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Abstract

There is an ever increasing demand within biomedicine for more effective control on

the nanoscale, specifically with regards to site specific release of molecular cargo.

This is fuelled by the demand to minimise off target effects and maximise drug

efficacy. Current methods rely on the use of lipid vesicles to increase the blood half-

life and maximise the delivery into the cell itself. There has also been the advance of

certain DNA architecture “robots” that can selectively sort molecular cargo through

specific stimuli. An integral part of the function of DNA nanotechnology is the

combination of DNA architectures with lipid membranes/vesicles. Thus there is a

demand to be able to manipulate the nano-environment within the body to maximise

therapeutic effect. This will further enhance DNA nanotechnology to capitalise on

finite control within the body.

Previously there has been limited development of “smart sensing”. In this thesis we

investigate the development of molecular DNA nanopores that respond to different

stimuli: thermosensitive and protein gating, to control the release of molecular cargo

for therapeutic effect. Additionally encompassed within this is the research into DNA

and lipid interactions whereby understanding the interactions enables the optimum

design of DNA nanopores to be realised. In the thesis the newly exploited

understanding of the interactions at the molecular level between lipid and DNA give

insight to the development of targeted DNA nanostructures. This allowed the

development of artificial DNA nanopore that demonstration of the first controlled

release of molecular cargo through temperature sensitivity. The effectiveness of the

nanodevice and protein specific sensing ability is demonstrated with successful cell
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killing properties that are enhanced when utilised with the device, compared to the

drug alone. The work conducted greatly advances the field of DNA nanotechnology

and precision biomedicine.
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1. Introduction

The project detailed in the thesis involves the design and development of a DNA

nanopore that can be used for the controlled release of molecular cargo. This is

developed to be a triggered opening through physiochemical interactions of:

temperature or protein detection. The introductory section explores nanopores and the

selection choice of DNA nanopores for the development of a nanodevice.

The different forms of nanopore: solid state and biological nanopores are discussed

and analysed for their suitability of applications. Additionally the modification of

solid state and biological nanopores are reviewed with regards to the development of

new nanodevices. Next the use of DNA and the development of DNA nanopores is

further analysed addressing the interaction of DNA and lipids. This also explores the

construction of DNA nanopores and how the use of DNA overcomes the drawbacks

from both solid state and biological nanopores.

Finally the choice of DNA as a building block of small DNA nanopores and how

these can be easily manipulated and functionalised is addressed. As well as a full

review of the literature of previous DNA nanopores, discussing the importance of

nanopores for transport and sensing applications. Finally the novelty of a biologically

relevant triggered DNA nanopore demonstrated. The use of small DNA nanopores is

also explored as a form of drug delivery device, where site specific release is highly

desirable.
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1.1 Types of Nanopores

Nanopores can be categorised into two predominant groups: solid state and biological

nanopores1. Nanopores are a form of nanodevices that offer powerful manipulation of

nanoscale environments. Typically nanopores can allow for the diffusion of

molecular cargo across a biological or synthetic membrane, as a result nanopores are

employed for the means of detection of analyte through establishing a Coulter counter

across a divide2, 3, 4, 5, 6. Additionally nanopores allow controlled release and site

specific release of molecular cargo7, thus enabling nanopores to be a powerful

engineering tool on the nanoscale.

Biological or synthetic nanopores can be seen as a bio-inspired approach to science,

as within biology nanopores are a fundamental aspect of control and homeostasis.

The simplistic design of a pore that punctures a membrane to allow flux of cargo

enables the wide scale use in multiple applications. Drawing on simple inspiration

from biology this can be translated to nano-engineering to capitalise on this simple

and novel means for detection and control on the nanoscale.
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1.1.1 Biological

In nature it is essential for all cells to be able to communicate between each other.

Communication allows for individual cells or multi cellular organisms to respond to

external triggers and changes in the ambient environment, typically this through the

diffusion of molecules across the lipid membrane of cells. The transport of molecules

across the lipid bilayer is achieved with transmembrane proteins that form into either

α-helical or β-barrel or structures (Figure 1). Both types of transmembrane protein 

form into pores that allow the flux of molecular cargo across the membrane.

The most common form of membrane protein pores are α-helical, this can either be a 

comprised of α-helices alone or α-helix subunits chains that form part of a larger 

protein pore complex with β-sheet regions (Figure 1B). The α-helix is a secondary 

protein structure of an amino acid polypeptide chain which adopts a right handed

helical structure. The structure arises through the formation of hydrogen bonds

between the amine group of the amino acid and the carbonyl group of an amino acid

four residues earlier. The α-helical pores form some of the essential transport systems 

such as water, Na+, K+ and Ca+ ion channels that are vital to the homeostasis of all

eukaryotic cells8, 9, 10. Transport of molecules through α-helix pores is achieved by 

conformational changes in the protein pore structure when the molecule passes

through the pore. Additionally the α-helix structure also forms up large subunits of 

ATP synthase, sugar transport proteins, amino acid proteins and export protein pores

in the cytoplasmic membrane9, 10, 11, 12.
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Figure 1: Schematic of β and α transmembrane proteins in their respective membranes. A) The 

structure of OmpK37, a member of the general bacterial porin family, determined by X-ray

crystallography (Protein data bank ID: 6V78), showing the typical trimeric arrangement of

monomers. Each monomer adopts a β barrel fold and is coloured a shade of blue and is located 

within the outer membrane.13 B) Crystal structure of a divalent metal ion transporter CorA

(Protein data bank ID: 2IUB), multi-coloured to show the typical pentamer arrangement of the

monomers. The tip of the cone is formed by two transmembrane α-helix segments from each 

monomer and the large opening of the cone by the N-terminal region of CorA.14

.

The alternative structure is that of a β-barrel, which is when tandem repeat β-sheets 

are wrapped into a barrel conformation (Figure 1A). A β-sheet is also a secondary 

protein structure that is comprised of amino acid β-strands that form hydrogen bonds 

between lateral strands to form a sheet like structure. The proteins that arise from the
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β-barrels are typically designed to puncture cell membranes and these are in the form 

of porins or pore-forming toxins. The β-barrel structure is more abundant in bacteria, 

for instance porins such as: OmpA, OmpC and OmpF reside in the outer membrane

of gram-negative that allow for the transport of molecular cargo15, 16, 17, 18, 19. Porins

that form β-barrels are substantially large enough to allow for passive diffusion of 

larger molecules across a membrane, unlike that of α-helical pores which require 

conformational changes to transport molecules across the membrane8, 9. Porins have

the ability to insert in to lipid bilayers through the orientation of hydrophilic and

hydrophobic residues. So that the hydrophobic residues face outwards to interact with

the hydrophobic lipid tails and the polar residues face inwards to create an aqueous

channel8, 9, 11. The other form of β-barrel proteins is pore-forming toxins, these are 

proteins that are secreted by bacteria as: a defence mechanism to a hosts immune

system such as macrophages, or to attack a host system to produce sufficient nutrients

for the bacteria or the provoke a host to allow proliferation of the bacteria20, 21, 22, 23.

These pore-forming toxins differ from porins in the fact they’re secreted by the

bacteria into the ambient environment. In the ambient environment protein-forming

toxins oligomerise and readily insert into lipid membranes, with only the β-barrel 

puncturing the membrane, similar to that of porins. A notable difference between

porins and pore-forming toxins is the larger protruding area of the protein of the pore-

forming toxins, which can be attributed to the need to form into a protein in an

extracellular environment after secretion.

The few biological nanopores that have the ability to form a β-barrel can insert into a 

lipid bilayer and from a water filled pore that allows for diffusion across a

membrane3, 23. The unique beta-barrel structure allows nanobiotechnology to



6

capitalise on this and develop next generation sensing applications1, 24, 25, 26, 27. The

first generation of nanopores come from pore-forming toxins which are secreted by

human pathogens, such as Staphylococcus aureus. The monomers of the toxins

oligomerise to form a protein or peptide based nanopore that perforates lipid bilayers.

Subsequent biological nanopores have also included the use of porins28. The shape

and size depends on the organism producing the pore, as illustrated in Table 1, the

large variety of pores available allows for their use in nanobiotechnology focused on

nanomedicine, sensing and nanoelectronics29.

Table 1. Selection of commonly applied biological pores in nanobiotechnology.

illustrations of pores and lipids are drawn to scale.29
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When inserted into a lipid bilayer the nanopore can induce ionic imbalances in cells

or allow further toxins to transverse the membrane of a cell. The design of these

biological nanopores is relatively simple in the form of a barrel that establishes a

channel able to connect two separate chambers separated by a membrane. Typically

the lumen is filled with water and allows transverse of molecular cargo, dictated by a

chemical gradient or induced by a current27, 30, 31, 32. The generation of a stable pore

enables biological nanopores to be utilised for biosensing applications. Initially the

focus was centred around α-Hemolysin and has branched to other biological pores 

such as: MspA, Phi 29 and t-FhuA to name but a few33, 34, 35. Biological nanopores

have allowed for the reality of biosensors to be realised with the detection of a simple

analyte, to DNA. Additionally by manipulating and mutating the biological pores

there is the ability to go from sensing simple analyte to the ability to detect proteins2,

3, 4, 36, 37, 38, 39.

α-Hemolysin (α –HL) is the first, and arguably the impetus of biological nanopore 

research, and is the most commonly used nanopore. α –HL is a heptameric protein 

produced by a human pathogen bacterium Staphylococcus aureus and is an

exotoxin23. The external appearance of α –HL is that of a mushroom of 10 nm x 10 

nm, with an internal entrance of 2.6 nm and a lumen of 2.6 nm (Table 1)1, 2, 23. When

α –HL is inserted into a phospholipid membrane with an applied voltage of 100 mV 

across the membrane, it is possible to observe a current of approximately 100 pA.

(Figure 2A). 40. The ability to endure a high voltage makes α-HL ideal for sensing 

applications and was established detection of different ions and nucleotides22, 41 A key

feature in the establishment of a biosensor is that the current blockades are
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proportional to the duration of the translocation events of the analyte42. With regards

to the pores abilities: it is the limited pore interior that is a hindrance for extensive

manipulation of the protein pore, but it is ideal for biosensing purposes – specifically

single stranded DNA (ssDNA) reading. The ssDNA is the ideal analyte for this pore

(Figure 2B) as the DNA bases have the ability to induce a current blockade33, 43 from

the change in current it is possible to determine the DNA sequences.

Figure 244: (A) Representation of biosensing utilising an engineered α-hemolysin protein-pore 

embeded within a lipid bilayer. It’s possible to detect the analyte between the

absence/prescence of different conductances when analyte is passed through the pore. (B) α-

Hemolysin pore for DNA sequencing. A DNA strand enters through the pore, each of the base

of DNA could produce characteristic time series recordings 44.

The robustness of α-HL is a key aspect to the ability of DNA sequencing. For 

example the work performed at Oxford Nanopores has allowed for genome

sequencing at reads previously not achievable greater than 15 kbp as well as

affordable under $1000 in rapid time constraints45. That additionally excludes the

need for any additional DNA amplification or for the incorporation of fluorescently

modified nucleotides (Figure 2B)45.
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The possibility of manipulating nature to develop new biosensors and biotechnology

is endless and produces substantially improved outcomes. For example in the

difference in traditional DNA sequencing, developed by Sanger to produce a

dideoxynucleotide terminating reaction46. This utilised ddNTPs attached with a

fluorophore or radioactive label to terminate DNA sequences randomly and the DNA

sequences were separated by mass. The fluorophore is then used as a means of

detection when analysed by PAGE or more a modern method by capillary

electrophoresis. The process of extending the DNA sequence with the ddNTP’s by

PCR in four reaction mixtures and then subjecting the samples to electrophoresis for

detection and analysis makes the Sanger sequencing approach cumbersome and

considerably slow through the multistep process. The process of adding the label is

time consuming and there are many factors that involved that may alter the result as

well as choosing the correct dyes in order not to interfere with each other. Although

this does produce accurate results and was the first means of sequencing on a large

scale and enabled the progression of the human genome project it is still limited by

the speed of the attachment of the label for detection. As demonstrated with α-HL 

these issues of Sanger sequencing are overcome, however biological pores are not

without their own issues. The advantages in the robustness of α-HL pore and other 

biological counterparts are a downfall in terms of ease of pore manipulation and

development of complex triggered nanopores.

As mentioned the difficulty to tune nature of biological nanopores is a disadvantage

when a complex nanodevice is postulated. The biological nanopores are based on

predetermined protein pore structures that will require significant and arduous
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manipulation to alter the pore for alternative purposes. For instance α-Hemolysin is 

barely larger than a single nucleic acid strand (2.6 nm)22 and there are minimal sites

for modification or addition of a lid to control and selectively release cargo. However

for the purpose of DNA sequencing α-HL is ideal and is utilised widely as the 

standard, but there has been additional work to perform sequencing in channels

smaller than 2 nm, with the addition of fluorescent molecules to distinguish DNA

sequence47.
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1.1.2 Solid State Nanopores

Despite the relative success of biological nanopores and the rapidly growing field

these pores are constrained due to the pore parameters. Limitations includes: aperture

size, functionalisation, profile and lack of stability on traditional lipid membranes1, 26,

48, 49. Solid state nanopores have the versatility to be constructed from a range of

materials, and have the advantage over biological nanopores for a greater

manipulation and functionalisation of the pore6, 25, 50, 51. Ease of manipulation and

functionalisation comes from the ability to construct the pore from scratch. A typical

means of production utilises a focused ion or electron beam to generate a nanometre

size pores are into a thin insulating membrane 26. The freedom to design the pore to

the desired dimensions without having to manipulate predetermined structures affords

a means of fabrication that protein pores cannot offer, due to complex and

unpredictable folding patterns.

The success of solid state nanopores is dictated by the ability to incorporate biological

molecular receptors (Figure 3a and 3b) 52, 53. The incorporation of such receptors

allows for the specific detection of molecules in a triggered sensing manner. The use

of the hybrid approach of solid state and biological versions have had a varying

degree of success. It has been shown that hybrid nanopores are able to detect the

binding of a single immunoglobulin G (IgG) molecule through binding to the three

helix bacterial protein (protein A) through three NTA tags which formed a high

affinity tag (Figure 3b)53. Detection of the IgG was confirmed with discrete current

recordings; however the nanopore failed to distinguish between subtypes of IgG

(IgG1, IgG2, IgG3 and IgG4), thus indicating a real problem with the use of standard
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biological tags for detection. A more definitive form of detection is required to

confirm what is bound, a simple solution is to incorporate a DNA aptamer which are

designed to have very high and specific binding ranging from small molecules to

proteins31, 54.

Figure 3: A) Sketch depicting the principle of single-molecule sensing with a nanopore and

biological receptor. B) Schematic cross-section of a gold-coated SiN nanopore functionalized

with a mixed SAM of SC15EG3 matrix thiols and NTA receptor thiols.53

A further disadvantage of using protein tags within solid state nanopores is that there

is no simple way to detect the location of the tag. However, it is possible to infer from

the kinetics of the binding event through a function of voltage as to the location of the

receptor53. An issue this presents is the need for complex mathematical binding

models to accurately determine the consistency of the tag locations throughout the

pore. To achieve accurate measurements there is a necessity for biosensors to be
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reproducible for comparability. Hence it is preferable to develop a nanopore where

there is guarantee of predictable folding or binding locations.

Improved detection mechanics were further enhanced utilising a DNA aptamer as the

molecular receptor. The combination of a glass solid state nanopore and a DNA

aptamer for IgE has allowed for a nanomolar sensitivity to be achieved (Figure 4)51.

The goal was to develop a solid state nanopore which was able to distinguish between

binding and translocation blockade of the pore, which are one of the downfalls of

unmodified solid state nanopores.
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Figure 4 51 : Shows the construction and the capture of a single IgE molecule, via aptamers

embedded within the nanopore. (a) Current in a 63 nm AIgE-encoded nanopore at +100 mV

without IgE. (b) Current through the same pore as in a, with 5 nM IgE . (c) Illustration of the

sensing region at the narrow opening of the nanopore.51

The work observed that an un-exposed modified nanopore had a current of a 56.9 nA

and after addition of IgE a series of stepwise block events of multiple binding of IgE

was detected (Figure 4b). Observed from the data was that molecules, i.e. proteins,

that transverse the nanopore only generated short-lived blockades (102 μs to 102 ms)51.

However through the modification, with the addition of DNA aptamers, it was
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possible to enhance the detection abilities through longer lived binding events (Figure

4c). Hence this has highlighted the unique ability of DNA modifications to achieve a

greater sensitivity and binding ability/selectivity. Although there is a drawback with

the hybrid pore not being able to exhibit reversible properties in the time scale, this is

observed with every detection event leading to an additive increase in the current

trace (Figure 4b). This limits the scope of detection of multiple analytes and there will

be an eventual end point when no more sample can be detected due to no free binding

sites available.



16

1.2 Biomimetic Pores

As demonstrated the relative advances in nanobiotechnology and molecular

engineering has developed systems to capitalise on the nature of nanopores to develop

sensing based systems. This utilises the pore forming capabilities of the biological

nanopores, or the synthetic solid state pores which use biological modifications to

enhance sensing purposes. However there are further applications to be explored

when biomimetic nanopores are postulated. Biological systems are filled with an

extensive array of nanopores; these naturally occurring pores inspire and drive the

exploration to devise artificial biomimetic variants, Figure 5. Through a bottom-up

approach it has been shown to create complex biomimetics that allows for the control

and manipulation on the nanoscale, such as activation of multimeric pores by a

tumour specific protease targets that can kills malignant cells (Figure 5f) 29, 55, 56.

The field of biomimetics advances technology through the combination of biology

and chemistry with physical sciences to develop novel nanoscience’s. The

predominant research has focused upon biological protein forming pores, as these

already exist with the inherent ability to insert into lipid membranes with ease. This

allows for functionalisation of the protein pores to focus on: selectivity for specific

proteins/molecules, biotherapeutic function through selective gating of the pore or

selective insertion (Figure 5f and g), as well as improved sensing applications (Figure

5e).
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Figure 5: Functions of biological nanopores in nature and applications of these pores in

nanobiotechnology. (a) Ion channel proteins transport ions across the plasma membrane of a

cell for maintaining homeostasis in the cell and for signalling purposes.57 (b) Membrane-attack

complexes form a lytic pore with a diameter of ∼10 nm in the plasma membrane of a

pathogen by self-assembly of the complement proteins C5b to C9.29 (c) Antibiotic peptides

(here alamethicin) insert into the membrane of target microbes and form lytic pores.58 (d)

Bionanoelectronic device consisting of a silicon nanowire coated with a lipid bilayer with

peptide pores.59 (e) Translocation of a single-stranded DNA molecule through an engineered

bacterial porin, MspA, leads to partial blockage of the pore; translocation can be monitored by

the resulting fluctuations in the ionic current through the pore. 33(f) Activation of multimeric

pores by a tumour specific protease targets and kills malignant cells.60, 61 (g) Remotely

activated firing of neurons by engineered, light-activated ion channel proteins.29, 62

Developing upon the use of modifications of nanopores to enhance detection for

specific molecules; a biomimetic approach has been shown to capture a specific
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protein of interest though functionalisation of a α-HL pores. Selectivity persisted with 

the attachment of a polyethylene glycol (PEG) chain modified with a biotin molecule

at the end. Subsequently the modified PEG chain was anchored into an α-Hemolysin 

pore (Figure 6)36.

Figure 6: The αHL pore and tetrameric streptavidin are shown to scale36, displaying the

kinetic model of the interactions between the αHL pore H6106C-PEG-biotin1 and streptavidin

at the cis and trans sides of the bilayer.36

The pore, through the anchored PEG chain, was shown to be able to detect a mutant

of a streptavidin molecule by binding through the biotin molecule, the binding event

was observable by an alteration of the current flow though the biological nanopore.

This highlights the concept that individual biological sensing is achievable to a
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molecular level through protein mutations (cysteine K8C or cysteine S106C).

However what is not shown is the difficulty in achieving these modifications48, 63.

Additionally detection is only achievable with the modulation of current therefore

limiting the practicality to only that of a sensor; by only being for one target as well

as needing an electrical stimulus to achieve detection.

The issue of target sensitivity is circumvented with a change in the receptor type

(Figure 7). The selection of a DNA aptamer as the receptor and its incorporation into

a biological pore allowed for greater sensitivity without the need of electrical

stimulation for results to be observed. The use of aptamer technology has already

been shown to have successful applications within solid state nanopores. A DNA

aptamer capable of detecting thrombin was successfully incorporated within an α-

Hemolysin pore (Figure 7). The DNA aptamer is attached via complementary base

paring to an oligo bound to the biological nanopore through a cysteine residue.
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Figure 7: Attachment of a single DNA oligonucleotide to the αHL pore. A cross section of a 

model of a heteroheptameric αHL pore chemically modified with a single DNA 

oligonucleotide. The oligonucleotide is attached via a hexamethylene linker and a disulfide

bond to cysteine residue 17 of a genetically engineered αHL subunit. ⊕ indicates the positive

applied electrical potential that drives negatively charged molecules from the cis to the trans

side of the bilayer. It was shown that binding of the thrombin produced a change in current

levels, which showed accurate and definitive binding of the thrombin.64

This trait of incorporating a DNA aptamer to enhance sensing levels has been shown

to be as effective as utilising protein tags44, but DNA aptamers have the benefit of

easier incorporation into the pore. This is predominantly because DNA aptamers are

comparatively smaller allowing more versatility when compared to protein tags or

antibodies. The use of DNA aptamers can provide a greater range of target specific

sensing and triggered responses.
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The work carried out on α-HL demonstrated the ability to enhance the selectivity of 

the nanopores for specific proteins. This provided the initial ground work of

biomimetics with protein pores by developing an artificially selective pore different

to that found in nature. However a more significant approach is the ability to “gate”

the pores to generate artificial ion channels which can control the flux of molecular

cargo, in response to specific stimuli. Tailoring the design of the gating mechanism to

a specific stimuli, such as: light62, 65, 66, pH67, 68, voltage69, 70 or temperature7, 71, can

allow for the development of biomimetic systems capable of drug delivery or

artificial cells.

To generate truly biomimetic systems it is highly desirable to have the ability to gate

a pore, i.e. the ability to switch between open and closed states69. The gating ability of

a pore allows for the enhanced ability of control the flux across the central lumen.

This level of control is demonstrated via electrowetting studies (Figure 8) whereby

the level of wettability of the nanopore (β14L3 and β16L3) surface was controlled by 

the application of an electric field. Application of a low voltage of 0.6 V induced a

closed pore whereas higher voltages of 1.2 V produced an open state for β14L3 

alone69 (figure 8).
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Figure 8: Electrowetting of the β14L3 pore as a function of transmembrane voltage. 

Electrowetting is monitored via the number of waters within the leucine region of the pore.

The data are fitted as a sigmoid function with ΔV0.5= 1.0 V. Insert pictures demonstrate 

closed and open states of the pore (dark blue) with water passing through (cyan and white).69

Utilising simulations the work indicated that there is a distinct relationship between

the transbilayer voltage difference and the wetting of the nanopore with a threshold

voltage (measured as the voltage difference yielding half-maximal wetting of the

nanopore) of ΔV0.5 = 1.0 V69. Additionally, it was shown that it is possible to

estimate the conductance by the number of ion permeation events as a function of the

transbilayer voltage; that yielded a conductance of 460 ± 220 pS. This simulation data

is comparable to the OmpG pore which produced an experimental value of 1200 pS28,
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which is a similar 14 stranded β-barrel, however lacks a hydrophobic gate and hence 

has a larger pore diameter producing a higher conductance69.

The study demonstrated a means to control the molecular flux across a lipid bilayer,

through altering the voltage applied to an unmodified pore. The work showed success

for one variant β14L3 in closing and opening the pore, but not for the other variant 

β16L3 whereby despite the larger aperture did not experience electrowetting and only 

mild voltage induced deformation of the pore69. Overall the work developed a means

to biomimicry through voltage induced conformational changes, however the work is

limited to specific pores only. Additionally, if this were to be developed into a means

of biotherapeutics the application of voltage control is not a practical means with

living systems. Therefore, a more effective approach is to have a chemical

modification that can at selectively as a trigger.

One such means of a new trigger is to have a photosensitive molecule which changes

conformation that leads to opening or closing of the pore. Biomimetic pores have

been created successfully through photo-switchable compounds. These are

compounds that either induce a blockade of the pore entrance62 or induce a

conformational changed that forces the pore from a closed state into an open or vice

versa66 (Figure 9).
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Figure 9: Example of a photo-gated, MscL ion channel generated by incorporation of a photo-

activatable spiropyran group into the lumen of the pore. (a) Chemical structure and reversible

photo-induced conversion of a non-polar spiropyran molecule to a polar merocyanine

conformational state. (b) Current versus time trace of a modified MscL channel carrying a

covalently attached spiropyran group inside its lumen. The frequency of channel openings

decreased significantly upon exposure of these channels to visible light compared to exposure

to ultraviolet light. (c) Results of a leakage assay demonstrating the release profile of

fluorescent calcein molecules from proteoliposomes that contained modified MscL pores

when exposed to (■) ultraviolet, or (□) visible light.29

The work conducted demonstrated the ability to modify naturally occurring pores to

react to new triggers via the incorporation of photo-chemically active compounds.

One of the compounds is a spiropyran group (Figure 9a) which was incorporated into

a mechanosensitive MscL ion channel from E.coli, that responds to osmotic

pressure29, 66. The biomimic functionality of the pore comes from the triggered

conformational change into a merocyanine state with UV light exposure at 366 nm66.

The conformational change to the polar form (merocyanine) physically destabilises
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the pore with the generation of a polar compound in the hydrophobic lumen of the

nanopore, hence this leads to an increase in channel opening events (Figure 9b).

