains
challenging [48]. Although several methods have been developed to remove excess
staples and background proteins, an approach that achieves high purification efficiency
without compromising protein functionality is still lacking.

A wide range of DNA origami purification techniques are established and are routinely
used as described in detail in introduction section (1.2.3). These methods include
agarose gel electrophoresis [264], poly (ethylene) glycol (PEG) precipitation [111],
molecular weight cut-off (MWCO) membrane filtration and spin-column based filtration
method [48, 109, 111]. These methods are not suitable for large volume purifications and
require manual operations [48]. Furthermore, when attaching functional molecules,
particularly large proteins, to DNA origami, it is often challenging to remove excess
proteins, and these proteins can interfere with downstream analytical techniques [114].
In this chapter, | demonstrate the use of Solid phase reverse immobilisation beads
(SPRI) to purify DNA origami from excess oligonucleotides as well as background
proteins (Figure 3:1). The SPRI beads are paramagnetic microparticles modified with
carboxyl functional group on its surface which can reversibly and non-specifically bind to
DNA [265]. These beads are widely used in next generation sequencing to select DNA
fragments of particular size prior to sequencing [266, 267]. In this chapter, DNA origami
purification using SPRI beads is discussed in detail. The aim of the chapter is to employ
SPRI magnetic bead-based purification to remove excess oligonucleotides from DNA

origami as well as excess proteins and validate the efficiency of purification.
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Figure 3:1 lllustration of DNA origami with excess oligonucleotides (on left) and removal of
oligonucleotides by SPRI bead purification to obtain purified DNA origami (left). The pink colour
square tile structures are DNA origami, small pink comma shaped structures are free
oligonucleotides.

Result and Discussion

3.1 DNA origami folding and purification using SPRI beads.

In this section, | demonstrate the use of SPRI clean-up as an effective method to purify
DNA nanostructures from excess oligonucleotides. The SPRI beads are suspended in a
buffer composed of an alkali halide salt such as NaCl and high molecular weight PEG at
certain w/v percentage. The size selectivity of the beads can be adjusted by varying the
concentrations of these components [268]. Stortchevoi demonstrated that the traditional
size selection range of 150-800 bp can be shifted to 1.5-7 Kbp by changing the
concentration of NaCl. Mixing the SPRI beads with DNA will cause the DNA to precipitate
onto the carboxyl coated beads through W condensation and subsequently isolated using
amagnet [269, 270]. An 88 nm x 88 nm 4-fold symmetrical tile (4FST) DNA origami [263]
was selected and used throughout this chapter as the model DNA origami for the
validation of the SPRI clean-up (Appendix A - .1). The DNA origami tile was folded from
7249 nt M13mp18 scaffold in the presence of >200 oligonucleotide (Figure 3:2).
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Figure 3:2 lllustration of DNA origami folding from single stranded scaffold DNA (M13mp18) and
short oligonucleotides (staples) followed by purification.

The purification procedure involves mixing the unpurified folded DNA origami with SPRI
beads and utilise the paramagnetic property of the SPRI beads [271] to enable magnetic
separation. The supernatant containing the excess oligo is discarded, followed by
washing the beads in ethanol and eluting in origami elution buffer containing Tris-acetate,
EDTA and Magnesium acetate (Figure 3:3). The principle of this technique is based on
the ability of polyethylene glycol (PEG) to induce a coil-to-globule transition in DNA
molecules. This structural compaction increases the exposure of negatively charged
phosphate groups along the DNA backbone, promoting interactions with the negatively
charged carboxyl-functionalized surfaces of the paramagnetic polymer beads [272]. The
salt in the buffer provide ion bridging of negatively charged molecules, allowing the
exposed phosphate groups of DNA to bind to carboxyl group of beads [273]. The small
excess oligonucleotides (unincorporated staple strands) remain in solution because the
conditions are optimised to exclude molecules below a certain size or molecular weight.
Therefore, when a magnet is applied, the beads, along with the bound origami, are pulled
to the side of the tube, and the supernatant containing the short oligonucleotides are
discarded. The beads are washed in 70% ethanol to help remove the residual salts, PEG
and other contaminants if any while keeping the origami structures bound to the beads,
as ethanol maintains the DNA-bead interaction but prevents solubilisation of DNA [274].
In the next step, ethanol is replaced by an aqueous buffer that restores the hydration and
weakens the hydrophilic interaction between the DNA origami and beads [265]. As a
result, the DNA origami structure detaches from the bead surface and redissolve in the

DNA origami elution buffer.
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Figure 3:3 The schematic illustration of the SPRI DNA origami purification routine. The folded
DNA origami after the folding reaction is then mixed with SPRI beads at a specific ratio, the SPRI
beads with the DNA origami together form a beads pellet with the aid of a magnet, the excess
staples in the supernatant are removed from the mixture. The beads pellet is washed with 80%
ethanol twice to remove excess salt contamination from the SPRI beads buffer and the folding
reaction buffer. The purified DNA origami can then be eluted in any buffer of choice (10 mM tris
acetate, 10 mM magnesium acetate, 1 mM EDTA), the eluted DNA origami is subject to thermal
de-clump procedure prior to finish.

To achieve high quality purification, it is important to optimize the volume ratio between
sample and the SPRI beads solution [265, 268]. The volume ratio refers to the proportion
of SPRI bead solution relative to the origami volume. For example, a volume ratio of 0.4X
means adding 0.4 times the volume of DNA origami sample in SPRI beads. Specifically,
for an 80 puL DNA origami sample, 0.4X ratio corresponds to adding 32 pL of SPRI beads.
Volume ratios between 0.4X and 4.0X were investigated using agarose gel
electrophoresis, the optimal volume ratio is identified as the efficient removal of excess
staples from the DNA origami assembly mixture. The folded 4FST origami band migrated

slower compared to the scaffold and can clearly be observed as a prominent band in the
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gel. As shown in the gel, the excess staples from the folding reaction could be found in
the supernatant, suggesting that the SPRI beads efficiently retained the DNA origami
and excluded the staples into the supernatant. For the analysis of the supernatant, a
fixed volume of sample was added instead of fixed DNA mass. The stronger bands on
the lower ratio indicate more staples, due to the mixing of the SPRI beads and folded
DNA origami solution, the concentration of materials on the higher ratio size would be
more diluted (e.g. 180 uL with 4.0X versus 56 pL with 0.4X), thus it was expected to

observe more staples on the lower end due to a fixed volume of samples were loaded.
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Figure 3:4 Purification of DNA origami using different ratio of SPRI beads, Agarose gel of 4FST
origamis after SPRI purification at different volume ratio. During the SPRI purification step, the
supernatant was kept and analysed through agarose gel electrophoresis (Figure adapted from
[275]).

Gel electrophoresis confirmed that volume ratios higher than 1X resulted in incomplete
purification, as indicated by the presence of excess staples after purification (Figure 3:4).
A ratio of 1X or lower generated the purest origami as no excess staples were observed
in the gel electropherogram. The total mass of origami ranged from ~700 ng to ~1200 ng
in a 40 pL reaction and although 4.0X had the highest yield, it could be seen from the
gel that it was contaminated by the excess staples in the solution (Figure 3:5). A second
band, migrating slower than the origami structures, was consistently observed in all
wells. This is likely due to base stacking at helix ends or reduced electrostatic repulsion
between the negatively charged DNA backbones, particularly in the presence of Mg2*
ions, which can promote the formation of dimers or higher-order aggregates on gels
[276].
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Figure 3:5 The yield of the DNA origami measured by absorbance at Azso.

| checked the integrity of the origamis for all ratios using atomic force microscopy (AFM)
to demonstrate that the SPRI bead purification did not compromise the DNA origami
structures. | observed intact 4FST origami tiles in AFM images for the 4X, 0.8X, and 0.4X

ratios, as shown in Figure 3:6

Figure 3:6 500 nm scan size AFM images of 4FST origami tiles purified using 4X, 0.8X and 0.4X
ratio of SPRI beads to DNA origami.

AFM images were also acquired for other volume ratios, including 0.6X, 1X, 2X, and 3X.
Additionally, for the 0.4X, 0.8X, and 4X ratios, further AFM imaging was performed at

multiple scan sizes to assess structural integrity.
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Figure 3:7 AFM images of 4FST origami structures at 0.4X, 0.6X, 0.8X, 1X, 2X, 3X, and 4X ratio
of SPRI beads to DNA origami volume. (Scale bar: 200 nm).

While AFM images qualitatively confirmed that the purified DNA origami structures
remained intact, their structural integrity was further assessed quantitatively based on
the criteria described in Chapter 2 (2.1.6) (Appendix A - .2). A bar graph was plotted with
the percentage of intact origami structures following purification using different volume
ratios of SPRI beads to origami, ranging from 0.4X to 4X. A high proportion of 90% and
above intact structures was maintained across all ratios indicating SPRI purification is an
efficient purification technique in terms of retaining the structural integrity of DNA origami.
The percentage of intact origami structures were estimated by counting an average of

130 DNA origami structures in AFM images.
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Figure 3:8 Bar graph indicating the percentage of intact origami for different volume ratios of SPRI
ranging from 0.4X to 4X ratio. Number of origamis considered for the analysis were 0.4X: 269,
0.6X: 153, 0.8X: 117, 1X: 60, 2X: 141, 3X: 111, 4X: 50. Error bars indicate standard deviation
plotted from three repeats.

SPRI ratio

0.4X

0.6X

0.8X

1X

2X

3X

4X

No of intact origami

241
140
109
60

141
111

47

Total origami

counted
269

153

117

65

144

122

50

% of intact

origami
89.5
91.5
93.1
92.3
97.9
90.9

94

Table 3-1 Table indicating the percentage of intact origami for different volume ratio of SPRI

beads.
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| chose the 0.8X ratio for all downstream testing. 0.8X ratio was selected due to the
absence of excess staples after SPRI purification as observed from the gel electrogram
in Figure 3:4. As noticed in the gel, ratios lower than 0.8X could also be utilised for
efficient purification. To establish the universal application of SPRI beads in origami
purification, | further carried out purification of three different origami designs (dimer
4FST, four-fold symmetrical frame (4FSF), and a frame) using 0.8X volume ratio. All
these origami structures were assembled from 7249 nt long M13mp18 scaffold DNA.
The 4FST dimerise when specific complimentary strands are added at the edge of the
4FSTs to form a dimer. 4FSF and other frame has a central cavity but are of different
dimensions. | tested different designs of DNA origami using 0.8X volume ratio of SPRI
beads to validate the effectiveness of SPRI bead purification in removing excess
oligonucleotides regardless of origami design. The successful purification was tested
using agarose gel electrophoresis and atomic force microscopy. It was observed that all
the origami structures migrated to respective position in the gel (Figure 3:9A). Bands with
a higher molecular weight than the origami was observed in each well suggesting base
stacking of DNA helices and the formation of higher-order structures. The structural
integrity of structures was quantitatively confirmed by calculating the percentage of intact
origami structures after SPRI purification as validated from atomic force microscopy
images. The percentage of intact origami observed for 4FST origami, dimer 4FST, 4FSF
frame and frame origami were 93%, 83%, 89% and 77% (Figure 3:9B), respectively. The
assembly and purification of the origami structures were also qualitatively checked from
AFM micrographs (Figure 3:9 C-F). The high percentage of intact origami structures after
SPRI purification confirmed the universal application of SPRI beads for purification of

DNA origami structures from excess oligonucleotides.
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Figure 3:9 A) Agarose gel of origami structures loaded after SPRI purification at 0.8X volume
ratio. The wells are loaded with M13mp18, 4FST origami, 4FST dimer origami, 4FSF frame
origami and another frame origami. B) Bar graph indicating percentage of intact origami for 4FST,
A4FST dimer, 4FSF and frame after 0.8X volume ratio purification. The counting analysis was done
from a total number of 117, 23, 109 and 81 origamis from AFM micrographs imaged for 4FST
origami tile, dimer 4FST, 4FSF frame and frame origami. C-F) AFM micrographs of 4FST origami,
dimer 4FST, 4FSF frame origami and frame origami structures. (Scale bar: 200 nm).

No of intact origami  Total origami % of intact
counted origami
4FST tile 109 117 93.1
Dimer 4FST 19 23 82.6
4FSF Frame 63 81 88.9
Frame origami 97 109 77.7

Table 3-2 Table indicating the percentage of intact origami for different designs after 0.8X SPRI
bead purification.
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While the purification yield was excellent, | observed that the SPRI bead-purified origami
clumped together into a cluster (Figure 3:10). | hypothesised that the formation of
aggregates was the result of the dehydration caused by the ethanol wash during the
purification, as previous studies reported that high percentages of alcohol led to the
condensation and precipitation of DNA due to electrostatic interaction [277-279].
Therefore, a thermal de-clumping step was introduced, which allowed the origami
aggregates to be dispersed successfully as evidenced in the agarose gel and AFM
images (Figure 3:10). This was performed by heating the origami after eluting in the Tris-
acetate, EDTA, and Magnesium acetate buffer to 50° followed by cooling down to 4° at
0.5° per minute. The thermal de-clumping step likely facilitated the dispersion of
aggregated DNA origami structures by reversing weak inter-origami interactions that
formed during the ethanol wash. Baptist et al. recently observed similar aggregation after
purifying origamis via PEG precipitation [111], which they attributed to stacking
interactions between origamis after prolonged centrifugation [280]. Although no
centrifugation was involved with our SPRI clean-up method, stacking interactions could
also have been enhanced during the ethanol wash step in our method, leading to the
aggregation of origamis. The presence of ethanol could induce dehydration of the DNA
molecules. Ethanol can reduce the dielectric constant of the solution wakening the
electrostatic repulsion between negatively charged DNA backbone. This can favour base
stacking and hydrophobic interactions between DNA potentially causing aggregation
[281]. In addition to this, DNA origami structures are already condensed on to the
paramagnetic beads via PEG and salt mediated interactions. This localisation of origami
structures on the beads could mimic the crowding effect that occurs during
centrifugation-based pelleting [268]. Importantly, the thermal de-clumping does not lead

to degradation of the origami as evidenced by the AFM images in Figure 3:6.
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Figure 3:10 The impacts of thermal de-clumping step in the SPRI beads-based DNA origami
purification method. (A) The agarose gel shows that without the thermal de-clumping treatment
step, the 4FST DNA origamis were not able to migrate through the agarose, suggesting
aggregation of the materials. In contrast, the thermal de-clumping treatment of the same sample
leads to the 4FST DNA origami to enter the agarose gel and migrate to the expected position. (B)
AFM images of the thermal and not thermal treated 4FST DNA origami, as could be seen from
AFM, the origami clumped together on the mica for the not thermally treated sample, the thermally
treated origami dispersed evenly across the mica surface (adapted from [275]).

3.2 SPRI purification of protein-functionalised DNA origami

For a wide range of applications, DNA origami must be functionalised with fluorophores,
proteins, and nanoparticles, inter alia [109, 282, 283]. Various approaches for
functionalisation of DNA origami and its application are discussed in detail in the
introduction section in Chapter 1 (1.2.2). To achieve high functionalisation yields, a
significant excess of functional molecules is added. This is essential because the excess
functional molecules drive the functionalisation reaction towards completion ensuring
that the majority of reaction sites on DNA origami are occupied. This is particularly
important if some binding sites on the origami are sterically hindered or less accessible
due to the complex architecture of DNA origami. Additionally, excess functional
molecules compensate for any loss of molecules attached to origami due to hydrolysis
or degradation. High concentration of functional molecules could improve the reaction
kinetics allowing reaction to proceed faster and efficiently. However, large excess of
unreacted molecules must be removed after functionalisation as their presence can

interfere with downstream applications by contributing to background signals, non-
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specific interactions and unwanted aggregates while retaining the functionalised DNA
origami [13]. Similar approaches, where 5-fold and 10-fold molar excesses of biotinylated
oligonucleotides and proteins were used for functionalisation of DNA origami, have been
reported and required subsequent purification using different methods [104]. Here | used
C-reactive protein (CRP) as a model system to demonstrate the effectiveness of the
SPRI bead purification as it has a considerable size (125 kDa) which proves challenging
for conventional purification methods such as membrane purification [13, 109].
Moreover, CRP protein is of research interest in diagnostic areas due to its role as a
biomarker of inflammation and infection [284, 285]. CRP is an acute phase protein
produced by the liver in response to inflammation, tissue injury, or infection [286]. In the
following chapters, | will be developing an origami-based carrier functionalised with CRP
to develop protein biosensor. CRP was added to the SPRI bead purified 4FST origami
at a 2-fold excess, 10 nM of CRP protein is added to ~5 nM of DNA origami structures
for maximising the functionalisation. The mixture was then cleaned using the same
volume ratio of 0.8X of SPRI beads as for removing the staples after the origami
assembly (Figure 3:11).

SPRI
purification

))

»%»
) )
CRP protein

Figure 3:11 Schematic illustration of removal of excess protein from DNA origami using SPRI
method.

The DNA origami-CRP mixture was purified using SPRI beads multiple times in
succession to ensure the complete removal of CRP as well as to investigate the effect
of successive purification rounds. This was to ensure sufficient intact DNA origami
structures could be recovered even after multiple rounds of purification. Typically,
functionalization of DNA origami, particularly with proteins, requires multiple rounds of
purification to ensure complete removal of unbound proteins [114]. Therefore, protein
purification was tested over three consecutive rounds. Surprisingly, | observed that CRP
was completely removed during the first cleaning step as can be seen by SDS-PAGE

gel in Figure 3:12, where the band corresponding to CRP disappeared. DNA origami
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denatures under SDS-PAGE due to the presence of SDS, heat, and the absence of
stabilizing magnesium ions, which disrupt electrostatic interactions essential for
maintaining its structure. These denaturing conditions cause the origami to lose its folded
architecture, appearing as a collapsed or smeared band on the gel [249]. 4FST DNA
origami tile and CRP protein were loaded as controls for comparison. The 4FST + CRP
sample showed a strong band corresponding to CRP control, confirming its presence. A
band appearing at the same position as the 4FST origami tile control verified the
presence of the 4FST DNA origami tile. | performed three rounds of SPRI cleaning and
confirmed the removal of CRP after the first round by the absence of the CRP band.

R

(‘}' SPRI
* cleaning round
s &
& & 1st 2nd  3rd CRP

CRP—»

Denatured
origami >

Figure 3:12 Silver-stained SDS-PAGE gel of 1%, 2" and 3" round cleaned and uncleaned origami,
CRP as loading control.

This effective purification was confirmed by AFM, where the image is dominated by CRP
in the background before the SPRI bead clean-up (Figure 3:13, left). Despite applying
the same volume of sample onto the mica surface for imaging, the background appears
clean after purification (Figure 3:13, right), and the DNA origami structures are
predominantly intact.

After 1st SPRI clean

=

Figure 3:13 AFM images of CRP-DNA origami sample before (left) cleaning and after 15t round of
SPRI bead cleaning (right). (Scale bar - 200 nm).
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AFM images further confirmed the removal of CRP in all rounds of purification and
predominantly intact origamis were observed after each round of clean-up (Figure 3:14).
This indicated that SPRI bead technique could be used as an efficient tool for removing
larger proteins like pentameric CRP (125 kDa). It is reported that removal of excess of
larger proteins from DNA origami are considered challenging. Larger proteins can cluster
and form non-specific hydrophobic interactions with DNA origami structures complicating
their removal [114]. Although methods like gel electrophoresis and rate-zonal
centrifugation is developed to remove excess proteins, they are time-consuming and not
scalable [110].

A, 4FST + CRP, SPRI 1st clean

3.0 nm

-1.0 nm

B, 4FST + CRP, SPRI 2nd clean

. I &
3 3.0nm

-1.0 nm

3.0 nm

-1.0 nm

Figure 3:14 AFM images of the SPRI beads purification of the 4FST to remove background CRPs.
(A) The 1stround of purification. (B) The 2" round of purification. (C) The 3 round of purification.

Next, the structural integrity of the DNA origami structures was quantified from the AFM
images and was found to be 92%, 94%, and 88% after first, second and third round,
repectively, of SPRI cleaning. The quantification was done by counting the intact and
broken structures as per the rules outlined in Chapter 2 (2.1.6) and calculating the

percentage of intact origamis (Figure 3:15).



92

Intact origami %

1 2 3
purification rounds

Figure 3:15 Bar graph depicting the percentage of intact origamis after multiple rounds of SPRI
purification of excess CRP protein from 4FST origami tiles. The counting analysis was done from
a total number of 132, 297, 100 origami structures from AFM micrographs.

Then, | assessed the performance of the successive SPRI bead purifications in terms of
retaining DNA origami at different SPRI bead volume ratio and using S-400 HR spin
column purification for comparison (Figure 3:16). In general, when DNA origami is used
for functionalization, particularly with larger proteins, it often requires multiple cleaning
rounds to remove excess functional molecules [114]. In literature, multiple methods are
compared for removing excess functional molecules from DNA origami structures, for
example, Shaw et al. utilised ultrafiltration and gel extraction to remove large protein like
ferritin, however attained limited separation. Though they demonstrated high recovery
with a magnetic bead approach, it requires an additional step of invader strand addition
for elution and additional biotinylated oligonucleotides [114, 287].

Repeat thrice
DNA origami buffer
750 xg 750 xg
1 min 1 min
Equilibrate resins Remove buffer from Add unpurified Df\l?\”zfit Fa):::fflre:m
with DNA origami buffer collection tube DNA origami mixture 9

collection tube

Figure 3:16 lllustration of DNA origami purification using S-400 filtration columns. The resins are
equilibrated in DNA origami folding buffer by centrifugation and repeated thrice. The unpurified
DNA origami mixture with folded origami and excess oligonucleotides are added to the column
and centrifuges to collect the DNA origami in the collection tube (Adapted from [275]).
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| folded 4FST origami tiles and did the purification as detailed earlier by using 0.8 X ratio
volume of SPRI beads and using S-400 which is an established published method for
DNA origami purification [13]. Then, | quantified the masses of DNA at different rounds
of purification and used the same reaction volume for the analysis. Although there was
a gradual decline in DNA mass after successive rounds of purification, the overall DNA
mass at each round remained higher with the SPRI bead method compared to the S-400
columns. | found that SPRI bead purification retained a high proportion of DNA origami
structures as quantified by absorbance at 260 nm even after multiple rounds of clean-up
with ~500 ng left after three rounds, in contrast to only ~200 ng left after three rounds of

S-400 HR spin column purification (Figure 3:17).
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Figure 3:17 Yield of DNA mass of origamis after three rounds of purification using 0.8X ratio beads
and S-400 columns.

The amount of DNA origami after successive rounds of purification was also confirmed
by AFM, where after 3 rounds of S-400 HR cleaned up, the counts of the DNA origami
dropped significantly, and origamis were hard to find through AFM (Figure 3:18). 5 ng/uL
of samples are deposited on mica and 10 um size scans at multiple positions were
analysed for spotting DNA origami structures. Counts of 1 origami per image was
observed in a 1 um scan of S-400 purified AFM images in contrast to 4 origami per image
for SPRI purified images (Figure 3:18). These findings clearly demonstrate the power of
the SPRI bead purification to effectively remove excess functionalisation material from

DNA origami with relatively high yield and little structural impact to the DNA origami.
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Figure 3:18 AFM micrographs of 4FST origami tiles purified using S-400 and SPRI bead
technique.

As mentioned before, DNA origamis are routinely functionalised for different purposes
such as in biosensing and diagnostics. Functional biomolecules such as nucleic acids,
proteins and fluorophores can be attached to DNA origami to enable specific binding
interactions [13, 78, 92, 288, 289]. In scenarios where excess materials are used to
functionalise the DNA origami, it's important that the purification method does not
interfere with or reverse the functionalisation. Previously, Shah et al. has utilised size
exclusion chromatography columns to purify functionalised DNA origami structures,
although the method is highly refined, the procedure is long, tedious and results in low
yield of functionalised DNA origami. Several other methods such as ultracentrifugation,
gel electrophoresis, and PEG precipitation are also utilised, however, the final yield is
observed to be low or might contain contaminants from the purification procedure [110,
111, 114, 287]. The SPRI bead purification method could serve as a gentle yet high yield
method which do not interfere or reverse the functionalisation from results obtained in
the previous section. To test this, the functionalisation of DNA origami 4FST tile with
streptavidin through interaction with a biotinylated staple strand was investigated. Biotin-
streptavidin interaction is widely used as a model system due to their strong binding

affinity (Figure 3:19) [109, 290]. The biotin-streptavidin interaction is considered to be
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one of the strongest known non-covalent biological interaction ensuring stable binding
[291]. Streptavidin is a tetramer protein comprising of four binding pockets forming a ring
like structure. Each of the four identical subunit is capable of binding to one biotin
molecule [292]. The biotinylated oligonucleotide is incorporated on one of the edges of
the DNA origami as edge modification is much easier compared to modifying the internal
structure of origami. The edge sites are more accessible allowing efficient hybridisation
and functionalisation without disrupting the folding. The biotinylated oligonucleotide is
incorporated during the folding of DNA origami 4FST tile followed by incubation with
streptavidin. The origami-streptavidin mixture was purified using 0.8X volume ratio of
SPRI beads. The functionalisation of streptavidin was confirmed from AFM images which
showcased a bright spot at the one of the edges of the DNA origami indicating

streptavidin attachment (Figure 3:19).

SPRI
or
$-400 HR
cleans up

Biotin Streptavidin

Figure 3:19 lllustration of streptavidin functionalisation to DNA origami via biotinylated
oligonucleotide and its purification (left). AFM micrograph of streptavidin functionalised on DNA
origami 4FST tile (Scale bar: 50 nm).

SPRI bead clean-up procedure was employed alongside the S-400 HR spin column
filtration on the origami after incubating the biotinylated origami with streptavidin at 2:1
molar ratio. 20 nM of streptavidin was incubated with biotinylated 4FST DNA origami
structure and the functionalisation efficiency were analysed from AFM images. The
presence of streptavidin was qualitatively assessed first by spotting the bright spot at
one of the edges of the 4FST DNA origami tile. Interestingly, | found two 4FST tile origami
linked together as a dimer through a streptavidin molecule (Figure 3:20B). This is
because of the tetrameric structure of the streptavidin with each binding pocket specific
to a biotin. | assume that the biotin of two 4FST tile might have linked together through
two different binding pockets of streptavidin. Next, | quantified the streptavidin
functionalised origami from the AFM images based on the rules established in Chapter
2(2.1.7). As per the rules, the two origami structures linked with a streptavidin is counted
as one. The percentage of intact streptavidin functionalised origamis, defined as the

percentage of origami that retained the streptavidin, was quantified by AFM after
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purification with SPRI bead and S-400 method(Table 3-3). | found that SPRI purification
led to a high percentage (85%) of streptavidin functionalised origami, compared to S-400
HR filtration where only about half (46.6%) of the origami had streptavidin bound after
the clean-up, demonstrating the excellent performance and advantage of SPRI bead
purification for applications where functionalised origami are required (Figure 3:20 A).
This type of quantification is reported previously by Shaw et al. where they used a
magnetic bead capture method for purification of DNA origami bundle from excess
biomolecules like Alexa488, IgG and ferritin and observed a recovery yield of 70%, 57%
and 30%. | have observed better recovery yield (85%) using SPRI bead method for the
4FST origami tile purification from excess streptavidin, though it needs to be investigated
if a larger protein functionalised through more complex conjugation strategy would affect

the yield recovery of functionalised origami.
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A, 4FST-biotin + streptavidin, SPRI clean

Figure 3:20 A) Bar graph indicating total yield of streptavidin functionalised 4FST origami tiles
purified using S-400 columns and 0.8X volume ratio SPRI beads. B) Comparison between the
SPRI and S-400 HR spin columns on the streptavidin functionalised biotinylated 4FST DNA
origami. The white arrows indicate the streptavidin binding.

Method name Streptavidin- Total origami % of functionalised
functionalised counted origami
origami

0.8X SPRI 102 120 85

S-400 49 105 46.6

Table 3-3 The quantification of streptavidin functionalised origami from AFM images for S-400
filtration and 0.8X SPRI method.
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Conclusion

In this chapter, | have successfully demonstrated the use of SPRI beads in purifying
nanostructures not only from excess staples, but also from excess functional molecules
particularly proteins. | analysed the optimum volume ratio of beads to use for efficient
purification of DNA origami and optimised that the ratio volume from 0.4X to 1X perform
well for purification. Magnetic bead purification is reported previously to purify DNA
origami from excess biomolecules. This method utilises DNA strand invasion for
purification thus needs an additional invader strand for release of purified structures
[114]. Similar magnetic bead purification needs magnetic beads to be modified and
involves folding of origami on the beads followed by strand invasion. [287, 293]. The
main advantage of the SPRI method | have developed is that it is universal and does not
require any additional chemical coupling of DNA origami to the surface of beads. | tested
this by applying the SPRI bead technique on multiple designs of DNA origami and
recovering high yield for all the designs of purified origami. Compared to other methods,
the SPRI technique does not require centrifugation [111], additional chemical
modifications of the origami [287], and is suitable for multiple rounds of purification
without losing the yield. Though centrifugation is routinely used for purification in the form
of PEG precipitation [111] or ultracentrifugation [110], it is often tedious and require large

instruments.

Importantly, | checked the efficacy of SPRI method for removing excess functional
materials from DNA origami. By mixing CRP protein, which is a large protein typically
used for developing diagnostic sensor with DNA origami and employing SPRI
purification, | was successful in proving that CRP protein could be removed after the first
round itself. | tested the efficiency of SPRI bead purification on multiple rounds and was
able to recover good yield even after three rounds of purification. Multiple rounds of
purification is relevant while purifying complex large proteins which are always added in
excess amount for functionalisation to enable maximum binding efficiency [114].
Furthermore, | checked whether the method could retain biofunctionalized molecules on
DNA origami without reversing the functionalisation. For this, DNA origami was
incorporated with biotinylated staples and conjugated with streptavidin. The streptavidin-
origami purification using SPRI was compared with S-400 filtration method and proved
that SPRI method perform better especially when multiple rounds of purification are
involved. Testing with large proteins was done in this chapter only mixing the protein
(CRP) with DNA origami, therefore it needs to be further investigated if complex
conjugation strategies and design of DNA origami would perform different than what was

performed here. This will be validated in the Chapter 5 with the 4FSF frame origami
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described earlier in this chapter where a DNA origami carrier is developed for specific
attachment for CRP using affimer proteins.

SPRI technique only requires basic laboratory instruments, tubes, pipette and magnet
thus can be coupled to a robot for automation and scaled up expanding its application in
industry sectors. This is implemented successfully in Mohanan et al., where SPRI bead
purification discussed in this chapter is performed on a robot and found to recover high
yield of purified origami structures [275]. This could be of relevance in research involving
handling high volumes of DNA origami and parallel purification such as in DNA origami

related drug delivery and vaccine development [10, 96].

Pipette robot
1 assisted automation

DNA origami after folding Addition of SPRI beads Beads separation and cleaning Purified DNA origami

Figure 3:21 Schematic illustration of coupling SPRI bead purification with liquid handling robot.
(Adapted from [275]).

SPRI method is utilised for purification of CRP functionalised DNA origami structures in
Chapter 5 which will be discussed there. This functionalised origami structures are then
used in Chapter 6 for developing a nanopipette based biosensor. Therefore, SPRI
method could have application involving DNA origami functionalisation and purification
and can be utilised as an established procedure while developing diagnostic biosensors.
This chapter discussed the validation of SPRI method in terms of optimising the correct
conditions, efficiency of the method, application of the method and comparison to other
available purification method.
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Chapter 4 Conjugation and Purification of Oligonucleotide-

Protein Complexes.

Introduction

Covalent attachment of proteins to oligonucleotide is a commonly used strategy allowing
controlled conjugation at specific sites with accurate stoichiometry. Among this, thiol-
maleimide chemistry is widely used due to its high selectivity, rapid kinetics under mild
conditions, and formation of a stable, irreversible thioether bond between cysteine
residue and maleimide [294]. The reaction between a thiol (-SH group) and a maleimide
generate a thiosuccinimide product and is generally called as a click chemistry reaction
(Figure 4:1) [295]. The reaction proceeds via a Michael addition where the thiol acts as
a nucleophile and attacks the electrophilic double bond of maleimide ring releasing a
proton (H*) as a by-product resulting in the formation of a thioether bond between thiol

and maleimide (Figure 4:2 - inset).

@) < @)
7\
¥ —sH+ || NR —» ¢ NR
thiol
@) @)
maleimide thiosuccimide

Figure 4:1 Illustration of reaction between a free thiol (-SH) and maleimide producing
thiosuccinimide.

The aim of this chapter is to develop a stable oligonucleotide-protein conjugate
comprising of cysteine labelled affimer protein specific to C-reactive protein (CRP) and
maleimide labelled oligonucleotide (Figure 4:2). Affimers are small, engineered
monomeric binder proteins (12 kDa) that bind to specific targets with high affinity and
specificity using their variable loops (Figure 4:2) [241, 296]. They are thermally stable,
lack glycosylation sites and disulfide bonds, easily produced in systems like E.coli and
are widely used in diagnostics and research applications [240]. The functionality of the
affimer is validated in this chapter using an SPR assay. Affimers are discussed in detail
in the introduction section of this thesis. The CRP protein is a pentameric infection
biomarker produced by the liver in response to inflammation and is used in this study as
a target against affimer [297]. The oligonucleotide-affimer conjugate is used for

functionalisation of CRP protein to a DNA origami described in the next chapter.
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Figure 4:2 lllustration of oligonucleotide-affimer conjugation using maleimide chemistry.
Maleimide at 5’ end of the oligo is conjugated with cysteine labelled affimer to yield a conjugate.
The yellow region in the affimer structure indicates the two variable loops. Affimer scaffold
adapted from protein data bank (4N6T).

Results and Discussion

4.1 Affimer purification

The CRP affimer modified with a cysteine was purified as explained in Chapter 2 (2.2).
The preparation was carried out under a reducing environment through the addition of
reducing agent tris-(2 carboxy ethyl) phosphine (TCEP). Here | will demonstrate the

purification of CRP affimer validated by SDS-PAGE analysis and mass spectrometry.
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Figure 4:3 A) SDS-PAGE analysis of affimer. The affimer was purified and seven elutions were
collected from the purification columns and run on SDS-PAGE gel as indicated by E1 to E7 in the
image of gel. A band is observed between 10 kDa and 15 kDa which is representative of the
affimer monomer as per the theoretical reported mass of affimer [240]. More than one band was
observed in lanes with the band ~25 kDa represented the dimer population, and higher than that
represented the oligomer. L represents the ladder. B) Column graph demonstrating the gel
densitometry analysis. Dark magenta represents the monomer affimer, the pink shade represents
the affimer dimer and orange shade represents the oligomer.
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The first elution from the purification column yielded a concentration of 2 mg/ml as
estimated from UV-Vis spectrophotometer and observed a band in SDS-PAGE
electrophoresis gel between 10 kDa and 15 kDa (Figure 4:3). Two other bands were
observed in the first elution, one corresponding to a mass of ~25 kDa when compared
with the ladder, and other to ~50 kDa band. This observation qualitatively suggests that
the extra bands correspond to dimers or tetramers of the affimer proteins based on their
molecular masses. Since the affimers are His-tagged, the Ni-NTA columns specifically
purify only the affimer proteins, effectively ruling out the possibility of non-specific protein
binding. The densitometry analysis of the gel revealed that the area under the intensity
profile curve corresponding to the dimeric and oligomeric forms of affimer was
significantly smaller than that of monomeric band. The monomeric band had an
integrated area of 33308 a.u. while the dimer and oligomer band had areas of 4477 a.u.
and 1661 a.u. These values represent 84.4%, 11.3% and 4.2% of the total protein signal
in the lane. The reduced area suggests that the dimers and oligomers are present in
lower abundance compared to the monomer. A decreasing trend in total protein
abundance was observed across successive elution fractions, as indicated by
progressively lower band areas. Despite this reduction in total intensity, the monomer
remained the dominant species in each fraction, indicating the stability and
monodispersity of the protein following purification. The higher concentration of
monomer when compared to other forms might be due to the reducing conditions under
which the affimer purification was performed. TCEP was incorporated in the affimer
purification to break the disulfide bond, both to maintain higher amount of monomer and
to increase the accessibility of cysteines for conjugation to oligonucleotide described in
the next section [298].The presence of cysteine residues in the affimer protein may
facilitate the formation of disulfide linked dimers and oligomers despite the presence of
TCEP suggesting the reduction may not have been 100%. Factors such as the protein
concentration, oxidation state, incubation time, and buffer composition could influence
the effectiveness [299]. Disulfide bond formation occurs between the thiol (-SH) groups
of cysteine residues and results in covalent linkage between monomeric units leading to
formation of dimers. The same effect is observed for CEA affimer during LC-MS analysis

as reported by Shamsuddin et al. [300].
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Figure 4:4 The mass spectra of purified CRP affimer displaying monomer peaks at mass
12,226.26 Da. A peak with 12,410.3 is observed at low intensity suggesting the presence of non-
covalent adducts.

The theoretical mass observed using ProtParam software was 12,069.70 Da and
indicated that the theoretical pl value of the affimer were within the neutral range (pl ~6.8)
based on the sequence of the affimer (Table 4-1). The purity and molecular mass of
affimer was further determined using electrospray ionisation mass spectrometry and the
deconvoluted mass spectrum showed a primary peak at 12,226.26 corresponding to a
mass increase of ~157 Da relative to the expected theoretical mass. A secondary, less
intense peak was observed at 12,410.3 representing a further increase of 331 Da (Figure
4:4). These mass discrepancies suggest the presence of non-covalent adducts since the
affimer was in buffer containing non-volatile components and reducing agents. The
affimer was buffer exchanged to tris-acetate, EDTA and added with TCEP, and it is likely
that weak, non-covalent interactions between protein and buffer components remained

during ionisation, resulting in mass increases [301].