The practicality of the biomimic pore generated was further demonstrated with a

release assay (Figure 9c). The release assay was based upon a drug delivery system

that would encapsulate the molecular cargo in a lipid vesicle with the MscL pore

embedded in the membrane yielding proteoliposomes. Upon exposure to UV light the

proteoliposomes with the spiropyran opened releasing the molecular cargo

(membrane-impermeable fluorescent dye calcein66) yielding 40% release.

Comparatively when exposed to visible light the proteoliposomes showed a minimal

increase in release (9%) and significantly slowed kinetics. Demonstrated by the

Spiropyran MscL pore is the first indication of an applicable function of biomimetic

pores, whereby there is an ability to expand and improve nanomedicine through

control on the nanoscale. However there still remain some issues with a light gated

approach, this is primarily with a means to activate the photosensitive molecule and

can limit the use to regions where light activation is accessible.

A further development in biomimicry is the development of temperature sensitive

nanopores from α-HL (Figure 10A)71. Temperature is an elemental means of

controlling the bodies homeostasis through sensory neurons72. Hence there are large

numbers of thermosensitive channels (in the TRP family) within the body, these are

allosteric gated channels to control transduction pathways to trigger the appropriate

response73. Additionally temperature gating of a pore also circumvents the issue of

location of drug release systems that are an issue with light gated biomimetic

nanopores.
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The development of a biomimetic temperature gated pore persisted with the addition

of an elastin-like polypeptide (ELP) strand within the lumen that responded to

thermal fluctuations. The polypeptide strand was genetically incorporated to the α-HL 

with varying lengths and subjected to single channel current recordings at varied

temperatures (Figure 10B and C). When subjected to increased temperatures, above

the transition temperature, the ELP became dehydrated and allowed for opening of

the pore and hence a larger current was observed with a substantial increase in ions

traversing the pore (Figure 10C). Correspondingly below the transition temperature

the ELP is expanded and reduces the flux (Figure 9B)71.

Figure 10: Temperature responsive protein nanopore. (A) Model for the temperature

dependent transient current blockades of the protein pore in lipid bilayers. Temperature

dependence of the current through the temperature responsive pore recorded at (B) 20 °C, (C)

60 °C. The transmembrane potential was +80 mV.67
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The work produced with the thermosensitive α-HL pore provides an ideal example of 

biomimetic pores. There is a larger difference between the open and closed state of

the pore, evidence in the reduced current. This work also builds on the activity of the

light gated MscL pore and combats the issue over practicality for a biotherapeutic

system by having a thermosensitive peptide. However the presented still contains

some issues, predominantly the issue is the closed state of the pore is not fully closed

– evident by the current recordings where there is still a flux of molecular cargo. For

a drug delivery system that utilises biomimetic pores it is paramount that there is no

leakage through the pore. The leakage of current is understandable due to the nature

of the ELP, where it is not a precise atomistic fit and more of a “lose plug” hence a

minimal leakage is expected with this system. However to generate a more effective

and successful biomimetic pore there needs to be a move away from traditional

building materials.

Evidently there is an array of biomimetic nanopores that have been successfully

developed to create functional control on the nanoscale. However there are a limited

number that can be utilised for biotherapeutic applications. This is because of the

impracticalities by means of gating with voltage control69, difficulty in light

activation in vivo66 or the leaky nature of thermosensitive protein pores in the range of

20°C to 60°C 71. The flaws with the protein based biomimetic pores persist with the

difficulty of manipulation of biological nanopores.

Advanced artificial nanopores featuring more complex functionality such as: protein

specific recognition and triggered opening to specific stimuli are of considerable

scientific interest7, 27, 34, 43, 49, 74, 75, 76, 77, 78, 79, 80, 81. But the difficulty in modification of
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biological pores prevents the large scale use within nanodevices. This is due to the

classical building materials such as polypeptides are not ideal building materials for

this purpose because of the intricate and difficult-to-predict folding, despite

considerable success82, 83, 84, 85. A solution lies with creating completely designable

nanopores. DNA is the ideal building block, trough highly specific base pair selection

this allows for a de novo rational design with predictable folding, where functional

control on the nanoscale with atomistic predictability is possible. Capitalising upon

the properties of DNA can allow nanopores to feature complex bio-mimetic

machinery, such as analyte, temperature and protein triggered flux that is not

achievable or has immense difficulties with the use of biological or solid-state

nanopores74.
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1.3 DNA Nanopores

An attractive biomimetic target are synthetic versions of membrane channels29, 30, 32, 86,

87. The choice of DNA affords versatility and ease of design for the biomimetic

nanopores. Additionally the use of DNA overcomes the drawbacks associated in the

use of biological nanopores and solid-state nanopores. DNA nanopores were first

reported in 201188 (Figure 11) and give the customisation that biological protein based

pores lack. The unique versatility of DNA lies with the ability to formulate specific

sequences that dictate and control the orientation of DNA bases down to a nanoscale

that allow the construction of complex nanoarchitectures. The freedom of design of

DNA has also been utilised in conjunction with solid state nanopores to form DNA

nanopores with diameters around 15 nm (Figure 11b)88. However the greatest benefits

of DNA are the ability to develop complete structures of DNA alone.



30

Figure 11: DNA origami design, representing a funnel like structure with an extended dsDNA

overhang to allow directed insertion into a solid state nanopore. Insertion of the DNA into the

solid-state nanopore generates a hybrid nanopore and allows measurement of the flux through

the DNA nanopore. (a) Schematic representation of the DNA origami structure with the

double-stranded overhang. Double helices are presented as rods. (b) Top: Side view of the

nanopore section of the DNA origami structure with helices shown as cylinders. Bottom: Top

view of the structure, indicating the square shape.88
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1.3.1 DNA

DNA (Deoxyribonucleic acid) first discovery in the late 1860’s by Friedrich

Miescher89 and the structure of DNA was first accurately described by Watson, Crick,

Franklin and Wilkins Nature paper in 195390. DNA has a configuration consisting of

a double helix structure, this comprises of a phosphate backbone with phosphodiester

linkages between the 5’-hydroxyl and the 3’-hydroxyl of the subsequent nucleotides.

Distinction of each nucleotide is achieved with functionalisation at the N-glycosidic

bond at the 1’ positions of the deoxyribose rings with one of four bases; guanine (G),

cytosine (C), adenine (A), thymine (T) (Figure 12B). Directionality within the DNA

is thus achieved, 5’ to 3’ or 3’ to 5’, of which is noted when the DNA aligns in the

double helix the strands run in opposite directions to each other (where prime refers

to the carbon number in the DNA’s pentose sugar backbone).

There is also a degree of freedom around the deoxyribose ring, this is where the ring

is able to adopt different conformations. The molecule is not planar owing to the 5

member ring and hence one of the five atoms of the ring is out of the plane, while the

other four tend to be in the plane. Resultantly the ring can adopt one of four

conformations depending whether C2’ or C3’ is out of plane91, 92, 93, 94. The

conformations are C2 -endo which is where C2’ lies above the plane, on the same side

as the base and 5’ –carbon. The alternative C3’-exo conformation is somewhat similar

to that of the C2’-endo, however, the C3’ atom lies below the plane and more

displaced than the C2’. Therefore in contrast the C3’-endo conformation has the C3’

located above the ring and the C2’ located nearer to the plane. Subsequently the C2’ -

exo conformation is similar to C3’-endo whereby the C2’ is located more displaced
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below the plane. The freedom created by the ribose rings is part of the factor that

allows for DNA to adopt different conformations into either the A-DNA, B-DNA or

Z-DNA forms94.

Figure 12: DNA chemical structure and hydrogen bonding of B-DNA. A) DNA base pairs of

adenine and thymine and guanine and cytosine, highlighted are the position of the major and

minor groves. B) Short oligomer highlighting the chemical structure of each DNA base and

the ribose sugar covalently attached via the phosphodiester bond. C) 3D ball and stick

representation of the typical B form of DNA, with the phosphate backbone in orange and the

bases in blue, also showing the dimensions of the DNA, with 0.34 nm per base, an overall

width of 2 nm and a turn of the DNA helix at 3.4 nm.

DNA configuration is due to the sequence of DNA base pairing, this is achieved

through the four different bases which pair together to form hydrogen-bonds (Figure
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12A). The pairing is: G with C forming three hydrogen bonds and A with T forming

two hydrogen bonds. In conjunction with the durable nature of the DNA duplex it

also has the malleability for the structure to unzip reversibly to allow single strands to

be exposed. The properties present allow for coding of proteins while allowing the

preservation of DNA stability.

These characteristics make DNA the ideal means of storing large amounts of

information also allow for DNA to be adapted for new purposes, with regards to

nanoscale design and nanotechnology. The base pairing of DNA allows for highly

predictable and unique patterns to be achieved through selection of base pairs, this

allows for DNA to be a highly programmable molecule. DNA naturally occurs as B-

DNA (Figure 12C), which consists of a double helix with a right handed twist around

a central axis. The B-DNA form has a wide major groove and a narrow minor groove

running around the helix along the entire length of the molecule, the groves play a

vital role in allowing for binding of proteins, molecular probes and DNA strands that

form triplexes93, 95, 96. The base pairs, which are hydrophobic, sit inside the helix with

the negative phosphate backbone exposed to the ambient environment. The B-DNA

form is well understood and highly predictable folding allows planning and complex

nanoscale structures to be realised, through de novo design. Typically a B-DNA has a

diameter of 2 nm, with a turn occurring every 3.4 nm approximately which is about

10.5 base pairs. Resultantly the helix twist is roughly 34.6° per base pair91. The

alternative forms of DNA helices are A-DNA and Z-DNA. Where A-DNA, typically

adopted by RNA, also forms a right handed duplex but differs from B-DNA in that

the major grove is deep and the minor grove is shallow. The alternative A-DNA form

can be adopted by DNA but only under low humidity conditions97, 98. The final form
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is Z-DNA, which adopts a left handed DNA duplex and forms a zig-zag backbone,

instead of the typically smooth phosphate backbone of A-DNA or B-DNA. The Z-

DNA form is adopted at high salt concentrations in aqueous conditions when there is

a GC dinucleotide repeat99, the functionality of Z-DNA in biology is unclear and may

prove to have some biological relevance with proteins interacting with Z-DNA

domains100.

The majority of DNA nanotechnology is focused on the more common B-DNA form

as shown in Figure 12, an additional factor that adds to the appeal of DNA

nanotechnology is the modern advent of solid phase oligonucleotide synthesis (Figure

13). This allows for rapid synthesis of standard oligonucleotides and chemically

modified oligonucleotides101. Through solid-phase synthesis it is possible to

efficiently produce large scale quantities of synthetic DNA at a low cost102. The

benefit of the solid phase support allows for each step the addition of chemicals to be

done at excess, hence the typical yield per step is around 99%. However the high

yield per step still has an issue with drop off when there are long sequences of DNA

synthesised, this limits around 200 base pairs that is achievable to a reasonable

yield103.
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Figure 13: Reaction scheme of solid phase oligonucleotide synthesis. A) Detritylation step

with 3 % trichloroacetic acid in DCM. B) Activation with tetrazole to create an

diisopropylamine leaving group and addition of the next monomer. C) Capping of unreacted

5’OH by acetic anhydride and 10 % methylimidazole. D) Oxidation of PIII to stable PV with

iodine, water and pyridine.

Solid phase synthesis occurs in the 5’ to 3’ direction, the initial step of synthesis

occurs with the removal of the DMT protecting group (Figure 13A) which protects

the 5’- hydroxyl group. Protection of the 5’ hydroxyl is essential to prevent synthesis

of unextended chains. Removal of the DMT group produces the bright orange DMT

cation, this is visible on the solid phase columns when 3 % trichloroacetic acid (TCA)
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in DCM is passed through the column. The trityl yield is measured with a built-in

absorption spectrometer, however the bright orange DMT cation is useful as an

arbitrary indicator to establish DNA coupling after each cycle.

Subsequently the next 5’-DMT protected nucleotide is activated through protonation

of the diisopropylamino group with tetrazole, thus yielding diisopropylamine to act as

an effective leaving group (Figure 13B). The unprotected, nucleophilic, 5’-OH on

solid phase column beads attacks the phosphorous of the next 5’-DMT protected

nucleotide. Thus causing the diisopropylamine to leave, as a this is a better leaving

group than the 5’OH caused due to the higher pKa. The oligonucleotide has now

increased by one base through the coupling step of the DNA synthesis (Figure 13B).

Solid phase synthesis produces a high coupling yield up to 99% efficiency, however

if there is any un-reacted 5’-OH groups these need to be ‘capped’ to prevent any

unreacted chains from continuation in synthesis, as if any uncapped DNA strands are

present this will lead to a base mismatch and an incorrect sequence. Capping of the

5’hydroxyl group is achieved by using acetic anhydride and 10 % methylimidazole

(Figure 13C). The methylimidazole attacks the acetic anhydride to form an acetic

imidazole the unreacted 5’-OH then attacks the acetic imidazole to form a

comparatively unreactive acetic ester in the 5’ position.

After capping the phosphite-triester is unstable (PIII) and reacts in acidic conditions,

hence this must be oxidised to the stable phosphorous V prior to the next reaction of

the detritylation step, which is under acidic conditions (Figure 13A). Oxidation of

PIII to PV is carried out with in water with iodine and pyridine (Figure 13D).The

iodine is attacked by the lone pair of electrons on the phosphorous to form a
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phosphorous – iodine bond. Subsequent attack of the water molecule follows at the

phosphorous atom kicking out the iodine molecule. The pyridine in solutions then

reacts with the hydroxyl group to oxidise the phosphorous and form the double

phosphorous oxygen bond (Figure 13D).

After the oxidation to PV the cycle is complete and a new nucleotide has been added

to the oligomer. Subsequent cycles can take place to extend the DNA sequence and

starts again by deprotecting the 5’ hydroxyl and coupling to the next nucleotide.
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1.3.2 DNA Origami

The development of DNA origami lies with the initial creation of DNA

nanostructures, these were simple structures created from oligonucleotides which

when bound and ligated folded into pre-determined structures. The first nanostructure

consisted of a DNA nano-cube, synthesised in 1991104 (Figure 14B) and the first

DNA tetrahedron in 2004105 (Figure 14A). The cube consisted of ten oligonucleotide

strands which ligated together to form two DNA structures which upon further

ligation culminated in the final three dimensional cube structure. This was the first

instance which highlighted the versatility of DNA as a building block and

subsequently there have been a vast array of different nanostructures

synthesised105,106.

Figure 14: Designer 3D DNA nanostructures107. A) DNA tetrahedron displaying one double

stranded DNA helix per edge, synthesised first in a one-step reaction by Turberfield.105 B)

DNA nano-cube where each edge consist of a double stranded DNA helix, synthesised in a

one-step reaction by Seeman104.
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The production of small DNA nanostructures relies upon a precise equimolar

concentration of oligonucleotides, in order to prevent unwanted products. If the

strands aren’t at the exact equimolar concentrations this can lead to a dramatically

reduced yield that requires purification to separate the product108. The scope of DNA

nanostructures developed in this manner is generally smaller structures up to 1 x 102

nm3, however larger DNA structures are capable through the use of DNA origami109.

The approach by ligating DNA strands together to produce nanostructures is a simple

and novel technique; however this is only achievable for smaller structures. To be

able to construct significantly larger structures out of DNA an alternative approach is

needed, a successful method of this was first established by Rothemund et al where it

was shown that it is possible to fold long 7 kb single stranded scaffold and utilising

shorter DNA staple strands (Figure 15) to fold and hold the scaffold in place102. The

technique is now colloquially referred to as DNA origami109 and most commonly the

scaffold DNA consists of M13mp18 genome. The synthesis of the DNA origami

occurs with an excess of DNA staples strands which are around 10 to 100 fold in

excess102. The technique of folding staple strands to a scaffold strand is not under

stoichiometric conditions, as multiple DNA staple strands bind to the larger and

scaffold strand. Hence the staples are in excess. Furthermore the development of

DNA origami has also established the ability to generate creative ideas such as

bottles110 or robots111, through computing software (caDNAno112).
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Figure 15 102: DNA origami designs and route to folded structures. A) A selection of shapes

created from DNA origami by Rothemund. Top row shows the 2D map and bottom rows show

AFM images with added white arrows to indicate blunt-end stacking between structures102. B)

The steps outlined in creating a DNA origami structure. Step 1: 3D concept designed through

computer software. Step 2, translation of 3D design into 2D map comprised of DNA scaffold

(black) and staple strands (coloured). Step 3 scaffold DNA is prepared and staple strands

(typically in multiwall plates) are synthesised, prior to pooling staple strands according to

structural modules. Step 4 self-assembly reactions are prepared and subjected to a thermal

annealing procedure, note the time period is over days for large DNA origami structures.111
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1.3.3 Lipids

Lipids are essential molecules to the function and homeostasis of cells, through

compartmentalisation of membrane bound proteins that dictate regulatory function.

Within biology lipids form into bilayers, the concept of bilayers is an aspect that

nanotechnology can target. A lipid bilayer is typically membrane 3-5 nm thick that is

composed of two lipid layers, although the thickness can vary depending on protein

and lipid composition (Figure 16A)113, 114. Whereby the lipids orientate themselves so

that the hydrophobic tails are facing each other internally and the hydrophilic lipid

head groups face the external environments (Figure 16A and 16B). This formation

with internally hydrophobic and external hydrophilic regions is one of the reasons

that lipid bilayers are able to compartmentalise through affecting the permeability of

different molecules. Lipid bilayers can be formed into planner lipid bilayers, which

can be utilised for establishing sensing applications in nanobiotechnology or they can

be formed into liposomes which can act as drug delivery systems25, 115, 116, 117. Both

liposomes and lipid bilayer sheets differ from micelles, which are also formed by

lipids, in the fact that a micelle is formed of a single layer of lipids.
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Figure 16: Schematic illustration of a cell membrane and chemical composition of lipid. A)

Cartoon diagram displaying the mosaic nature of a lipid membrane surface, the mosaic nature

is an updated view of the old Singer–Nicholson ‘fluid mosaic model’. Highlighted is the

protein (green) rich nature of the lipid membrane (beige) typical of many cell membranes113,

118. B). Chemical structure of 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),

showing the different regions of the phospholipid with circled in red the hydrophilic lipid head

group and in blue the hydrophobic lipid tails.

Lipid bilayers in nature are composed typically of a mixture of proteins and lipids,

however the composition of cell membranes differ greatly within biology itself when

eukaryotic cells are compared to prokaryotic cells8, 113, 114. There is further

differentiation between the external membrane of Gram-negative bacteria and the
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cytoplasmic membrane19, 21. Within cell membranes, for eukaryotic cells, the lipid

bilayers are typically formed of phospholipids, glycolipids and sterols, whereby

phospholipids are the most abundant. The lipid membranes typically observe an

asymmetric nature of lipids, an example is for eukaryotic cells such as red blood cells,

where the extracellular layer is primarily phosphatidylcholine and sphingomyelin, a

sphingolipid119, 120, 121, 122, 123. Sphingomyelin primarily acts as a mechanism to protect

the cell by forming stable chemically resistant structures on the external layer.

Additionally the protruding chemical structures of sphingolipids serve to act as

markers for cell recognition and mediators of cell signalling pathways, such as

apoptosis, proliferation, inflammation or autophagy123, 124, 125, 126, 127. In comparison the

cytoplasmic layer has differing lipids and is mostly comprised of

phosphatidylethanolamine, phosphatidylserine and phosphatidylinositol. The

composition of the layers arises partly in fact due to transmembrane proteins flippases

which transports lipids across the bilayer128, 129. The differing lipid compositions on

the cell surface change the surface chemistry and hence induce different biological

functionality such as cell proliferation and cell apoptosis.

The overwhelming difference between Gram-negative bacteria and eukaryotic cells is

the presence of two lipid bilayers in the gram-negative bacteria. The largest

difference is the outer membrane lipid bilayer, this is asymmetric and consists of an

internal layer of phospholipids and an external layer that includes

lipopolysaccharides130, 131, 132. The composition of Lipopolysaccharides is split into

three main domains, the outermost section being the polysaccharide chains that

constitute the O-antigens, which gives the net negative charge to Gram-negative

bacteria. Then the central core region that links the polysaccharide chain to the lipid
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anchor which binds the lipopolysaccharide to the outer membrane. The

lipopolysaccharides are anchored into the lipid bilayer through lipid A and possess

endotoxin properties primarily through lipid A20, 133. The asymmetric nature of the

lipid bilayer is essential to the cells survival and functionality with the

lipopolysaccharides contributing to the outer membranes structural integrity and

permeability barrier, as well as a mechanism to protect the bacteria. Furthermore the

outer membrane consists of proteins such as porins (Figure 1A) that allow the

osmotic diffusion across the membrane into the periplasmic space. This is an aspect

unique to the outer membrane when compared to the cytoplasmic membrane of

Gram-negative bacteria16, 19, 21. In comparison the cytoplasmic membrane of Gram-

negative bacteria is composed similar to that of eukaryotic cell membrane. However,

the large difference is that most prokaryotic cytoplasmic membranes (apart from

Mycoplasma species) do not contain sterols134, 135, 136, 137. The cytoplasmic membrane

unlike the outer membrane for Gram-negative bacteria is the site for active transport,

energy transducing systems and membrane stages in the biosynthesis for

phospholipids, lipopolysaccharides and provides the anchoring site for DNA138, 139, 140.

The cytoplasmic membrane of Gram-negative bacteria performs the functions that are

compartmentalised in eukaryotic cells into discrete organelles.

Highlighted is the complex nature of lipid bilayers in biology with an array of lipids

and proteins that differentiate membrane types. In order to replicate and conduct

studies that probe the dynamics of lipid bilayers a typical choice is to simplify the

lipid bilayer into one or two lipids types. The most prominent type of lipids are

phospholipids which constitute the majority of lipids in membranes. Thus the when

replicating lipid membranes phospholipids are typically used for the creation of
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planar membrane or lipid vesicles. Therefore with regards to nanotechnology probing

the ability to manipulate the lipid bilayer is typically performed on phospholipids141,

142, 143.

In nanotechnology there is a desire to define and control lipid bilayers with precision

to create artificial lipid networks. This is demonstrated by the ease of manipulation of

phospholipid bilayers (Figure 17), whereby complex phospholipid systems on the

nanoscale was achieved with distinct control over the construction: with regards to

connectivity, nanotube length and angle between the nanotube extensions 144. The

method used to generate such complex lipid structures utilises micromanipulation

protocols which enable the formulation of lipid nanotube networks, this also

monopolises on the ability of liposomes to undergo complex shape changes when

exerted to an external mechanical force. Construction of the nanotubes to connect the

surface bound liposomes was achieved with flexible carbon fibres 5 µm diameter, 30

µm long (Figure 17a and b). Carbon fibre nanotubes were placed at a liposome for

homofission, this subsequently resulted in two equally sized nanotube-connected

daughter liposomes 144.
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Figure 17: Lipid networks. (a) Fluorescence image highlighting a network of four DiO (3,3'-

dioctadecyloxacarbocyanine perchlorate) multilamellar liposomes connected by nanotubes. (b)

Bright-field image of an 11-liposome network, with artificial lines drawn as nanotubes are not

visible on bright field. (c) Fluorescence image of a 3-way nanotube junction created by pulling

the middle liposome in a V-shaped. (d) A 3-liposome network with photochemically

differentiated containers created by division of a single DiI-stained liposome144.

The work initially established a means of successfully creating complex lipid

networks, by using comparatively basic manipulation techniques. The estimation of

the size of the tubes is 200 – 400 nm, which is a limitation in the micromanipulation

technique. However it’s suggested that nanotube diameters can be customisable by
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regulating the fission–translation force144. Reducing the overall size down to 1 -100

nm would hold the potential to have control down to the level of single molecules145.

However this level of control is not possible through lipids alone, ultimately the

ability to manipulate lipids is through a fully customisable and controllable nanopore

to manipulate lipid environments to dictate control and functionality115, 141, 146.
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1.3.4 DNA Lipid Interaction

Lipids are the fundamental component of the protective bilayer and anchoring of

DNA into lipid membranes is essential for DNA nanotechnology to function within a

biological realm (Figure 18). DNA nanostructures, in particular DNA nanopores,

have been shown to insert into lipid membranes through an array of lipid anchors74,

147, 148. While lipid anchoring of DNA into membranes is well-established, the

orientation and positioning of the DNA is not sufficiently understood, with multiple

factors affecting the insertion rate and orientation141, 149. This issue is not alone to

DNA nanopores, but all DNA architectures, such as DNA cytoskeletons, have this

affiliated problem of understanding how the DNA is inserted/tethered and floating on

the surface (Figure 18)63, 141, 150, 151. The large degree of DNA nano-architectures that

are dictated by lipid DNA interactions highlight the essential need to understand the

dynamics of insertion in detail.
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Figure 18: Schematic of possible DNA architectures that highlight the range of lipid DNA

interactions and demonstrated the ability to shape the lipid bilayers63. A) Encapsulation

strategy of DNA nanostructures. DNA Lipid–DNA conjugates are annealed to outer handles

of non-encapsulated DNA nano-octahedron in a surfactant solution that forms micelles around

the conjugates. Liposomes are added, resulting in mixed surfactant–lipid micelles. Dialysis

selectively removes the surfactant and results in a fused lipid bilayer around the DNA nano-

octahedron151. DNA origami block on lipid membrane. (B) DNA origami block structure

consisting, displaying cholesterol-mediated binding of origami blocks to a lipid bilayer

(DOPC) and programmed polymerization into different superstructures150. C) Mechanisms of

DNA nanopore insertion, clustering and membrane-reshaping. Highlighted is the anticipated

two-step integration of the DNA nanopore into a lipid bilayer and the Formation of dynamic

DNA nanopore clusters and enrichment in curved membrane structures141.