No of amino acids Molecular Theoretical pl Molar extinction
weight (g/mol) coefficient (L mol™* cm™)
103 12,069.70 6.87 12950

Table 4-1 Computed theoretical parameters for CRP affimer using Expasy ProtParam [302].
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4.2 Affimer binding affinity

Surface plasmon resonance (SPR) analysis was performed to characterise the binding
kinetics of affimer to its target, c-reactive protein (CRP) using a series of concentrations
injected over the affimer-functionalised gold sensor chip. The detailed protocol for SPR
method is described in the materials and method section and illustrated in Figure 4:5A.
The binding responses were plotted against time to observe a concentration dependent
association and dissociation of CRP molecules. As expected, a higher concentration of
CRP led to an increase in the response unit indicating concentration dependent binding
of CRP to affimer. The sensogram demonstrates that the response unit before CRP
addition is low, near to the baseline whereas, during the injection (association phase),
the response unit increases due to interaction of CRP with affimer. This is followed by a
decline in the response unit indicating a dissociation phase corresponding to detachment

of CRP from affimer molecules.

Varying concentration of CRP ranging from 25 to 0.78 nM was screened by performing
a series of 2-fold dilutions, the response unit near the plateau phase was extracted (at
160s). The concentration of the CRP was plotted against the response unit, then the
Langmuir isotherm model was used to fit the response unit and the obtain the affinity,
the affinity was determined to be 8.52 nM for the CRP. The binding affinity is observed
to be approximately 4 times higher compared to that reported for CEA (carcinoembryonic
antigen) affimer binding to CEA protein (34.4 nM) [300]. The higher binding affinity could
be due to the structural advantage of the CRP target including greater epitope exposure
and better charge complementarity in the affimer variable loops [303]. This analysis
confirmed the functionality of the affimer used in the study demonstrating its high

specificity towards the target protein, C-reactive protein (CRP).
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Figure 4:5 SPR Analysis. A) lllustration of the SPR set-up. The streptavidin coated gold sensor
chip is bound with biotin-PEG-maleimide which further reacts with an SH group of cysteine on the
affimer. The target protein CRP binds to the affimer via the variable loops. B) Sensogram
representing the response (RU) vs time for CRP interaction with its affimer. C) Maximum response
unit from the sensogram at 160s for each concentration was extracted and plotted against the
CRP concentration, then Langmuir isotherm model was used to fit the data, the affinity is extracted
when the response unit reaches half of its maximum. (Analysis performed by Dr. Chau)

4.3 Affimer-oligonucleotide conjugation

The purified affimer was conjugated with the oligonucleotide to develop a stable
conjugate as described in this section (Figure 4:2). 38 uM of the affimer was conjugated
with 95 uM of the oligonucleotide to maintain a 1:2.5 ratio between the two reagents. The
confirmation of bioconjugation was validated by electrospray ionisation mass
spectrometry. The mass spectra of affimer were first recorded using the instrument
followed by the addition of the oligonucleotide and the spectra were collected at different

time points to monitor the conjugation real time.

Conjugation was performed using different buffer compositions to optimise the conditions

for affimer-oligonucleotide conjugation.

Firstly, maleimide conjugated oligonucleotides with 16 bases were purchased from
commercial supplier Biomers where maleimide was attached at the 5 end of the
oligonucleotide. The maleimide containing oligonucleotides prepared in DMSO was
mixed with affimer prepared in PBS to carry out the conjugation reaction. When

maleimide at the 5 end of the oligonucleotide (hereafter referred to as 5-maleimide
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oligonucleotide) was conjugated with affimer and the reaction monitored using mass
spectrometry, a peak was observed after one hour corresponding to 17,525 Da (Figure
4:6).

A 1 hour Affimer in PBS
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Figure 4:6 Mass spectra of affimer conjugated with 5’'maleimide oligonucleotide. The affimer was
prepared in PBS buffer and maleimide-oligonucleotide prepared in DMSO. A) Mass spectra of
conjugation reaction between affimer and 5’ maleimide oligonucleotide recorded at 1 hour of
reaction. B) Mass spectra of conjugation reaction between affimer and 5 maleimide
oligonucleotide recorded at 4 hour of reaction.

The 5-maleimide oligonucleotide had a calculated mass of 5007 Da and affimer had a
mass of 12,069.70 Da resulting in a combined theoretical mass of 17,076.7 Da. The

observed mass of the affimer-oligonucleotide conjugate was 17,525 Da.

As the conjugation reaction progressed, the conjugation products degraded and affimer
started dimerising as observed by a peak corresponding to 25,330 from the mass spectra
after 4 hours. This peak is consistent with the disulfide linked dimerization, a known
reaction in thiol containing proteins under oxidising conditions [300]. The buffer used for
the conjugation reaction contained DMSO which although primarily acting as a solvent,
also exhibit mild oxidising properties. Previous studies have demonstrated that DMSO
can oxidise thiols to disulfides under prolonged incubation and higher temperatures
[304]. A similar oxidative pathway is likely to be happened here, where prolonged

incubation allowed DMSO to promote the formation of inter-affimer disulfide bonds,
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leading to dimerization. To prevent this, the reducing agent TCEP is incorporated to
maintain the affimer thiols in a reduced state favouring monomeric affimer and efficient
conjugation with the maleimide oligonucleotide. However, TCEPs effect diminishes over
time due to gradual oxidation and consumption [305]. As TCEP becomes depleted,
DMSO continues to exert its oxidising effect, shifting the equilibrium in the favour of
affimer dimerization over monomerization and labelling. The interplay between the TCEP
depletion and persistent DMSO mediated oxidation likely contributes to the observed
degradation of the conjugated product over time, as dimer formation competes with the

productive labelling.

In addition to the redox environment, the maleimide thiol conjugation is highly pH
dependent. For efficient and selective labelling, the thiol group must be partially
deprotonated to act as a nucleophile which typically occurs at pH 7-7.5 (Figure 4:1). At
lower pH values (below 6), thiol groups remain largely protonated significantly slowing
or halting the reaction [294, 306]. Maintaining this pH balance is further hindered by other
components in the reaction. DNA being highly polyanionic due to its phosphate
backbone, can lower the effective pH of the sample solution [307]. Similarly, TCEP used
as a reducing agent in the reaction is composed of three carboxylic acid groups, thus a
5 mM TCEP introduces approximately 15 mM equivalent acid into the buffer system
contributing to acidification over time. [308]. The cumulative acid load from
oligonucleotide (DNA) and TCEP can subtly shift the pH downward during the reaction,
especially under prolonged incubation which is the condition | used in the experiment. A
decrease in the pH below the optimal range would not only reduce thiol nucleophilicity,
hindering conjugation, but also could limit the effectiveness of TCEP itself, which

functions best at near neutral to slightly acidic pH [309].

Next, the conjugation of affimer with 5 maleimide oligonucleotide was performed in Tris-
EDTA buffer and validated using mass spectrometry. The affimer buffer exchanged to
TE buffer was conjugated with 5’ maleimide oligonucleotide, also dissolved in TE buffer.
A solution | implemented here to minimise the acidification from TCEP was to make the
pH of TCEP solution neutral. The stability and purity of the affimer was first determined
by examining the mass spectra and observed a peak at 12,226.25 which was
comparable to the theoretical mass. A peak at 10,812.5 was observed which showed a
13-fold decrease in intensity compared to the peak corresponding to affimer. This could
represent a truncated or degraded form of the affimer, potentially arising from partial
proteolysis, fragmentation, or loss of a terminal tag or flexible linker region during sample
preparation or mass spectrometry analysis, such degradation artefacts has been

reported in mass spectrometry analysis [310, 311].



109

Intens | Affimer in TE buffer
x104 |
30] 12226.2500
= .
T Affimer monomer
GCJ 2.04
E 1.54
o
= 193
—
5
[} %3 10812.5625
N AL

10000 11000 12000 13000 14000 15000 16000 17000 18000 19000

m/z

Figure 4:7 Mass spectra of affimer in TE buffer showing a major peak at 12,226.25 Da which is
comparable to the theoretical mass and a secondary one at 10,812. 57 Da possibly indicating
the presence of degraded or truncated affimers.

The affimer conjugated with 5’-maleimide oligonucleotide was then analysed using mass
spectrometry. The spectra were recorded at 20 minute and re-checked after 100 minutes
allowing real-time observation of the conjugation reaction. A peak at 12,227.3 was
observed corresponding to the unmodified affimer and while an additional peak at
17525.4 was consistent with the theoretical mass of the affimer-oligonucleotide
conjugate. The conjugate peak persisted even after 100 minutes of reaction although its
intensity showed a slight decrease of approximately 1.2-fold. Therefore, conjugate
formation of affimer with 5’-maleimide oligonucleotide was validated in TE buffer.
Importantly, TE buffer is a suitable and preferred buffer for DNA stability, and as
described in the introduction section, the preparation of DNA origami structures is widely
done in TE buffer [312, 313]. The affimer-oligonucleotide is attached to a DNA origami

structure for further studies as described in the following chapters.
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Figure 4.8 Mass spectra of affimer-5-maleimide oligonucleotide conjugate in TE buffer. A) Mass
spectra recorded after 20 minutes of affimer-oligonucleotide conjugation reaction. B) Mass
spectra recorded after 100 minutes of affimer-oligonucleotide conjugation reaction.

In addition to the 5’-maleimide oligonucleotide, maleimide modified at the 3’ end of

oligonucleotide was also evaluated for its conjugation with affimer.
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Figure 4:9 Mass spectra of affimer conjugated with 3’-maleimide oligonucleotide in TE buffer.

In conclusion, three conditions were tested for confirming the conjugation efficiency of
affimer-oligonucleotide; 1) conjugation with affimer in 1x PBS buffer and 5 maleimide-
oligonucleotide prepared in DMSO, 2) conjugation with affimer and 5 maleimide-
oligonucleotide prepared in 1x TE buffer, 3) affimer conjugation with 3’ maleimide-

oligonucleotide in 1x TE buffer. To assess the conjugation efficiency, | compared the
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relative intensity of the peak corresponding to the monomer and conjugate in each
spectrum. As all conjugation reactions were performed under identical conditions except
for the differences in buffer, the differences in the relative intensity on the y axis of the
mass spectra qualitatively reflecting the abundance of each ion species was comparable.
The mass spectra were analysed based on the relative intensity, where peak with highest
intensity in each spectrum was set to 100 %, and intensity of all other peaks were scaled
relative to this maximum. The normalisation allowed the comparison species within the
same spectra and | assess the extent of conjugation by comparing the relative intensity
of the conjugate peak with the affimer monomer peak within each condition. In PBS, the
most intense peak corresponded to the affimer dimer at 25,530.08 m/z indicating
significant dimer formation, the relative intensity of monomer was observed to be ~50 %
whereas the conjugate intensity was only 12% confirming a reduction in conjugate vyield
(Figure 4:10A). When conjugation was performed in TE buffer, the highest intensity peak
was for the conjugate at 17,524.25 m/z indicating the efficient conjugation of affimer with
5 maleimide oligonucleotide in TE buffer (Figure 4:10B) The affimer monomer peak
remained intact but at 25% less than the conjugate suggesting a significant portion of
affimer conjugated with the maleimide-oligonucleotide. A peak at 10,811.62 was also
observed in this condition indicating the formation of truncated species or degraded
products, which could be a result of batch-to-batch variability between the samples, as it
was not observed when 3’ maleimide oligonucleotide was conjugated with affimer in TE
buffer. When 3’ maleimide oligo nucleotide was conjugated with affimer in TE buffer, the
highest intensity was observed for affimer monomer compared to 29% relative intensity
for conjugate, indicating a significant portion of the affimer did not participate in the

conjugation reaction (Figure 4:10C).
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Figure 4:10 Relative intensity in percentage for affimer and affimer-oligonucleotide conjugate
estimated from mass spectra in different buffer conditions, A) Affimer in PBS, 5-maleimide
oligonucleotide in DMSO, B) Affimer and 5-maleimide oligonucleotide in TE buffer, C) Affimer
and 3-maleimide oligonucleotide in TE buffer.
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Once the buffer condition for conjugation was optimised, the conjugation reaction was
carried out using a 22 bases long oligonucleotide bearing a 5 maleimide group
(molecular weight 7175 g/mol) and an affimer engineered with cysteine residue for site-
specific conjugation. 38 uM of the affimer was conjugated with 95 uM of the
oligonucleotide to maintain a 1:2.5 ratio between the two reagents. The confirmation of
bioconjugation was validated by electrospray ionisation mass spectrometry real time as
mentioned in the previous section. The relative intensity of the mass spectra peak was
monitored for confirming the formation of conjugate and a peak was observed
corresponding to a mass of 19,401.57 which is comparable with the theoretical mass of
19,244.7 g/mol (Figure 4:11). The peak at 19,401.57 exhibited the highest intensity
hence was considered at 100% for normalisation. The peak at m/z 12,315.30
corresponding to the mass of affimer monomer showed an intensity of approximately
230, translating to a relative intensity percentage of 9%. This indicates that the conjugate
species are in high abundance compared to the affimer species and majority of the

affimer species reacted with the maleimide-oligonucleotide for conjugate formation.
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Figure 4:11 Mass spectra of conjugation of 22 nt long 5 maleimide oligonucleotide with cys
labelled affimer. A) lllustration of maleimide-thiol conjugation reaction between affimer and
maleimide-oligonucleotide via Micheal addition. B) Mass spectra showing relative intensity of
affimer-oligonucleotide conjugate at 19,401.57. C) Relative intensity in percentage for affimer and
affimer-oligonucleotide conjugate.
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The conjugate formation was further confirmed using gel electrophoresis and a band was
observed between 15 KDa and 20 KDa indicating the presence of the conjugate (Figure
4:12A). The same sample used for running mass spectrometry was used for loading the
wells in SDS-PAGE which further confirms the results obtained in mass spectra. A
control well was loaded with affimer alone to compare the mass. Bands corresponding
to the affimer-dimer and affimer-monomer were also observed in the well loaded with
conjugate, however the intensity as qualitatively estimated is significantly lower
compared to the conjugate band. The sample collected after mass spectrometry is
expected to contain four different populations - unreacted monomer, affimer dimer,
affimer-oligonucleotide conjugate, and unreacted oligonucleotide. The affimer is His-
tagged and the affimer-oligonucleotide conjugate was purified using Ni-NTA affinity
chromatography to remove the excess oligonucleotide in the mixture. The resulting
product was further validated by SDS-PAGE analysis where multiple elution fractions
were examined for presence of band between 15 KDa and 20 KDa. The washes during
the purification which are removed as supernatant were also analysed in gel, however
no bands were observed indicating no conjugate was lost during the purification. The
presence of the band at the expected mass indicated the presence of affimer-
oligonucleotide conjugate after purification (Figure 4:12, Appendix A .2).
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Figure 4:12 SDS-PAGE gel for confirmation of conjugate formation. A) Gel indicating the
successful formation of conjugate as confirmed by a band between 15 KDa and 20 KDa. Wells
annotation - L: Ladder, A: Affimer, C: conjugate. These samples were loaded in the well after
conjugation before doing any purification. B) Gel indicating the presence of conjugate after
purification using Ni-NTA affinity columns. Wells annotation — L: Ladder, E1, E2, E3, E4: multiple
rounds of elution collected during purification, A: Affimer, W1, W2, W3: washes or supernatant
removed during the purification.
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The elution fractions were combined and were buffer exchanged to TE buffer. A strong
band was observed corresponding to affimer-oligonucleotide conjugate between 15 KDa
and 20 KDa indicating the presence of affimer-oligonucleotide conjugate. Furthermore,
densitometry analysis of conjugate lane was estimated and the area under curve for
conjugate was calculated to 4726 a.u., in contrast to 2205 a.u. for affimer monomer and
1856 a.u. for affimer dimer species (Figure 4:13C). This indicates that around 54% of the
sample contains conjugated species whereas 46% comprises of unconjugated species.
The concentration of the sample (after purification and buffer exchange to TE buffer) was

estimated to be 3 uM from absorbance at 260 nm.
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Figure 4:13 A) Agarose gel electrophoresis of 20-nt oligo nucleotide after Ni-NTA purification.
Well annotation — Ladder, void volume (supernatant after Ni-NTA incubation), E1-E4: Four
consecutive elutions during Ni-NTA purification, W1-W4: four consecutive washes during Ni-NTA
purification. B) SDS-PAGE analysis of four elutions combined for affimer-oligonucleotide
conjugation. Well annotation — L: Ladder, A: Affimer, C: conjugate. Cyan coloured numbers
represent — 1) monomer 2) conjugate, 3) dimer in Figure C. C) area under the curve calculated
from lane 3 (conjugate) in Figure B.

While the binding of the His-tagged affimer-oligonucleotide to the Ni-NTA resin and its
successful purification was confirmed by SDS-PAGE (Figure 4:12B), a control
experiment was performed to verify the oligonucleotide itself do not non-specifically bind
to the Ni-NTA resin. For this, a 20-nt long oligonucleotide was incubated with the resin

under identical conditions used for affimer-oligonucleotide conjugate purification.

The agarose gel analysis of different fractions is shown in Figure 4:13A. A strong band
is observed in void volume lane (supernatant collected after incubation of 20-nt
oligonucleotide with Ni-NTA resins), corresponding to the expected size of the
oligonucleotide, indicating that majority of the oligo did not bind to the Ni-NTA resins and
was recovered in the flow-through. In contrast, no bands were observed in the elution

fractions (E1-E4), confirming that the oligo was not retained on the Ni-NTA resin.
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The wash fractions (W1-W3) were also clear, further indicating the oligonucleotide was
effectively removed during the initial flowthrough and did not remain bound to the resin.
This result confirms the successful removal of oligonucleotide from the affimer-

oligonucleotide conjugate sample after Ni-NTA purification.

Conclusions

In this chapter, a strategy for conjugation of cysteine engineered affimer with
oligonucleotide is discussed. The reaction conditions were optimised, and conjugation
performed in TE buffer was found to be effective compared to other conditions.
Therefore, the conjugation was carried out between a 22-nucleotide oligonucleotide,
functionalized with a maleimide group at the 5’ end, and an affimer containing a thiol
group from an engineered cysteine residue in TE buffer. The conjugation efficiency was
subsequently assessed using mass spectrometry and SDS-PAGE analysis. The results
indicate the successful formation of the conjugate. The final conjugate sample was
estimated to contain 54% affimer-oligonucleotide conjugate, while the remaining 46%
comprised unconjugated species, including affimer monomers and dimers. This proves
that maleimide-thiol reaction is a well-established method to conjugate affimer with
oligonucleotide and with optimisation of reaction conditions, optimal conjugation
efficiency can be attained. Such conjugation reaction can be of relevance in
functionalisation of biomolecules to nanostructures and utilised for nanotechnology
applications [104, 106].

The affimer used in this study is specific to the CRP protein and was conjugated with a
22-nuclectide oligonucleotide. This conjugate is subsequently utilised in the following

chapter for functionalising CRP protein onto DNA origami structures.
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Chapter 5 Functionalisation of DNA origami with CRP using

affimer.

Introduction

Functionalisation of DNA origami plays a pivotal role in expanding its utility beyond
structural nanotechnology into functional nanodevices, biosensing, and molecular
engineering. DNA origami serves as an excellent tool for positioning biomolecules at
specific sites at sub-nanometre precision. Functionalisation is the deliberate modification
or decoration of origami with specific molecules such as nucleic acids, proteins,
fluorophores or other chemical molecules to impart new functionalities or recognition
capabilities. Functionalisation in this chapter is defined as the attachment of biomolecule
to the DNA origami frame (4FSF). Previously, Raveendran et al. have demonstrated the
capturing and detection of CRP protein using a DNA origami frame with 95 x 95 nm outer
diameter and 25 x 25 nm size cavity. The frame had two overhangs and one of it was
anchored with a DNA aptamer molecule specific to CRP enabling capture of CRP in the
centre cavity which was characterised by AFM. The development of this DNA origami
carrier enabled the detection of CRP protein from serum, functioning as a biosensor
when integrated with a nanopore platform [13]. The design used in this work tend to form
ribbon like structure as observed from the AFM image below (Figure 5:1). | envision on

developing a stable origami frame that has inert edges and thus not attach to each other.