50

DNA anchoring is also essential in synthetic biology and has been shown to mediate

fusion of membranes and their interactions152. Through manipulation of membranes

by DNA you can control behaviour of the associated cell and dictate the adhesion,

fusion and control of molecular assembly75, 153. This ability is vital if DNA is desired

to have an effect at a cellular level and instigate a cellular response through the

membrane. There have been approaches to understand membrane protein interactions

through DNA tethering on membrane surfaces (Figure 19)152, 154. As shown in figure

19a and 19d this focuses more on the membrane topology and the reaction kinetics

achievable, as opposed to the insertion properties of lipid anchored DNA strands and

the factors dictating those kinetics.

Figure 19: a, Lipid–DNA conjugates anchor designed DNA sequences to the membrane. A

quencher (Q) on one lipid–DNA species is protected by a hybridized strand. A second lipid–

DNA species is hybridized to the fluorescent probe strand (F). b, Different lipid anchors

preferably partition into different membrane domains. c, Competition assays can be designed

by having two target strands for the probe on different membrane components. Only one

target strand has the quencher. Therefore the relative interaction rates (k1 and k2) determine
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the efficiency of fluorescence quenching in the strand exchange reactions. d, Membrane

protein interactions between two membrane proteins (MP1 and MP2) can also be investigated

by anchoring the quencher and probe sequences to epitopes on these proteins through

aptamer-mediated interactions.152

DNA is a favourable material for biomimetic nanostructures, because unlike the

proteins that many of these pores/structures imitate, DNA is easily modified and the

structures are eminently adjustable. Understanding the molecular dynamics of lipid

DNA interaction is vital to improving and enhancing how DNA nanostructures are

designed, as DNA would not naturally interact with the membrane in a defined

manner (Figure 19a, 19b and 19c)63, 115. DNA allows for a more approachable way to

modify nanopores through specific functionalisation147, 155 such as control of

molecular cargo and redesign of pore aperture74, 148, 156, 157.

Extrapolations of lipid DNA interactions are obtainable through multiple measures. A

conventional method utilised for an array of lipid based interactions is gel

electrophoresis, where the magnitude of retardation can be measured (Figure 20). The

versatility of the technique has been shown to function with solid-lipid nanoparticles,

cationic lipid DNA interactions and cholesterol based cationic lipids158, 159, 160. In the

research into DNA and lipid based nanoparticles association, the nanoparticles

produced were 100 nm in size, which showed zeta potentials around 140mV at pH

7.4158. The degree of size of the solid-lipid nanoparticles prevents migration and

evident in Figure 20 there is well retention when DNA is associated.
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Figure 20: Binding potentials of solid-lipid nanoparticles with plasmid DNA. DNA retention

within the well is symptomatic of DNA lipid binding. Lanes from left: DNA only, solid lipid

nanoparticle/DNA mixtures with w/w ratios of 200, 100, 50, 30, 20, 10 and 5, molecular

weight marker158.

Furthermore the degree of sensitivity also proved successful in measuring DNA and

cationic lipid interactions by gel electrophoresis159. The findings associated with

DNA lipid interactions indicated that there is no effect of DNA and cationic lipid

interaction that would preclude the transverse mobility of DNA. This occurs only if

the DNA phosphate charge to lipid ratio was below 2159. Additionally the technique

of gel electrophoresis to elucidate binding events was further extended to monitoring

DNA and cholesterol based-lipid interaction, which focused on developing

transfection systems for gene therapy160. The work suggested that transfection

properties were improved with increased aminopropyl head groups due to the

increased affinity for plasmid DNA; secondly electrostatic binding to DNA was

increased with an ether linkage160. The final work produced here is the first that

alludes to the molecular dynamic interactions that are induced from electrostatic

interactions between lipid and DNA. However the work does not probe deeper into

the effect of lipid anchored DNA, which is an essential factor that allows for DNA
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nanotechnology architectures to associate with lipid membranes. Therefore leaving

open a huge field where there is a lack of characterisation and understanding of the

molecular dynamics at the nanoscale.

An issue of the work presented is the gel electrophoresis only provides a qualitative

approach and does not allow for a quantitative approach. Alternatives would lie with

isothermal titration calorimetry (ITC), surface plasma resonance spectroscopy (SPR)

and surface-enhanced Raman spectroscopy (SER’s) which require substantially more

equipment and cost. But to generate a data set from gels that can help determine

binding affinities and binding capacities it is essential to utilise electronic software to

develop a quantitative measure161. Only through the use of this computer aided

analysis it affords the possibility to generate comparable binding studies. To truly

elucidate the mechanisms that dictated lipid-anchored DNA kinetics at membrane

surfaces; the interaction of anchored DNA with bilayer membranes needs to be assed

in a quantifiable means.
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1.3.5: Larger DNA Nanopores

As described earlier, DNA based designs have the possibility to create larger

nanopores, via hybrid structures comprising of DNA and larger solid state pores. This

was by using electrophoretic force to insert the DNA nanopores into the

encompassing solid state pore; this resultantly created a reversible hybrid DNA

nanopore (Figure 11)88. The design was a comparatively complex one based on a

funnel with a minimum aperture of 7.5 nm by 7.5 nm. The trapping of the DNA

nanopore was aided by a 2.3kb double stranded DNA tail attached to the nanopore,

this directed the nanopore to the correct site and orientation88. This is similar to the

process that was used for the insertion of α –Hemolysin50, however these methods for

the creation of nanopores rely on the electrophoretic pull to insert into the larger solid

state pore; this ultimately has implications on the applications that the nanopores can

be used for. For example; if the current applied is reversed this will lead to the

expulsion of the DNA nanopore, consequently any bio-sensing application will be

lost as a result. However despite potential draw backs the nanopore was successful in

determining the presence of λ-DNA, thus supplementing the concept that DNA 

nanopores can be used as biosensors.

It is evident that there are drawbacks in large DNA origami hybrid nanopores.

However further work developed the trapping of DNA origami structures onto glass

capillaries to form another reversible hybrid155, 162. The work was successful in

differentiating single stranded DNA from double stranded, through the incorporation

of multiple binding sites encompassed inside the DNA origami nanopore. As well as

alteration in pore aperture, this enabled the control of folding of double stranded
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DNA162. Additionally, it highlights the ability to easily manipulate the DNA nanopore

with specific binding sites, when compared to biological pores or solid state pores.

This demonstrates the versatility in the construction of nanopores from DNA. Within

the study it was shown that there was a notable difference between DNA strands

comprised of a hairpin for pore sizes of 5 nm by 7 nm and 14 nm by 15 nm. In

addition the nanopore was able to detect streptavidin when passed through the pore,

whereas it was not possible to detect presence of IgG due to the comparatively larger

size of IgG.

Contrastingly both approaches to developing hybrid designs of large DNA nanopores

experienced noisy recordings. This was regardless of the complexity of the design

and notably these were significantly noisier than the solid state nanopores alone. The

increased noise can be attributed to leakage through the nanopore itself. Therefore

this resulted in an unexpected increase of the ionic current which consequently

reduced the translocation current52, 163. It is observed that the substantial increase in

noise occurred due to the fluctuations in DNA origami structure. The findings were

further investigated to determine whether or not there was any dependency shown in

leakage from the DNA structures. It was shown that a non-linear current voltage

curve persisted at increased voltages, which is indicative of mechanical failure or

“buckling” from the DNA origami structures164. Ultimately this highlights there are

disadvantages to developing hybrid designs of large DNA nanopores on solid state

supports.

The success in developing the first large DNA nanopore was achieved utilising a

simple design that assembled through folding of a DNA backbone with shorter staple
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strands. The large DNA nanopore was established by Langecker et al. which

comprised of a 2 nm diameter by 42 nm central lumen, shown in red in Figure 21165.

Functionalisation and insertion into a lipid bilayer of the large DNA nanopore was

achieved with a lipid-anchored DNA strand. The lipid anchor was in the form of a

cholesterol tag attached via the 3’ end of the DNA, in total 26 cholesterol tags were

attached to insert the nanopore into the membrane. The design encompassed 54

double helices which formed a barrel around the central nanopore lumen (Figure 21).

The work conducted by Langecker was observed by TEM imaging, which visualised

the insertion of the nanopore into a vesicle, additionally single channel current

recordings indicated that the inner lumen had a conductance of 0.87 nS in 1M KCl, in

10 mM Tris (pH 8) 2 mM magnesium chloride buffer165.

Figure 21165: (Left) Design of the 26 cholesterol (orange) modified DNA origami which

utilises a honey comb barrel and stem structure to creat a central lumen (red) that punctures

the lipid membrane. (Right) Ionic current traces showing baseline current and translocation of

DNA hairpins through the channel163, 165.
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The pore itself was able to detect a variety of DNA structures, such as: hairpin loops

and G-quadraplex structures. G-quadraplex structures have been shown to have some

biological function, for example activation of protein mechanistic pathways166, 167.

Thus by having a detection method that is able to analyse DNA oligomer structures

can prove highly beneficial in potentially detecting DNA sequences that previously

were thought to be dormant. The ability to differentiate between hairpin, quadraplex

structures and between secondary DNA structures (Figure 21), will enable a more

bio-active profile of the DNA to be understood. From the data produced a similar

noise ratio was observed to previously reports, however, an additional factor was sub-

conductance states that persisted (Figure 21)165. This is indicative of movement of

staple strands, a further contribution is that the structure consisted of open

honeycomb pores which may have induced these sub-conductance’s as well

movement within the staple strands. The nature of the honeycomb structure is

essentially having an array of small DNA nanopores held together.

The greatest advantage of a DNA nanopore that insert directly into a lipid bilayer, is

the construction of a stable platform. This is a platform without the need to use

negative voltages to insert the DNA nanopore into a solid state nanopore163. This is

the largest flaw with hybrid structures as the insertion method limits the versatility of

the DNA nanopore. With the large DNA nanopore it was shown to allow the reverse

current and obtain readings at a negative voltage not just a positive. The

overwhelming benefit is that this can open up the range of detection analytes; as both

positive and negative currents can be used to pull the analyte through the nanopore

for detection. Hence development DNA based nanopores can enhance the methods of

bio-sensing that is currently available.
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The natural development from the honeycomb structure is to remove the external

noise influence from the small nanopores. This evolution was first successfully

demonstrated with the formation of a megadalton funnel shaped DNA origami pore168

Figure (22A and 22B). The pore was capable of spontaneous insertion into lipid

bilayers and detecting channel current recordings into tens of nanosiemens168.

Figure 22: Design, shape, and dimensions of the DNA origami porin. (A) Envisioned

positioning of the funnel-shaped DNA porin (red) in the lipid membrane (yellow), roughly

drawn to scale. Each DNA duplex is represented as a red rod. (B) Design (side and top views)

and dimensions of the DNA porin with 19 cholesterol tags (orange). (C) AFM images

confirming the correct assembly of the DNA origami porin168.

The stark difference in the pore design to the first original large DNA origami pore is

the removal of the honeycomb lattice (Figure 21) in favour of a square lattice (Figure

22). Correspondingly this has allowed for an increase in the pore aperture and

highlighting the versatility of DNA as a building block for nanopores. Development

and redesign correspondingly led to a reduction in the total number of cholesterol
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anchors (19) needed to insert into the lipid bilayer (Figure 22B). Thus this suggests

that with efficient design it is possible to minimise the number of lipid anchors

required for insertion, which is observed with small DNA nanopores148.

Utilisation of the capabilities of DNA and the chemistry behind the modification of

nucleotides, DNA can prove to be a most versatile basis for the construction of large

nanopores for bio-sensing. The research into the chemistry of nucleotides and organic

synthesis gives DNA a unique capability to be synthesised and modified to how the

user pleases. Modifications of the DNA base can accommodate a range of different

molecules, such as: cholesterol or streptavidin as well as linkages to metal

nanoparticle through sulphur linkages165, 169, 170, 171. Therefore the use of DNA for the

basis of construction of bio-sensing devices proves to be a most versatile tool, with

the vast range of modifications and customisation available to structures that are

made from DNA.

There is great potential in the use of biosensors for early diagnostics, as these afford

the ability to detect and determine illnesses or diseases with at a low cost but it is also

rapid and accurate in its analysis4, 172. The principle of a biosensor is “a device that

comprises of a biological or biologically derived sensing element, this then forms a

compact analytical device that also contains a physiochemical transducer that uses the

input of analyte binding to generate a measurable signal”173. As shown there are

several modes of sensing can be achieved through: DNA-DNA interaction, antibody-

protein tag interaction or even protein-DNA interaction. The specificity for a certain

analyte is what produces a successful biosensor174. The versatility of large DNA

origami nanopores allows the variation of lumen width to analyse a range of proteins
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and metabolites. This presents the possibility of transportable biosensor leading to a

cost effective point of care diagnostic175.

Whereby the cost is largely dictated by the quantity of DNA require for a successful

DNA nanostructure, the advances in modern solid phase DNA synthesis has rapidly

improved the yield of DNA available. However there are still costs associated with

large volumes of DNA, costing upwards of several hundreds of pounds176. Hence a

route to large scale DNA production would allow this to be a more foreseeable

venture177, 178. The routes to large scale production has been attempted by using cells

to capitalise on the on the inherent cell biology to produce large volumes of DNA

routinely. However, the transition into DNA nanotechnology has yet to come to

fruition, despite some success in the area176, 177, 178. Thus by working with the current

approach of solid phase synthesis for high purity DNA there is a logical solution to

scale down to the minimal amount of DNA require for DNA nanostructures.
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1.3.6 Small DNA Nanopores

Nanopores are an established field of research and hold general scientific and

technological interest. As discussed; they puncture synthetic semifluid membranes as

a usually barrel-shaped conduit to transport water-soluble cargo across the

hydrophobic divide. By exploiting this basic conduit function, nanopores have been

applied for the electrical detection of analytes32, as highlighted by the step-changing

portable DNA sequencing1, 34, 45, 79, 80. The sensing principle relies on the passage of

individual analytes through an electrolyte-filled pore that leads to transient detectable

changes in electrical read-out. To achieve performance in the sensing applications,

barrels are usually reengineered or newly designed pores composed of DNA, multiple

protein or peptide subunits but can also be assembled from synthetic components42, 49,

179, 180. However there is an inherent issue with the use of large DNA nanopores, the

sheer size and construction cost of them makes their functionality more suited to that

of sensing applications. In deviating from the concept of stiff channels an exciting

area of exploration it to replicate a system to sense ambient stimuli such as light or

temperature and nanomechanically translate the signal into reversible channel

opening10, 29, 181. Synthetically replicating the challenging triple function of sensing,

nanomechanics, and output would constitute highly advanced bottom-up design66.

Achieving this would expand the function of DNA nanopores beyond stiff membrane-

puncturing barrels that can produce advanced nanopores of additional

biotechnological interest.
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By reducing the size of the nanopore it is possible to establish control and function on

the nanoscale, at a substantially more affordable cost when compared to large DNA

origami. Initial work of developing small DNA nanopores persisted with the

reduction of size of the nanopore to the simplest components, that of a small pore

with hydrophobic regions157 (Figure 23A an 23B).

Figure 23: Schematic representation of a DNA nanopore composed of six interconnected

duplexes represented as cylinders. (A) On the external face, the barrel features a membrane-

spanning hydrophobic belt (magenta) (B) Map of the DNA nanostructure with six duplexes

(numbered) being formed by six vertical scaffold strands (blue) and eight coloured staple

strands which run horizontally in conventional honeycomb fashion. The stars indicate the

position of the phosphorothioate groups157.

As discussed earlier the main issue of DNA nanopores is the need to have an effective

anchor. This is an anchor that allows for insertion of a negative DNA backbone that

over comes the repulsive forces of hydrophobic and hydrophilic substituents (Figure

23A). As shown here the ability to insert the small DNA nanopore has been achieved
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with phosphorothioate modifications157. The phosphorothioate modification was

assimilated via 72 nucleotides during solid phase DNA synthesis of the 14 oligomers

that comprised the overall structure. The hydrophobic belt was augmented by the

further reaction of iodoethane, thus resulting in ethyl phosphotiholate groups

surrounding the DNA nanopore. This created a ‘mask’ in the manner of a

‘hydrophobic belt’ that surrounded the DNA nanopore and aided the insertion into the

lipid membrane (Figure 23A)147. The generation of a hydrophobic belt is a concept

that is witnessed within nature and allows the insertion of biological nanopores1, 23, 182.

These modifications mask the negative charge of the phosphorous group and allow

for efficient and effective insertion into the lipid bilayer. This was observed with an

average of current traces of 395 ± 97 pS and was durable to moderate changes in

voltage157, thus indicating that there is flux through the ion channel despite the

relatively low conductance74. This is the first evidence of small DNA nanopores being

created with a degree of functionality and set the precedent for subsequent nanopore

designs.

Despite the success of the phosphorothioate modifications around the small DNA

nanopore there are issues that prevail. The main issue is the difficulty in achieving

these modifications, for instance this requires extensive chemical treatment to achieve

these modifications, when there are comparatively easier methods of addition of the

lipid anchors. Secondly the issue of the low conductance has been revealed that the

addition of the ethyl phosphorothioate induces conformational change in the DNA

nanostructures (Figure 24)183.
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Figure 24: Conformation of the designed 6HB and a schematic of expanded, compact, and

partially compact states.183

From the data generated by MD simulations, SAX and FRET studies it revealed that

the change of buffer from monovalent to divalent ions led to an increase in rigidity in

the structure. The increase in rigidity can be useful in the development of DNA

nanostructures that require tight association of DNA strands to prevent leakage, for

instance to prevent leakage of drug delivery systems. Secondly the analysis of DNA

nanopores with a hydrophobic belt induces an “8” conformation as shown in Figure

24. The contraction as a result of a hydrophobic belt of phosphorothioate can explain

the reduced current recordings when compared lipid anchored DNA nanopores74, 157.

If DNA nanopores are to be utilised as efficient modulators of molecular cargo it is

essential that the lumen of said nanopores are not restricted in order to allow for

maximum flux and effective delivery of molecular cargo.
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In the development of small DNA nanopores the focus was drawn to modification of

the anchoring system. As mentioned it is possible to utilise lipid anchors which will

limit the affect upon the structural integrity of the DNA nanopores. The choice of

lipid-anchor was via a tetraphenyl porphyrin, this was linked to the DNA by modified

uracil (Figure 25a, 25b)148. Porphyrins were synthesised and linked to DNA by

Sonogashira coupling, prior to the utilisation in solid phase oligonucleotide synthesis.

Figure 25: Porphyrin attachment and anchoring schematic. a) Chemical structure of porphyrin

modified uracil. b) 3D schematic of two porphyrins anchoring the DNA nanopore into the

lipid bilayer.148

The nature of the insertion of a negatively charged, hydrophilic DNA nanopore, with

a width of 5.5 nm, a height of 14 nm, and a central lumen diameter around 2 nm148,

can prove problematic due to the repulsive interactions that persist with the

hydrophobic lipid tail region of the membrane. Hence the concept of utilising

porphyrins to anchor the nanopore into the membrane is essential for the DNA

nanopores to span the lipid bilayer (Figure 25b). The choice of porphyrin has
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considerable benefit over the phosphorothioate modifications. This is because the

porphyrin based nanopore only required two anchors for effective insertion, as

compared to a multitude of ethyl phosphorothioate groups. Additionally the

fluorescent nature of the porphyrin anchors allowed for detection when inserted into

giant unilamellar vesicles148. Furthermore it was demonstrated that the DNA

nanopores with porphyrin tags were stable in a bilayer and produced consistent

current recordings. The pore exhibited a large range of conductances that could

potentially be due to the anchoring abilities of the porphyrin tags. There is potential

for movement in the bilayer and non-perpendicular conformations can be adopted.

These conformations can lead to a different anchoring ability and a decreased current

due to poor anchoring that doesn’t embed the nanopore fully into the lid bilayer,

consequently this can lead to the larger range of conductances observed148.

Additionally it was shown that multiple conformations at both high and low voltages

existed, indicating a voltage gated dependency. At high voltages the conductance is

decreased and at lower voltages the conductance is high184, hence this gives control

over the nanopore and has the opportunity to develop the potential for a larger variety

of applications.

The versatility of porphyrin anchoring is further highlighted with the development of

a single duplex DNA is able to conduct ions across a lipid bilayer185. Within these

studies it was demonstrated that porphyrin addition at multiple locations on the same

strands was capable of inserting into a lipid membrane (Figure 26A).Through

atomistic modelling and current recordings it was possible to establish distinct

insertion profiles of the duplex. As well as generating conductance data with a

conductance of around 100 pS experimentally and 95 pS through atomistic modelling.
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Figure 26: Design, shape, and dimensions of the membrane-spanning DNA duplex. (A)

Envisioned placement and conductance mechanism of the DNA duplex (blue) decorated with

six porphyrin membrane anchors (red, only three shown in cross section) causing the

formation of a toroidal lipid pore (yellow). The sketch is roughly drawn to scale. (B) The

nucleotide sequence of the duplex. The locations of the porphyrin tags within the sequence are

indicated in red. The bottom row shows the chemical structures of the tags labeled as 1 (with

acetylene linker) and 2 (with amide linker).185

The work demonstrated here shows the smallest achievable DNA based membrane

spanning ion channel, highlighting the similarity in behaviour of the single duplex

with traditional protein and synthetic pores. With the understanding of conductance

mechanistics, revealed through current recordings and all atom simulations this

affords a route of lipid membrane manipulation. As a great issue with large DNA
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origami is the lack of stability across a wide range of conditions185. In addition the

complexity and size associated this doesn’t give an ideal mimic for smaller receptor

biomimetics, such as: α helical proteins186, 187 or G-protein coupled receptors12, 188.

Hence this demonstrates a new route of how small DNA nano-architectures can be

utilised in the generation of synthetic ion channels and biomimetic pores.

The overwhelming success of utilising lipid-anchored DNA has been explicitly

demonstrated and highlighted the ease of incorporation into lipid bilayers. However

to develop the porphyrin anchor there is still a degree of synthesis that is required and

is not as readily available as other lipid anchors, notably cholesterol. Additionally

observed was a range of conductances observed for porphyrin anchored DNA

nanopores, thus possibly questioning the stability of the structure. The natural

development is to progress to another lipid-anchor, such as cholesterol. A benefit in

the use of cholesterol opposed to porphyrin based tags is the ease of the attachment of

cholesterol as this can easily be incorporated into solid phase oligonucleotide

synthesis. Subsequently there are many pre-prepared cholesterol modified nucleotides

available, whereas porphyrin synthesis is somewhat cumbersome. Cholesterol has

already been successfully established with larger DNA nanopores made of origami165,

168 and the logical step is to incorporate this within smaller DNA nanopores as shown

in Figure 2774.
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Figure 27: A rationally designed DNA nanopore with DNA triggered lid a) Structural model

of pore NP, composed of six DNA strands alternately in dark and pale blue. On its outside, the

pore carries cholesterol-based membrane anchors (orange). b) 2D map illustrating the

connectivity of the six DNA strands of pore NP. The arrows indicate the 3′ termini of the 

DNA strands. c) The ‘lock’ DNA (red) of the closed nanopore NP-C is hybridizing to ‘key’

DNA (green) to release open-channel NP-O. d) Chemical structure of the cholesterol

membrane anchor.74

The evolution of small DNA nanopores is shown with successful incorporation of

cholesterol modified DNA nanopores (Figure 27a). The data produced here

demonstrated the ease in producing repeatable current traces with a small range of

distribution, yielding 1.62 ± 0.09 nS. The substantially reduced range of distribution

with the utilisation of the three cholesterol indicates that this method may produce a

more stable insertion that the porphyrin versions - with potentially reduced membrane

disturbance compared to other anchor variations143, 185. Ultimately the data shows the

ability to generate stable small DNA pores by using the simple addition of cholesterol

tags.
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1.4 Engineered Biology Utilising DNA Nanostructures for

Nanoscale Functions

The nature of DNA with specific base pairs through hydrogen bonding allows for

DNA to be highly programmable and hence DNA can be functionalised. The

advancement from simple inert pore forming structures to automated DNA

nanoarchitectures (Figure 28) is only achievable through the ability to program

DNA189, 190.

Figure 28: Schematic of functionalised DNA. A) A controllable DNA robotic arm through

electronic pulses and flexible single stranded scaffold joints189. B) DNA robots performing

cargo sorting tasks190.

Through the utilisation of the selective properties of DNA it was demonstrated with

the robotic arm (Figure 28A) that it was possible to move nanoparticles over tens of

nanometres through simple modulation of electronic current. The actuation of this,

induced by external voltages, produced fast and viable control of a biohybrid

nanorobotic system. Through the precision achievable with large DNA structures
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these can be programmable and controllable on the nanoscale. From this sit is

conceivable that the technology can generate fully automated synthesis systems if

combined with means of pick up and release mechanisms189, 191, 192.