-2.1nm

Height Sensor 400.0 nm

Figure 5:1 AFM image of origami frame used in [13].

In this chapter, | hypothesize that a DNA origami structure functionalized with affimers
can serve as an effective platform for the selective capture of target proteins. Affimers,
owing to their high binding affinity, specificity, stability, and reproducibility, are expected

to function as efficient binding reagents when integrated into DNA nanostructures. To
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test this hypothesis, C-reactive protein (CRP) is used as a model target due to its well-
established role in sensing applications [13, 285].

I have developed an oligonucleotide-affimer conjugate using a thiol-maleimide coupling
strategy (as detailed in Chapter 4). In this study, the affimer conjugates will be
incorporated into a DNA origami frame, specifically, the four-fold symmetry tile previously
discussed in the SPRI purification studies (Chapter 3). | propose that the DNA origami
will successfully capture CRP within its central pocket (Figure 5:2), enabling visualization

and confirmation of binding through atomic force microscopy (AFM).
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Figure 5:2 lllustration of functionalised origami in this study. The origami is a four-fold
symmetry frame with a height x width of 88 x 88 nm. The cavity in the centre is 25 x 25
nm. The purple structure in the centre indicates CRP protein which is bound with affimer
protein (green). The affimer is held with an oligonucleotide (cyan) which is complimentary
to a binding point (oligo - orange) on the origami. The transparent affimer-oligonucleotide
structures indicate that affimers can be positioned at more than one positions within the
cavity of DNA origami. Inset on the right show the zoomed in image of the central pocket
of DNA origami.



119

Result and Discussion

5.1 Origami design

The design of the DNA origami tile (4FST) discussed in Chapter 3 for purification is
modified to generate a frame structure (4FSF) (see Chapter 2 (2.1.1.2), Appendix A .1).
The frame structure has an outer dimension of 88 nm x 88 nm and an inner diameter of
25 nm x 25 nm. The origami is folded in 10 mM tris-acetate, 1 mM EDTA, 10 mM
Magnesium acetate buffer and characterised using atomic force microscopy. The
scaffold folded into a frame shape as shown in the Figure 5:3, however, failed to fold in
PBS buffer. PBS buffer was evaluated for DNA origami folding, as proteins are generally
stable in PBS, and the use of CRP and affimers for origami functionalisation indicated
that PBS would be an appropriate choice. This demonstrates the importance of buffer
for folding of origami and Tris-acetate, EDTA and Magnesium containing buffer proved
to be the optimal. Millimolar concentration of magnesium are reported to be essential for
DNA origami folding to neutralise the electrostatic repulsion between densely packed
negatively charged DNA strands. This charge screening enables the precise folding and
compaction of DNA scaffold and staple strands into defined architecture of origami
nanostructures [314]. In the absence of Mg?* as seen in buffers like PBS, the unscreened
negative charges cause the structure to destabilise leading to destabilisation, incomplete

or partial folding.
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Figure 5:3 DNA origami design and folding. A) lllustration of DNA origami folding.
M13mpl8 scaffold is added with staples and thermally annealed to obtain a frame
origami structure — four-fold symmetry frame (4FSF). The frame has an outer diameter
of 88 x 88 nm and inner diameter of 25 x 25 nm. B) AFM micrograph confirming the
folding of 4FSF in origami folding buffer (10 mM Tris-acetate, 10 mM MgAc, 1 mM EDTA,
pH 7.4) (Scale bar: 50 nm). C) AFM micrograph of 4FSF folded in PBS (Scale bar: 200
nm).

To modify the original tile design into a frame-like structure without re-ordering a
significant amount of staples, certain staple strands were replaced with different staples

such that a second layer on top of the first layer was formed (white lines in Figure 5:3 B).

This exposed second layer consistently appeared as brighter spots in the AFM images
of the DNA origami. Interestingly, in all AFM images acquired, the origami structures
consistently adopted the same orientation, with the white lines always facing upwards
towards the AFM tip. Structures with the second layer facing downwards (i.e., in an
inverted orientation) were never observed, suggesting a preferred adsorption of the
staple rich, more structurally continuous side onto the mica surface. | speculate that the
surface with evenly distributed staples tends to be flatter and mechanically stiffer,

promoting more stable binding to the mica or nickel-coated surface. In contrast, the side
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with second layer, which introduces structural irregularities and flexibility, preferentially

faces upwards towards the AFM tip.

5.2 Origami functionalisation with Streptavidin

The DNA origami contained binding sites, in the form of oligonucleotides, at three
positions on each of the four inner edges, resulting in a total of twelve binding points (BP)
(Figure 5:4). This enabled the attachment of proteins or biomolecules at 12 different sites
in different combinations. Similar studies have reported that the avidity of protein binding
can be enhanced by increasing the number of oligonucleotides and incorporating

additional protein-capturing molecules, such as aptamers [12].
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Figure 5:4 lllustration of DNA origami with 12 binding points.

| first evaluated the functionality of these binding points by incorporating the biotin-
streptavidin model system to investigate whether the DNA origami with binding sites
could successfully capture the protein at the centre. For this, | incorporated 75 nM biotin-
labelled oligonucleotide during the folding of the DNA origami which was complimentary
to the binding point. The DNA origami design provided control over both the number and
position of binding points, allowing the incorporation of the biotinylated oligonucleotide in
the desired configuration. DNA origami (4FSF) incorporated with four binding points
without streptavidin in the centre showed an empty pocket within the origami as observed
by Figure 5:5A. When these binding points were complimentarily bound with biotinylated
oligo and subsequently streptavidin, a bright spot or high contrast region was observed
in the centre pocket of 4FSF. | qualitatively analysed this using atomic force microscopy
(Figure 5:5B). A similar effect was observed when two binding points and consequently
biotinylated oligo was used to capture streptavidin in the centre pocket of 4FSF Figure
5:5C (Appendix A - .2). This proves that the binding point strategy is functional and can
be applied to attach proteins. The designed oligonucleotide was complimentary to the

binding point on DNA origami which led to the attachment of streptavidin. If this
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oligonucleotide is utilised for conjugation of affimer proteins, the conjugate can be
successfully incorporated to the DNA origami. The AFM images shown in Figure 5:5
confirms that the origami is inert on edges and does not tend to attach with each other

as the structure in [13].
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Figure 5:5 Streptavidin modified DNA origami. A) lllustration of DNA origami with 4
binding point and respective AFM micrograph (bottom). B) lllustration of DNA origami
with 4 biotinylated oligo and streptavidin attached and respective AFM micrograph
(bottom). C) lllustration of DNA origami with 2 biotinylated oligo and streptavidin bound
and respective AFM micrograph in the bottom. Biotinylated oligo — cyan, Streptavidin —
blue. Arrows in AFM images point to streptavidin.

5.3 Origami functionalisation with CRP

After validating the functionality of the binding points, | proceeded to anneal the affimer—
oligonucleotide (22 bases) conjugate (conjugated and purified as demonstrated in detall
in Chapter 4) to the pre-assembled DNA origami. The affimer used in this study is specific
to the CRP protein, which served as the model target for binding experiments. To prepare
the DNA origami with varying numbers of binding points, the 4FSF structure was folded
incorporating 1 to 12 binding sites (specifically 1, 2, 4, 6, 8, 10, and 12), followed by
purification using the SPRI method described in Chapter 3. Initially, | folded and purified
the 4FSF DNA origami containing 12 binding points, reasoning that the higher number
of binding sites, and consequently more affimers would enhance CRP binding efficiency.

| incorporated 147 nM of the affimer—oligonucleotide conjugate by incubating at room
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temperature; atomic force microscopy images revealed evidence of protein binding
within the central pocket of the 4FSF structure as observed by the bright spot or high
contrast feature in the centre. Unbound CRP, which appeared to retain its pentameric
structure, was also observed in the zoomed-in images, as highlighted by the red circle in
Figure 5:6B (bottom). | also tested annealing at 50°, as this temperature is approximately
10° below the melting temperature (T,) of the 22-base oligonucleotide (61°), which is
expected to promote specific and stable hybridisation while preserving structural integrity
of DNA origami [315]. The affimer-oligonucleotide conjugate was incorporated
immediately after SPRI purification during the thermal de-clumping step at 50°C (Chapter
3). This approach minimized the number of purification steps, thereby enhancing both
the structural integrity and yield of the functionalized DNA origami. | analysed the CRP
attachment qualitatively using atomic force microscopy and observed the capture of CRP
in the centre pocket of 4FSF (Figure 5:6). The percentage of CRP binding to the DNA
origami was quantified based on the rules outlined in the materials and method (Chapter
2-2.1.7, Appendix A - .3). | observed that the percentage of CRP-functionalised origami
was 8% when the affimer-oligonucleotide conjugate was annealed at room temperature,

in contrast to 45% when annealing was performed at 50°C (Figure 5:8, Table 5-1).

Interestingly, | observed that in some cases, when zooming into a CRP-functionalised
structure, the CRP was no longer visible. This is demonstrated in Figure 5:6B, where the
top portion of the upper image is magnified in the lower image, revealing the absence of
CRP after zooming. This could be attributed to the AFM tip dislodging or removing the
CRP due to repeated scanning over the same area. Therefore, quantification was
performed using large area AFM scans to minimize artefacts caused by repeated

scanning.
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Figure 5:6 Functionalisation of 4FSF DNA origami using CRP. A) lllustration of 4FSF
DNA origami with 12 binding points complimentarily bound with affimer-oligo conjugate
(cyan) and CRP (purple). B) AFM micrographs of affimer-oligo conjugate attached to
4FSF at room temperature. Bottom - zoomed in scan of top image where CRP is no
longer attached. Unbound CRP is circled red. The image in dotted cyan square is the
zoomed in digital image of B (top image) C) AFM micrographs of affimer-oligo conjugate
attached to 4FSF at 50°. Bottom — zoomed in image. The white arrows indicate the CRP
attachment.

To investigate the effect of binding point number on CRP attachment, | folded and
purified 4FSF DNA origami structures containing 1, 2, 4 and 10 binding points, which
were subsequently incubated with 280 nM of CRP (Figure 5:7). This series of
experiments aimed to evaluate whether increasing the number of binding points on the
4FSF origami enhances the likelihood or stability of CRP attachment, based on the
assumption that higher local valency could promote stronger or more frequent binding
through multivalency effects. In all the cases, CRP was bound to the DNA origami in the
centre as observed from AFM images. No significant structural deformation of the DNA
origami was observed even with the maximum number of binding sites, suggesting that
the functionalisation process preserved the mechanical integrity of the scaffold (Figure
5:7). While the white arrows in AFM images in Figure 5:7 indicate CRP functionalised

origami, it also demonstrates the structures that are structurally intact.
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Figure 5:7 CRP attachment for 1, 4 and 10 binding points in 4FSF DNA origami. A)
lllustration of CRP attachment to DNA origami folded with one binding point and
respective AFM micrograph. B) lllustration of CRP attachment to DNA origami folded
with four binding points and respective AFM micrograph. C) lllustration of CRP
attachment to DNA origami folded with ten binding points and respective AFM
micrograph. The white arrows indicate CRP attachment.

After checking the capture of CRP protein qualitatively using AFM images, | quantified
the CRP attachment efficiency. | folded and purified a series of 4FSF DNA origami
structures incorporating 1, 2, 4, 10, and 12 binding points, as well as a 12 binding point
design where the affimer-oligonucleotide conjugate was annealed at room temperature
(RT) rather than at an elevated temperature. Each of these designs was subsequently
incubated with 280 nM CRP, and the percentage of CRP-bound origami was quantified
using atomic force microscopy (AFM) based on rules outlined in Chapter 2 (2.1.7). The
highest CRP binding efficiency was observed for the origami designed with two affimers
to capture CRP, with 54% of the origami structures displaying CRP in the central pocket.

In contrast, the 1BP design showed a lower binding efficiency of 37%. Increasing the
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number of binding points beyond two did not lead to improved binding; the 4BP, 10BP,
and 12BP designs yielded CRP binding efficiencies of 41%, 41%, and 45%, respectively
(Figure 5:8,Table 5-1). These results suggest that while the presence of multiple binding
points can initially enhance the avidity of the interaction by increasing the probability of
CRP capture, an excessive number of binding points does not affect the binding [12,
316]. This could be due to steric hindrance within the central cavity, potential
overcrowding of the binding sites, or impaired accessibility of the affimer moieties to the

target protein.

Furthermore, the annealing conditions were found to play a critical role in the
functionalisation process. When the 12BP design was annealed at room temperature,
the CRP binding efficiency dropped sharply to only 8%, compared to 45% when
annealed at 50°C. This substantial decrease indicates that insufficient hybridisation of
the affimer-oligonucleotide conjugates at room temperature likely led to poor
incorporation of functional binding sites (Table 5-1,Figure 5:8). Annealing at an
appropriate temperature (in this case, 50°C, which is below the melting temperature of
the 22-base oligonucleotide) ensures more complete and stable hybridisation when
compared to at room temperature, thereby enhancing the availability of the binding sites
for CRP capture. The binding percentages for all constructs fall within a relatively narrow
range near 50% (37 % to 54 %). Two independent repeats were performed for each
construct. One-way ANOVA revealed a statistically significant difference in binding
between the groups (F(4,5) = 5.41, p = 0.046), indicating that the number of binding
points influences CRP association. Overall, constructs with more than one number of
binding sites tended to show increased binding, consistent with a multivalent interaction
effect. | reckon that the structures might also be vulnerable to the AFM tip forces which

could displace CRP proteins as previously reported in case of streptavidin [317].

Origami structure  No of CRP-bound  Total origami % of origami
origami counted with CRP bound
4FSF-1BP-CRP 55 146 37%
AFSF-2BP-CRP 164 304 54%
4FSF-4BP-CRP 80 192 41%
4FSF-10BP-CRP 85 209 41%
4FSF-12BP-CRP 112 248 45%
4FSF-12-BP-CRP 4 48 8 %

(RT)
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Table 5-1 Percentage of CRP-bound origami quantified from AFM images.
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Figure 5:8 Bar graph demonstrating the percentage of CRP bound DNA origami 4FSF.
BP indicate binding points. RT indicate at room temperature. For each construct, data
represent the mean of the two independent experiments (x s.d). A one-way ANOVA
revealed a statistically significant difference in functionalisation yield across the
constructs (p = 0.046).

The 4FSF DNA origami structures were folded with the desired number of binding points
and purified using the solid-phase reversible immobilization (SPRI) method. The affimer-
oligonucleotide conjugate was annealed to the structures during the thermal de-clumping
step, which constitutes the final stage of the SPRI procedure. This was followed by
incubation with CRP. To remove excess CRP from the sample, an additional round of
SPRI purification was performed. The AFM images, showing minimal background,
further validate the effectiveness of the SPRI method as a purification strategy, as
discussed in detail in Chapter 3 (Figure 5:7). While streptavidin functionalisation followed
by SPRI purification resulted in approximately 85% protein-bound DNA origami (Chapter
3), CRP functionalisation with subsequent SPRI purification yielded a lower
functionalisation efficiency of around ~50%. However, it should be noted that CRP
functionalisation involved a more complex conjugation strategy compared to streptavidin
binding, utilised a different DNA origami structure from that used in the previous chapter,
and required multiple rounds of purification and thermal processing steps. Nevertheless,
despite the multiple processing steps involved, a functionalisation efficiency of
approximately 50% can be considered satisfactory under these conditions. In work
reported by Rafat et.al, the maximum functionalisation efficiency observed when a
protein of interest was conjugated with aptamers on DNA origami frame with two
aptamers oriented at 180° was 27%. The maximum protein capture efficiency they ever

observed was 67% when they oriented the binding aptamers at 90° angle [12].
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Conclusion

In this chapter, | performed the CRP functionalisation of DNA origami frame using affimer
proteins. For this, | used a four-fold symmetry frame with varying binding points and
attached with affimer proteins. The oligonucleotide on which affimer was conjugated was
complimentary to the binding point on the DNA origami. | demonstrated the successful
binding of CRP on DNA origami frame 4FSF and validated it with atomic force
microscopy. AFM is widely used as a morphological characterisation tool for imaging
DNA origami and studying protein-DNA interactions [318]. The functionalisation of DNA
origami structures with C-reactive protein (CRP) using an affimer-oligonucleotide
conjugation strategy demonstrates a viable approach for site-specific integration of
complex biomolecules onto DNA nanostructures. | was successful in achieving ~ 50%
functionalisation efficiency for CRP bound DNA origami. The ability to stably anchor CRP
on DNA origami paves the way for development of modular and programmable
biosensing platforms capable of detecting relevant proteins with high spatial resolution.
This methodology offers potential applications in single molecule sensing, diagnostic
device development, studying protein-DNA interactions where precise spatial
arrangement and functional control over protein attachment are critical [112, 239, 289].
This functionalised DNA origami structure could serve as an efficient and versatile
platform for studying dynamic protein interactions, including protein—protein interactions

and other biomolecular recognition events.

DNA origami frames functionalised with aptamers have previously been employed for
the detection of CRP protein from serum samples [13]. Building on this approach, the
system can be expanded to incorporate alternative protein binders; in this work, an
affimer has been utilised as the molecular recognition element to achieve specific CRP
binding. Affimers offer several advantages over traditional aptamers, including higher
stability under a broad range of conditions, rapid and cost-effective production in
bacterial expression systems, and the ability to engineer binding specificity and affinity
through directed selection [240]. Moreover, their small size and robust folding make them
well-suited for integration into nanoscale architectures such as DNA origami, enabling
precise spatial control and enhanced target recognition in complex biological
environments [296, 300, 319]. The functionalised DNA origami system described here is
further employed in the subsequent chapter for the development of a protein sensing

platform.
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Chapter 6 Nanopipette detection of functionalized origami

Introduction

Nanopore technology has emerged as a cutting-edge method for biomolecular analysing
at the single-molecule level [131]. Nanopore sensing involves the use of a hanometre-
sized pore embedded in a membrane, through which analytes are translocated under
the effect of an external electrical field. The membrane can be a biological material such
as a lipid bilayer or fabricated from synthetic materials like glass or silicon nitride [224,
320, 321]. The translocation of a single molecules through the nanopore induces
characteristic ion current modulation, and the resulting signal-defined by parameters
such as current blockage amplitude, duration, and shape-provides critical insights into
the size, conformation, and charge of the analytes [322], as previously discussed in
Chapter 1 (1.3).

Dwell time (ms)

Peak amplitude (pA)

100 pA

L
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Figure 6:1 lon current traces observed during analyte translocation through nanopores.
The ion current peaks are defined by the height of the peak (Peak amplitude), width of
the peak (Dwell time) and area of the peak (Peak area) which are characteristic of
specific analytes.

Although recent advancements have enabled the reliable analysis of DNA and RNA
using nanopores, the next frontier in this field is the sequencing of proteins [323]. Protein
sequencing is of particular importance due to the central role that proteins play in cellular
functions, as well as their potential to serve as clinical biomarkers. Timely detection of
such proteins can enable early diagnosis, inform prognosis, and guide therapeutic
decisions. Moreover, protein sensing is vital for monitoring treatment responses,
studying cellular signalling pathways, and understanding dynamic biological processes.
With the growing demand for rapid, sensitive, and point-of-care diagnostic tools,

advancements in protein sensing technologies, including biosensors and nanopore-
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based systems, are becoming increasingly important for both healthcare and

personalized medicine.

Notably, Raveendran et al. recently proposed an innovative strategy utilizing DNA
origami structures to capture and enhance the detection of proteins at the single-
molecule level using nanopores. In this approach, a DNA origami frame was engineered
with overhangs complementary to CRP-specific aptamers, enabling the selective capture
of CRP protein. They demonstrated the detection of CRP at picomolar concentrations
from complex biological fluids such as serum, highlighting the potential of DNA origami-

assisted nanopore sensing for sensitive and selective protein detection [13].

Building on the work by Raveendran et al., the aim of this chapter is to develop a
nanopore-based protein biosensing platform utilizing a four-fold symmetry DNA origami
frame (4FSF) functionalised with affimer proteins as high-affinity binders for C-reactive
protein (CRP), established in the last chapter (Figure 6:2). | will employ the stable DNA
origami frame and also incorporate protein binder to the sensing system. Both affimer-
functionalized and CRP-functionalized 4FSF origami constructs will be employed to
investigate specific protein capture and translocation events through a nanopipette. The
design, folding, purification, and conjugation of the 4FSF origami with affimer-
oligonucleotide conjugates, as well as CRP attachment strategies, have been detailed in
preceding chapters and characterized by AFM. Nanopore measurements will be
performed to evaluate the feasibility of the protein-functionalised system for sensitive,
single-molecule protein detection. Additionally, polyethylene glycol (PEG) will be
incorporated into the electrolyte solution to enhance signal-to-noise ratios, following
protocols established by Chau et al. [324]. This approach aims to address the challenges

of detecting low-abundance, small proteins with high specificity and sensitivity.
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Figure 6:2 Overall aim of the study: The origami frame with one binding point illustrated
in the top, the oligo-maleimide conjugated with affimer is annealed to origami frame to
generate protein functionalized origami. The origami can be functionalized not just at one
position but at multiple positions. The protein functionalized origami is filled into the
nanopipette and translocated to outside to generate ion-current peaks as read-out.
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Results and Discussion

6.1 Nanopore characterisation

The nanopore used in this study is a nanopipette which is fabricated from a glass
capillary using a laser puller. The fabrication of nanopipettes is optimised to obtain the
desired pore size mostly by adjusting features such as the amount of heat delivered to
the glass and the pull strength. The details of the program used is described in the
materials and method section (Chapter 2 - 2.7). The relevance of each parameter
involved in the pulling of pipettes is described in the introduction section. In this study, |
used two nanopipettes that were pulled using different parameters, with the main
difference being the heat setting applied during the pulling process (Table 6-1, Table 6-2,
Appendix A - .1). | performed this characterization to identify the appropriate hanopore
size for analyte translocation and to ensure that the pore produced was stable and

reproducible.

Heat filament Velocity Delay Pull
750 4 30 150 80
715 3 40 135 149

Table 6-1 Parameters used for pulling nanopipette with program 1

Heat filament Velocity Delay Pull
750 4 30 150 80
650 3 40 135 149

Table 6-2 Parameters used for pulling nanopipette with program 2.

The size of the pore is a crucial factor in providing a good signal to noise ratio to detect
the translocation of an analyte [325]. The size of the pore can be determined either by
scanning electron microscopy (SEM) or by measuring the current-voltage response.
SEM results demonstrated a pore with diameter of 100 nm for program 1 and 142 nm
for pore 2 as seen from Figure 6:3. The nanopore sizes selected matched the dimensions
of the DNA origami structures folded and purified as described in Chapter 5, which serve
as the analyte in this study. Based on the SEM measurements, | assumed that the
observed pore sizes would provide a high signal-to-noise ratio during analyte
translocation. A high signal-to-noise ratio is important in nanopore measurements as it

enables reliable detection of translocation events and a clear distinction between true
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current blockades and background noise, which is crucial for resolving molecular
structures [326]. Once the optimal parameters for reproducible nanopipette fabrication
were identified, multiple nanopipettes were pulled from glass capillaries and

characterized for use in analyte screening, as discussed in the following section.

A

Figure 6:3 Scanning electron microscopy images of two nanopipettes pulled using
Program 1 (A and B), and Program 2 (C and D). A) Side view of a nanopipette (scale bar
- 5 um). B) side view (zoomed in) view of nanopipette with pore size 100 nm (scale bar -
0.1 um). C) Side view of nanopipette (scale bar — 10 um ) D) cross section view of
nanopipette (scale bar — 100 nm).

While SEM provides accurate measurements of pore size and geometry, it is a time
consuming technigue due to the need for conductive coating, careful mounting of fragile
glass structures, and detailed instrument alignment [217]. Therefore, current-voltage (I-
V) characterization was performed after each nanopipette was pulled, as it offered a

quicker and more practical alternative for assessing pore dimensions.

To estimate the nanopore size and assess its stability, | performed current-voltage (I-V)
measurements by applying a linear voltage sweep from -500mV to +500 mV and
recording the resulting ionic current. The nanopipette was filled with 0.1 M KCI and
immersed in the same electrolyte solution to maintain symmetric ionic conditions.
Ag/AgCI electrodes were placed inside and outside the pipette, serving as the working

and reference electrodes, respectively (Figure 6:4). This setup enabled consistent
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measurement of ionic current across the nanopore, with the resulting I-V response used
to determine the pore conductance and infer its size. Under ideal conditions, the |-V
response is expected to be linear, indicating ohmic behaviour and a stable open pore
without gating or leakage. From the slope of the I-V curve, the conductance of the pore
can be calculated, which is inversely related to the resistance. Since the nanopore acts
as a resistor in the ionic circuit, its resistance reflects the geometric dimensions of the
pore, such as diameter. For each experiment, the resistance was noted to ensure it
remained consistent, indicating that the nanopore remained stable and unchanged

across measurements.
| f
\\\ workinq’}électrode

Current (1)

IV curve

Voltage (V
Reference electrode ge (V)

0.1 M Kcl

Figure 6:4 1-V characterisation of nanopipette. The nanopipette filled with electrolyte (100
mM KCI) is immersed in the same electrolyte and a voltage range of -500 mV to +500
mV is applied to record the IV-curve.

IV curve was recorded for each pulled nanopipette to characterise the electrical
properties of the pore, specifically conductance properties. The IV curve displayed a
linear relationship between voltage and current indicative of ohmic behaviour of the
nanopipette in study. | observed a current of approximately -3.9 nA at -500 mV and +3.7
nA at +500 mV, resulting in a rectification ratio of about 1.08 (calculated as -3.9/+3.7).
This near-symmetrical response indicates a linear, or ohmic, behaviour of the system
over this voltage range. This indicates that there is no current leakage, the system is
behaving well with stability. Furthermore, it is essential to evaluate the reproducibility of
the pore, as this serves as a criterion for cross validating the right nanopore during each

experiments.
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Figure 6:5 IV curve of nanopipette shown. A with 0.1 M KCl inside the pipette and outside
in electrolyte bath. The graph represents a linear relationship between the voltage and
current. (n = 3)

To assess the consistency of nanopipette fabrication, scanning electron microscopy
(SEM) was first employed to verify pore geometry and estimate tip dimensions. This was
followed by current-voltage (I-V) measurements to evaluate the electrochemical
behaviour of each nanopipette. Resistance was used as a proxy for pore size and
structural consistency. For each fabrication protocol (Program 1 and Program 2), 20
independent nanopipettes were characterized. The recorded resistance values
demonstrated strong consistency across experiments, indicating high reproducibility in
the fabrication process. Box plot analysis (Figure 6:6) further confirm that both programs
yield nanopipettes with stable electrical properties and consistent pore dimensions.
These results validate the reliability of both fabrication protocols and support their use

for applications requiring uniform nanopipette performance.
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Figure 6:6 Box plot representation of resistance values measured from nanopipettes
fabricated using Program 1 and Program 2 (n = 20 for each group). Resistance was
extracted from Clampex software under symmetric electrolyte conditions. Each box
represents the interquartile range (IQR, 25th to 75th percentile), the horizontal line
indicates the median, and whiskers denote the minimum and maximum values within 1.5
x IQR. Individual points beyond the whiskers are plotted as outliers.

6.2 Analyte translocation through nanopipette

In this section, the translocation behaviour of analytes was studied as they were
electrophoretically driven through a nanopipette under an applied voltage. The
nanopipette was filled with the analyte dissolved in an electrolyte solution (100 mM KCI)
and connected to a working Ag/AgCl electrode. The nanopipette was immersed in a bath
containing 100 mM KCl with a reference Ag/AgCl electrode (Figure 6:7A). In the absence
of analyte, application of a constant voltage across the two electrodes produced a stable
baseline ionic current, indicating system stability and absence of unwanted signal
fluctuations (Figure 6:7B). Upon introducing analytes into the nanopipette, their
translocations through the pore under the applied voltage generated ion current peaks,
indicating translocation events (Figure 6:7 C). lon current peaks observed during analyte
translocation can be characterized by three key features: peak amplitude, dwell time,

and peak area, as described in the introduction (Chapter 1-1.3). The peak amplitude
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corresponds to the current deviation from the baseline and represents the magnitude of
the ion current modulation caused by the analyte. The dwell time, defined as the width
of the peak, indicates the duration for which the analyte resides within the nanopore. The
peak area, calculated as the product of amplitude and dwell time, provides a quantitative
measure of individual translocation events (Figure 6:7 inset).

A B M bascine

no analyte

» Ag/AgCl electrode

C

baseline

<« analyte
(\}

Pl ion current peaks
» analyte

» Nanopore

Peak area

Peak amplitude (pA)

<«
Dwell time (ms)

Figure 6:7 A) lllustration of nanopore set up for analyte translocation. B) lon current trace
when no analyte is present C) lon current trace when an analyte is translocated through
nanopore. Inset demonstrates characteristics of a single ion current peak.
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6.2.1 Nanopore detection of origami structures

A g8 8oy gogo8 8oy
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Figure 6:8 A) lllustration of monomer (88 x 88 nm) and tetramer (170 x 170 nm) design
of DNA origami. B) AFM micrographs of monomer (scale bar: 100 nm) and tetramer tile
(scale bar: 200 nm). (Tetramer image adapted from [327])

To validate the nanopore setup for its use as a sensor, origami tiles were detected using
nanopipettes. An origami monomer tile (88 nm x 88 nm) and a tetramer (170 x 170 nm)
tile comprising a 2 x 2 array of monomers adapted from Tikhomirov et al. were folded
and characterized using AFM to confirm successful folding [263] (Figure 6:8). A 140 nm
pore was employed as the sensing element to discriminate between the DNA origami tile
monomer and tetramer, based on differences in their ionic current signatures. The pore
size was selected based on theoretical considerations, as it lies between the
approximate sizes of the two analytes (88 nm for the monomer and 170 nm for the
tetramer), offering a balance that enables effective detection while maintaining a

favourable signal-to-noise ratio.

To enable discrimination between the smaller monomer tile and the larger tetramer, 50%
(w/v) 35K PEG was incorporated into the electrolyte solution (see method session for
the electrolyte preparation). Analytes were loaded into the nanopipette and immersed in

an external electrolyte solution containing 50% (w/v) PEG. | first examined the
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translocation of monomer tiles under a constant negative voltage bias of -300 mV.
Negative voltages repel the negatively charged DNA origami structures, driving them
through the nanopore. DNA origami structures are negatively charged at physiological
pH due to the phosphate backbone of the DNA strands. Each phosphate group carries
a negative charge, and under physiological buffer conditions (pH 7.4 used here), these
groups remain deprotonated. As DNA origami consists of hundreds to thousands of base
pairs arranged into complex shapes, the cumulative negative charge is substantial. This
net negative charge causes DNA origami to migrate toward the positively biased
electrode during electrophoretic transport, enabling controlled movement through the
nanopore under applied electric fields [328]. Without PEG, the ion current signals for
monomer tiles were too small to detect reliably. However, the addition of PEG produced
significantly larger ion current peaks (Figure 6:9). The translocation events in the PEG
system generated well-defined ion current peaks, from which the peak amplitude
(maximum current deviation from the baseline) and dwell time (duration of the event)
were calculated. The average peak amplitude of monomer tiles without PEG was
estimated to be 0.04 + 0.01 nA, whereas in the presence of 50% (w/v) 35K PEG, it
increased to 0.14 + 0.03 nA. This represents a 3.5-fold enhancement in peak amplitude,
indicating that PEG significantly amplifies the ion current signal during translocation.

A - - PEG B + PEG
' - 500 mV ] - 500 mV

P p———
| S

1s 1s

100 pA

Figure 6:9 lon current traces of monomer tile translocation through nanopore A. without
PEG, B. with PEG in electrolyte at -300 mV.

A scatter plot of peak amplitude vs dwell time revealed that a homogeneous population
of events was observed, clustering within a defined region. Although, some outliers were
observed with lower and larger peak amplitude which could be due to the presence of

broken origami and a minor population of analyte aggregates [329, 330].
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Figure 6:10 Scatter plot and histogram of monomer tile translocated through nanopipette
with PEG in electrolyte bath.

Control experiments were conducted to evaluate background activity under various
conditions. At both 0 mV and +300 mV applied voltage, no ion current events were
detected. Similarly, in the absence of analyte, no events were observed even at -300
mV. These findings confirm that translocation events occur specifically at negative
voltages and are dependent on the presence of analyte, highlighting both directional and
molecular specificity. Moreover, no events were detected at 0 mV even in the presence
of analyte, supporting that electrophoretic forces are required to drive DNA origami
through the nanopore (Figure 6:11B). The absence of events at negative voltage without
analyte further confirms that the detected signals originate from DNA origami
translocations (Figure 6:11C). These results are consistent with previous studies
demonstrating voltage-driven, electrophoretic transport of nucleic acids through
nanopores [331-333].
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Figure 6:11 lon current traces of A. monomer tile at positive voltage, B. monomer tiles at
zero voltage, C. without any analyte at negative voltage.

Next, | examined the translocation of the tetramer tile through nanopore with and without
PEG in electrolyte buffer. (Figure 6:12). The ion current signals generated from the
tetramer tiles in an electrolyte bath without PEG were significantly smaller compared to
those obtained in the presence of PEG. The presence of PEG in the electrolyte bath led
to a substantial increase in the average peak amplitude of the tetramer ion current
signals, rising from 0.04 + 0.01 nA (without PEG) to 0.26 + 0.13 nA (with PEG).

-PEG . ; +PEG
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Figure 6:12 lon current traces of 2 x 2 origami at — 500 mV A. without PEG B. with PEG
in electrolyte bath.

Next, | compared the translocation signals of the monomer and the tetramer in the
presence of PEG in electrolyte bath to check if the nanopipette sensor can discriminate
between the monomer and tetramer. To differentiate between monomeric and tetrameric

DNA tiles, ionic current signals were compared which were recorded with nanopipette



143

(Figure 6:13). The left panel shows representative traces for monomeric tiles, where
uniform current blockade events were observed, highlighted by the green-shaded region.
These blockades were uniform in amplitude with 0.14 + 0.03 nA, indicating a consistent
interaction of monomeric structures with the nanopipette tip. In contrast, the right panel
corresponds to recordings obtained with tetrameric tiles, where two distinct populations
of events emerged. The first type, similar in amplitude in to the monomer events, is again
shaded in green, suggesting the presence of monomer tiles in the tetramer assembly
sample. This can be observed from the AFM images in Figure 6:8 (right-bottom) where
monomer tiles are also present in tetramer images. A second class of deeper and longer-
lasting blockades (shaded in purple) was also observed, likely arising from the entire
tetrameric structure engaging with the nanopipette tip. These distinct current signatures
confirm that the nanopipette can effectively resolve monomeric and multimeric forms

based on their characteristic blockade profiles (Figure 6:13).

L

1s

100 pA

Figure 6:13 lon current traces for monomer tile (left) shaded in green colour and tetramer
tiles shaded in lavender.

The scatter plot of peak amplitude versus dwell time for both monomeric and tetrameric
tiles further supports the presence of two distinct event populations in the tetramer data.
One population overlaps with the monomeric events while the second population
characterized by higher amplitudes is attributed to the full tetrameric structures,
confirming the coexistence of both species in the tetramer sample (Figure 6:14). The
presence of two distinct event populations was evident from the histogram, with
monomer and tetramer events highlighted in green and orange, respectively. Monomeric
tiles exhibited a narrow distribution with an average peak amplitude of 0.20 £ 0.07 nA,
whereas tetrameric tiles showed a broader distribution centered at 0.43 +0.20 nA,

consistent with the presence of more than one structures in tetramer sample.
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Figure 6:14 Scatter plot and histogram of monomer tile (n =287) and 2 x 2 tile (N = 327)

Although both species were detectable without PEG, the addition of PEG significantly
improved the quality of signal detection. PEG has been reported to enhance the signal-
to-noise ratio for nucleic acids and proteins by amplifying ionic current signals and
increasing event dwell times [324]. In this context, PEG facilitated clearer separation of
translocation events corresponding to the two tile types, allowing more accurate
discrimination and reducing event overlap. This improvement was critical for confidently
resolving subtle differences in particle size and behaviour under otherwise similar

experimental conditions.

This validated that the nanopore sensor was able to discriminate two extreme assembly
of nanostructures, this provides preliminary evidence that in addition to methods like
AFM and agarose gel electrophoresis which are typically used to characterise
nanostructures nanopore sensors could be employed to determine the assembly yield of
nanostructures [68, 263]. In summary, my preliminary work lays the foundation for using
nanopipette-based sensing to distinguish between distinct DNA nanostructures, such as
monomeric and tetrameric tiles, at the single-molecule level [327]. By demonstrating that
characteristic current signatures can be reliably correlated with different assembly states,

this approach offers a rapid, label-free, and cost-effective alternative to traditional
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methods like agarose gel electrophoresis and AFM. While gel electrophoresis provides
bulk yield estimates and AFM offers structural insight at high resolution, both methods
face limitations in throughput, sensitivity, and representation of heterogeneous
populations. In contrast, nanopore-based detection-such as that achieved with
nanopipettes-enables real-time, non-destructive analysis with statistically meaningful
data collected within minutes. My work provides a stepping stone toward more advanced
applications, including high-throughput quantification, real-time monitoring of
assembly/disassembly processes, and even the development of purification strategies
based on translocation profiles. As the field evolves, integrating this platform with
machine learning and parallelized detection systems could further enhance its power for

profiling increasingly complex DNA origami assemblies.

6.2.2 Nanopore detection of functional origamis

After demonstrating the ability of nanopipettes to discriminate between DNA origami
structures based on differences in size-specifically, now | will investigate whether this
sensing strategy can be extended to detect protein-functionalised DNA origami. The aim
of this section is to explore the feasibility of using nanopipette-based measurements to
identify DNA origami structures carrying specific protein cargo. As a model system, |
functionalised C-reactive protein (CRP) onto a DNA origami frame (4FSF) using a high-
affinity affimer binder. The design and assembly of the 4FSF origami structure, along
with the protein functionalisation strategy, are described in detail in Chapter 5, and
purification was performed using the SPRI method outlined in Chapter 3.