A feasible possibility is the conjunction of the DNA sorting robot (Figure 28B) and

the molecular arm to generate a large nanoscale factory. The research conducted

(Figure 28B) demonstrates the autonomous capabilities of DNA; where the designed

robots are free to walk across the DNA surface and pick up and moved molecular

cargo to predetermined destinations190. The work highlights the possibility for DNA

to selectively target and respond to specific stimuli through association with: aptamer,

antibodies, nanoparticles or proteins that allow for autonomous DNA

nanotechnology. The ability to sense, detect and respond is an ultimate goal for the

development of biomimetic systems, specifically with regards to small DNA

nanopores where selective drug delivery is a possibility through successful

manipulation of DNA.
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1.4.1 Autonomous Detection by DNA

Tailoring DNA to respond specifically to a trigger is comparatively cumbersome

when traditional methods are proposed such as linking DNA to antibodies, or biotin,

streptavidin complexes77. The current option to generate an “aware” piece of DNA is

through the use of DNA aptamers. Aptamers are short strands of DNA or RNA which

have high affinity, on par with monoclonal antibodies (mAbs)193, 194, 195, 196, but have

the added benefit that they can be rationally designed to target metabolites/

microorganisms/viruses as well as proteins195, 197. Recently developed aptamer

technology provides a novel solution for early stage, cost effective diagnostic

devices198, 199 along with great success for a range of therapeutic and analytical aims38,

54, 174, 193, 200, 201, 202, 203, 204, 205, 206, 207. Additionally to the enhanced affinity DNA

aptamers possess, they are substantially smaller than an antibody which can enable

the incorporation into smaller DNA nanopore a reality. The overwhelming benefit is

that aptamers are primarily from DNA, therefore this allows for simple incorporation

of the aptamer through base pairing. As both components consist of DNA it enables

straightforward integration of the aptamer to the device, without the arduous task of

point mutations within protein pore counterparts102, 170, 208, 209, 210, 211
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Figure 29: a) Schematic illustration of the construction of thrombin-loaded nanorobot by DNA

origami, and its reconfiguration into a rectangular DNA sheet in response to nucleolin

binding. (a) The tube nanocarrier opens in response to the presence of nucleolin to expose the

encapsulated thrombin. (b) DNA nanorobots were examined by atomic force microscopy

(AFM) and representative images of closed (left) and opened states (right) are shown. The

four bright spots displayed on the surface of the origami sheet represent the thrombin

molecules Scale bars, 100 nm.212

Complex DNA robots have been constructed through the incorporation of DNA

aptamers, this allows the robot to have an autonomous means of detection, which is

free from the need of DNA base pairing or external electrical stimuli. The work

demonstrates the benefits of utilising DNA aptamers as a means of successfully
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opening at the target only (Figure 29aIV). The intricate nature of the DNA robot is so

that traditional antibody approach for targeting would prevent the correct folding of

the DNA robot and the controlled release of thrombin. The work presented

demonstrated the ability to highly tune DNA nanostructures to the target at hand

(Figure 29), whereby the nanorobot encapsulated thrombin inside the DNA

architecture and selectively released the thrombin (inducing necrosis) at the site of

tumours within endothelial cells expressing nucleolin. Nucleolin is highly expressed

protein that persists at high concentration within endothelial tumours213.

The level of success is highlighted by the use in clinical trials on mice and Bama

mature pigs that demonstrated that the nanorobot was immunologically inert and safe

with induce intravascular thrombosis212. This level of success and control is only

achievable through the highly predictable DNA folding patterns that allow molecular

functionality to be realised. As discussed, the comparative size of DNA aptamers

allows for the inclusion into small DNA nanopores. With the ability for DNA

nanopores to become targeted specific this allows for highly specific controlled drug

delivery to be realised for small molecules.
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1.4.2 Chemical Modifications that Induce a Conformational

Change in DNA

The modification of nanopores has been solely focused with the incorporation of

external appendages. To further enhance the potential of nanopores and DNA

nanotechnology the inclusion of internal modifications that can give functionality is

desirable. This is a large benefit of DNA nanotechnology over biological counterparts

where customisability of DNA is simple, especially with solid phase synthesis. For

instance there is the capability to incorporate chemical modifications, such as azo-

benzene, that can allow for movement within the DNA sequence with the initiation of

chemical distortion214. It has been demonstrated that a photosensitive response is

induced when there is a change in wavelength of light. The change between a planar

(trans) and an angled (cis) conformation of the azo benzene nucleotide are induced

when expose to UV visible light. Exposure to 300-400 nm light induced the open

form and > 400 nm to give the closed form of the DNA strands as shown in Figure

30.
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Figure 30: A Schematic representation of DNA light activated tweezers, indicating the ability

to transform between an open and closed state of the DNA construct, induced by the azo-

benzene conformational changes. Azo benzene denoted by X in DNA sequence214.
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1.5 Drug Delivery

There is huge benefit of targeted and site specific drug delivery. Demonstrated with

the work of the nanorobot delivering thrombin through directed delivery, by utilising

nucleolin aptamers, there is a dramatic effect in target specific reduction of tumour

cells212. As thrombin is a naturally occurring protein within the body; just by

increasing thrombin within the body would have little target specific effect and

potentially many off target effects as there several thrombin pathways within the

body215. However the use of large DNA origami structures is not ideal for the delivery

of small molecule drugs. Small molecule drugs range for a variety of different

treatments many of which are used in anti-cancer treatment216, 217, 218.

To tailor drug delivery there has been development of monoclonal antibodies (mAbs)

and DNA aptamers. DNA aptamers and mAbs have the unique benefit of producing

very high binding affinity for specific proteins and targets. As many biological

pathways involve protein-protein communication targeting these sites by blocking

interaction and preventing signalling cascade is a difficult task, but provides an ideal

route to success. The strong binding affinities by aptamers and mAbs have had some

success, particularly mAbs which is one of the forefronts of for combating cancer219,

220, 221, 222, 223, 224, 225. Contrastingly DNA aptamers are not clinically used, as of yet, but

have a wide range of targets with equally high binding strength and may be more

suited to diagnostic applications195, 196, 197, 226. The overall benefit of aptamers and

mAbs is the self-guided drug delivery system which is inherent in the nature of the

molecules. However this concept can be incorporated in to small molecule drugs

which are prone to off target effects227, 228, 229.
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As small molecules are still one of the largest markets of drugs there is a need to

develop drug delivery systems that improve targeting. One of the most utilised

versions of enhancing drug delivery is encapsulation of said drug within a lipid

vesicle. This technique is relatively old dating to the 1970s230 but established a means

of enhancing anti-cancer treatments, through surface modifications such as

polyethylene glycol (PEG) to enhance tumour uptake 231, 232. In more recent years

there are several clinically approved liposomal drug delivery systems to deliver

aqueous soluble and non-soluble drugs233, 234. Part of the success of developing

durable and consistent liposomes, for large scale drug delivery, is with the

engineering of such devices to generate reproducible formation as shown in Figure

31.



79

Figure 31: Schematic depiction of the liposome formation process based on the staggered

herringbone micromixer (SHM) design, a chaotic advection micromixer for (A) empty

liposomes, (B) drug loaded liposomes and (C) chamber layout235

A large issue for SUV formation is the traditional method of using sonication to

induce the formation of lipid vesicles, this approach can lead to a range of vesicles

sizes and a large degree of variation in drug encapsulation. A solution to producing a

cost effect and more efficient method is to utilise microfluidics. By exploiting control

over mixing of streams in micro-sized channels microfluidics have enabled the

manufacture of reproducible liposomes and lipid nanoparticles in terms of size and

encapsulation properties236. Successful SUV formation by microfluidic technologies

is driven through the control of lipid polarities throughout the mixing chamber,

subsequently a nanoprecipitation reaction follows which leads to the self-assembly of

lipid vesicles (Figure 31A and 31B). By using microfluidics the inlets (at least 2)

allow for rapid mixing of lipids in aqueous solvent followed by flow over the SHM.
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The flow profiles exhibited in the microfluidic device are of low Reynolds number

and thus laminar in flow. The use of microfluidic chips allow for the reduction in time

and cost for the overall productions of lipid vesicles, by the lowering of liquid

volumes and optimised mixing rates and ratios 227, 235, 236, 237, 238

The work demonstrated here shows the ability of microfluidic device utilising the

change in polarity through the SHM design (Figure 31C) to drive lipid vesicle

formation in milliseconds, with a maximum of 450 nm but a typical range of 50 – 100

nm with adjusted flow rates. The device was capable of encapsulating free molecular

cargo carboxyfluorescein (CF) in the aqueous buffer and confirmed previous studies

with 100% encapsulation of highly water soluble drugs (Doxorubicin)239. The added

benefit is the ability encapsulate poorly soluble drugs such as propofol with good

encapsulation rates. Therefore the study demonstrated the ability to produce highly

concentrated means of encapsulation of small molecule drugs. The ability to

encapsulate drugs at high concentration and efficiencies provides SUVs as suitable

drug delivery systems. However a flaw in the generation of liposomes is that they are

not exclusively targeted in the same way as aptamers or mAbs and solely rely on

membrane diffusion to deliver the molecular cargo240. With the aforementioned

means of targeting of DNA nanotechnology there is a larger range of targeting means

feasible with liposomal drug delivery systems as shown in Figure 32.
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Figure 32: Commonly used targeting ligands for drug delivery are shown in increasing order

of size. Target specificity is achieved through the addition of a targeting ligand that gives the

drug specificity228.

The targeting ligands (Figure 32) can give specificity to drug delivery systems, this is

achieved through small molecules, aptamers or though antibody such as IgG, or

through truncated version of the antibody to improve the pharmacokinetics of the

drug delivery. Truncated versions of the antibody are achieved with removal of the

bulk of non-binding regions of the antibody. The initial reduction is down to a Fab

molecule, which is the antigen binding fragment of the antibody, notable is the large

reduction in molecular weight of around 100 kDa (Figure 32). A variation of a Fab is

the bispecific Fab whereby two different Fab’s are covalently linked together. Fab’s

can be further reduced to single chain variable fragments (scFv’s), which is

bioengineered antibody which links the heavy (VH) chain and the light (VL) chain of

immunoglobulin through a short peptide linker. These scFv’s can then be linked to

larger, bi/ tri/tetramer versions to increase binding capabilities and efficacy241, 242.
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Further variations to scFv are that of a bispecific scFv which is comprised of two

different antigen-binding sites of two antibodies made up of the VH VL fragments.

Another variation is that of a diabody which is also a bivalent molecule composed of

two chains, each comprising a VH and VL domain and are linked together by a short

peptide sequence. The sequence is shorter than that of a bispecific scFv thus the

diabody adopts a head to tail orientation to create a compact molecule243. The

reduction in size of the antibody to smaller fragments is a goal for improved

pharmacokinetics, however, this requires typically complex bioengineering to

produce these fragments. The contrast is that the aptamer is substantially easier to

produce with solid phase synthesis for rapid prototyping and has binding specificity

on par with that of antibodies and more cost effective. Thus highlighting that for

DNA based nanotechnology aptamers can prove a more efficient solution than

antibodies.

With regards to drug delivery the larger scope of converting vesicles into targeted

delivery systems signifies their use as effect drug delivery systems244, 245, 246, 247.

However, despite improved resistance during circulation periods and ability to reach

the destination with minimal cargo loss there are issues with solely using vesicles as

delivery systems. Predominately the issue is with penetration of solid tissue as

antibodies, dendrimers and proteins penetrate slower and less efficiently than smaller

cargo228. Successfully demonstrated is the ability to enhance drug delivery through

the use of vesicles. However there is a possibility to further enhance the uptake

mechanism. This is through enhancing the targeting ability of drug encapsulated

vesicles, but developing a channel that can deliver the drug at the target without the

need for slow membrane diffusion dynamics. This possibility of molecular control at
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the nanoscale is foreseeably achievable with the customisability of DNA

nanotechnology and will be explored in this thesis.
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1.6 Summary

The first steps towards developing true biomimetic DNA nanopores was achieved

through the selective opening of a nanopore that responded to a specific stimuli, a

complementary DNA strand (Figure 27c). The work demonstrated the ability to

generate a nanopore capable of transporting molecular cargo from a small unilamellar

vesicle74. The ability to exactly determine the release on the nanoscale is the first

realisation of biomimetic function. Through controlling the flux of molecular cargo

this allows the possibility of artificial cells and logic ion networks to be plausible with

transport phenomena in ultra-small-scale bio-mimetic environments86, 165, 248. The

development of large scale networks and artificial systems on a nanoscale are only

possible through the characteristics of DNA. A primary function is the ability to

modify and manipulate DNA through chemistry171, 249, 250, 251. This gives DNA the

characteristics which are desirable for the construction of complex systems and not

alone to biosensor nanopores. The work demonstrated in Figure 27 is the initial

platform for the expansion of more complex DNA nanopore systems.

Nanotechnology draws significant inspiration from nature in the construction of

functional nanodevices. However, enhanced detection is achievable by re-engineered

pores to include selective binding agents, such as DNA aptamers (Figure 32) or

triggers that respond to physiochemical conditions. From the work discussed the

foundations have been set for a biologically relevant triggered DNA nanopore to be a

possibility. The ability to re-engineer nanopores to react in a triggered fashion to

biological stimuli affords a new prospect of biotechnological interest and is

particularly relevant7, 66, 74. The ability to manipulate biology at the nanoscale
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provides a means of engineering a nanovalve which can be incorporated into a drug-

delivery vehicle. Through de novo rational design, DNA nanopores can feature

complex bio-mimetic machinery, such as analyte triggered flux through aptamers.

These advanced nanopores featuring more complex functions such as ambient sensing

and reversible channel opening are of considerable scientific and technological

interest. Through the ability of small DNA nanopores this complex functionality can

be realised.
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2. Project Aims

The central goal of the thesis is to develop small DNA nanopores into functional and

novel nanodevices capable of controlling flux of molecular cargo on the nano scale.

To achieve this goal: the project first investigates DNA lipid interactions and utilising

these new findings to enhance the design process of DNA nanopores. The second aim

is to develop functionalised DNA nanopores that can respond to an external trigger,

such as: temperature or protein specific. The final aim is to construct a DNA

nanodevice for target-specific release of molecular cargo, from vesicles, triggered

though protein specific DNA nanopores. Achieving these goals will improve the

capabilities of DNA nanotechnology and demonstrate a new field of research into

small DNA nanopores used for novel drug delivery systems.



87

3. Dynamics of Lipidated DNA

Understanding DNA-lipid dynamics is key to manipulation of the lipid environment

itself. Lipid anchors are essential for DNA nanotechnology to bind to membranes and

allow the functionality of said DNA architectures to function. To understand the

interactions at the nanoscale enables a greater fruition of the design and development

of future DNA nanopores. From this understanding of the biophysical nature the

molecular accessibility of DNA and lipid interactions can be revealed and expected to

facilitate the creation of biomimetic DNA versions of natural membrane pores and

cytoskeletons advancing research and synthetic-nanobiotechnology.

Cell membranes are formed of lipid bilayers; the lipids have an array of charged head

groups that determine the possible interactions with the membrane topology.

Understanding the molecular dynamics of lipid and DNA interaction is vital to

improving and enhancing how DNA nanopores are designed. The knowledge of how

lipid anchored DNA interacts with lipid membranes can allow specific DNA

nanopore designs to be achieved that target preferential lipid groups. Construction of

these DNA nanopores is achieved through simple synthetic DNA and utilises

cholesterol anchors (predominantly, although others such as porphyrin and alkylated

PPT have been used to varying degrees of success). The interaction of the cholesterol

and the lipid membrane is the key aspect that delivers functionality to the DNA

nanopores, hence understanding this interaction in depth is essential.

Within biophysics a terminally attached lipid anchor enables the study of DNA

hybridization in a controlled environment, in contrast to solution where other factors
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can impede hybridisation252, 253, 254. Additionally anchoring also allows for the

visualisation of membrane regions through DNA manipulation255. The versatility of

lipid anchored DNA is also seen within biotechnology where it is possible to enable

the hybridisation of molecular cargo at the lipid interface, to mimic that of proteins256,

257. For instance through artificial DNA cytoskeletons it is possible to shape

membrane vesicles141, 255, 258 and subsequently DNA nanopores can puncture these

membranes74, 157, 165, 259, 260 for applications such as bio-sensing30, 32, 179 or controlled

drug release7, 74. It is also possible through lipid-anchored DNA nanostructures to

probe membrane interaction forces.261 Additionally within synthetic-biology it is

possible for DNA to hybridise and mimic functionality of fusion membrane

proteins.146, 152, 153, 262, 263, 264 to form vesicles265, 266, 267, morph vesicles into planar

membranes268, and even cells269.

Lipids anchors used to tether DNA to the lipid surface are essential for the function of

DNA nanotechnology, hence it is essential to have a solid understanding of the

interaction of DNA with the membrane. This is important for attaining the desired

functionality and performance of specific applications. There are key traits that are

vital to the performance of DNA nanotechnology; for example: terminally anchored

DNA should be bound to lipid bilayers with high affinity. Additionally the DNA

should be free from steric hindrance, as in the DNA should not cluster and allow for

incoming hybridisation to be achievable. This also means that the DNA should not be

in a lying flat on the plane of the lipid membrane and preferentially a conformation

that prevents acute angles to the membrane surface, so that the bases and DNA

backbone are accessible for binding and hybridisation interactions.
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Studies have been conducted previously to assess the hydrodynamic radii of DNA

and the effect of different lipid anchors252. However there are multiple unanswered

questions relating to: the affinity and surface density, as well as the parameters that

determine electrostatic and steric interactions. These are essential to understand as

ionic lipid head groups of the phospholipids and buffer salt composition cause huge

effects on electrostatics and sterics, for both single and double stranded DNA.

Solving these factors would give to a greater understanding of the dynamics between

DNA and lipid bilayers, hence allowing a more targeted design of DNA architectures

with a rational to design.
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3.1 Understanding the Nano-Environment of DNA and Lipid

Interactions

To simplify complex DNA architectures breaking down the DNA nanopores to short

DNA strands with a terminal cholesterol is an adequate start to developing a model to

understand these vital interactions. By reducing the DNA nanopores to individual

strands it removes the complexity and solely focuses on the anchoring interactions of

the DNA with the lipid membrane. Attachment of a lipid anchor to a DNA strand, in a

terminal position, enables the anchoring of the DNA to the lipid bilayer. This simple

means of lipid attachment has made a dramatic impact on a range of fields.270

Figure 33: Molecular components used to probe the interaction between lipid-modified DNA

and bilayer membranes. (A) DNA oligonucleotide carrying a 5-terminal cholesterol via a

TEG linker. (B) Schematic drawing of a cholesterol-modified DNA oligonucleotide inserted

into a lipid bilayer. (C) Phospholipids 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PE),
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1,2-dioleoyl-sn-glycero-3-phosphocholine (PC), and 1,2-dioleoyl-sn-glycero-3-phospho-rac-

(1′-glycerol) (PG). Adapted from Arnott142.

To elucidate the essential dynamics between DNA and lipids, DNA with a single

cholesterol modified lipid anchor was monitored with the interaction of a synthetic

lipid bilayer in the form of an SUV (Figure 33B). The DNA oligonucleotides are

modified with a cholesterol anchor attached via a flexible tetra(ethylene glycol)

(TEG) linker at the 3’ end (Figure 33A).

To generate the lipid membrane, synthetic small unilamellar vesicles (SUVs) are

employed. The benefit is that the SUVs can be tailored to generated different lipid

environments. For the experiments conducted the SUVs contain either a 3:774 mixture

of: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PE) and 1,2-dioleoyl-sn-glycero-

3-phosphocholine (PC) (Figure 33C). The combination of two phospholipids with

zwitterionic head groups, PE/PC, allows for the construction of a neutral lipid

surface. Whereas for the construction of a negatively charged version a mixture of

4:1 PE and negatively charged 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1′-glycerol) 

(PG) (Figure 33C).

Furthermore the choice of two different buffers was also employed with either Na+

containing phosphate buffered saline (PBS, 10 mM PO4
3−, 154 mM NaCl) with an

ionic strength of 0.179 M and pH 7.4, or buffer 0.3 M KCl, 15 mM Tris pH 8.0 with

an ionic strength of 0.315 M. The choice of different buffers allows a greater

understanding of how external salt conditions in buffers can contribute to membrane
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and lipid anchored DNA interactions. The pH of the buffers are also relatively similar

and maintain the lipid head group ionisation as shown in Figure 33C.

To probe the characteristics of terminally anchored DNA strands, initial experiments

were conducted to indicate the clarity of anchoring through insertion into lipid

membranes with gel electrophoresis was conducted. To accurately determine the

diagnostic properties of the agarose gel a range of cholesterol modified strands (5, 10,

20, 30 and 40 nucleotides in length) were run with or without SUVs. To test this

SUVs, constructed from PEPC, were dried to form a film in a round bottom flask and

then resuspended in PBS prior to sonication for 30 minutes. Afterwards the formed

SUV were analysed by DLS prior to being incubated with cholesterol anchored DNA

strands for 20 minutes. To determine the whether the binding to SUVs created a

change in migration of the gel band position the SUVs with cholesterol DNA were

electrophoresed on a 1% agarose gel. These were also subjected to alternate running

conditions with either 120 V for 15 minutes or 60 V for 60 minutes.
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Figure 34: Cholesterol modified DNA (5 µM) run with PE/PC SUVs 106 nm (50 μM) or 

without SUVs. SUV present indicated by “S” and DNA length represented by the number. 40

mer: CAT TTT TCC ACG TTC GCT AAT AGT CGA TTT TAT CCA TGC A, 30mer CGT

TCG CTA ATA GTC GAT TTT ATC CAT GCA, 20 mer TAG TCG ATT TTA TCC ATG

CA, 10 mer TAT CCA TGC A, and 5 mer ATG CA, A). Samples run in 1% agarose gel at 60

V for 60 minutes, in 1 x TAE. Stained with ethidium bromide and visualised under UV light.

B) Samples run in 1% agarose gel at 120 V for 15 minutes. Stained with ethidium bromide

and visualised under UV light. DNA ladder used is 100 bp and SUVs are constructed of PEPC

7:3 ratio.

The successful binding of the lipid anchored DNA to the SUVs is observed in Figure

34. This is visualised where the DNA strand is retained within the well, where the

SUVs remain as they are too large to pass through the agarose gel. Of note is that the

120 V gel (Figure 34B) there is a bulging effect observed within the well where

SUV+DNA resides, a characteristic that is not observed within the 60 V gel. The
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bulging can be attributed to the increased DNA concentration which adds a net

negative charge to the SUVs and subsequently is being forced through the 1%

agarose gel. This phenomenon is not observed in later gels by increasing the agarose

concentration to 2%. Additionally the increase in gel concentration would also help

the clarity of the band resolution. Finally what is additionally observed is that the

large hydrophobic cholesterol anchor prevents sufficient movement of the 5 and 10

nucleotide DNA strands. Seen in Figure 34A and 34B the 5 and 10 versions of the

cholesterol containing strands are substantially higher in the gel. This disobeys the

normal order predicted where the agarose gel will sort by nucleotide size, as

demonstrated by the 20, 30 and 40 nucleotide variations where 20 bp is the lowest

and 40 bp the highest. As a result it is not suitable to use 5 or 10 bp for subsequent

experiments when determining the level of interaction of the lipid anchored DNA.

Furthermore from the gel there is limited difference between 30 and 40 bp, hence for

a greater comparison 20 and 40 bp were chosen to conduct further experiments.

Where length, sterics and single stranded vs. double stranded nature of the

oligonucleotides were chosen to be probed with different lipid and buffer

compositions.
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3.2 Developing a Binding Assay

It is possible to capitalise on the technique of agarose gels and develop an informative

test to determine the level of binding achievable. As shown, 20 bp and 40 bp

nucleotides are the most suitable for the success of this method of analysis,

additionally the voltage issue needs to be addressed for viability. To establish a

binding assay DNA nucleotides (20 and 40 bp) were titrated with PE/PC vesicles

(lipid concentration 0 – 270 μM) and incubated before being subjected to 

electrophoresis. As demonstrated earlier it is expected that the DNA strands will be

retained within the well of the agarose gel, with a sufficient concentration of lipid any

bands below the well should be removed. To additionally test the voltage dependency

the gel concentration was increased to 2% and run at both 60 V and 120 V.
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Figure 35: DNA binding assay to PEPC SUVs with 20 and 40 nt DNA strands at 10µM. Comparison

gels of lipid DNA binding with increasing concentration 0 – 270 μM, PE/PC SUVs, run in 1% 

Agarose at 60V and 120 V, in 1 x TAE, with 100 bp DNA ladder, stained with ethidium bromide and

visualised with UV light. A) 40 nucleotide DNA strand with cholesterol anchor titrated with SUVs.

B) 20 nucleotide DNA with cholesterol anchor titrated with SUVs.
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As shown the lipid concentration range from 0 – 270 μM, where 270 µM is adequate 

to retain the lipid anchored DNA strands into the well, for both 20 bp and 40 bp

length (Figure 35). The gel shows a clear change in the band position with the

disappearance of the normal running height of the band itself. Visual observation of

the gels indicates there is a small difference in affinity for the vesicles itself (Figure

35B). What is noted is that the bands appear to be retained at 97µM in Figure 35 A

and 21 µM for Figure 35 B. Hence this suggests that there are factors that effect the

retention of DNA strands due to the difference in DNA strands length. Therefore this

indicates that there is possibility for a quantitative means of analysis to fully

understand the DNA dynamics. Furthermore it is evident that the increase to a 2% gel

almost removes the issue of the bulging observed in originally (Figure 34B).

DNA retention in the well means that it is possible to measure this aspect through

digital programs such as ImageJ. As the measurements by ImageJ (Figure 38) are of

the band intensity that migrate through the gel the issue of bulging occurring with the

running at higher voltages is removed. As the analysis by ImageJ focuses on the band

migration in the gel and not the retention of DNA in the well (Figure 38). However

with the 60 V not producing this issue further experiments were run with only 60 V to

generate the data set for different conditions.



3.3 Quantifying the Interaction of Lipidated DNA and

Membrane Vesicles

The use of agarose gels with increasing titrated concentration of SUVs and

cholesterol modified DNA was demonstrated as a successful assay. A quantitative

approach to the analysis of the gels would allow the analysis of an array of different

conditions; hence this would help develop a greater understanding of the DNA and

lipid dynamics. As shown the cholesterol modified DNA strands remain in the wells

with sufficient SUV concentration in the titration. This is due to the size exclusion

effects of the agarose gel. In the development of the data set two lipid compositions

were utilised (Figure 33C), firstly the PE/PC as shown in the development gels

(Figure 34 and 35). Secondly a new vesicle composition was made PE/PG, to

generate the net negative lipid charge. With the means of quantifying the interaction

of lipid and DNA it is essential to know the overall sizes of the lipid vesicles, in order

to determine any form of overall binding affinity. To generate this, the

aforementioned ratios 4:1 PE/PG and 3:7 PE/PC were formed and subjected to DLS.