The aim of this part was to detect CRP protein which is bound with origami, and also
compare it with origami containing affimer . The affimer, a small engineered binding
protein of approximately 12 kDa and less than 4 nm in size, was used to specifically bind
CRP, a pentameric protein of ~120 kDa and approximately 10 nm in diameter [296, 334],
as previously discussed in Chapter 1 (1.6). This system provides a platform to test
whether the addition of protein components to DNA nanostructures produces
distinguishable changes in ion current signatures, allowing for label-free detection of
protein-functionalised origami at the single-molecule level. It has been previously
reported that differences between an origami tile and a frame could be detected using a
nanopipette sensor [328]. It was therefore hypothesized that the presence of a protein
capable of filling the void in the DNA origami frame could be distinguished from origami

structures lacking the protein.

Firstly, 4FSF origami were filled into the nanopipette at 0.5 nM, voltage of -500 mV was
applied using two Ag/AgCI electrodes, with one positioned inside the nanopore and the
other in the surrounding electrolyte bath containing 50% 35 K PEG in 100 mM KCI. |
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applied negative voltages to push the negatively charged origami structures through the
pore. Each ion current peak corresponds to one molecule translocating through the pore.
When empty 4FSF origami structures translocated through the nanopore, ion current
peaks were observed, as depicted in Figure 6:15 (left). Scatter plot and histogram was
plotted with peak amplitude and dwell time values to obtain a dense population around
0.25 nA peak amplitude.
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Figure 6:15 lon current trace of origami frame (4FSF) and respective scatter plot and
histogram (plotted from 1274 events).

6.2.2.1 Detection of CRP functionalised DNA origami

| chose a pore diameter of approximately 100 nm together with 50% 35K PEG electrolyte
for translocating CRP-functionalised DNA origami, as it would be sufficiently large to
accommodate the 88 x 88 nm 4FSF origami while still maintaining an adequate signal-
to-noise ratio. Three origami systems were compared - empty 4FSF origami, single
affimer-functionalised 4FSF origami and CRP-functionalised 4FSF origami. As described
in Chapter 5, | have incorporated binding points (oligonucleotide) which complimentarily
bind to the oligonucleotide conjugated with affimer. The affimer is specific for CRP
therefore enabling the binding of CRP to affimer. This is characterised using AFM in
Chapter 5 and SPR in Chapter 4. 0.5 nM of each sample were separately translocated
through the nanopipette to produce ion current peaks. The ion current traces for empty
4FSF DNA origami (containing one binding site), 4FSF with a single affimer attached,
and 4FSF with CRP protein bound are shown in the Figure 6:16. The trace for 4FSF
origami shows homogeneous peaks, whereas the traces for 4FSF origami with a single
affimer attached and with CRP bound exhibit a heterogeneous population of ion current
peaks. This indicates a clear distinction in the translocation behaviour of empty 4FSF

origami and protein-functionalised origami.
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Figure 6:16 lon current trace for 4FSF origami, 4FSF origami-Affimer and 4FSF origami-
CRP recorded for 200 s.

This is further demonstrated by the scatter plot, where a distinct homogeneous
population is observed for the empty 4FSF origami, in contrast to the multiple populations
seen for 4FSF functionalised with a single affimer and with CRP. An average peak
amplitude of 0.92 = 0.27 nA was recorded for the empty 4FSF origami, indicating
consistent translocation behaviour. In the scatter plots for the affimer and CRP
functionalised samples, a population corresponding to the empty origami was still
present, as expected. However, no clear distinction could be made between the
additional populations observed in these two samples, as both displayed heterogeneous
distributions beyond the population associated with the empty 4FSF origami. This
suggests that while the presence of affimer or CRP alters the ion current signature, the
differences between the two protein-bound states are not readily distinguishable based

on scatter plot data alone.
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Figure 6:17 Scatter plot for A) Empty 4FSF-origami with a single binding point (280
events). B) 4FSF origami + Affimer (886 events) C) 4FSF origami + Affimer + CRP (435
events).

For further analysis, | employed a resampling method called bootstrapping (Chapter 2
for detailed method and approach) and | examined the peak area characteristic as this
is a gquantitative value that includes both peak amplitude and dwell time. Using
bootstrapping analysis on the peak amplitude values from the empty 4FSF origami
dataset, | identified a dominant, narrow distribution of event amplitudes, forming a distinct
population (Figure 6:18). This population was defined as Range 1, representing
characteristic peak areas arising from empty 4FSF origami translocating through the
pore. The mean and spread of this distribution were used to define the upper boundary
of Range 1. Events falling beyond this range were classified as Range 2, indicating larger
or more complex structures such as origami functionalised with affimers or CRP proteins.
This classification was supported by both scatter plots and kernel density estimates,
which showed a homogeneous population for empty origami and broader,
heterogeneous distributions for functionalised constructs (Figure 6:18C and D).
Importantly, both affimer and CRP modified origami samples exhibited a subpopulation
overlapping with Range 1 (reflecting the base origami signal), along with additional

populations extending into Range 2, consistent with successful functionalisation.
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Figure 6:18 Bootstrapping analysis of empty 4FSF origami, affimer-functionalised 4FSF
origami and CRP-functionalised 4FSF origami. A) lon current trace for empty 4FSF
origami showcasing a homogenous distribution of peaks. B) lon current trace for affimer-
functionalised 4FSF origami as a demonstration of how ranges are assigned in analysis.
Range 1 is assigned to empty 4FSF origami and Range 2 is assigned for any signal with
amplitude beyond empty 4FSF origami. C) Scatter plots of empty 4FSF origami, affimer
functionalised 4FSF origami and CRP functionalised 4FSF origami. The dotted line
represents the cluster in which the data points for range 1 and 2 reside. D) Kernel density
estimation and decision for picking ranges.

Next, | quantified the proportion of data points falling within each defined range to
estimate the distribution of the population across non-functionalized and functionalized
states. Specifically, | calculated the percentage of data points that lay within Range 1
(non-functionalized) and those that exceeded this threshold into Range 2 (indicative of
functionalization). This allowed us to assess the extent of successful modification across
different conditions. As expected, the majority of data points from the 4FSF-1BP group
were confined to Range 1, consistent with its role as a negative control. In contrast, a
significantly larger proportion of data from the 4FSF-Affi and 4FSF-Affi-CRP groups
extended into Range 2, highlighting the presence of functional modifications.
Interestingly, when 4FSF with one affimer was translocated through the nanopore, we
observed 25% of ion current peaks in range 2. This meant that the sensor we have
developed could detect a difference in mass of 12,000 Da or a diameter less than 4 nm
[296]. As described in previous sections, C-reactive protein (CRP) is a clinically relevant

biomarker, and we aimed to evaluate whether the sensor platform we developed could
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effectively detect CRP (120 kDa) when bound to its specific affimer within the DNA
origami frame (4FSF). Surprisingly, we observed no significant shift in the overall signal
distribution when CRP protein was bound to the affimer inside the DNA origami frame
(Figure 6:19). Despite successful functionalization of the DNA origami with affimers, the
addition of CRP did not lead to a clear change in signal amplitude when compared to the
affimer-only condition. Quantitatively, approximately 25% of the data points for the CRP-
functionalized DNA origami fell into Range 2, the region previously defined as indicative
of functionalization. This proportion is comparable to the affimer-only condition and does
not suggest a substantial enhancement in signal due to CRP binding. These results imply
that either the binding of CRP does not generate a detectable change in the signal used
in this assay, CRP could have detached from its binding site on DNA origami, or that the
current resolution and sensitivity of the platform are insufficient to distinguish CRP-bound

from affimer-only states.
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Figure 6:19 Plot showing percentage of ion current peaks in each range. The value
corresponds to the percentage of origami in each range. Range 1 corresponds to non-
functionalized origami depicted by cyan colour in round shape. Range 2 corresponds to
functionalised origami depicted by orange colour in square shape. Error bars represent
standard deviation obtained from bootstrap resampling.

An addition of 12 kDa (affimer) in mass to the DNA origami resulted in a 25% increase
in the number of events with higher peak amplitude. However, a further addition of 120
kDa (CRP) did not produce any change in the ion current peaks. This observation raised
the question of whether the change in ion current during analyte translocation through
the nanopore is indeed driven by mass or if any other factors contribute. To investigate
this, we designed a DNA origami frame (4FSF) incorporating ten affimers arranged within
the central void. The total molecular mass of the ten affimers was approximately 120

kDa, which closely matches the molecular weight of the CRP protein. For comparison,
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the CRP protein alone has a molecular mass of approximately 120 kDa. Range 1
corresponds to un-functionalised or empty DNA origami structures, while range 2 is
associated with functionalised 4FSF. For the unmodified 4FSF DNA origami, 92% of
events fell into range 1 and only 8% into range 2. Upon functionalisation with a single
CRP-affimer complex, range 1 events decreased to 76%, while range 2 increased to
24%. In the case of the DNA origami functionalised with ten affimers, only 33% of events
remained in range 1, while 68% shifted to range 2 (Figure 6:20). Interestingly, a
significant difference in the proportion of events within range 2 was observed between
the DNA origami structures. The 4FSF DNA origami functionalised with ten affimers
yielded approximately 68% of events in range 2, whereas the CRP-bound origami
produced only 25%. Although the combined molecular mass of ten affimers is
approximately equivalent to that of the CRP-affimer complex (~120 kDa), the two
configurations resulted in markedly different signal distributions. This suggests that
nanopore translocation is not governed solely by molecular mass, as structures with
equivalent mass produced distinct signatures and substantially different proportions of
events within the functionalised signal range.
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Figure 6:20 Plot showing percentage of ion current peaks in range 1 and 2 for empty
4FSF, 4FSF + CRP, and 4FSF + 10 Affimers. Range 1 corresponds to non-functionalized
origami depicted by cyan colour in round shape. Range 2 corresponds to functionalised
origami depicted by orange colour in square shape. Error bars represent standard
deviation obtained from bootstrap resampling. For each construct, the data represents
the mean of two independent experiments (p-value = 0.0005).

6.2.2.2 Detection of affimer functionalised DNA origami

While CRP functionalisation did not produce a marked change in the proportion of events
in range 2 (functionalised origami) compared to origami with a single affimer, a significant

increase was observed when multiple affimers were introduced. Specifically, the 4FSF
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DNA origami with one affimer showed approximately 25% of events in range 2, which
was comparable to the 4FSF-CRP structure. However, when eight affimers were
attached to the 4FSF frame, the proportion of events in range 2 increased substantially
to 67.90%. This notable difference suggests that the degree of functionalisation has a
measurable impact on the translocation signal. These findings raised the possibility that
the nanopore system may be sensitive enough to detect and distinguish varying numbers

of affimers on the DNA origami structure.

For this investigation, DNA origami structures were folded with varying numbers and
combinations of binding sites (oligonucleotides), as described in Chapter 2 (2.5), and
were characterised using the procedures outlined in Chapter 5. As the binding sites on
the DNA origami were complementary to the oligonucleotides conjugated to the affimers,
it was possible to fold origami structures functionalised with 1, 2, 4, 6, 8, 10, and 12

affimers (Figure 6:21).
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Figure 6:21 lllustration of 4FSF origami with A) one affimer, B) two affimers C) four
affimers, D) six affimers, E) eight affimers, F) ten affimers, G) twelve affimers. The green

icon represents the affimer.

Each of the affimer-functionalised DNA origami structures was translocated through a

nanopore with an approximate diameter of 100 nm. The attachment of affimers to the

origami resulted in peaks with larger ion current amplitude compared to empty origami

upon translocation, as evident from the ion current traces (Figure 6:22). A homogeneous

population distribution was noted for the empty origami, in contrast to the functionalized

origami structures (Figure 6:22A). Some outliers were observed in empty 4FSF origami

samples. | speculate that these may be due to mis-folded or partially folded structures,

or possibly due to instrumental noise. Similar behaviour has been reported before [13,

326]. lon current traces as observed for 4FSF with 1 affimer and above indicated the
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presence of populations with higher peak amplitudes in the functionalized origami
compared to the empty origami (Figure 6:22). Origami functionalised with at least one
affimer displayed higher peak amplitudes than those without affimer as qualitatively
visualised from the trace. Similarly, the number of ion current peaks with high amplitude
were found to be increasing with increasing number of affimers attached to 4FSF
origami. This provided a preliminary indication that functionalised 4FSF origami

structures could be differentiated based on the number of proteins attached.

Next, | plotted scatter graphs with peak amplitude (length of an ion current peak) and
dwell time (width of an ion current peak) and observed a homogenous population of
events for 4FSF origami which was not functionalised. An average peak amplitude value
of 0.24 + 0.08 nA and dwell time of 2.1 £ 0.43 ms was observed for empty 4FSF origami.
| observed data points corresponding to values higher than those observed for empty
4FSF origami as indicated in scatter plots below Figure 6:23. Further analysis using
bootstrapping was employed to obtain quantitative values for percentage of origami that

was functionalised.
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Figure 6:22 Raw ion current traces for 4FSF origami functionalised with A) no affimers,

B) 1 affimers, C) 2 affimers, D) 4 affimers, E) 6 affimers, and F) 8 affimers, G) 10 affimers,
and H) 12 affimers.
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Figure 6:23 Scatter plot of Dwell time (ms) vs Peak amplitude (nA) for A) empty 4FSF
origami (1274 events), B) 4FSF + 1 Affimer (934 events), C) 4FSF + 2 Affimers (1669
events), D) 4FSF + 4 Affimers (622 events), E) 4FSF + 6 Affimers (746 events), F) 4FSF
+ 8 Affimers (330 events), G) 4FSF + 10 Affimers (877 events), and H) 4FSF + 12

Affimers (283 events).
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With the bootstrap method, an example is presented below (Figure 6:24), showing how
range 1 and range 2 were defined based on the ion current traces for three conditions:
empty 4FSF origami, 4FSF with one affimer, and 4FSF with ten affimers (Figure 6:24).
The ion current trace for the empty 4FSF origami exhibited a relatively homogeneous
population of peaks, which were designated as range 1. In contrast, 4FSF structures
functionalised with one or ten affimers showed a more heterogeneous distribution of
events. Peaks that deviated significantly from those observed for the empty origami were
classified as range 2, indicating a different translocation behaviour likely caused by the

presence of affimers.

= :-.“.:‘LI L
“H W H‘H‘H\H Range 1
Range 2

Figure 6:24 lon current traces of 4FSF origami with 0, one and ten affimer binding points.
Range 1 is shaded in green and range 2 is shaded in lavender.

First, | assessed the reproducibility of translocating the functionalised origami structures
through nanopore. For this, | selected the 4FSF origami with one affimer functionalised
to it and translocated it through two different nanopipettes which were fabricated
separately but using the same program. lon current traces were recorded and peak area
extracted for analysis. | observed 78% of the events (unfunctionalized origami) fell into
range 1 for pipette 1 and 22 % (functionalised) into range 2. Same percentage (79% and
21%) was observed when the same sample was translocated through pipette 2 (Figure
6:25). The percentage observed here is comparable with the data presented in 6.2.2.1
where 75% and 25% of peaks fell under range 1 and 2 for 4FSF origami functionalised
with one affimer. This confirmed the reproducibility of translocation experiments and

analysis.
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Figure 6:25 Graph showing percentage of origami in range 1 and range 2 for sample
4FSF + 1 Affimer translocated through two different pipettes. The error bar indicate
standard deviation.

Next, | adopted the same method to analyse origami functionalised with one, two, four,
six, eight, ten and twelve affimers and checked if it produced any quantitative difference
in percentage of functionalised structures. Interestingly, we observed that as the number
of affimers functionalized to the origami increased, the percentage of the population
falling within range 2, representing functionalized origami, exhibited a corresponding
increase (Figure 6:26). The trend was accompanied by a corresponding decline in the
population within range 1. The empty DNA origami frame exhibited 95% of signals within
range 1, confirming absence of functionalisation and only 5 % falling within range 2.
Functionalization of the origami structure with a single affimer resulted in a significant
increase in population percentage to 20%, compared to the unfunctionalized origami. As
the number of affimers attached to the origami increased to 2, 4, 6, 8, 10, and 12, the
population percentages rose incrementally to approximately 25%, 33%, 40%, 41%, 62%,
and 70%, respectively. This experiment was repeated to check the reproducibility and
observed same trend. The percentages observed in range 2 for the repeat experiment -
conducted using fresh samples and different pipette pulled with same parameters - were
3%, 6%, 18%, 33%, 41%, 58%, 59%, 60% for O, 1, 2, 4, 6, 8, 10, and 12 affimers
functionalised on DNA origami, respectively. These findings demonstrate that the
nanopore sensor developed in this study is capable of detecting a difference in

attachment of proteins as small as 12,000 Da to the origami.
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Figure 6:26 Plot denoting the percentage of origami in range 1 and range 2. Range 1 is
depicted by blue round dots and range 2 is depicted by square orange dots. A and B are
repeats done with fresh batch of sample in different pipettes pulled with the same
parameters. Linear regression analysis yielded R? values of 0.95 and 0.96 reflecting high
correlation between number of affimers and functionalised origami population. A and B
are independent experiments (A one-way ANOVA yielded p-value <0.001).

| was able to demonstrate the same trend in the percentage of origami falling within
Range 2 with increasing numbers of bound affimers, even when the structures were
translocated through a nanopipette fabricated using a different program but with
approximately the same pore size (Appendix A - .2). | observed a 25% population in
range 2 when 2 affimers were bound with 4FSF frame, then increasing to 40%, 53%,
62%, 69%, and 80% with increasing number of affimers from 4, 6, 8, 10, and 12. This
further provide evidence on the reproducibility of the method in assessing number of

affimers attached to origami.
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Figure 6:27 Plot denoting the percentage of origami in range 1 and range 2. Range 1 is
depicted by blue round dots and range 2 is depicted by square orange dots. Linear
regression analysis yielded R?values of 0.95 and 0.96 reflecting high correlation between
number of affimers and functionalised origami population. The data is combined from 2
experiments.

To investigate whether the observed increase in percentage within range 2 was
dependent on the yield of functionalisation, | selected origami structures with a single
binding point and conjugated them with increasing concentrations of affimer-
oligonucleotide constructs. If the observed increase in percentage were yield-dependent,
we would expect a proportional rise, similar to the data presented in Figure 6:26. |
speculated that providing an excess of affimer-oligonucleotide to origami structures with
single binding point would enhance the functionalisation yield, resulting in a range 2
population percentage comparable to that observed in Figure 6:26. Origami structures
with one binding site were incubated with affimer-oligo concentrations at 5x (10 nM), 10x
(20 nM), 50x (100 nM), and 100x (200 nM) excess to that of origami which was at 2 nM
concentration. | extracted the peak area values, underwent bootstrapping and checked
the population percentage within range 2 to analyse this. Surprisingly, increasing the
concentration of affimer-oligonucleotide did not lead to a higher percentage in Range 2;
instead a decline was observed (Figure 6:28). This confirms that the observed trend in
Figure 6:26 is not yield dependent but due to some other effect specifically attributing to

the binding of affimer to origami.
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Figure 6:28 Percentage of origami in range 2 corresponding to increasing concentration
of affimer-oligo constructs added to DNA origami with one binding point.