As shown in Figure 36 the overall sizes of PE/PG is 69 ± 8 nm and PE/PC is 106 ± 3

nm in diameter. The sizes of both SUVs are too large to migrate through the agarose

matrix therefore reinforces the concept that the vesicles are causing the retention of

the DNA into the wells due to the size exclusion properties of the agarose gel.
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Figure 36: Analysis via dynamic light scattering of PE/PG (69 ± 8 nm) vesicles in green and

PE/PC (106 ± 3nm) vesicles in red.

In performing the binding assay the experiments are determined through the

measurement of free DNA from the DNA bound to the SUVs. This is achieved by the

titration of a constant concentration of DNA (10 µM) to increasing lipid

concentration (0-270 µM). This method was chosen over the alternative of constant

SUV concentration and increasing DNA concentration. This is because by varying the

concentration of DNA it is difficult to analyse accurately with an inherent limited

linear range. This is demonstrated (Figure 37) where it is almost impossible to

determine with accuracy the final free concentration of DNA.
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Figure 37: Reverse gel to measure DNA retention with constant SUV (270 µM) and varied

DNA concentration (0 – 100 μM DNA). Run at 60 V 1 hour, 2% agarose gel in 1 x TAE 

buffer, 100 bp DNA ladder, stained with ethidium bromide and visualised by UV light.

The ease and versatility of the agarose gel technique makes it an ideal method to

determine an array of different conditions, of which will give a greater understanding

of the overall interactions of lipid anchored DNA and lipid membranes. The selection

of the lipid bilayers PE/PC and PE/PG is aimed to give a selection of typically used

bilayers for DNA nanotechnology applications as well as naturally occurring lipid

compositions. This is further supplemented with the selection of buffers PBS and 0.3

KCl, 15 mM Tris pH 8.0, to emulate a larger variety of lipid compositions.

The typical read out is shown (Figure 38A) with the increasing lipid/SUV

concentration inducing DNA migration and low levels of lipid/SUV the majority of

the cholesterol DNA remains unbound. At the highest concertation of lipid/SUV there

is no free DNA and thus 100% bound, this observable visually (Figure 38A).
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Figure 38: Gel shift assay to determine the extent of membrane binding for cholesterol-

modified DNA strands. The assay discriminates free DNA that migrates into the agarose gel

and membrane vesicle-bound DNA at the gel top. Increasing the concentration of lipid

membrane vesicles (0-270 µM lipid) changes the proportion of DNA from free to the bound

state. All gels stained with ethidium bromide and visualised under UV light. DNA ladder used

is 100 bp (A) Titration result for the binding of cholesterol-modified 20-nt ssDNA to PE/PC

vesicles in PBS. The region of interest (ROI) red box around the free DNA band was used to

determine the band intensity electronically which was corrected for the background ROI of the

gel (yellow box). The region of interest for the DNA band was defined as the smallest box that
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could fit the DNA band inside, and the same size was used for all measurements within one

gel, including DNA background. See text for more details. (B) The titration read-out for

cholesterol modified 20-nt ssDNA against PE/PG in 0.3 M KCl 15mM Tris pH 8.0 reveals a

weak extent of membrane binding. (C) A strong interaction is found for cholesterol modified

20-nt dsDNA to PE/PG in 0.3 M PBS. Adapted from Arnott 2018142.

A deeper analysis of the gel shift assay indicates a stark difference in the extent of

membrane-binding. This was initially postulated (Figure 35) with the difference in

length of nucleotides. However in figure 38A, B and C there is an even greater

difference observable. For instance the changing of the lipid head group from PE/PC

(neutral) to PE/PG (negative) and the change of the associated buffer to 0.3 M KCl,

15 mM Tris pH 8.0, from PBS; resulted visually in a complete reduction of binding

(Figure 38B). Contrastingly the same lipid head groups, but with double stranded

DNA and PBS buffer led to a very strong interaction (Figure 38C). Of note is the

ability to distinguish between a strong binding and a weak binding through simple gel

electrophoresis. Demonstrated in Figure 38C the point at which half the DNA is

associated with the critical lipid concentration has shifted to the left hugely when

compared to Figure 38A. Additionally the technique highlights that for the weaker

binding the critical point of association has shifted to the right when Figure 38A is

compared to Figure 38B. Therefore this demonstrates the ability of the gel shift assay

to extract vast quantities of qualitative information. This is information that can prove

vital to understanding the extent of cholesterol-mediated binding as a function of

buffer, DNA type and lipid head-group. Furthermore this information can aid to the

development of more effective DNA nanostructures for the advancement of DNA

nanotechnology. The next stage from qualitative information is to convert this into an

effective analytical technique that can quantify the information generated and able the
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distinction between smaller shifts in the critical lipid concentration, for instance the

difference in Figure 38.

Furthermore it is also observed that the DNA does not bind to the SUV without the

lipid anchor. This is observed for both the lipid compositions, as well as that for

DOTAP vesicles. DOTAP contains a positively charge lipid head group, which

means that it is possible for the DNA to associate with the SUVs. However when

subjected to electrophoresis the DNA also migrates to the position of DNA free from

SUV (Figure 39). Hence, this proves that in this technique binding is through lipid

anchor association and not through lipid and DNA interaction at the surface of the

SUVs.

Figure 39: DNA binding assay to DOTAP SUVs with 20 nt DNA strands at 10µM.

Comparison gels of lipid DNA binding with increasing concentration 0 – 270 μM, PE/PC 

SUVs, run in 2% Agarose at 60V for 60 minutes, in 1 x TAE, with 100 bp DNA ladder,

stained with ethidium bromide and visualised with UV light.
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3.4 Quantifying DNA Membrane Binding

To determine a quantitative measure of the gel shift assay, such as: affinity and the

maximum surface density of the anchored DNA the gels were subjected to digital

analysis. The images were analysed utilising ImageJ in order to determine intensities

for free DNA (IDNA) and the background intensity of the gel (Ibackground). In order to

determine these regions of interest (ROI) a box was drawn around the band as shown

in Figure 34A (red box), to give the area of which the DNA intensity would be

measured. Subsequently a box of equal size was taken to determine the background

gel intensity below the DNA ROI, as shown in Figure 38A (orange box). The overall

band intensity was calculated with the subtraction of Ibackgorund from IDNA. This was

repeated for every individual lipid concentration present in the gel. For gels where

there is full binding doesn’t occur, a region next to the final lipid concentration was

determined as full binding. As demonstrated earlier when the DNA is fully bound the

band disappears and leaves only the background, hence it is possible to determine this

adjacent region as fully bound. Completing this analysis for the full data set it is

possible to determine the useful information as stated, affinity and maximum loading.

To achieve a quantitative measure the data of 1- (IDNA - Ibackground) was plotted against

the lipid concentration. The plot was then fitted to a Langmuir isotherm (Figure 40),

from this it was possible to derive the affinity of interaction Kd. Derivation of the Kd

is achieved under the assumption that the affinity of the lipid-anchored DNA for the

membrane and the energetic of insertion does not differ with variation membrane

surface area.
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Figure 40: Quantitative analysis of the gel-shift data with a plot of gel intensity-derived value

of 1- (IDNA - Ibackground) which is equivalent to the percentage amount of SUV-bound DNA

plotted against the concentration of lipid used to generate SUVs. The analysis is for the

binding of cholesterol-modified dsDNA of 20 nt to PE/PC vesicles in 0.3 M KCl 15 mM Tris

pH 8.0. The averages and standard deviations represent data from at least 3 independent

experiments. Adapted from Arnott 2018142.

It is evident from the success of achieving a binding affinity it is possible to look at

the original voltage dependency experiments (Figure 34). As shown in the gels there

appeared to be no visual deviation of results, but with the establishment of a

quantitative measure it is possible to determine the accuracy of the initial judgement
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by conducting the ImageJ analysis as described. Evident, as shown in Figure 41, there

is minimal difference between the 60V (Kd 29.9 ± 13) and 120 V (Kd 27.5 ± 4.99).

The binding coefficients derived from the Langmuir binding isotherm produces

relatively accurate Kd, evident with the minimal difference in Kd of 2.4 which is

within error. However when the technique is compared to alternative methods such

as: total internal reflection fluorescence spectroscopy (TIRFS) and label-free

detection by reflectance interference spectroscopy (RIf) in a flow-through system, an

alternative method for developing binding data, the result is somewhat different

whereby the model produced here produces a Kd an order of magnitude higher than

the approach with TIRFS/RIf . The literature value produces a Kd of 5 nM for a 3

cholesterol nanopore141. The vast difference in nature of the technique can attribute to

why there is a large difference in the outcome of the binding coefficients produced.

Additionally the value of 5 nM is for a system which has 3-cholesterols and it is

understood that the increase in lipid anchor will increase the binding ability, which is

observed in the literature where the value decreased by two-fold for a single

cholesterol system141. An additional factor is that they observed when the

concentration of DNA nanopore was increased above 100 nM it was observed that the

association constant decrease by a third. Hence with the concentration of 10 µM used

in the gel system described here and the lower cholesterols this can attribute to the

lower binding coefficient observed in Figure 40 and subsequent gel analysis.

However what Figure 40 demonstrates is the voltage independent nature of the

technique supports the use of this as a diagnostic measure as a measure for

determining binding affinity for lipid-anchored DNA to lipid bilayers.
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Figure 41: Voltage dependency quantitative analysis of the gel-shift data with a plot of gel

intensity-derived value of 1- (IDNA - Ibackground) which is equivalent to the normalized amount of

SUV-bound DNA. The comparison is between 60V (black), Kd 29.9 ± 13, and 120V (red), Kd

27.5 ± 4.99, in PBS, PCPE, 20 ss DNA.

In order to further analyse the data generated it is possible to determine the maximum

surface density in a two-step process. This is achievable by dividing the total amount

of DNA added against the total membrane surface area, using equation δ =

DNAmax/(0.5Al nl Ts). Here DNAmax is the maximum amount of DNA loaded onto the

SUVs, nl is the number of lipids per vesicle and Ts is the number of vesicles in the

system. Finally Al is the area occupied by a single lipid molecule which is dependent

on the lipid type271, 272, 273, 274. The value of 0.5 is included for the double leaflet nature

of the lipid bilayer. By applying the known numbers into the equation it generates a

final δ value of 0.03 molecules nm-2 for PE/PC and 0.04 molecules nm-2 for PE/PG
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vesicles252. Subsequently to determine the maximum surface density the derived

Langmuir fit value of binding, 1- (IDNA - Ibackground), was multiplied by δ. This is under

the assumption that 100% is equal to δ as shown in Figure 36. 

With the principles of determining the Kd and surface density established it was

possible to determine the final binding affinities and maximum surface densities

achievable for each condition. The DNA parameters analysed were DNA length (20

bp vs 40 bp), single or double stranded DNA (ss vs ds). The conditions for SUVs

were charge neutral lipids PE/PC or overall net negatively charge vesicles PE/PG.

Finally the buffer conditions monitored were low ionic strength (PBS) and high ionic

strength (0.3 M KCl, 15 mM Tris pH 8.0). For all of the conditions analysed at least

three independent experiments were performed, summarised in table 2 and

graphically shown in Figure 38 and 39.
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Table 2: Maximum surface density and Kd values obtained from the gel shift assay. The

table lists the averages and standard deviations from binding assays, with a minimum of three

repeats for each data set. 0.3M KCl is abbreviated from 0.3M KCl 15 mM Tris pH8.0.

Adapted from Arnott 2018142.

Buffer Lipid
type

DNA
length

[nt]

DNA Kd

[μM] 

DNA load [mol.
p. ves.]

Surface density [DNA
strands per nm2]

Diameter of
vesicle [nm]

0.3 M KCl PCPE 20 ss 45.9 ± 18.4 1140 ± 125 0.033 ± 0.004 106

0.3 M KCl PCPE 20 ds 8.5 ± 4.9 1030 ± 38.8 0.029 ± 0.001 106

0.3 M KCl PCPE 40 ss 51.6 ± 13.0 1220 ± 64.9 0.035 ± 0.002 106

0.3 M KCl PCPE 40 ds 11 ± 1.2 1070 ± 5.1 0.031 ± 0.000 106

PBS PCPE 20 ss 29.9 ± 13 1050 ± 34.5 0.030 ± 0.001 106

PBS PCPE 20 ds 165 ± 55.1 1650 ± 189 0.047 ± 0.005 106

PBS PCPE 40 ss 40.6 ± 16.9 1160 ± 56.7 0.033 ± 0.002 106

PBS PCPE 40 ds 39.9 ± 12.3 1180 ± 64.4 0.034 ± 0.002 106

0.3 M KCl PGPE 20 ss 466 ± 134 487 ± 159 0.033 ± 0.011 68.6

0.3 M KCl PGPE 20 ds 109 ± 43.9 520 ± 141 0.035 ± 0.010 68.6

0.3 M KCl PGPE 40 ss 164 ± 36.1 322 ± 96.0 0.022 ± 0.007 68.6

0.3 M KCl PGPE 40 ds 104 ± 36.3 546 ± 27.3 0.037 ± 0.002 68.6

PBS PGPE 20 ss 17.9 ± 2.2 565 ± 57.2 0.038 ± 0.004 68.6

PBS PGPE 20 ds 68.6 ± 18.8 639 ± 27.7 0.043 ± 0.002 68.6

PBS PGPE 40 ss 22.4 ± 2.0 607 ± 13.9 0.041 ± 0.001 68.6

PBS PGPE 40 ds 20.7 ± 9.5 320 ± 55.4 0.022 ± 0.004 68.6

It is evident that from the table there that the range of surface densities was from

0.029 ± 0.001 to 0.047 ± 0.005 molecules nm−2, this is also visualised in Figure 42

giving a holistic view of the data produced. What is apparent is there is no clear factor

that dictates any systematic trend for the single set of parameters: buffer, DNA or

lipid head-group. What is noticed is that majority of results reside around 0.03
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molecules nm-2 (Figure 42A, 42B) with the degree of error negating any small

changes observed.

Figure 42: Maximum surface density and Kd values obtained from the gel shift assay. (A, B)

Maximum surface density for DNA strands on PE/PC (A) and PE/PG SUVs (B) in buffers 0.3

M KCl 15 mM Tris pH 8.0 (red columns) or PBS (yellow columns). (C, D) Kd for DNA

strands on PE/PC (C) and PE/PG SUVs (D) in buffers 0.3 M KCl 15 mM Tris pH 8.0 (red

columns) or PBS (yellow columns). The bar charts visualize the data in Table 1. Adapted from

Arnott 2018142.

However, in contrast to modest variation in the surface densities observed there is a

larger difference in binding affinity observed. What is noticeable is the lower the

charge of the lipid head groups the higher the affinity the lipid –anchored DNA has

for the membrane, for both ssDNA and dsDNA. With regards to this, buffer
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composition also plays a role in determining the affinity for the lipid-anchored DNA.

This is observed with the nearly 50-fold change in affinity (Figure 43A, 43B and

table S1), where a strong influence came from the lipid head groups within the

bilayer. This is evident from the fact that each of the four DNA variations bound with

a higher affinity for PE/PC (lower Kd), when compared to PE/PG in 0.3 M KCl 15

mM Tris pH 8.0 (figure 43A and 43B, red bars). The difference in affinity can be

attributed to the electrostatic repulsion between the negatively charge head groups of

the lipids and the negatively charged DNA phosphate backbone, which is confirmed

with simulations (Figure 44).

However there are of note several outliers in the data set. For instance in Figure 42 A

the neutral lipid PE/PC with 20-mer dsDNA in PBS has a notably higher surface

density when compared to the rest of the data set in Figure 42 A. When compared

with Figure 42 C and 43 B the increased surface density of DNA strands comes with

a substantially higher Kd (165 ± 55) for the 20 dsDNA in PBS for PE/PC. There is an

observed trend in the data set whereby the lower affinity binding coefficients leads to

a higher final surface density, this holds true for the Figure 42 A and 42 C red bars

(0.3 KCl, 15 mM Tris pH 8.0). However the explanation as to why the 20 dsDNA has

such a reduced binding coefficient remains unclear, as it is expected that the double

stranded nature of the DNA would induce a more upright confirmation shown in

Figure 44. There is potential that the shorter 20 dsDNA interacts with the Na+ ions in

solution and prevent as effective screening when compared to the 20 ssDNA variant.

Although the expectation would be for this behaviour to be replication in the 40 ss

and 40 dsDNA versions in Figure 42C. On the whole it remains unclear as to what

internal factors reduce the binding coefficient for the 20 dsDNA. With regards to
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Figure 42 B there is a potential outlier with the 40 ssDNA in 0.3 M KCl 15 mM Tris

pH 8.0 buffer. This is noted by the fact that the surface density drops to 0.022 ± 0.007

strands per nm2 for the 40ssDNA, when compared to the others in this data set for 0.3

M KCl, 15 mM Tris pH 8.0 which reside around 0.0035 strands per nm2. However of

note is that the errors for the 0.3 M KCl 15 mM Tris pH8.0 buffer set are substantially

larger (average error around 32%) than other errors for the surface density sets in

Figure 42 A and 42 B. This can lead to the drop in the observed surface density.

However there are no clear trends that would explain the unexpected drop in surface

density for the one data point of 40 ssDNA.

In comparison is another outlier the negative PE/PG vesicle with 20-mer ssDNA in

0.3 M KCl 15 mM Tris pH 8.0, Figure 42 D and 43A. There is a clear indication that

the Kd for 20 ssDNA is substantially larger at 466 ± 134, with the 40 ssDNA version

164 ± 34.1. However this can be explained by the single stranded nature of the DNA,

it has been shown that the DNA itself has the ability to wrap around a cholesterol

anchor. Providing the conditions are right and the length of the DNA allows for

optimum self-folding it is possible that the cholesterol can be masked with the DNA,

hence surrounding the cholesterol with a negatively charged DNA ball. This

phenomena was previously shown whereby the shorter the length of the DNA strand

the more effective the strand was at masking the cholesterol 275. This therefore can

attribute as to why the Kd of the 20 ssDNA for PE/PC in 0.3 M 15 mM tris is

substantially higher. In addition this can also give reason as to why the 40 ssDNA is

slightly higher than the dsDNA variations in Figure 43 A. This is because with the

increase in strand length from 20 to 40 the additional DNA bases and negative

charges can lead to more repulsion and prevent as efficient masking of the
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cholesterol. The dsDNA in contrast is substantially more rigid (shown in Figure 44)

and prevents this wrapping and masking occurring.

Figure 43: Kd values obtained from the gel shift assay for DNA strands on PE/PC (A) and

PE/PG SUVs (B) in buffers 0.3 M KCl 15 mM Tris pH 8.0 (red columns) or PBS (yellow

columns). Adapted from Arnott 2018142.

The buffer composition can lead to screening ability of the negative charge of the

phosphate backbone. However the reduction of affinity in 0.3M KCl 15 mM Tris pH

8.0, when compared to PBS is somewhat unexpected, due to the buffers higher ionic
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strength it would be expected to be more effective in screening the negative charges

of the DNA phosphate backbone. Hence effective screening would allow for a higher

affinity, due to the reduced electrostatic repulsion. However with the experimental

data the affinity is shown to be higher in PBS, the reasoning for this phenomenon can

be related to the different ionic composition of the buffers. The large difference in

PBS and the 0.3 M KCl 15 mM Tris pH 8.0 is the presence of sodium and potassium

ions. Hereby the Na+ and K+ dictate the behaviour observed in the experimental

conditions at a molecular level. Screening abilities of both ions are dependent on the

ion localisation. As Na+ and K+ both have different charge densities and can

determine preferential binding regions of either the DNA backbone or DNA bases276.

This has been demonstrated with ion-exchange experiments277 and all-atom MD

simulations278, the results demonstrated a similar affinity for Na+ and K+ ions for

dsDNA molecules. But show a preference for different binding regions to the DNA

for both ions, with Na+ preferring the minor grove in the DNA and K+ the major

grove within the DNA276, 278. Thereby, this supports the conclusion that PBS with a

higher concentration of sodium ions is the better screening molecule when compared

to potassium and leads to a higher affinity for the SUVs.

To enhance the system and maximise the screening ability a cation such as

magnesium would prove to be an ideal candidate, especially with the high prevalence

in biological systems. It has been previously demonstrated with extensive MD

simulations that Mg2+ ions stabilise DNA structures and rigidify the nanostructures

through the divalent effect of the ion183. Whereby it was shown that Mg2+ has stronger

interactions than Na+ with water molecules, therefore it is possible for Mg2+ to form

tighter and more stable complexes. The divalent nature of the Mg2+ ion allows it to
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function by acting as a hydrogen bond donor to form stable structures with water

molecules and interact with DNA mainly through hydrogen bonds. Contrastingly Na+

ions prefer a direct interaction with the phosphate in the minor grove and

consequently induces a more flexible structure. When Mg2+ is observed the divalent

ion can bridge two hydrogen bond acceptors at a distance of 10 Å. The largest note of

different is that the negatively charged atoms and hydrated Mg2+ ions are much

stronger than those of hydrated Na+183. The overall finding from the study was that

that the Mg2+ ion localises in the two main zones: the bridging of the phosphate

outside the minor groove and hydrated Mg2+ binds preferentially to the CG base in

the major groove. The previous extensive studies indicate that magnesium ions would

induce a more rigid and thus in the current system a more upright conformation of

lipid anchored DNA when binding to the SUVs.

In addition to the previous ion-exchange work conducted, previous molecular

dynamic simulations also indicated that the Na+ ions interact more strongly with the

zwitterionic ionic headgroups within lipid bilayers279, 280. Hence the increased sodium

(154 mM) content in the PBS variations lead to a reduction in the average area per

lipid head group, due to the higher affinity of Na+ with the zwitterionic PE and PC

lipid bilayers that mask the overall charge density of the lipid head groups279, 280. In

addition to the previous work the MD simulations conducted here (Figure 44) also

indicated that the Na+ ions are more effective in screening the charge of the negative

PG headgroups, than K+ at double the concentration142.
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Figure 44: Molecular dynamics simulations of DNA tethered to lipid bilayer membranes. (A,

B) Initial (top) and final (bottom) configurations of the simulation systems. Each system

contains four DNA molecules of 20 basepairs (panel A) or nucleotides (panel B). Each

molecule is tethered to the lipid bilayers through a cholesterol linker containing an additional

nucleotide. The systems are submerged in 0.3 M KCl 15 mM Tris pH 8.0 solution (not

shown). (C) Average tilt of the DNA molecules with respect to the bilayer normal, θmem-DNA.

(D) Fraction of DNA nucleotides in contacts with the lipid bilayer within the last 30 ns of the

respective equilibration trajectory. A contact was defined as a having a C3’ atom of DNA

backbone located within 5 Å of any non-hydrogen atoms of the membrane. (E) Average

distance between cholesterol and the nearest dsDNA basepair or the second nearest ssDNA

nucleotide, dch-DNA. (F) Average distance between the DNA molecules and the nearest (upper)

leaflet of the membrane, dmem-DNA. (G) Average distance between cholesterol and the
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phosphate group of the membrane’s upper leaflet, dch-mem. All distances reported in panels

E—G were computed using centre-of-mass coordinates of the respective groups projected

along the bilayer normal and averaged over the last 200 ns of the equilibration trajectories. (H)

Diffusion coefficient of cholesterol anchors in different membrane systems. Adapted from

Arnott 2018142.

Overall the interactions that occur and dictate affinity can be rather complex. This is

because of the large range of factors that can induce different dynamics of

interactions. These depend on: the type of ion screening that occurs with the DNA

charge, as well as the ion and the lipid headgroup type charge screening of the lipid

membrane. Additionally other factors that dictate interaction dynamics include the

ion type dependent compression of the lipid bilayer, as well as the ion and DNA

conformation. Although in certain circumstances there is interplay between these

factors and additional considerations need to be made with regards to the

conformation and length of the DNA strand to explain the complexity.

The affinity of the lipid anchored DNA is also dependant on the nature of the DNA,

as in double stranded or single stranded. What is noted is that dsDNA has a higher

affinity for PE/PC and PE/PG vesicles when compared to ssDNA of the same length

(Figure 43A and 43B, red bars). This is despite dsDNA, by its’ nature, carrying

double the negative charge compared to ssDNA. This behaviour can be attributed to

the different conformations that are adopted by the different DNA types. For instance

the DNA conformation adopted by the ssDNA is more of a “mushroom” shaped

conformation; consequently this draws the negatively charged DNA backbone closer

to the lipid membrane and increased the charge repulsion observed. This is contrary

to the dsDNA, which is inferred that the dsDNA adopts an almost upright and
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perpendicular conformation to the membrane surface (Figure 44A and 44B).

Although this upright behaviour is only observed in the 0.3 M KCl 15 mM Tris pH

8.0 buffer and is not present in the corresponding PBS variation (Figure 43A and 43B

yellow bars).
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3.5 Molecular Dynamics

As demonstrated with the experimental data the nature of the dynamics between the

lipid anchored DNA and the lipid bilayer prove to be very complex. To understand

the interactions and give validation to the hypotheses proposed with regards to the

nature of the DNA and lipid bilayer interaction molecular dynamic (MD) simulations

were employed. Here, through collaboration with Aksimentiev group, MD

simulations were used to explain the findings from the experimental data and

elucidate the dynamic nature of anchored DNA with the lipid bilayer.

To understand and visualise the DNA characteristics on the nanoscale MD

simulations were constructed with six microscopic models of the experimental system

(Figure 44). Each of the systems contain ds/ss DNA conjugated to a cholesterol

anchor, with a region of PE membrane or a region containing PE/PG or PE/PC lipids

in 0.3 M KCl 15 mM Tris pH 8.0 (Figure 44A and 44B). To determine the final

configurations the simulations were equilibrated for 300 ns, with the final

configurations shown in the bottom of panels Figure 44A and 44B.

From the MD simulations it is evident that there was a huge degree of deviation of the

molecules from the initial idealised conformations (Figure 44A and 44B). Of note is

the significant differences observed between the nature of the DNA (ssDNA or

dsDNA). The leading difference is the lack of influence the lipid bilayers made upon

the orientation of the DNA strands; this is demonstrated by the tilt angle in Figure

44C, where ssDNA is has a maximum of 77° ± 4° for PE and ds DNA a maximum of

36° ± 4° for PE. Highlighted is the dsDNA nature to maintain an upright
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conformation whereas the ssDNA collapsed into forming a polymer brush around the

membrane (Figure 44B, 44C, Figure 45A,). Moreover the propensity for DNA to

form a polymer brush system is dictated by the lipid composition (Figure 44D), with

the fraction of nucleotides in contact with the surface for ssDNA 0.20 ± 0.03 and

dsDNA 0.06 ± 0.01 for PE lipid. With regard to the PE/PG system the numbers for

the fraction of ssDNA nucleotide in contact with the membrane is dramatically

reduced to 0.02 ± 0.01 and dsDNA to 0. This is as discussed the repulsion between

the negatively charged backbone of the DNA and the negative charge on the PG lipid.

This supports the experimental findings that it is not just ssDNA or dsDNA that

influences lipid-DNA interactions, but lipid composition. Analysis of the MD

simulations indicates that the presence of PG lipid headgroups prevents the formation

of stable lipid-DNA interactions, which was postulated in the experimental findings

(Figure 42 and 43). Subsequently the presence of only PE or PE/PC combination

bilayers enabled favourable interactions to occur, furthermore supporting the

conclusions that the repulsive negative charges dictate the lack of favourable

interactions occurring. With regards to the difference in affinity of the DNA to the

membrane this is also supported by the negative charges of the headgroup and DNA

inducing a repulsive affect.

The inherent repulsive effect between PG headgroups and the phosphate groups of the

DNA also induce a measurable effect upon the DNA-cholesterol anchored itself. The

electrostatic repulsion between the DNA and PG causes a stretching of the linker

between the DNA and cholesterol with a distance of 19 Å ± 3 Å and 20 Å ± 1 Å for

dsDNA and ssDNA respectively (Figure 44E). This is on the contrary to the PE

(dsDNA 14 Å ± 2 Å, ssDNA 14 Å ± 3 Å) or PE/PC systems (dsDNA 16 Å ± 3 Å,
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ssDNA 15 Å ± 4 Å), whereby there is a notable difference in distance; the reduction

in stretching of around 5 Å also supports the concept of favourable interactions

occurring between headgroups and the DNA for bilayers without PG. The repulsive

effect between the DNA and membrane is even more apparent when the average

distance between the proximal fragments of DNA and the lipid membrane are

considered (Figure 44F). Whereby the PE/PG system displays a greater distance

between the DNA and the membrane surface (dsDNA 41 Å ± 9 Å, ssDNA 21 Å ± 1

Å), in comparison to PE or PE/PC which resides substantially closer to the membrane

surface (PE: dsDNA 31 Å ± 1 Å, ssDNA 10 Å ± 1 Å, PE/PC: dsDNA 30 Å ± 7 Å,

ssDNA 12 Å ± 2 Å). Thus this demonstrates the repulsion effect observed with the

negatively charged membrane. In addition the cholesterol anchors are found to be

localised closer to the lipid head groups within the PE/PG system (dsDNA 5.3 Å ±

0.3 Å, ssDNA 5 Å ± 0.5 Å) shown in Figure 44 G. This is in contrast to the PE and

PE/PG versions where the cholesterol is located deeper in the lipid bilayer (PE

dsDNA 6.2 Å ± 0.3 Å, ssDNA 6.3 Å ± 0.4 Å, PE/PC dsDNA 6.4 Å ± 0.5 Å, ssDNA 6

Å ± 0.1 Å). Therefore this shows the synergistic effect of the PG lipid head group and

DNA backbone repulsion and the favourability of DNA nucleotide interactions with

the PE, PE/PC systems that result in the different placements of the cholesterol in the

lipid bilayer (Figure 44G). Consequently the collected simulation data supporting the

experimental data suggests that the lipid membrane composition induces considerable

changes in the dynamics of the lipid anchored DNA strands. Thus, for both ssDNA

and dsDNA, the data indicated that the anchoring of DNA to the PE/PG membrane is

a considerably weaker and less stable interaction than the converse with anchoring to

PE or PE/PC.
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A final consideration is the nature of the tethering to the lipid bilayers by the

cholesterol DNA, the tethering of the cholesterol DNA is free to diffuse across the

membrane surface (Figure 44H). It is evident from the plots the diffusion between

ssDNA and dsDNA is arguably negligible (Figure 44H) where there is only a

maximum difference of 0.01 x 10-8 cm2/s for the PE/PC system. Therefore this

implies that the difference in the rate of diffusion for DNA complexes is dictated by

the lipid headgroups. Observed is the PE/PG membrane has a much slower diffusion

(3.5 x 10-8 cm2/s ± 0.5 x 10-8 cm2/s) for dsDNA when compared to the PE/PC (4.8 x

10-8 cm2/s ± 0.8 x 10-8 cm2/s) or PE membranes (4.9 x 10-8 cm2/s ± 1.2 x 10-8 cm2/s).

As stated earlier (Figure 44G) it was shown that the cholesterol placement is nearer to

the lipid head groups, a region rich with salt-bridge interactions and hydrogen

bonding, therefore this is expected to impeded the rate of diffusion when compared to

a cholesterol anchor localised within the hydrophobic tails.

Figure 45: Representative molecular image of SUVs of PE/PC with cholesterol anchored

DNA created using VMD software in collaboration with Aksimentiev group. A) ssDNA

variant, displaying the polymer brush. B) dsDNA vesicle variant showing the upright nature

adopted.
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3.6 Summary

Understanding the nanoscale dynamics of cholesterol lipid anchored DNA and the

interaction with lipid bilayers is essential given the magnitude of the use of

cholesterol for anchoring in DNA nanotechnology. The biophysical insight given by

this work here allows for a more informative decision process in the design of DNA

architectures, specifically for improved membrane insertion. This is driven by the

ability to fine tune the membrane affinity of DNA strands or by the selection of

conditions which optimise the molecular accessibility for hybridisation between DNA

strands/molecular cargo.

The work utilised the combination of gel electrophoresis to generate a bulk data set

whereby initial conclusions were drawn upon the Kd and maximum binding from the

analysis, which were then confirmed and supported by MD simulations in

collaboration with Aksimentiev. The study focused upon electrostatics induced by

different lipid compositions and buffer conditions; sterics from ssDNA or dsDNA and

nucleotide length. The synergistic combination of experiment and computational

simulations, allowed for new insight into the molecular dynamics of lipid and DNA

interactions. For example: electrostatic repulsion between negatively charged DNA

and similarly charged lipid headgroups strongly reduces the affinity of the interaction.

As well as the conformation of DNA strands on the surface, whereby dsDNA

molecules maintain largely upright conformations, ssDNA molecules collapse to form

a polymer brush. On the whole the research into DNA lipid interaction provided

fundamental insight into DNA at bilayer interfaces and provides a new scope for the

development of DNA nanotechnology and synthetic biology
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4. Thermosensitive Nanopore

The design and approach to the development of the thermosensitive nanopore (tNP)

focused on the base design of a 6-helix bundle74. The tNP utilises the base of a barrel-

shaped nanopore, synthetically constructed of DNA, that encompasses tethered

cholesterol anchors to allow for insertion into lipid membrane, by creating a

hydrophobic belt 7, 63, 88, 157, 165.

The novel advancement of the tNP is the ability of a lid strand that selectively opens

and closes with a specific temperature range. The premise of a DNA strand to block

the central lumen and prevent release of molecular cargo is already understood and

has been demonstrated. However the opening mechanism was simply a DNA strand,

which would prove to be biologically irrelevant and a need for a lid that can open and

close without a physio-chemical interaction is desired.

The main focus was to develop an artificial DNA nanovalve that can selectively

release molecular cargo. The choice of temperature sensitivity was chosen to give the

greatest freedom of site specific release. A vast benefit of the choice of DNA

nanopores is the greater level of control and design afforded by DNA as a building

block that overcomes problems associated with traditional building block of proteins

and peptides. Through tuning and selective design of the DNA strands and melting

regions it was possible to selectively build a functioning DNA nanovalve that would

selectively open and close between 40°C and 60°C.
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4.1 Design of the Thermosensitive Nanopore

The DNA nanopore features two main aspects, firstly the basic functionality of a

barrel-shaped membrane spanning pore. Secondly the more complex challenge of a

lid with the added functionality of temperature control, which closes and prevents

flux of cargo as well as opening to release molecular cargo (Figure 46A). The

additional challenge was to design a lid that would perform this function reversibly,

to make it biologically relevant.

The design of a cylindrical DNA nanopore is formed of six DNA strands that, when

folded, form into six duplexes to create an internal lumen of 2 nm. The duplexes are

interlinked with DNA strands forming loops (Figure 46C), of which two of these

loops are elongated to allow for the lid to be bound (Figure 46A, 46B). To create a lid

with valve like functionality a seventh DNA strand is wrapped around the extended

loops to create a lid and blockade of the lumen (Figure 46A, 46C).

Figure 46: A temperature-gated DNA nanopore, termed tNP, reversibly opens and closes to

control transport of molecular cargo across a bilayer membrane. (A) Side and top-view of tNP.

A thermosensitive lid (red) blocks the pore’s opening but dissociates at temperature > 40 °C to

open the channel entrance. A small segment of the lid remains hybridized to the pore at > 40
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°C to allow for reversible channel opening and closing. The lid dissociates from the pore

above 60 °C. The pore is composed of six component DNA strands highlighted alternatingly

in light blue and dark blue. The four cholesterol anchors (orange) insert tNP into the

hydrophobic lipid bilayer membrane. (B) Pore NP does not feature the lid of tNP. The

elongated loop regions at the left and right of the pore allow for the binding of the

thermosensitive lid. (C) 2D map of tNP illustrating the composition from six pore-forming

strands and the lid. The duplex segments 1-4 between pore strands and the lid have designed

melting temperature of 62.8 °C, 40 °C, 40 °C, and 39.8 °C, respectively. (D) Structure of the

cholesterol anchor used to insert tNP inside the bilayer membrane. Adapted from Arnott 20197

The addition of temperature functionality comes from the design of the DNA

sequences of the hinge region (Figure 46C). To create a DNA sequence that is

temperature selective the regions 1-4 in Figure 1C were designed with different base

pairing, in such a way that region 1 would have a melting temperature of 62.8 °C and

regions 2-4 would be nearer to 40 °C. Hence with increase of temperature region 1

will remain bound and 2-4 will be disassociated. The ability to achieve a temperature

sensitive valve was done by increasing GC content within region 1 and increase AT

content within regions 2-4. The addition of GC base pairs which forms three

hydrogen bonds compared to AT forming only 2 hydrogen bonds is the reason for the

increased melting temperature through enhanced stability of base pairs. The choice of

altering base pair sequences allows for the DNA nanopore to maintain a similar

height of loops, instead of elongating the sequence which would also increase the

melting temperature of the region. In doing so the similarity of height helps increase

pore stability and reduces unwanted movement with thermal fluctuation.
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The final aspect of the design of the nanopore was the incorporation of cholesterol as

a hydrophobic anchor (Figure 46A, 46D). The construct included four cholesterol

anchors positioned a quarter of the way up from the bottom of the nanopore to allow

for preferential insertion in an upright manner as shown in Figure 46A. A choice of

four cholesterol anchors symmetrically placed was chosen to aid with an equal

insertion and prevent unwanted DNA nanopore laying upon the surface which is a

possibility with a neutral lipid bilayer.
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4.2 Construction

For the assembly of the nanopore equimolar mixture of the seven oligonucleotides

were combined and annealed (Appendix table 1 and 2) to form the desired constructs.

The heating and cooling cycle yielded one distinct band when subjected to gel

electrophoresis. A single band in gel electrophoresis is indicative of one assembled

product.

Figure 47: Step wise assembly of the thermosensitive nanopore. Numbers indicate the number

of strands used in folding, with 1 being strand 1of the component strands and 1-7 being the

fully formed tNP. DNA ladder used 100 bp marker. 10% PAGE run at 70V for 90 min in 1 x

TBE, 1 µM DNA, with 100 bp marker used and visualised with ethidium bromide under UV

light.

It is evident from the gels (Figure 47) that there is a clear and single band present.

Sequential addition of DNA strands affords only one band with no additional

products. This further proves that folding of the DNA nanopore is successfully

designed in a manner that everything folds in a 1:1 ratio. To analyse further the

sensitivity of the PAGE as a technique an additional thermosensitive nanopore was
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designed with a longer lid (figure 48), with an additional 60 bp compared to the

original lid. This design is taken forward in case it is not possible to effectively

distinguish between an open and closed state nanopore.

Figure 48: Optimisation gel of thermosensitive NP with different lid types and salt

concentrations. Lane 1, thermosensitive NP with long lid (tNP LL) 20 mM Mg2+, Lane 2 tNP

LL 18 mM Mg2+, Lane 3 tNP 20 mM Mg2+, Lane 4 tNP 18 mM Mg2+, Lane 5 NP 20 mM

Mg2+, Lane 6 NP 18 mM Mg2+, Lane 7 long lid, Lane 8 lid. 10% PAGE run at 70V for 90 min

in 1 x TBE, 1 µM DNA, with 100 bp marker used and visualised with ethidium bromide under

UV light.

Further demonstration from the gel (Figure 49) is the degree of sensitivity achievable

with gel electrophoresis. Here it is shown that the gel is able to determine and

distinguish from two different lid types: where there is only a difference of around 60

bases in the 3D structure. Thus giving a means of determining whether the nanopore

folded successfully, as well as a way of assessing the structural integrity of the

nanopore when folded with regards to an open or closed lid.
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To further asses the nanopores stability PAGE gels were run with cholesterol

constructs of the fully formed pore (2C and 4C). The choice of 2C and 4C constructs

were chosen for the ability to show how the pore would look like as the final product

(4C) and how a mimic (2C) would fold that would be used for binding studies. The

binding studies are carried out in agarose gels (as before in section 3) and for this to

work it is essential that the nanopore runs within the agarose gel. To ensure that the

nanopore moved within the agarose gel the 2C variation was used as 4C is too

hydrophobic and doesn’t move from the wells of the gel.

Figure 49: The temperature-gated nanopore tNP is self-assembled from DNA and binds to

lipid bilayer membranes. (A) Assembly of the pore is confirmed by 10% PAGE. Lane 1 and 2,

NP with 2 and 4 cholesterols anchors, respectively. Lane 3, tNP carrying a Cy3 dye. Run for

90 minutes at 70 V in 1 x TBE, stained with ethidium bromide and imaged under UV light (B)

Membrane binding of tNP-Cy3 with 4 cholesterols by fluorescence microscopic analysis of a

POPC GUV’s using excitation at 550 nm and emission at 570 nm. Scale bar, 10 μm. (C) 
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Agarose gel (2%) electrophoretic analysis on the membrane binding of tNP carrying two

cholesterols to DOPE/DOPC SUVs. The amount of vesicles increased from 0 – 270 μM. 

Vesicle-bound tNP stays within the wells of the agarose gel. Run for 60 min at 60 V in 1 x

TAE, 100 bp ladder, stained with ethidium bromide and imaged under UV light. Adapted

from Arnott 20197

Evident from the gel is a successful demonstration of the thermosensitive pore folding

normally with the additional cholesterol anchors (Figure 49A). From the gel it is

apparent there is a small degree of smearing in the gel, this can be attributed to the

hydrophobic lipid anchors as both the 2C and 4C will have an interaction with the gel

matrix. In addition the nanopore was constructed with two variants of the lid

(Appendix Figure 77). These variants were constructed to facilitate analysis of the

molecular valves membrane binding and the reversible nature of the lid opening and

closing. The first version used for visualisation of membrane binding was a Cy3

variant. The Cy3 dye was attached to the lid strand and aided for detection of

membrane binding with fluorescence microscopy. The second variation was with a

Cy5 dye added onto one of the barrel loops of the nanopore (Appendix Figure 77 and

78). The position on the strand was so that the dye was positioned at pore entrance

and this was to investigate lid opening and closing, as discussed further below.

Folding of the two pores was conducted with gel electrophoresis, it was evident from

the gels is that the two nanopores successfully folded even with the newly

incorporated fluorophores, this is confirmed with the single discrete bands within the

gel (Figure 49A, Appendix Figure 77).
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Figure 50: Confocal images of tNP Cy3 inserting into GUVs. Images were taken over a period

of 10 min to track pore insertion into the lipid bilayer. Excitation at 550 nm, and emission at

570 nm. Scale bar, 10 µm. Adapted from Arnott 20197

To analyse the ability of the Cy3 nanopore to insert into a lipid membrane the tNP

Cy3 was added to giant unilamellar vesicles (GUVs), constructed of zwitterionic

phospholipid (POPC). Analysis with a fluorescence microscopy of the GUVs and

nanopore confirmed binding to the membrane, evident from the bright red ring

around the vesicle from to the Cy3 emission (Figure 49B, Figure 50). Further

membrane binding is also established with an electrophoretic gel-shift assay which

utilizes small unilamellar vesicles (SUVs). In the assay, any free tNP will be pulled

into the gel however the larger SUVs cannot permeate the matrix and do not move

into the gel, thus any tNP bound to the SUVs will not migrate into the gel (Figure

49C). Therefore with an increasing concentration of lipid SUV this facilitates

membrane binding, hence migration is observed into the wells of the agarose as

indicated by a weaker gel band for free tNP and a more intense gel band for tNP-

SUV. With respect to the binding assay (Figure 49C) it is apparent that the nanopore
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successfully binds to the vesicles and remains intact when bound. This is supported

by the fact there are no additional bands present in the lanes with higher lipid

concentration. Therefore indicating that the nanopore design is robust and remains

intact when tethered to lipid vesicles.
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4.3 Functionality of Thermosensitive Lid

The key aspect of the nanopore is the ability to have a lid that affords control on the

nanoscale with selective release. To demonstrate the reversible capabilities of the

temperature-controlled lid the nanopore variant equipped with the Cy3/Cy5 pair was

used (Figure 51A, Figure Appendix 78). The choice of the Cy3 and Cy5 pair is that

when the tNP is in a closed state (≤ 40°C) the Cy3 dye is held within proximity to the 

Cy5 quencher on the barrel of the pore. Hence with the Cy3 excitation at 550 nm and

emission at 570 nm, the Cy5 provides an ideal quencher for the system due to good

overlap with the emission spectrum of the Cy3 dye. Cy5 has excitation peaks at 650

nm and emission at 670 nm, thus when the dyes are held in close proximity the Cy5

dye prevents observable emission of Cy3, thus Cy3 is quenched. However with

temperature greater than 40 °C the lid strand is unzipped and dissociates at the

regions 2-4 of the lid (Figure 45). The lid itself remains hybridized at region1, thus

allowing for the reversible nature of the lid. Therefore with heating the distance

between the quencher dye Cy5 and the reported dye of Cy3 is sufficiently increased

so that the Cy3 is observable (Figure 51A, Figure 45C).
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Figure 51: Reversible opening and closing of the temperature-gated valve. (A) 2D map of

tNP’s top which undergoes thermosensitive opening of the lid. The opening separates the Cy3

from the quencher fluorophore Cy5 to yield a stronger Cy3 fluorescence signal due to

weakened quenching by proximal Cy5. (B) Kinetic trace of Cy3 fluorescence emission

indicating lid opening of tNP upon heating to 55 °C and closing upon cooling to room

temperature (RT). Fluorescence was measured at 570 nm using excitation at 550 nm. The
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trace of tNP kept at RT is shown in green. 100% is defined as the fully unbound fluorophore

strand. Temperature trace of sample heated to 55°C shown in orange. (C) Kinetic Cy3

emission traces illustrating repeated and sequential opening and closing of a tNP. Adapted

from Arnott 20197

Evidently by monitoring the Cy3 emission with heating and cooling cycles of the

nanopore this confirmed the temperature sensitive nature of the nanopore. Regarding

the kinetic trace of the Cy3 dye it is apparent at room temperature there is a negligible

signal of Cy3, thus indicating there is sufficient quenching of the dye due to the Cy5

dye (Figure 51B). As expected heating of the nanopore induced a signal of the Cy3

reporter dye, with heating up to 55 °C this is sufficient to disassociate the lid from

regions 2-4 of the lid and produce a measurable signal (Figure 51A, 51B). Subsequent

cooling of the nanopore led to a reduction in fluorescence (Figure 51B), hence

indicating rehybridisation of the lid and bringing the Cy3 and Cy5 pair back within

proximity to allow for quenching (Figure 51A).

To further asses the functionality and stability of the lid the nanopore was subject to

repeated heating and cooling cycles. The benefit of repeated cycles will address the

lids suitability and functionality if it is to be used for future controlled drug release.

Evident from the cycles is that the average fluorescence recovery time yielded was

12.6 ± 1.0 min (Figure 51C), after six consecutive cycles on the same sample. With

an error of less than 10% it is possible to deduce that the nanopore design and

functionality of the thermosensitive lid is efficient and suitable for the proposed use

as a molecular nanovalve.
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Figure 52: Fluorescence emission traces of tNP indicating that the lid strand remains bound

via segment 1 (Figure 46C) at up to 55 °C, through competitive binding of oligo c. The

extent of opening of tNP Cy3/Cy5 was monitored by kinetic analysis of Cy3 emission

with a fluorescence spectrophotometer. To a quartz cuvette DI water (90 μl), DNA 

nanopore (30 μl, 1 μM) and when stated oligo c (30μl, 20 μM) were added, for control

without oligo c DI water was used (30 μl) to give afinal volume of 150 μl. Samples 

were heated to the indicated temperature for 4 min followed by cooling over a 90

minute period. Cy3 fluorescence was monitored at 570 nm using excitation at 550

nm. A) tNP was heated to the indicated temperatures in the presence of 20-fold molar excess

of oligo c that binds to segment 1. B) Fit of raw data from A. C) tNP was heated to the

indicated temperatures in the absence of oligo c. D) Fit of raw data from C. Adapted from

Arnott 20197.
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To further confirm the stability of the lid additional control experiments were

performed to confirm that the lid strand remains associated and does not become

disassociated to segment 1 (Figure 46C) of the NP pore at 55 °C. An ideal experiment

would be to have a fluorophore quencher pair at the segment 1 (Figure 46C) to

produce a readout similar to the lid opening assay (Figure 51B), however the cost and

yield of DNA to produce a strand with an internal dye over 70 bp was not feasible for

experiments. Thus an alternative was to use a control oligonucleotide which would

solely bind to pore region 1, still using the initial Cy3/Cy5 dye set up. For the

experiments “oligonucleotide 1” was added at 20-fold molar excess. The premise of

the experiment is that the oligonucleotide should not interfere if the lid strand remains

bound to region 1 on the pore. It is evident when the pore is heated up to 55 °C the

fluorescence emission and decay traces are indistinguishable for the pore without the

control oligonucleotide (Figure 52). Contrastingly when the temperature is increased

to above the point at which lid dissociates; the control oligonucleotide is seen to

competitively bind to region 1. This is evident with the altered fluorescence trace, as

the trace remains higher it is indicative that the control oligonucleotide interfered with

re-annealing of the lid (Figures 52).
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Figure 53: Gel electrophoretic analysis demonstrating tNP’s temperature-triggered opening.

tNP was incubated for 20 min with a key DNA strand that binds to a regions 3 and 4 of the lid

(Figure 46C) of the open tNP. Only incubating at 50 °C but not room temperature (RT) led to

the disappearance of the key strand due to binding to open tNP. Lane 1, tNP; lane 2, tNP + key

(0.5 equivalents, RT); lane 3, tNP + key (1 eq., RT); lane 4, tNP + key (2 eq., RT); lane 5, tNP

+ key (1 eq., 50 °C); lane 6, NP. The 3 % agarose gel was run at 60 V for 90 min in 1 x TBE

buffer. Stained with ethidium bromide and visualised under UV light. Adapted from Arnott

20197

To further cement the concept that the lid remains bound when the temperature was

increased this was also confirmed by gel electrophoresis. (Figure53). Here the

nanopore was subject to addition of a “key” strand that would bind to the region

(sections 3-4, Figure 46C) of the lid that was open. The nanopore was subject to

addition of the key at increased molar ratios to show the stability of the pore to the

competitive strands, along with heating to 50 °C with the key in solution. The

nanopore was allowed to incubate with the strands for 20 minutes at set temperatures

before analysed by gel electrophoresis. It is evident that the nanopore remains closed

with the addition of the key at up to molar ratios of 2:1 (Figure 53), this is clear as the

key remains at the bottom of the lanes and is not incorporated with the nanopore
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(lanes 2-4). Only upon heating the nanopore, is the key incorporated to the nanopore

structure to generate tNP + key. This is apparent with the small increase in height in

the agarose gel when compared to tNP and a notable increase when compared to NP.