At 5x, 10x, and 50x concentrations, approximately 25% of peaks were observed in range
2, consistent with the data presented in Figure 6:26. However, at 100x concentration,
functionalised origami structures population declined, likely due to the saturation of
affimer-oligonucleotide, resulting in tiny peaks corresponding to affimer-oligonucleotide
constructs. To confirm if the small peaks corresponded to affimer-oligonucleotide
constructs, | translocated affimer-oligonucleotide through nanopore with same diameter
used for 4FSF + 1 Affimer with 10 times affimer-oligonucleotide. Similar small peaks
were observed when affimer-oligonucleotide were passed through the nanopore
indicating the presence of the same constructs in the 4FSF origami with one affimer and

10x affimer-oligonucleotide added (Figure 6:29).
A B

4FSF+1 Affimer x 10x affimer-oligonucleotide Affimer-oligonucleotide

<
a
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=1
o

15s

Figure 6:29 lon current trace for origami + 1 binding point incubated with 100x excess of
affimer-oligonucleotide.
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Next, | investigated the effect of adding varying amounts of affimer-oligonucleotides to
4FSF origami containing ten binding points. This experiment aimed to eliminate any
influence from random interference. Affimer-oligonucleotides were added at
concentrations of 2.5x, 5x, 10x, 50x and 100x relative to the amount required for full
functionalisation of the ten affimer sites. A population percentage of approximately 25%
was observed in range 2 (functionalise origami) when 2.5x and 5x concentrations of
affimer-oligonucleotides were added, which corresponds to the signal profile typically
associated with origami functionalised with a single affimer. | speculate that under these
conditions, only one of the ten available binding sites may be functionalised, resulting in
signals similar to those observed for 4FSF origami with one affimer. The addition of 10x
and 50x excess affimer-oligonucleotides resulted in a population percentage of
approximately 50%, which aligns with the values observed for 4FSF origami
functionalised with ten affimers Figure 6:30. Increasing the concentration beyond this,
for example to 100x excess did not produce any significant change from 50%. This
provide an evidence that observed change is not random but can be controlled indicating
reliability of functionalisation process.

% of origami in range 2
%

affimer-oligo excess

Figure 6:30 percentage of origami in range 2 corresponding to affimer oligo excess
conjugated to DNA origami with 10 binding points.

To eliminate the possibility of non-specific binding of affimer proteins to the 4FSF origami
frame, | performed control experiments by adding 225 nM of affimer proteins to 10 nM of
4FSF origami structures with 2, 4, 6, 8, 10 and 12 binding points (oligonucleotides). |
observed a a population percentage of around 100 % in range 1 for all the structures
indicating all of them were non-functionalised. A percentage close to 0 % was observed

in range 2 for all the structures further indicating the absence of functionalisation (Figure
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6:31). This confirms that the affimer proteins do not non-specifically bind to the origami
structures and the trend that was observed in Figure 6:26 has no effect from random

non-specific affimer interaction with origami.
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Figure 6:31 Percentage of origami in range 1 and range 2 for origami mixed with affimer
without oligo-maleimide.

| also investigated whether the effect of affimer binding on 4FSF origami frame in Figure
6:26 was specific to protein binding and not due to the interaction involving
oligonucleotide to which affimer is conjugated. For this, | hybridised the 22 bases long
oligonucleotide to the binding points on 4FSF origami frame and translocated through
nanopore. No affimer was added to this construct. | observed a percentage close to 100
for all the 4FSF origami structures (with 2, 4, 6, 8, 10, and 12 binding points) bound with
complimentary oligonucleotides in range 1 (Figure 6:32). This indicated that the major
population in the sample were non-functionalised thereby confirming that oligonucleotide
itself do not contribute to any ion current changes as compared to empty 4FSF origami.
In contrast to this, the population percentage for all the samples in range 1 were close to
0 further confirming the signals observed in Figure 6:26 is due to affimer interaction with

nanopore.
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Figure 6:32 Percentage of origami in range 1 and range 2 for origami with complimentary
strand bound to oligo binding point to affimer. The cyan strands in the illustration on left
indicate the complimentary strand that bound to binding point (orange) on origami.

Conclusion

This chapter explored the nanopore translocation of DNA origami structures and protein-
functionalized DNA origami. The incorporation of PEG in the electrolyte system enabled
the detection of a monomer and tetramer tile. The nanopore sensor demonstrated its
potential as a complementary tool to techniques such as atomic force microscopy (AFM)
and agarose gel electrophoresis for quantifying DNA origami structures. In addition to
this, | have successfully demonstrated how addition of proteins as small as affimers on
DNA origami structures could affect the translocation behaviour. The origami-nanopore
sensor | developed here offers a label free single molecule detection of proteins at high

resolution.

The detection of small proteins holds significant relevance for clinical diagnostics,
highlighting the importance of developing biosensors capable of identifying these
molecules. Many biomarkers are small proteins which could act as early indicators of
disease. | have demonstrated in this chapter how small proteins could be detected using
DNA origami and nanopore technology and this could be a stepping stone for small
biomarker diagnostic detection. It would be interesting to understand the mechanism
involved in the change observed by addition of affimers. | consistently observed a
significant change in percentage of functionalised origami with addition of affimer
proteins. It is interesting that the number of events are increased with increasing number
of affimers rather than the ion current characteristics. | speculate that the interaction of

protein with DNA origami is inducing a change in the origami structure thus affecting the
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translocation signals. Such effects have been observed where binding of proteins on

DNA origami could cause structural changes and bending in DNA [335].

Reports suggest that the translocation of DNA origami through nanopores may be
influenced by structural rigidity changes. It has been proposed that nanostructures in
solution undergo alterations in shape and flexibility which could explain the observed
changes in origami translocation [336, 337]. Additional evidence is required to validate
this hypothesis. Furthermore, protein binding to DNA origami may modify its structural

features, such as rigidity or flexibility, potentially impacting nanopore signals [335].

Interestingly, we observed specific and reproducible signals corresponding to the
attachment of different numbers of affimer proteins to the DNA origami, which could not
be explained solely by the mass of the proteins. This finding underscores the potential
for detecting tiny proteins, paving the way for advanced protein sensing and the efficient
detection of small biomarkers within complex protein mixtures. Such advancements

could play a critical role in clinical diagnostics.
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Chapter 7 Thesis Conclusion and Future outlook

7.1 Conclusion

Single molecule detection has been at the forefront for diagnostic development, genome
analysis and understanding cellular processes enabling the direct observation of
molecular dynamics, interactions, and rare events that are otherwise lost in bulk
measurements. Among this, nanopore technology has advanced in the past years for its
label free, picomolar, nucleotide resolution detection, the translatability of which could be
observed from the commercialised device, e.g. MinlON by Oxford nanopore technology.
In this work | demonstrate the development of novel strategies for biosensor
development and focused on using DNA origami with nanopores for protein detection.

7.1.1 DNA origami purification

| have demonstrated the use of SPRI beads, commonly used in next generation
sequencing preparation as an innovative method for purification of DNA origami with high
yield and structural integrity. This method offers significant contribution to the field of
nanotechnology and culminates in an advancement of the existing techniques developed
for purification, such as PEG precipitation, column filtration, agarose gel electrophoresis,
and chromatography methods [110, 111, 287]. | optimised the ratio of the volume of SPRI
beads that has to be used for purification to retain high yield and removing excess
amount of oligonucleotides. The main advantage of this method is that it is universal and
can be applied to a wide range of origami designs. Importantly, | have used this technique
to remove excess functional molecules from DNA origami structures which might
otherwise interfere with downstream applications. When using large proteins to
functionalise origami, it is difficult to qualitatively and quantitatively assess the
functionalisation using methods like AFM due to background signals. This has been
solved by using SPRI method and | have demonstrated the removal of excess functional
proteins from origami by using streptavidin and C-reactive protein as model analytes.
The SPRI method gives high yield even after repeated rounds of purification which might
be needed for complex functionalisation strategies. | further validated the method by
comparing with a most commonly used S-400 spin columns and SPRI could retain higher
yield when compared to the purification columns. | envision that this purification
technique is scalable and could be employed in industrial settings for parallel purification
of large volume DNA origami samples. This is of relevance in fields such as drug delivery
and vaccine development where large quantities of origami structures are required [96,
100].



168

7.1.2 Protein-functionalised DNA origami carrier development

In chapter 3, | demonstrated the development of functionalised origami and incorporated
affimer as a binding moiety to capture CRP protein within a DNA origami frame. For this,
| first conjugated the affimer proteins with an oligonucleotide via maleimide-thiol reaction.
I characterised the affimer-oligonucleotide conjugate using mass spectrometry and gel
analysis and optimised the right conditions for conjugation. As the oligonucleotide with
affimer was complementary to the binding point (oligonucleotide) on DNA origami, | was
able to successfully attach it on the DNA which was analysed using AFM by spotting
CRP protein in the centre pocket. The origami is a suitable structure to study specific
binding of proteins due to the ability to precisely engineer the attachment of molecules
at specific position with high resolution. A percentage above 30% of functionalisation
was achieved for DNA origami with any combination of binding points as analysed by
counting the number of CRP-bound DNA origami structures from AFM images. | have
expanded upon the work by Raveendran et.al and broadened the category of binder
molecules used for functionalisation by discussing the use of protein-based binders. The
protein binders outperform DNA binders by not being susceptible to nuclease
degradation, high affinity and stability, and better performance in complex environment
[240, 338]. The precise positioning of proteins at specific sites offers application of using
these structures for studying protein-DNA interactions, carrying out enzymatic
processes, and targeted drug delivery [11, 253, 288]. My work culminates in the
development of a DNA origami with multiple binding sites for proteins and characterised

its functionality hence providing a model structure for such applications.

7.1.3 Biosensor development

I have demonstrated the development of a nanopipette based biosensor for detection of
proteins. | optimised the nanopore size for protein analysis and characterised it based
on the parameters generated during the translocation of functionalised DNA origami
through nanopore. | established the use of nanopipette sensor for discriminating between
monomer and tetramer origami which could serve as a characterisation technique for
determining assembly yield of nanostructures. This method could compliment other
available characterisation technique such as agarose gel electrophoresis and atomic
force microscopy [327]. Though detection of C-reactive protein captured on DNA origami
was not detected, | was able to demonstrate the detection of sequential addition of
affimer proteins on DNA origami and differentiate based on their numbers by estimating
the percentage of functionalisation. Approximately, 25% of functionalisation was

observed for one affimer bound to origami which increased consistently with increasing
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number of affimer to obtain around 70% for 12 affimers. | compared the detection of CRP
with that of 10 affimers which matched in mass but resulted in a completely different
results opening up the discussion of whether it is the mass that contributed to the
changes in ion current signals. Interestingly, it was the number of the ion current peaks
that increased with increasing number of affimers and not the peak characteristics. The
results | observed were consistent as experimental repeats reproduced the same results
hence confirming the reproducibility and efficiency in developing biosensor for detecting
precise attachment of proteins on DNA origami. Further studies would be required to
elucidate the mechanism of changes in ion current signals and the trend observed with
increasing number of affimers as that could provide more insights into developing a
robust and reliable nanopore sensor. Protein detection is of significant relevance in small
molecule detection especially because many relevant biomarkers are small and the
sensitive sensor | have developed could be used further for detection of these molecules.
Moreover, the ability to quantify the percentage of protein functionalised origamis could
open up possibilities where the efficiency of functionalisation could be checked with
nanopore technology, and this could be used as an additional characterisation technique
to atomic force microscopy.

7.2 Ongoing and Future work

The origami purification method that | have established in this work and the sensor
development has potential for further development that could enable scalability and
application in industrial setting and building better biosensors for various applications. In
collaboration with other research groups, | obtained interesting preliminary data which is

discussed in the next sections.

7.2.1 Automation of SPRI purification of DNA origami

The SPRI purification technique has the possibility of expanding from lab bench to
industrial setting, by automation on the procedure. Successful implementation of parallel
or high through-put purification would enable handling larger volumes of origami with
increased scalability. This would mean the adaptation of technique not only in academia
but also in industrial setting especially if large volumes of origami are needed in drug

delivery and vaccine development.
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Pipette rabot
1 assisted automation

DNA origami afer folding Addition of SFRI beads Beads separation and cleaning Furified DNA origami

Figure 7:1 lllustration of liquid handling robot performing parallel purification of multiple
samples of DNA origami. (Adapted from [275])

The robot assisted purification could purify the DNA origami structures as confirmed by
agarose gel analysis and AFM images as indicated by Figure 7:2 and Figure 7:3. This

demonstrates the evidence that the SPRI method could be automated.

A1 B2 C3 D4 E5 F6

Origami 5» e T —
Scaffold > . T -_— -

Figure 7:2 Agarose gel electrophoresis image of origami purified using SPRI technique
coupled to robot. The wells indicate the samples taken from random wells in 96 well
plate. (Gel was performed by Dr. Chau).
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Figure 7:3 AFM images of samples taken from random wells of 96 well plate spot check.

Automation and scalability is the key advantage of SPRI technique and this could be
further used for applications like drug delivery and vaccine development. Studies have
been reported where DNA origami is used for drug delivery, for example, Li et.al has
demonstrated the use of DNA origami as a thrombin delivery vehicle in vivo to tumour
associated blood vessels for inhibiting tumour growth. This was showcased as having
promising therapeutic potential preventing the formation of metastasis in melanoma
mouse model drug [10]. Similarly, a drug delivery platform for slowing bacterial growth,
thus antimicrobial resistance has been reported which uses DNA origami with aptamer
technology. In this work, DNA origami has been designed to specifically target bacteria
and deliver lysozyme to Kill bacteria [339]. Automation would be of significant in these
applications as large volumes of origami would need to be synthesised and produced in

a factory settings.

7.2.2 DNA origami for protein interaction study

The CRP functionalised DNA origami structures | have developed in Chapter 5 could be
used as a model system to study protein interaction with DNA. As multiple affimers are
employed to capture CRP protein in the DNA origami central pocket, it would be
interesting to see the interactions of CRP within the central pocket of DNA origami. This
would enable the use of origami structures to elucidate and resolve the dynamics of
protein-DNA or protein-protein interactions. Similar studies have been reported where

DNA origami frame is used to systematically engineer multiple aptamer ligands for a
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binding target protein. They have demonstrated the precise positioning of aptamers and
capture of streptavidin and thrombin and demonstrated how multiple binding moieties
could enable effective capture of target protein. In collaborating with Dr. George Heath
of University of Leeds, we together employed the state-of-the art high-speed atomic force
microscopy and localised AFM approach to investigate the CRP’s binding interaction
with affimers [340]. When the high-speed imaging was done with 4FSF origami attached
with CRP by 4 affimers, a bright or high contrast region was observed in the centre
representing CRP protein. The four binding points that were used to capture CRP were
clearly visible from the AFM Images which were not achievable with my AFM approach.
The analysis further resolved a molecular model like structure for DNA origami with CRP

in the centre.

Figure 7:4 High speed AFM images of 4FSF-CRP captured with 4 affimers in the centre
(top left). Other images in the figure are the model structures obtained through localised
AFM in the Nanolocz software (perfomed by Dr. Varun Gupta).

This could also be developed further to attempt to resolve the protein orientation within
the DNA origami thus providing added structural information, and the preliminary data
showed a CRP protein with five subunits forming a pentameric ring, in agreement with
its crystal structure (Figure 7:5). The pentameric ring appeared to be slightly tilted

towards the plane of the page, indicating the CRP is captured at an angle.
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Figure 7:5 Analysis indicating preliminary evidence of resolving the subunits of CRP
protein within DNA origami.

Additionally, through the high-speed imaging video, | observed the capture of CRP
molecules by affimers and it bounced between the affimers indicating the dynamic
interaction of CRP with the affimer-oligonucleotide within the central pocket. |
hypothesised that by providing multiple affimers within the frame’s cavity could changes

the binding dynamic between the CRP and the affimers.

Videos were recorded that indicated dynamic movement and interaction of CRP with
oligonucleotides within the DNA origami (4FSF with four affimers). | exported the frames
in the video and each frame is exported at a time difference of 8s. | observed the high
contrast or bright spot within the DNA origami cavity (top left in the image in Figure 7:6).
At Os, the CRP protein is inclined towards the right of the central cavity, whereas at 76
s, the CRP has shifted its position to the centre. At 128s, the CRP has positioned itself
towards the top left within the central cavity. This type of shift in the position is spotted
throughout the frames of images strongly indicating the dynamic interaction of CRP

protein with its binding partner, affimer-oligonucleotide.
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Figure 7:6 Exported frames from video of CRP interacting with affimer within a DNA
origami frame.
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This strongly suggest the capability of utilising this structure to study dynamic
biomolecule interaction. | envision that this can be used to specifically position the active
sites of enzymes or allosteric proteins and study their diffusion or binding kinetics with
DNA or other biomolecules. Such applications can be of relevance to study the single
molecule binding kinetics and interaction of proteins like polymerases with DNA real time.

| observed the multivalent dynamic competition between the affimer proteins to capture
CRP protein on DNA origami (see arrows). This indicates the continuous capture of CRP
protein and holding it within the cavity due to the presence of more than one binding
partners. This enables the multivalent and rapid capture of CRP protein generating the

possibility of using such system to mimic biologically relevant binding kinetics.
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Figure 7:7 High speed AFM images of DNA origami with CRP captured in the centre
using four affimer-oligonucleotide conjugates.
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7.2.3 Mechanical properties of functionalised DNA origami

In Chapter 6, | developed a biosensor for detection of affimer proteins and observed a
trend of increasing the number of ion current peaks in the functionalised range with
increasing number of affimers. It is interesting to note that the number of signals are
increasing rather than the peak characteristic with increasing affimers. | assume that
affimer binding induces significant structural changes in the DNA origami, with the extent
of these changes depending on the number of affimers bound. These structural
modifications are likely to influence the translocation behaviour through the nanopore,
thereby affecting the distribution and characteristics of the ion current peaks. | presume
that the protein binding could be making the origami structure more rigid causing bending
or other structural changes affecting the translocation behaviour. However, further
studies are required to confirm this. | envision that resolving such mechanical changes
upon protein binding to DNA origami could be translated to developing mechanistic

sensors that are sensitive to protein-DNA interactions.