Therefore this suggests that the lid of the nanopore remains bound to region 1 when

the NP is subjected to heating. Hence it is possible to move forward and conduct

release studies to analyse the functionality of the thermosensitive nanopore as a

molecular valve.
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4.4 Transport of Molecular Cargo Through Thermosensitive-

pore

With the thermosensitive design and functionality of the lid successfully proven the

ability of the nanopore a molecular valve was probed. To analyse the effectiveness a

transport assay was developed which would monitor the release of a dye through the

nanopore, controlled with increasing temperature. Schematically the assay is shown

in Figure 55A. Here the tNP is inserted into the lipid bilayer of an SUV containing

reporter dye sulforhodamine B (SRB), the SUVs contain 50 mM SRB and are 106 nm

in diameter (Figure 54). The preparations of the vesicles yielded SUV’s that are in the

typical size range of drug delivery vesicles used in therapy.

Figure 54: Analysis via dynamic light scattering of DOPC/DOPE SUVs filled with

sulforhodamine B. Adapted from Arnott 20197
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Functionality of the release assay resides with the nature of the fluorophore chosen.

At high concentrations of the fluorophore SRB; the dye is self-quenched74, the

proportionally high concentrations is dictated by encapsulation within the PEPC

SUVs. Thus when the dye is released from the SUV, via the tNP, the dye is expelled

into an environment where the net concentration of the dye is low enough for the dye

to be visualised with an enhanced fluorescence signal (Figure 55A).

Figure 55: tNP permits temperature-controlled transport of molecular cargo across a bilayer.

(A) tNP inserted inside a lipid bilayer of a SUV. The vesicle is filled with fluorophore sulfo

rhodamine B (SRB)(green dots). In its closed state tNP does not permit passage of the

encapsulated dye which is contact-quenched at its high concentration inside the vesicle.

Temperatures > 40 °C open the lid of tNP to release SRB which becomes fluorescent at the

lower dye concentration. (B) Quantifying valve-mediated release of SRB via kinetic

fluorescence traces. Vesicles with inserted tNP were left at room temperature (dotted line), or

heated to 40 °C (dashed line) or 55 °C (solid line). SRB fluorescence was excited at 564 nm
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measured at 585 nm. (C) Histogram of net fluorescence increase upon heating of tNP-vesicles

(from 25 °C to 60 °C) and NP-vesicles at 25 °C (box with lines). The net fluorescence

increase is from the traces in C and Table S3. The net increase represents the fluorescence

signal after heating minus the fluorescence signal at 0 min, and normalization to the total

fluorescence signal upon rupturing of the vesicles with detergent. The data represent averages

and standard deviations from at least 3 independent experiments. Adapted from Arnott 20197.

Initial experimentation proceeded with confirming that the dye within the SUV set up

was stable and that no leakage occurred. To confirm this SUV’s were subject to

measurement at room temperature and 60 °C. The corresponding results showed that

the SUV’s were remarkably stable with minimal leakage: 0.02 ± 0.02 %, 1.14 ± 0.03

% for room temperature and 60 °C respectively (Figure 55C, 57 and Table 3).

With the stability of the fluorophore SUVs demonstrated, the next stage is to

demonstrate the ability of the release to be visualised. A natural approach is to use a

well establish pore, in this circumstance α-Hemolysin (α-HL) is the ideal control. The 

α-HL pore is a protein pore that resembles a barrel and punctures lipid membrane. 

Hence the α-HL provides a controlled puncture into the membrane and is an ideal 

control to show whether the release from the SUV’s is feasible, as the DNA

nanopores are a synthetic evolution of this protein pore. As demonstrated in figure 56

there is a clear increase in emission level of SRB which plateaus after a period of 12

minutes, with a final measureable release of 46.94 % ± 0.38 %. Henceforth with the

principle of the release study demonstrated with a known protein it is possible to

move to further analysis of the thermosensitive nanopore.
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Figure 56: α-Hemolysin release of SRB fluorophore from PE/PC vesicles. SUV’s were 

measured to ensure for a stable level of fluorescence then at 3 minutes 30 μL α-HL (0.5 μM) 

was added under mixing to 120 μL of SRB (50 mM) SUVs. 

Subsequently the stability of the nanopore to prevent leakage and maintain molecular

cargo inside the SUV’s was analysed. The design of the lid incorporates two DNA

strands blocking the entrance to the lumen and theoretically this should prevent any

passage of molecular cargo. To assess the ability of the viability of the lid to prevent

leakage the tNP was added to SUVs at room temperature and monitored for release

over an hour. In agreement with the hypothesis, the design of the tNP lid was

successful in preventing leakage from occurring with a negligible release of 0.02 ±

0.03 %, which is in line with what was observed from the controls (Figure 55C,

Figure 57, Table 3). Therefore it is possible to concur that the nanovalve successfully

blocks transport when closed at room temperature.
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Figure 57: Quantifying the temperature-controlled and tNP-mediated transport of reporter dye

from bilayer vesicles. A) Average release data for sulforhodamine B (SRB), split over two

graphs for clarity, with a minimum of triplicate repeats per temperature. Release experiments

were carried as described in the methods section 5.3.7, using for SRB excitation at 564 nm

and emission at 585 nm. The intermittent nature of the graphs reflects how the measurements

were conducted. In the absence of a temperature-controlled fluorescence spectrophotometer,

cuvettes were heated in a water-bath and read for a minutes in the fluorescence

spectrophotometer held at room temperature before repeating the procedure of heating in a

water bath. B) Average fits for raw data from A. Adapted from Arnott 20197.

The design of the nanopore to incorporate the four cholesterol anchors was conducted

to ensure insertion would be preferential as opposed to tethering. Tethering is a

possibility with unsymmetrical positioning of cholesterol anchors. However to further

confirm that the nanopore is genuinely blocking molecular release and is spanning the
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membrane as opposed to tethering on the plane of the surface a variant of the

nanopore NP (Figure 46B, Appendix Table 5,6) with no lid was analysed. It is

evident that the nanopore does in fact span the membrane, this is supported that the

NP leads to an efflux of SRB dye with a notable increase of fluorescence intensity of

13.4 ± 3.4 % (Figure 55C, Figure 57, Table 3). With regards to release 100 % is

deemed by the fluorescence yield obtained upon rupturing vesicles with a detergent.

It is evident from the data to suggest the tNP inserts into the vesicles without causing

major rupturing of the SUV’s.

Table 3: Release of reporter dyes SRB from SUVs with inserted tNPs, NP or no pore.

The data represent the averages and standard deviations from at least three independent

experiments. Adapted from Arnott 20197

Pore type / reporter dye Temperature / °C Release end-point / % Initial rate of release / a.u. min-1

tNP / SRB 25 0.02 ± 0.03 0.08 ± 0.01

no pore / SRB 25 0.02 ± 0.02 1.09 ± 0.01

NP / SRB 25 13.4 ± 3.37 6.47 ± 1.89

tNP / SRB 40 2.17 ± 1.50 1.18 ± 0.17

tNP / SRB 45 5.95 ± 0.78 4.45 ± 2.87

tNP / SRB 50 21.0 ± 0.8 7.32 ± 0.41

tNP / SRB 55 21.3 ± 1.3 8.96 ± 0.98

tNP / SRB 60 18.2 ± 6.9 8.08 ± 4.07

no pore / SRB 60 1.14 ± 0.03 1.01 ± 0.29

NP - 1 60 0.82 ± 0.02 0.24 ± 0.19
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After successful confirmation of membrane insertion by the tNP the temperature

sensitivity nature of the molecular valve was analysed. To confirm the temperature

gated control of transport the tNP was inserted into the SUVs and these were exposed

to set temperatures from 40-60 °C in 5 °C increments. To achieve the data heating

was conducted in parallel on independent experiments. Evidently the release of the

fluorophore was apparent with the kinetic traces of the SRB release (Figure 55B, 57),

notable is the relationship with temperature and the level of release between 40 °C

and 55 °C. With quantification of the final levels of release 40 °C showed a release of

2.17 ± 1.50 % (Figure 55C, Table 3), which yields an apparent increase of roughly

100 times more than at room temperature. Contrastingly heating to 55 °C produced a

release of 21.3 % ± 1.3 % (Figure 55C, Table 3), this in turn is nearly 1000 fold

higher than that of room temperature release. Therefore the remarkable increase in

release between open and closed states this indicates the successful development of

the first DNA nanovalve with thermal functionality.

With further assessment of the increments it can be inferred that a midpoint lies

approximately around 47 °C. The midpoint can be deemed to be the point where the

lid changes from predominantly bound to predominately open. This supported with

the release data indicating a maximum change between 45 °C and 50 °C (Figure 55C,

Table 3). The midpoint of 47 °C is somewhat higher than the melting temperature of

40 °C for the lid binding interactions with the pore. However, this increase is in line

with the increased complexity of binding interactions of the multivalent effects

induced by the three duplexes.

A final assessment of the nanopore induced release is that up to 55 °C the data is in

full agreement that the thermosensitive lid remains bound and the nanopore remains
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intact. This is supported form the melting temperature of region 1, 62.8 °C (Figure

46C), which would suggest this is within a temperature range the pore should be fully

functioning. However a notable increase in the standard deviation of the data from 60

°C (Figure 57C, Table 3) suggests that the thermal stability of the nanodevice is

beginning to be reached. Therefore with a potential compromise in structural stability

this can induce the array of data and the small decrease in in the maximum release of

2%.
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4.5 Selectivity of Molecular Cargo

As demonstrated the thermosensitive nanopore effectively controls the release of

molecular cargo when it is SRB, however of interest is to assess if the tNP possesses

any molecular selectivity for molecular cargo. The concept of screening for molecular

cargo was previously established whereby two different molecular cargos with varied

polarities were encapsulated and the release assessed74. Here SRB and

carboxyfluorescein (CF) were encapsulated within the same vesicle, and then a

nanopore in the form a 6-helical barrel was inserted into the SUV. Observed was the

6-helical barrel nanopore excluded the CF due to the net negative charge on the

molecule which inferred that the nanopore prevented passage of negative molecules

through charge exclusion properties. In order to assess whether selectivity was

observed with the developed tNP CF was chosen to be monitored compared to SRB

(Figure 58). Notable is the different polarity that the molecular cargo possesses and it

is presumed that the increased negative charge will prevent the efflux of the

molecular cargo.
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Figure 58: Fluorophores used in molecular selectivity studies. A) Carboxyfluorescein in the

state that experiments were conducted. B) Sulforhodamine B in the state that experiments

were conducted.

The preparation of the CF SUVs was conducted in the same manner as for the SRB

and incubated with the nanopores prior to analysing any release. The release assay for

the CF was demonstrated firstly with the assessment of the vesicles stability of the

encapsulated CF. The CF as with the SRB is expected to observe fluorescence when

the dye is in an ambient environment and no longer self-quenched within the vesicles.

The overall stability of the vesicles is observed with a negligible increase in

fluorescence 0.97 ± 0.4 % (Figure 59A, 59B), thus indicating that the vesicles are

stable and prevent leakage. This is further confirmed with the rupturing of the SUVs

with detergent to establish the maximum release possible, as conducted previously

with the SRB release.
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Figure 59: Fluorescent release comparison between CF (red) and SRB (green) with and

without NP. The vesicle is filled with fluorophore SRB or CF. In its closed state tNP does not

permit passage of the encapsulated dye which is contact-quenched at its high concentration

inside the vesicle. With NP the fluorophores are permitted to exit the SUV’s and elicit an

increase in fluorescence signal. Fluorescence for CF was monitored at 517 nm using

excitation 492 nm. SRB was monitored at 585 nm using excitation at 564 nm. SUV

suspension carrying encapsulated SRB or CF (120 μl, 50 mM) was added to a 10 mm 

quartz cuvette, to initiate release, DNA nanopore (30 μl, 1 μM) was added under 

mixing, and fluorescence was monitored. A) Quantification of NP release of different

fluorophores, base line is release of SUV alone. B) Histogram of net fluorescence release,

individual numbers in Table 4.

Furthermore the stability of the tNP in the closed state (room temperature) is also

analysed if the pore is able to retain molecular cargo without leakage. Addition of the

tNP to vesicles confirms that there is negligible release witnessed 1.1 ± 0.5 % (Figure

59) which is comparable to vesicles alone and hence proved that the lid remains fully

bound and prevents any extra leakage from occurring. The final test is the nanopore

without a lid, to determine whether there is any selectivity for the molecular cargo.

With previously analysed pores of a similar nature it was assumed that there would be
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a charge selectivity for the nanopore, with no or minimal release of the net negative

CF. However, as shown in Figure 59, there appears to be a release of CF 10.1 ± 2.52

% this itself is somewhat surprising as it was expected even the pore without the lid

would prevent/reduce the overall release of CF. In comparison of SRB and CF release

there is only a small reduction (3.3 %) in CF release and it’s not possible to suggest

that there is an outright selectivity with the thermosensitive nanopore for molecular

cargo in this system (Figure 59 B).
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Table 4: End point release of comparison of CF and SRB.

Pore type / reporter dye Release end-point / %

SUV CF 0.97 ± 0.4

tNP / CF 1.1 ± 0.5

NP / CF 10.1 ± 2.52

SUV SRB 0.02 ± 0.02

tNP / SRB 0.02 ± 0.03

NP / SRB 13.4 ± 3.37

A possible explanation in the difference is the designs of the nanopores are different,

despite similarities. The tNP compared to previously analysed nanopores74 has four

cholesterols on different DNA strands to anchor into the membrane and possesses

longer loop regions. The additional base pairs are what enable the temperature

sensitivity functionality, this is through GC rich regions and AT rich regions in

positions 1 and 4 (Figure 46C); in total this adds an extra 10 base pairs which can

influence the overall shape within the membrane. This increased length is potentially

why CF release is observed, when the tNP without the lid is embedded into the lipid

bilayer the extra length could allow for a more open aperture and prevent selectivity

based on charge.



154

4.6 Current Recordings

As demonstrated with the CF release assay there appears to be additional factors that

allow the flux of both CF and SRB molecular cargo. To understand the nature of

these events it is possible to conduct current recordings, which will give a better

understanding of the nature of the lumen and nanopore when embedded into a lipid

bilayer. Current recordings offer a means to visualise the flux of analyte through the

nanopore itself, from this is it possible to obtain information on the molecular

structure of the DNA nanopore. Current recording analysis of the nanopore was

conducted in collaboration with Dr Adam Dorey, performed with an Orbit-mini

utilising 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) lipids; where the

lipid bilayer was painted onto a microelectrode cavity array. To conduct the current

recording experiments an artificial lipid bilayer was created over a microelectrode to

establish two separate compartments. The lipid bilayer was subjected to a potential

difference and the establishment of a Coulter counter. The nanopore was then injected

to one side where insertions could be observed through an increase in current flowing

across the membrane, which occur when the membrane is puncture by the nanopore

creating a hole.

Application of an alternating current (IV trace) within the micro-chamber allowed for

observation of insertion events of the nanopore to be realised (Figure 60, 61). The

application of the IV trace persisted with repeatedly switching between a positive and

negative potential which are held for certain period of time (Figure 60A, 60B). The

level current intervals are indicative of a bilayer that is stable (Figure 60, 61).

Additionally it is also observed that there are downward and upward spikes (Figure
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60, 61) and these are indicators of ions traversing the nanopore embedded into the

lipid bilayer. The IV trace (Figure 60) successfully shows insertion of the nanopore

readily into the bilayer after only a few seconds, this is notable by the “steps” within

the trace (Figure 60A, 60B). Insertion into bilayers can prove to be a difficult in

obtaining successful recordings. Following from the IV trace it is possible to

determine to a greater degree the nature of the pore itself. Such as: information on the

size of pore aperture, diameter of the lumen and how the pore is inserted into the lipid

bilayer, this is through observation of insertion events at held voltages and the

observation of translocation and events.
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Figure 60: IV trace of nanopore insertion, nanopore (NP, Figure 46B) at 0.1 μM added to the 

chamber at T = 0 s and monitored over a period of 5 s for insertion into the DPhPC lipid

bilayer. All experiments were conducted in aqueous 1 M KCl solution buffered with HEPES 

10 mM, pH 8. Current recordings were conducted on an Orbit Mini (Nanion Technologies,

Munich, Germany), single-channel analysis was performed using Clampfit (Molecular

Devices, Sunnyvale, CA, USA). A) Positive IV trace, popping in and out of the nanopore into

bilayer observed by short lived changes in current of around 100 pA, after 3.5 s. After 4.5 the

large noise in the trace is indicative of a ruptured bilayer . B) Negative IV trace, jump of 100

pA after 4.5 sis indicative of a stable insertion of the nanopore into the lipid bilayer.

In a more detailed analysis (Figure 61A) it is possible to observe the insertion event

of the nanopore with a holding voltage of +100 mV. This is noted when the current
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jumps from 0 to 100 pA. Furthermore the stability of the insertion is observed with

the continued current trace of the pore at 100 pA (Figure 61A). It is observed that

there are ions passing through the pore that induce current blockades that induce the

sharp downward peaks. The sharp upward peaks can be attributed to fluctuations in

the membrane topography which can lead to an increase in current if there is a short

lived hole being formed in the membrane. Additionally it is possible to observe

multiple insertion events in Figure 60B, whereby multiple steps are seen in the trace,

the multiple steps occur through events of insertions (increase in current) and

“popping” out of the membrane (decrease in current).

Figure 61: Single channel current recordings. A DPhPC lipid bilayer was painted on

microchips and experiments were conducted in aqueous 1 M KCl solution buffered with 

HEPES 10 mM, pH 8. After a stable bilayer was formed NP (0.1 μM) was inserted into one 

side of the chamber and current recordings were conducted. Current recordings were

performed on an Orbit Mini (Nanion Technologies, Munich, Germany), single-channel

analysis was performed using Clampfit (Molecular Devices, Sunnyvale, CA, USA). A)
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Current trace held at 100 mV, displaying stable insertion step of nanopore (100 pA increase in

current after 4 s) and flux of analyte through the pore (sharp downward peaks). B) Large scale

of insertion steps and flux of analyte. C) Histogram of traces displaying average conductance

of insertion steps of DNA nanopore analysed on Clampfit software.

From the combined data sets it was possible to generate an average conductance

profile of the recordings. It is apparent that the average conductance is notably higher

(Figure 61) with an average of 3 nS when compared to similar studies when the

conductance for similar pore was only 1.62 nS ± 0.09 nS74. It is indicative that the

magnitude of conductance is representative of lumen diameter and aperture, and

hence can be attributed to the non-discriminatory nature observed between CF and

SRB that was previously noted. Therefore the overall increased conductance observed

for the designed nanopore (NP, Figure 61) could potentially be attributed to the

longer loop regions. This is a logical conclusion whereby the increased single

stranded proportion can allow for additional freedom of movement, as demonstrated

with the earlier lipidated DNA dynamics that highlight dsDNA has increased steric

hindrance. Therefore it is understandable that with longer ssDNA segments there is

the potential for the dsDNA duplexes to move further apart allowing for a bigger

aperture than previously witnessed.

The increase in aperture can also give rise to an increased freedom of movement

within the core region of the pore embedded within the lipid membrane. Due to the

loped design of the DNA nanopore (Figure 46C) this allows for more movement than

a design that crosses individual DNA strands148. With the elongated ssDNA regions

of the NP this can further increase the flexibility observed within the nanopore,

because of the increased freedom of movement of ssDNA. If there is an increased

movement and flexibility in the core of the nanopore there is potential to have a larger
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diameter of the central lumen which can accommodate larger molecules, but also

negate the charge exclusion properties previously observed with other DNA

nanopores74. The observed release of CF can be attributed to this increased flexibility

of the core of the pore.

As far as current recordings go it gives a good indication of the lumen properties;

however it does not truly elucidate the molecular dynamics of the nanopore. Another

aspect that can lead to the increased flux of ion crossing the membrane could

potentially be due to the additional cholesterols on the outside of the pore. Hereby the

tNP has 4 cholesterols whereas previously the nanopore only had 3 cholesterols. An

observation is that there is potential for the flux of the ion to cross on the outside of

the pore143, 185 between the pore and the membrane. An influence of the cholesterol is

to rigidify the lipid membrane. Rigidifying the membrane can lead to a larger increase

in current if the cholesterols allow for additional holes around the nanopore to be

observed in a puckered membrane. There is likely to be a synergistic effect between

the increased flexibility in the core of the pore and a rigidified lipid bilayer with

increased cholesterol content. This would prove an ideal exploration for extensive

modelling to understand how and increased length of loops and additional

cholesterols can modulate the conformations adopted by the nanopore within the

membrane.
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4.7 Summary

It has been demonstrated for the first time that a DNA nanopore was able to

selectively open and close reversibly with a temperature range between 40 °C and 60

°C, with an effective temperature range between 40 and 55°C. The research into the

synthetic thermosensitive nanopore showed the ability to control molecular transport

across biological membranes at a temperature range that can prove to be of biological

relevance. This was demonstrated in a release assay which showed the

thermosensitive nanopores generated a 1000-fold increase in flux upon thermal

triggering. The additional research into the thermosensitive nanopore revealed the

ability to transfer carboxyfluorescein as well as sulforhodamine B with minimal

charge selection. Therefore this suggests that the open state of the pore may be

somewhat different to previous pores, this was supplemented with current recordings

producing larger than expected currents. However this is the first instance of DNA

nanotechnology able to do this and has not been achieved previously with any other

organic and inorganic nanodevice. The lack of a need for a physio-chemical

interaction enables the thermosensitive nanopore to be postulated for drug delivery

systems which can be delivered through heating with lasers of the right wavelength.
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5. Protein-Gated DNA Nanopores

With the principle of a molecular valve constructed out of DNA already established

the natural progression is to develop and improve on the existing infrastructure.

Already developed is a means to control molecular cargo and flux on the nanoscale.

This provides a basis for the development of a new drug delivery system. To further

examine the ability and practicality of the choice of DNA as a building block for

biomimetic nanodevices, the nanopore was redesigned to incorporate a protein sensor.

Here the protein sensor is in the form of a DNA aptamer, which can easily be

incorporated into the DNA nanopore. The practicality and versatile nature of a DNA

nanopore enables this “seamless” transition to be realised, whereas with traditional

protein and peptide approach this would require extensive point mutations to achieve

the desired effect.

The use of a DNA aptamer and nanopore together is a potent combination that allows

the construction of a novel means of site specific opening of a nanodevice7, 76, 204, 205,

206. A realisation of this new approach is to utilise aptamers as a guidance system for a

therapeutic use, instead of a standalone therapy as previously used200, 201, 203, 281, 282. A

key demand of this system was to develop a lid that will allow unfolding of the DNA

through a preferential Kd for the protein of choice and to remain bound upon binding

to the protein. The unmet goal is to have a protein-triggered drug release to achieve

targeted cell killing.

The choice of target for the protein sensitive nanopore was deemed to be thrombin.

Thrombin itself is not necessarily a target for site specific drug delivery; however,
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thrombin has a well-defined DNA aptamer and its formation and association to

thrombin is well known and documented. An ideal end point is to tailor the protein

nanopore to specific regions of interest, such as: specific cell types, protein specific or

receptor specific etc. Hence the choice of thrombin is the ideal starting point to

develop this new technology.



163

5.1 Design of a Thrombin Gated DNA Nanopore (pNP)

The development of the protein sensitive nanopore (pNP) is facilitated with the easy

incorporation of a DNA aptamer (Figure 62, appendix table 7, 8). The principal is

built upon the already established DNA nanopore with thermosensitivity, where the

lid region has the corresponding aptamer sequence for thrombin included. The

premise is that with the inclusion of the DNA aptamer within the lid region this will

allow for selective opening of the pore when the corresponding protein is present. A

design that works on a preferential binding to the thrombin (with a Kd 25 nM196)

inducing the subsequent conformational change that enables the opening of the

nanopore and release of molecular cargo.

Figure 62: A protein-gated DNA nanopore, termed pNP, that opens to allow transport of

molecular cargo across a bilayer membrane when thrombin is bound. (A, C) Top-down (A)
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and side view (C) of pNP. The pore’s barrel is composed of six component DNA strands

highlighted alternatingly in light blue and dark blue. The protein-sensitive lid (red) feature the

thrombin-binding aptamers (orange) and blocks the opening of pNP. Four cholesterol anchors

(pink) insert pNP into the hydrophobic lipid bilayer membrane (not shown). (B, D) Top-down

view (B) and side-view (D) of pNP when binding of thrombin (dark purple) leads to the partial

dissociation of the lid and the opening up pNP’s channel.

Figure 63: 2D map of protein nanopore. Pink represents cholesterol anchors, orange thrombin

binding region of lid, dark/light blue nanopore barrel, red lid of nanopore. Green tamra

complementary strand for fluorescent microscopy.

To ensure that the nanopore maintained as much functionality as demonstrated with

the thermosensitive pore the aim was to minimise the number of changes. The

protein-gated nanopore (pNP) was rationally designed with the established six-duplex

nanobarrel. The corresponding nanopore produces a 2 nm-wide lumen (Figure 62A,

6B, blue). The second aspect of the design is the lid (Figure 62A, 62B, red), the lid
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hybridises to the nanopore through the two extended duplex regions as before with

the thermosensitive nanopore. For the development of a protein sensitive nanopore

the known thrombin aptamer200 is incorporated. In isolation, the 15-nt long aptamer

sequence folds into a quadruplex when thrombin is present. To achieve sensitivity

and maintain functionality the aptamer had to be incorporated into the lid. To find the

optimal site for the aptamer several iterations were made and included on multiple

different sites across the lid region. The pNP that prevailed was where the aptamer is

included after the hinge section (Figure 62 and 63), this section was designed

previously not to come off in the thermosensitive design. Correspondingly this has

the same melting temperature (62.8 °C). The design of the lid functions so that when

the thrombin is bound the aptamer region will form a G-quadruplex, this forces the

dissociation of the bound lid strands to the DNA loops (Figure 62). Resultantly the lid

is sufficiently pulled away from the lumen to allow transfers of molecular cargo.
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5.2 Construction of pNP

To determine assembly of the nanopore and the new lid design of the pore were

heated and cooled at equimolar ratios of the seven strands. Conformation of

successful folding was determined with the presence of a single band in

polyacrylamide gel electrophoresis (Figure 64A). For comparison the protein

nanopore without the lid (pNP-L) was also folded, this is to further show successful

incorporation of the lid. This is evident with the smaller size of pNP-L and the lower

running height (Figure 64A).