Structural changes within DNA origami while translocated through nanopore is
previously demonstrated [341]. In this work, the flexibility of DNA origami is controlled by
DNA strand hybridisation and protein interactions. The solid state nanopore developed
is able to monitor the confirmational changes in DNA origami structures. Previous studies
have indicated that protein binding can alter the mechanical flexibility of DNA
nanostructures [335]. This research can be extended to explore the biophysical aspects
of nanopore translocation, which may improve the future design of nanopore sensors.
Techniques such as cryo-electron microscopy (Cryo-EM) could be employed to examine
the orientation of proteins within the DNA origami and further elucidate their role in
nanopore translocation mechanics. The changes in the structure of DNA origami upon
binding of CRP protein could be investigated using CryoEM. For this, | folded and purified
4FSF DNA origami with four binding points and affimer and was incubated with CRP
protein for its capture. Preliminary evidence showed structures similar to CRP
functionalised to 4FSF origami. It has previously been reported that DNA origami
structures can restrain the protein orientation during Cryo-EM, particularly for small

proteins that are otherwise challenging to characterize [342].
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Origami_CRP cryo-EM dataset

Collected 23,794 micrographs

Figure 7:8 Preliminary evidence of detection of 4FSF-CRP with 4 affimers. (in
collaboration with Cryo-EM facility, Astbury centre for structural biology, performed by
Dr. Oksana)

Additionally, molecular simulation studies could provide further insight into the structural
changes induced by protein functionalization and their impact on translocation dynamics.
Computational models have previously been utilized to investigate the three-dimensional
conformation and mechanical stability of DNA origami in solution [336]. Such modelling
approaches could be applied in a nanopore context to clarify the mechanical and
structural alterations that occur upon protein binding while translocating through

nanopore.
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Appendix A : Appendix for Chapter 3

.1 caDNAnNo file

The caDNAno file of the DNA origami tile (4FST) used in the SPRI purification chapter.

Figure 0:1 caDNAno file image of DNA origami tile used in Chapter 3 for SPRI purification
study.

Sequence of M13mp18 (Scaffold) used for folding origami

AATGCTACTACTATTAGTAGAATTGATGCCACCTTTTCAGCTCGCGCCCCAAATGA
AAATATAGCTAAACAGGTTATTGACCATTTGCGAAATGTATCTAATGGTCAAACTAA
ATCTACTCGTTCGCAGAATTGGGAATCAACTGTTATATGGAATGAAACTTCCAGAC
ACCGTACTTTAGTTGCATATTTAAAACATGTTGAGCTACAGCATTATATTCAGCAAT
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TAAGCTCTAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGAGCAATTAAAGGTA
CTCTCTAATCCTGACCTGTTGGAGTTTGCTTCCGGTCTGGTTCGCTTTGAAGCTCG
AATTAAAACGCGATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTGATGCAAT
CCGCTTTGCTTCTGACTATAATAGTCAGGGTAAAGACCTGATTTTTGATTTATGGT
CATTCTCGTTTTCTGAACTGTTTAAAGCATTTGAGGGGGATTCAATGAATATTTATG
ACGATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATTACCCCCTCT
GGCAAAACTTCTTTTGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCGTCTGGTA
AACGAGGGTTATGATAGTGTTGCTCTTACTATGCCTCGTAATTCCTTTTGGCGTTA
TGTATCTGCATTAGTTGAATGTGGTATTCCTAAATCTCAACTGATGAATCTTTCTAC
CTGTAATAATGTTGTTCCGTTAGTTCGTTTTATTAACGTAGATTTTTCTTCCCAACG
TCCTGACTGGTATAATGAGCCAGTTCTTAAAATCGCATAAGGTAATTCACAATGAT
TAAAGTTGAAATTAAACCATCTCAAGCCCAATTTACTACTCGTTCTGGTGTTTCTCG
TCAGGGCAAGCCTTATTCACTGAATGAGCAGCTTTGTTACGTTGATTTGGGTAATG
AATATCCGGTTCTTGTCAAGATTACTCTTGATGAAGGTCAGCCAGCCTATGCGCCT
GGTCTGTACACCGTTCATCTGTCCTCTTTCAAAGTTGGTCAGTTCGGTTCCCTTAT
GATTGACCGTCTGCGCCTCGTTCCGGCTAAGTAACATGGAGCAGGTCGCGGATTT
CGACACAATTTATCAGGCGATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTG
GTATAATCGCTGGGGGTCAAAGATGAGTGTTTTAGTGTATTCTTTTGCCTCTTTCG
TTTTAGGTTGGTGCCTTCGTAGTGGCATTACGTATTTTACCCGTTTAATGGAAACTT
CCTCATGAAAAAGTCTTTAGTCCTCAAAGCCTCTGTAGCCGTTGCTACCCTCGTTC
CGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAGCGGCCTTTAACTC
CCTGCAAGCCTCAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTC
ATTGTCGGCGCAACTATCGGTATCAAGCTGTTTAAGAAATTCACCTCGAAAGCAAG
CTGATAAACCGATACAATTAAAGGCTCCTTTTGGAGCCTTTTTTTTGGAGATTTTCA
ACGTGAAAAAATTATTATTCGCAATTCCTTTAGTTGTTCCTTTCTATTCTCACTCCG
CTGAAACTGTTGAAAGTTGTTTAGCAAAATCCCATACAGAAAATTCATTTACTAACG
TCTGGAAAGACGACAAAACTTTAGATCGTTACGCTAACTATGAGGGCTGTCTGTG
GAATGCTACAGGCGTTGTAGTTTGTACTGGTGACGAAACTCAGTGTTACGGTACA
TGGGTTCCTATTGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTG
GCGGTTCTGAGGGTGGCGGTTCTGAGGGTGGCGGTACTAAACCTCCTGAGTACG
GTGATACACCTATTCCGGGCTATACTTATATCAACCCTCTCGACGGCACTTATCCG
CCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTCAGC
CTCTTAATACTTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAGGGGGCATTA
ACTGTTTATACGGGCACTGTTACTCAAGGCACTGACCCCGTTAAAACTTATTACCA
GTACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACTGGAACGGTAAATTCA
GAGACTGCGCTTTCCATTCTGGCTTTAATGAGGATTTATTTGTTTGTGAATATCAAG
GCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTG
GTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAG
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GGTGGCGGCTCTGAGGGAGGCGGTTCCGGTGGTGGCTCTGGTTCCGGTGATTTT
GATTATGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCGAAAATGCCGATG
AAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGATTCTGTCGCTACTGATTAC
GGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATG
GTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGG
TGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATC
GGTTGAATGTCGCCCTTTTGTCTTTGGCGCTGGTAAACCATATGAATTTTCTATTG
ATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCA
CCTTTATGTATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAAT
CATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGT
AACTTTGTTCGGCTATCTGCTTACTTTTCTTAAAAAGGGCTTCGGTAAGATAGCTAT
TGCTATTTCATTGTTTCTTGCTCTTATTATTGGGCTTAACTCAATTCTTGTGGGTTAT
CTCTCTGATATTAGCGCTCAATTACCCTCTGACTTTGTTCAGGGTGTTCAGTTAATT
CTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTAAAGGCTGCTATT
TTCATTTTTGACGTTAAACAAAAAATCGTTTCTTATTTGGATTGGGATAAATAATATG
GCTGTTTATTTTGTAACTGGCAAATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGG
TAAGATTCAGGATAAAATTGTAGCTGGGTGCAAAATAGCAACTAATCTTGATTTAA
GGCTTCAAAACCTCCCGCAAGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAG
AATACCGGATAAGCCTTCTATATCTGATTTGCTTGCTATTGGGCGCGGTAATGATT
CCTACGATGAAAATAAAAACGGCTTGCTTGTTCTCGATGAGTGCGGTACTTGGTTT
AATACCCGTTCTTGGAATGATAAGGAAAGACAGCCGATTATTGATTGGTTTCTACA
TGCTCGTAAATTAGGATGGGATATTATTTTTCTTGTTCAGGACTTATCTATTGTTGA
TAAACAGGCGCGTTCTGCATTAGCTGAACATGTTGTTTATTGTCGTCGTCTGGACA
GAATTACTTTACCTTTTGTCGGTACTTTATATTCTCTTATTACTGGCTCGAAAATGC
CTCTGCCTAAATTACATGTTGGCGTTGTTAAATATGGCGATTCTCAATTAAGCCCT
ACTGTTGAGCGTTGGCTTTATACTGGTAAGAATTTGTATAACGCATATGATACTAAA
CAGGCTTTTTCTAGTAATTATGATTCCGGTGTTTATTCTTATTTAACGCCTTATTTAT
CACACGGTCGGTATTTCAAACCATTAAATTTAGGTCAGAAGATGAAATTAACTAAA
ATATATTTGAAAAAGTTTTCTCGCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCA
TTTACATATAGTTATATAACCCAACCTAAGCCGGAGGTTAAAAAGGTAGTCTCTCA
GACCTATGATTTTGATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTA
TCGCTATGTTTTCAAGGATTCTAAGGGAAAATTAATTAATAGCGACGATTTACAGAA
GCAAGGTTATTCACTCACATATATTGATTTATGTACTGTTTCCATTAAAAAAGGTAA
TTCAAATGAAATTGTTAAATGTAATTAATTTTGTTTTCTTGATGTTTGTTTCATCATC
TTCTTTTGCTCAGGTAATTGAAATGAATAATTCGCCTCTGCGCGATTTTGTAACTTG
GTATTCAAAGCAATCAGGCGAATCCGTTATTGTTTCTCCCGATGTAAAAGGTACTG
TTACTGTATATTCATCTGACGTTAAACCTGAAAATCTACGCAATTTCTTTATTTCTGT
TTTACGTGCAAATAATTTTGATATGGTAGGTTCTAACCCTTCCATTATTCAGAAGTA
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TAATCCAAACAATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATA
TGATGATAATTCCGCTCCTTCTGGTGGTTTCTTTGTTCCGCAAAATGATAATGTTAC
TCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTCGAATT
GTTTGTAAAGTCTAATACTTCTAAATCCTCAAATGTATTATCTATTGACGGCTCTAA
TCTATTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTTCCTCAATTCCTTTCA
ACTGTTGATTTGCCAACTGACCAGATATTGATTGAGGGTTTGATATTTGAGGTTCA
GCAAGGTGATGCTTTAGATTTTTCATTTGCTGCTGGCTCTCAGCGTGGCACTGTTG
CAGGCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTTCTGCTGGTGGTTCG
TTCGGTATTTTTAATGGCGATGTTTTAGGGCTATCAGTTCGCGCATTAAAGACTAA
TAGCCATTCAAAAATATTGTCTGTGCCACGTATTCTTACGCTTTCAGGTCAGAAGG
GTTCTATCTCTGTTGGCCAGAATGTCCCTTTTATTACTGGTCGTGTGACTGGTGAA
TCTGCCAATGTAAATAATCCATTTCAGACGATTGAGCGTCAAAATGTAGGTATTTC
CATGAGCGTTTTTCCTGTTGCAATGGCTGGCGGTAATATTGTTCTGGATATTACCA
GCAAGGCCGATAGTTTGAGTTCTTCTACTCAGGCAAGTGATGTTATTACTAATCAA
AGAAGTATTGCTACAACGGTTAATTTGCGTGATGGACAGACTCTTTTACTCGGTGG
CCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAAA
TCCCTTTAATCGGCCTCCTGTTTAGCTCCCGCTCTGATTCTAACGAGGAAAGCAC
GTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAG
CGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCC
TAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTT
CCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTAC
GGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATC
GCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTG
GACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCTATTCTTTTGAT
TTATAAGGGATTTTGCCGATTTCGGAACCACCATCAAACAGGATTTTCGCCTGCTG
GGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAG
GGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCA
ATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACG
ACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTA
GCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGT
GTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTAC
GAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAG
CTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACC
CAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAG
AGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGC
GCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCG
ATCTTCCTGAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTA
CGATGCGCCCATCTACACCAACGTGACCTATCCCATTACGGTCAATCCGCCGTTT
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GTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAA
GCTGGCTACAGGAAGGCCAGACGCGAATTATTTTTGATGGCGTTCCTATTGGTTA
AAAAATGAGCTGATTTAACAAAAATTTAATGCGAATTTTAACAAAATATTAACGTTTA
CAATTTAAATATTTGCTTATACAATCTTCCTGTTTTTGGGGCTTTTCTGATTATCAAC
CGGGGTACATATGATTGACATGCTAGTTTTACGATTACCGTTCATCGATTCTCTTG
TTTGCTCCAGACTCTCAGGCAATGACCTGATAGCCTTTGTAGATCTCTCAAAAATA
GCTACCCTCTCCGGCATTAATTTATCAGCTAGAACGGTTGAATATCATATTGATGG
TGATTTGACTGTCTCCGGCCTTTCTCACCCTTTTGAATCTTTACCTACACATTACTC
AGGCATTGCATTTAAAATATATGAGGGTTCTAAAAATTTTTATCCTTGCGTTGAAAT
AAAGGCTTCTCCCGCAAAAGTATTACAGGGTCATAATGTTTTTGGTACAACCGATT
TAGCTTTATGCTCTGAGGCTTTATTGCTTAATTTTGCTAATTCTTTGCCTTGCCTGT
ATGATTTATTGGATGTT

.2 Quantification of intact and broken origami

Quantification of intact DNA origami and broken origami based on the rules outlined in

materials and method. Figure below (Figure 0:2)

(nm)

Distance (um)

0.0 0.2 0.4 0.6 0.8 1.0
Distance (pm)

Figure 0:2 AFM image of example demonstrating how counting of intact and broken
origami was done.
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Appendix A :Appendix for Chapter 4

.1 Mass Spectrometry analysis in phosphate buffer

Mass spectrometry was carried out for detecting affimer-oligonucleotide formation in 40

mM phosphate buffer.

1228 250
RET

Affimer conjugate

i ¥ 88 81

o4 o3 ik
10000 1900 120600 00 14200 1500 18000 7060 18000 19000 - 10200 100 1200 0% 1400 15800 18000 )

Figure 0:1 Mass spectra of affimer conjugate formation in 40 mM phosphate buffer.

.2 SDS-PAGE analysis of purified Affimer-oligonucleotide

Repeat of SDS-PAGE gel done with sample affimer-oligonucleotide purified after Ni-NTA
chromatography. The E1-E5 demonstrates subsequent elution. Few proportions of
monomer and dimer exists in the gel lanes. This demonstrates the reproducibility of
Affimer-oligoucleotide conjugate.

Ladder E1 E2 E3 E4 E5

dimer
conjugate

Monomer

Figure 0:2 SDS PAGE gel of purified affimer-oligonucleotide. Lane 1 — ladder, Lane 2-6
— multiple rounds of elutions during purification.
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Appendix A :Appendix for Chapter 5

.1 caDNAnNo file

caDNAno file image for 4FSF origami frame used in Chapter 4 for functionalisation of
affimer and CRP.

Figure 0:1 caDNAno image for 4FSF origami frame used for functionalisation studies.



216

.2 AFM Images of streptavidin functionalisation to 4FSF

Additional AFM images for 4FSF frame functionalised with streptavidin via 4 binding
points (4 biotins).

(5 : $

Height Senso 2000 nm

03211607.0_00001.spm

‘

Height Sensor 20.0 m

Figure 0:2 AFM images of 4FSF origami frame functionalised with streptavidin via four
biotins.
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Additional AFM images for 4FSF frame functionalised with streptavidin via 2 binding

points (2 biotins).

03211642.0_00001.spm

0321 648.0_00001.spm
§ W P ¢ S

-2.7 nm

Height Sensor

.

200.0 nm

Figure 0:3 AFM images of 4FSF origami attached with streptavidin via 2 binding sites (2
biotins)
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.3 AFM Images of CRP functionalisation to 4FSF

Examples of quantification of CRP attachment to DNA origami. This is done based on
the rules outlined in Chapter 2 (materials and method).

Green — CRP bound origami — 11 Green — CRP bound origami — 12
- > tact but r RF Blu tact but R¥ 1
Red — deformed (not considered in counting) - 10 Red — deformed (not considered in counting) - 6

220.0 nm

Green — CRP bound origami 20 Green — CRP bound origami — 14

+ hust 1

Red - deformed (not considered in counting) — 22 Red — deformed (not considered in counting) -15

210.0 nm

Figure 0:4 Quantification of CRP bound to 4FSF origami.



Appendix A :Appendix for Chapter 6

.1 SEM analysis
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Figure 0:1 SEM images of nanopipettes pulled with different parameters.

Pulling parameters for program A for quartz capillaries with inner diameter 0.5 mm and

outer diameter 1.0 mm.

Heat Filament Velocity Delay Pull
750 4 30 140 90
620 3 40 130 150

Table 0-1 Pulling Parameters for nanopipette.

The only difference applied was in the heat parameter for the other pipettes. The

changes in heat applied are:

B 600
C 595
D 550
E 595
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610

Table 0-2 Changes in the heat parameter in line 2 for producing different size of

nanopores.

.2 Nanopore optimisation for translocation of 4FSF origami

with affimers

| optimised the nanopipette parameters to differentiate affimer bound to 4FSF DNA

origami frame. For this, | first pulled a pipette with program number 64, then changed the

parameters as shown in the table below.

+10% heat

-10% pull (Pgm 48)

+10% pull (Pgm 23)

+10% heat

+10% pull (Pgm 52)

-10% heat (Pgm 30)

Pgm 64

+10% heat (Pgm 31)

-10% heat

+10% pull (Pgm 54)

-10% pull (pgm 29)

-10% heat

-10% pull (Pgm 60)

Table 0-3 Table representing the different programs used

nanopore for discrimination of number of affimers.

for optimisation of right

Heat Filament Velocity Delay Pull
750 4 30 150 80
650 3 40 135 149

Table 0-4 Table representing the parameters for program no. 64.




585 3 40 135 134

Program | parameters Pull Resistance | Resistance in
no. time in 0.1 M 35K 50%
KCI PEG, 0.1 M
KCI

64 750 4 30 150 80 16s 67.7MQ | 177 MQ
650 3 40 135149

23 750 4 30 150 80 17s 39 MQ 200 MQ
650 3 40 135 164

29 750 4 30 150 80 16s 55 MQ 130 MQ
650 3 40 135 134

30 750 4 30 150 80 26 MQ 99 MQ
585 3 40 135 149

31 750 4 30 150 80 14s 158 MQ 245 MQ
715 3 40 135 149

48 750 4 30 150 80 17s 70 MQ 153 MQ
715 3 40 135 134

52 750 4 30 150 80 17.4s |148 MQ 270 MQ
715 3 40 135 164

54 750 4 30 150 80 18.7s |45.5 MQ 148 MQ
585 3 40 135 164

60 750 4 30 150 80 48.8 MQ 152 MQ
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Table 0-5 Table representing the parameters used for pulling nanopipettes with different
programs. The pull time is shown in column 3, resistance in 0.1 M KCI in column 4, and

resistance in 50% 35K PEG, 0.1 M KCl in column 5.

For the optimisation, | chose 4FSF origami with 10 affimers as | know it produces a

percentage of around ~70% in range 2. Then | extracted the peak area followed by

bootstrapping analysis to obtain the percentage of origami population in range 2 for 4FSF

+ 10 Affimers translocated through each of the programs. | noticed that the percentage
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in range 2 is 69.5 when 4FSF + 10 Affimers were translocated through nanopore pulled
with program 31. The percentage of origami population in range 2 for 4FSF + 10 affimers
translocated through any other program is lower than 69.5 %. This confirms the
importance of validating the pore parameters and choosing the right program to pull the
pipettes to have the right pore characteristics. The translocation of the same construct
through different pipettes interestingly generated different population percentage

indicating different behaviour while translocation.

Program Range 1 Range 2
64 59.9 39.9

23 68.7 31.2

29 74 25.8

30 56.8 43

31 30 69.7

48 77.3 22.6

52 87.4 12.5

54 61.4 38.5

60 524 47.5

Table 0-6 Table demonstrating the percentage of origami in range 1 and 2 for the same
construct (4FSF + 10 Affimers) translocated through nanopores pulled with different
parameters.