To further show pNP stability and ability to anchor to lipid bilayers the nanopore was

analysed by fluorescent microscopy. A cholesterol nanopore variant with a TAMRA

fluorophore at the lid (Figure 63) was utilised and incubated with giant unilamellar

vesicles (GUVs). GUVs were formed of POPC lipids and by electroformation. With

fluorescence analysis it was evident that the nanopore binds successfully to the lipid

vesicles, this is evident with a fluorescent ring around the vesicles (Figure 64B).

Furthermore the design of the nanopore included an elongated lid with a

complementary DNA strand where the fluorophore was incorporated. The benefit of

the fluorophore on the lid is that it is also possible to determine whether the pNP

remains intact when bound to the lipid membrane. It is evident with the fluorescent

ring is that the nanopore remains fully intact when tethered to the GUV membranes.
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Figure 64: The protein gated nanopore pNP is self-assembled from DNA and binds to lipid

bilayer membranes. (A) Assembly of the pore is confirmed by 10% PAGE. Lane 1 and 2, pNP

(1 μM) with and without aptamer lid (1 μM), respectively. Run for 90 min at 70 V in 1 x TBE, 

100 bp DNA ladder and stained with ethidium bromide and imaged under UV light. (B)

Membrane binding of pNP-TAMRA with 4 cholesterols by fluorescence microscopic analysis

of a POPC GUV’s. Imaged at excitation at 546 nm and emission at 579 nm. Scale bar, 10 μm. 
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5.3 Functionality of Thrombin Gated Lid

With successful assembly of the nanopore established it was essential to demonstrate

the new lid functionality, protein sensing. To demonstrate the functionality of the lid

and ability to bind to thrombin without disintegration of the nanopore multiple

experiments were conducted. Initial experiments were performed with gel analysis to

determine that the pNP remained fully intact when binding to thrombin. Increasing

concentrations of thrombin were added to set concentrations of the nanopore and

were incubated prior to analysis on 10% PAGE. The assay was designed to measure

pNP association to thrombin, the premise is that the nanopore will migrate higher

within the gel to the height of thrombin in the formation of a DNA-thrombin

complex. This is due to the larger size of thrombin and the strength of association

with the nanopore. It is evident from the gel (Figure 65B) that there is a clear

association to the thrombin from the higher band position. Therefore indicating that

the nanopore remains fully intact when bound to thrombin and that the lid does not

disassociate from the pore, illustrated in Figure 65A.
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Figure 65: Binding assay of thrombin to pNP: (A) 2D map of the pNP’s top, which undergoes

physio-chemical rearrangement and opening of the lid though binding to thrombin. The

opening separates the Cy3 from the quencher fluorophore Cy5 to yield a stronger

Cy3fluorescence signal due to weakened quenching by proximalCy5. (B) Gel shift assay, 10%

PAGE, of pNP with increasing concentration of thrombin. Binding of pNP to thrombin is

observed with increasing gel shift. Run for 90 minutes at 70 V in 1 x TBE, 100 bp DNA

ladder and stained with ethidium bromide and visualised under UV light. (C) FRET of

thrombin lid opening. Red trace is that of thrombin addition and grey 0.3M KCl 15 mM Tris

pH 8.0 buffer.
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However it is not possible to derive an accurate quantitative value for the binding

affinity for the pNP to thrombin. As observed in Figure 65 B there appears to be two

migration bands at higher positions than the original DNA nanopore, what can be

derived from this is that there are possibly multiple forces acting within the gel. A

possible situation is that there is a transition state where there is a mixture of bound

and unbound to the thrombin which can be seen in the smearing in Figure 65 B in

lanes 29 μM and 58 Μm. But the higher band positions in lanes 116 μM and 230 μM 

are unexpected, as it would be expected that the bands would migrate to the

maximum position in 29 μM and 58 μM. The higher bands observed in 116 μM and 

230 μM could be an aggregation issue with the protein and nanopores that prevent 

effective migration through the gel. Hence it is not possible to accurately calculate a

binding coefficient, however the aptamer does appear to induce a binding to the

thrombin where the nanopore remains intact. The binding coefficient for the free 15-

mer aptamer in solution is 25 nM200, because of the incorporation into a nanopore and

modified sequence it is expected that the binding coefficient will be proportionately

lower. This is because the elongated DNA sequence which will lead to increased

steric hindrance and multiple forces of DNA hybridisation that will restrict as

effective association to the protein (Figure 62, 63A).

For further confirmation that the protein sensitive lid was a genuine response a

nanopore was folded with a Cy3 and Cy5 on the lid and one of the barrel strands

(Figure 63). To measure this effect kinetic fluorescence was performed on the folded

nanopore. In the closed state of the nanopore the Cy3 (on the lid) and Cy5 (on the

barrel) dyes are held within proximity and subsequently any omission of Cy3 is
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quenched by Cy5 (Figure 65A). With the addition of thrombin the nanopore lid

disassociates, changing conformation and sufficiently moves the Cy3 dye away from

the Cy5. The increased distance between the two dyes enables Cy3 emission to be

observed. This was confirmed by the kinetic fluorescence measurements (Figure 65C,

red trace) where there is a notable increase in fluorescence emission of Cy3. Further

conformation was by the addition of buffer as a negative control this did not induce

and change in fluorescence (Figure 65C, grey), hence indicating that the lid is stable

and robust.
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5.4 Insertion of pNP into Lipid Membranes

To further show functionality of the pNP as a means of transporting molecular cargo

influx kinetic studies were performed. These studies were conducted upon GUV’s

used earlier for confirming membrane association. By performing influx studies this

cements the concept that the nanopore is functional as a molecular valve, which will

open only to specific protein stimuli. To perform the assay pNP was added to the

GUVs and let to incubate for 10 minutes, to the solution Atto 633 was then injected

into the environment outside the GUV’s. Separate samples were then measured over

2000s to determine the capability of a molecular valve, firstly to determine flux and

secondly to show the capability as a lid preventing leakage. As shown (Figure 66)

there is a noticeable influx when thrombin is added to the solution, after a small delay

there is a huge increase in fluorescence within the vesicle. Furthermore this

determines that the nanopore is a selective receptor for thrombin. Additionally the

addition of 0.3M KCl 15 mM Tris pH 8.0 buffer shows that the nanopore only forms

into the active form in the presence of thrombin, thus this forms a tight seal and

prevents leakage into the GUV (Figure 66). This is apparent from the negligible

change in fluorescence intensity shown visually and quantitatively on the

corresponding plot, achieved with ImageJ analysis.
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Figure 66: Influx experiments. Confocal series of GUVs (10 μl) in 0.5 x TAE buffer 

substituted with 0.5 mM KCl (10 μl), addition pNP (5 μl, 1μM) and Atto 633 dye (10 μl, 

260μM). For thrombin opening addition of thrombin (10 μl ,260 μM) in 0.3 M KCl, 15 mM 

Tris pH 8.0  at 500s. For control without thrombin addition 10 μl of 0.3 M KCl, 15 mM Tris 

pH 8.0 at 500 s. Final volume of sample was 35 μl. A) Confocal series of GUVs, pNP with the 

addition of thrombin at 500 s and measured for 2500 s. B) Confocal series of GUVs, with

pNP without thrombin, buffer added a 500 s and influx measured for 2500 s C) Graphical

calculation of vesicle interior from A and B, calculated with ImageJ. Thrombin added at 500 s

in A, buffer added at 500 s in B.

With confirmation of the protein triggered lid functionality and the tightness of the lid

seal confirmed by influx assays it was investigated whether the efflux is also
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achievable. Efflux is essential to allow for a new form of protein triggered drug

delivery to be realised. To test this system of delivery the nanopore is inserted into a

lipid vesicle (Figure 67A), after being anchored into the lipid bilayer this can form a

molecular valve with the protein trigger on the exterior. The protein trigger is

designed to be on the exterior with the positioning of the lipid anchors a quarter of the

way up from the base of the nanopore (Figure 63, 67A). It is less favourable to

puncture the membrane with a large amount of negatively charge DNA, thus it is

favourable for the region of the nanopore with fewer DNA bases to puncture the

membrane. A confirmation of the positioning of the protein trigger would be to

conduct channel current recordings with protein on one side of the chamber. Thus

only the side where the protein is present and the protein nanopore trigger faces

would observe a current trace, this would therefore give confirmation that the protein

trigger is on the exterior. With regards to the release assay only the pore with the

trigger facing the exterior will observe a signal, as discussed this should be the more

favourable conformation adopted. The lipid vesicles (SUVs) are filled with a

molecular fluorophore sulforhodamine (SRB), as before with the thermosensitive

nanopore. The premise is that the SRB is self-quenched at high concentrations and

after opening of the lid the dye is released into the ambient environment and diluted

where emission is observable.
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Figure 67: pNP permits protein gated-controlled transport of molecular cargo across a bilayer.

(A) pNP inserted inside a lipid bilayer of a SUV. The vesicle is filled with fluorophore

sulforhodamine B (SRB)(green dots). In its closed state pNP does not permit passage of the

encapsulated dye which is contact-quenched at its high concentration inside the vesicle. Upon

thrombin induced unzipping of the DNA strand the lid is in an open state and allows release of

SRB which becomes fluorescent at the lower dye concentration. Increase of fluorescent

intensity depending on concentration of protein. B) Increase in fluorescence intensity (in %)

with increasing concentration of thrombin plotted over the time period of 70 minutes. C)

Average release in % of fluorescent dye at concentration of thrombin: 0, 52, 130, 260 μM, 

after 70 minutes.

Evident from release assay is the protein triggered opening is concentration

dependent. This is confirmed with the negligible increase in fluorescence with the

absence thrombin over 70 minutes (Figure 67B). Contrastingly the addition of 52 µM



176

induced a gradual increase of fluorescence emission, with subsequent additions of

130 µM, 260 µM led to a faster increase of fluorescence observed over 70 minutes,

with 260 μM being sufficient to reach a plateau of release. Quantitative analysis of 

three repeats revealed an approximately 700-fold enhancement in release upon

protein binding (Figure 67C). Evident from 0 μM thrombin the release value was 0.01 

± 1.10 % in contrast to 260 μM it was 6.99 ± 0.34 % (Figure 67C). The observation 

of the curve plateauing around 7% can be attributed to the system reaching

equilibrium of the efflux and influx of the SRB, whereby the amount of dye being

released is negligible to the increase of fluorescence in the ambient environment.
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5.5 Drug Encapsulation and Drug Delivery via pNP

The demonstration of successful release with the fluorescence assay allows the final

stage of developing a nanodevice with the release of a relevant biotherapeutic drug.

The key to design was one where the nanodevice can potentially be used as a

precursor to the further development of drug delivery systems. As a final stage of

experimentation the nanopore was assembled into a nanodevice encompassing an

SUV filled with topotecan, prior to addition to HeLa cells with thrombin (Figure

68A). The anticipation is that the nanopore, incorporated into the vesicle membrane,

will bind to the thrombin associated with the HeLa cells and release the molecular

cargo. Thrombin itself has been shown to be active in the PAR-1 pathway and

associates with tumour growth202, 215, to supplement the system thrombin will be

additionally added. The selection of molecular cargo is topotecan, this was

encapsulated within the PEPC vesicles (1 mM) at an internal concentration of 3 μM, 

and pNP at 1 μM. Topotecan was chosen because of the relevance for cervical 

cancers and its clinical use7, 74.

The development of the assay proceeded with culturing HeLa cells so confluency was

10000 cells/well in a 96 well plate, in a 100 μl Dulbecco’s Modified Eagle Medium 

(DMEM) GlutaMAX™, supplemented with 10 % Fetal Bovine Serum (FBS) and 1 %

Penicillin – Streptomycin. The cells were allowed to culture for a 24 hour period prior

to the addition of the constructed nanodevice. To demonstrate the ability of drug

delivery and biological effect of the nanodevice 10 μl was added to the cells, with 

thrombin (165 μM, 10 μl) in 0.3 M KCl, 15 mM Tris pH 8.0. To also determine 

success of the drug delivery controls were also included: topotecan alone (3 μM, 10 
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μl), pNP alone (1 μM, 10 μl), SUV with drug (1 mM, PEPC with 3 μM topotecan, 10 

μl), nanodevice without thrombin (1 mM, PEPC with 3 μM topotecan and pNP 1 μM, 

10 μl). After addition cells were allowed to incubate for a further three day period. To 

quantify the results images of the cells were taken every 24 hours over the course of

the 3 day incubation period. Additionally to qualitatively asses the cells the cell

viability was monitored after 3 days utilising a WST-1 colorimetric assay. The WST-

1 assay was chosen as this measures the cell viability through the enzymatic pathway

that degrades the tetrazolium salt WST-1 to the cleaved soluble formazan. This is

through the mitochondrial succinate-tetrazolium-reductase system that occurs

primarily at the cell surface. The reduction to the soluble formazan is dependent on

the glycolytic production of NAD(P)H which only occurs in viable cells. Thus, the

amount of formazan dye in the wells is directly proportional to the number of

metabolically active cells in the culture.
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Figure 68: A) Schematic of cell based assay in media without drug and HeLa in DMEM.

Assay is incubated with complex and thrombin is added releasing the molecular cargo

(topotecan). Incubation for a period of three days leads to a decrease in cell viability (20 ± 2

%) B) Chemical structure of topotecan. (C) Viability of HeLa cells 3 d after incubation with

either: control (85 ± 6 %), thrombin (98 ± 3 %), pNP (85 % ± 4), topotecan (43 ± 3 %),

topotecan-filled PEPC SUVs (45 ± 1 %), topotecan-filled SUVs carrying pNP (55 % ± 1 %),

and the latter in combination with thrombin (20 ± 2 %). The cell viability was determined with

the WST-1 assay.
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Figure 69: Confocal images of HeLa cells with different components added at Day 1. Over a
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period of 3 days cells were incubated at 37°C 10% CO2 and imaged every 24 hours to visually

monitor viability.

Evident from the assay there is a notable decrease in cell viability when incubated

with the nanodevice in the presence of thrombin. With cell viability dropping down to

19.73 ± 2.27 % in comparison to cells alone 85.04 ± 6.15 % (Figure 68C). This is

further supported visually (Figure 69) where for the nanodevice (SUV/Drug/pNP +

Thrombin) the microscopy images show a rapid day by day removal of healthy cells.

This is substantiated with puckering of cells followed by almost eradication in day 3,

with only a few deformed cells remaining. However when compared to the control

there is minimal puckering and the cells look relatively healthy after the 3 day

incubation, even without replenished media.

The success of delivery of topotecan is also supported when compared to the addition

of topotecan alone (42.9 ± 2.5 %) the viability is twofold greater without the

nanodevice delivery system (Figure 68). The viability seen for the topotecan is in a

similar region to the encapsulated drug (SUV/D, 44.7 ± 0.9 %). This is also observed

visually with (Figure 69) with relatively similar microscopy images, in terms of

puckering and healthy cells. Drug encapsulation in vesicles is a clinical method used

for enhanced uptake of a drug229, 231, 232, 233, 234, 235, 283. It is therefore understandable that

the vesicles fuse with the cell membrane and deliver cargo to induce cell death 116, 160,

232, 245, 284, at differing rates dependent on the membrane topology. The development

of the vesicle was to actively prevent using modifications that would enhance cellular

uptake, such as pegylated surfaces, additional cholesterol and highly charged lipids193,

229, 231, 233, 234, 283. Thus the use of PEPC lipids which are relatively neutral was chosen
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to form the SUVs. The choice of the vesicles is ratified with the relatively similar

uptake to the drug alone. An idea is to try and reduce the level of fusion by actively

modifying the surface with factors that may prevent fusion to the same degree. This is

witnessed with the addition of the pNP where there is a highly net negative charge

surround the vesicle and a less cytotoxic effect is observed, as show in Figure 68C the

nanodevice without thrombin only fell to 55.3 % ± 1.3 %.

Furthermore this indicates that the release of the topotecan occurs through the

protein-gated opening of the pore in the presence of thrombin and not through

leakage or fusion alone. This is supported with the two different viabilities of the

nanodevice when it is in the presence of thrombin (19.73 ± 2.27 %) or without (55.3

% ± 1.3 %) otherwise the drug remains relatively contained within the nanodevice

(Figure 68). Additionally the cell death is attributed to the drug delivery alone and not

from association of thrombin. The choice of thrombin for the target is supported with

the fact that thrombin does not induce cell death shown with the high viability (97.6 ±

3.4 %) in Figure 68C. Furthermore thrombin is known to increase viability and

enhance proliferation in HeLa cells through actions with the PAR-1 pathway202, 215

which further supports the choice of thrombin as a drug delivery target in HeLa cells.

Therefore this shows the level of success of the nanodevice in delivering a

biotherapeutic molecule. Overall the data builds a strong case for the further use of

the protein-gated nanodevices for the delivery of therapeutically relevant cargo for

controlled cell killing (Figure 68A).
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5.6 HER2 Nanopore Design

With the success shown of the thrombin binding nanopore the natural evolution is to

progress to another protein of interest. Therefore by utilising a DNA aptamer specific

for HER2 it is possible to ease the incorporation of the new protein sensor lid, HER2.

HER2 itself is of clinical significance, which is a mutation that induces

overexpression of the ErbB-2 gene216, 221, 222, 285 with a high prevalence in breast

cancer and occurs in ovarian and stomach cancers as well223, 224, 286. There are also

associated more aggressive cancers such as uterine serous endometrial carcinoma that

have over expression of the HER2287, 288, 289, 290, 291. The typical treatment of breast

cancer is through the clinical use of trastuzumab221, 285, 292, predominantly, however

other monoclonal antibodies (mAb) are used to a lesser degree219, 293. With regards to

the use of mAb, it is not feasible to utilise the system designed here, through the

simple size disparity between DNA nanopores and mAb. Additionally mAb have

proven success of targeting HER2 effectively specifically within breast cancer219, 221.

A typical note is the poor prognosis of HER2 over expression287, 294, 295, 296, 297, 298, thus

a means of effective treatment is necessary and one that reduces cell viability and

prevents proliferation effectively. Of interest is the occurrence within ovarian cancer,

as demonstrated early the use of topotecan is used within ovarian cancers as well as

cervical cancers217. Hence the combination of the new target, HER2, with the already

established and proven method of cell killing, in the thrombin sensing, allows for a

new prospect of drug delivery and treatment.

Therefore building upon the previous success of the thermosensitive nanopore and

thrombin gated nanopore the basis of this design was incorporate a new functional
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aptamer that can bind to the HER2 proteins The HER2 nanopore design was

constructed in a similar way to include the DNA aptamer for recognition of the

protein, whereby the design would encompass the DNA aptamer into the lid. The new

HER2 molecular valve also incorporated the membrane spanning barrel to form the

whole nanopore. The design focused upon using the six helix bundle comprised of

DNA strands forming interlinked loops where two strands are elongated, which

allows for the hybridisation of the lid. For the protein detection functionality the DNA

aptamer sequence (54 nt299) was included within the lid design (Figure 70, appendix

table 9, 10). A notable difference is the size of the aptamer sequence which prevents

the inclusion at the first crossover of the lumen, as in the thrombin sensing pore.

Hence to compensate the increased size of the aptamer the position was moved to the

second crossover of the lumen, which was chosen to help improve the stability of the

lid and pore itself.
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Figure 70: HER 2 nanopore Figure 2D map. Pink represents cholesterol anchors, orange

thrombin binding region of lid, dark/light blue nanopore barrel, red lid of nanopore. Green

TAMRA complementary strand for confocal.
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5.6.1 Construction of HER-2 Nanopore

With the rationally designed nanopore for HER2 and the newly incorporated lid

variation it is essential to establish that the lid still maintains functionality and ability

to bind with the protein of interest. Initial determination of the success of the

redesigned lid was confirmed with binding utilising PAGE. HER2 protein (116 KDa)

is too large to transverse through the gel in its folded form, thus the DNA aptamer

should associate with the protein and remain higher up in the gel. The protein was

titrated into a set concentration of the nanopore lid strand; with the addition of the

protein corresponding height of the band from the lid strand was retained higher up

the gel, indicating successful molecular recognition for the protein of interest. It

would be ideal to extract a binding value for the HER2 lid stand, however as observed

with the thrombin binding gel (Figure 65B) there appears to be a three levels of

bands. Thus this means it is not possible to derive an accurate Kd for the DNA lid

strand, as it is not clear at which point the DNA is associating to the protein and what

bands may be present due to aggregation.
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Figure 71: Protein lid binding gel and graph. 10% PAGE run at 70V for 90 min in 1 x TBE, 1

µM DNA, with 100 bp marker used and visualised with ethidium bromide under UV light.

Despite the lack of deriving an accurate binding coefficient the gel proves a proof of

concept with evident success of establishing the molecular recognition of the HER2

lid. Subsequently the full protein sensing nanopore was assembled, the pore followed

the six helix bundle design (Figure 63) with the HER2 sensing lid incorporated

(Figure 70). Folding of the pore was achieved through heating and cooling of an

equimolar mixture of DNA strands resulting in the self-assembly of the HER2

sensing nanopore. Analysis of the successful folding of the DNA nanopore was

achieved through PAGE, the success of the folding is evident upon the single band

formed (Figure 72). Within the gel the comparison between the pore without the lid

and the pore with the lid is made, notably the pore without the lid resulted in a faster

migration in the PAGE (Figure 72).
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Figure 72: Step wise assembly of the HER-2 nanopore. Numbers indicate the number of

strands used in folding, with 1 being strand 1of the component strands and 1-7 being the fully

formed HER2 –NP. For comparison pNP is included, noted is the final size difference caused

by the lid size. DNA ladder used 100 bp marker. 10% PAGE run at 70V for 90 min in 1 x

TBE, 1 µM DNA and visualised with ethidium bromide under UV light.

The establishment of successful formation of the nanopore allowed for further

analysis upon the stability and ability of the nanopore as a whole to detect the protein

of interest. Following from the assembly; the HER2 nanopore was subjected to gel

analysis with titration of the HER2 protein. The increasing concentrations added of

HER2 are added and induce a conformational change in the DNA nanopore. This

change is observed with the retention of the DNA nanopore at a higher position in the

gel, indicating the establishment of the DNA-protein nanopore complex (Figure 73).

As established the higher molecular weight of the protein and the DNA complex

associated was the cause for the migration. A slight contrast to previous pNP binding

gel (Figure 65B) is the clarity of the gel for the HER2 nanopore (Figure 73). The

level of clarity is associated with the somewhat more smeared gels presented (Figure
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73) when compared to the pNP previously. This increased smearing can be somewhat

due to aggregation of the nanopore, as well as aggregation of the protein itself.

Another prospect is the interaction of the molecular receptor with the protein is

somewhat compromised, due to the constraints of being incorporated in the DNA

nanopore which can impede opening of the lid and hence binding to the protein. One

important note is the lack of additional bands present at the lower end of the PAGE

gel, hence indicating that the nanopore does remain assembled without degradation of

the pore upon binding.

Figure 73: HER2 nanopore binding gel with HER2 titrated at increasing concentrations. 10%

PAGE run in 1 x TBE at 70V for 90 min, 1 µM DNA nanopore, 100 bp DNA ladder and

visualised with ethidium bromide under UV light.

In contrast to the earlier gel of the thrombin nanopore (Figure 65B) and the free

strand (Figure 71) there are only two distinct levels within this gel (Figure 73), even



190

with the streaking in the wells. From the gel it was possible to generate additional

quantitative information about the binding affinity for the HER2-DNA nanopore

complexes. Subsequently the band intensities of the were plotted against protein

concentration and normalised to yield a Langmuir isotherm (Figure 74)142, thus

producing a Kd = 94.9 µM ± 14.3 µM. The following fit is produced upon the

assumption that one aptamer associates with one protein molecule. The resultant Kd is

three orders of magnitude different to literature values (Kd = 270 nM)300. Following

the fit of the data generated it is evident that the Kd is higher for the fully folded

HER2 nanopore, as mentioned this is could be an issue with the degree of smearing

observed in the gel. This can also be attributed to the aptamer no longer being free in

solution, but now being constrained in the DNA nanopore which can impede binding

to a degree. However with the visual conformation it is clear that the HER2 nanopore

folds with a degree of molecular recognition achievable.

Figure 74: Binding Langmuir isotherm of HER2 binding. Quantitative analysis of the gel-shift

data with a plot of gel intensity-derived value of 1- (IDNA - Ibackground) which is equivalent to the

percentage bound of HER2 nanopore complex, vs the concentration of HER2. Binding values

were calculated from a minimum of triplicate results.
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5.6.2 Membrane Binding HER2 Nanopore

After the establishment of molecular recognition of the nanopore it is essential to

monitor the degree of membrane binding achievable with the newly formed nanopore.

The premise is the development of a newly selective means of drug delivery with

specific protein recognition. The ability to form a successful membrane bound

nanopore that transverses the membrane and allows flux of cargo is paramount in this

development. To monitor membrane binding a variant of the DNA nanopore utilising

a TAMRA fluorophore was employed. The cholesterol modified HER2 nanopore

with TAMRA fluorophore was assembled and incubated with GUVs of POPC, prior

to imaging on fluorescent microscopy. Noted from Figure 75 is the bright ring

surrounding the vesicle, hence implying that the HER2 nanopore is successfully

bound to the membrane. The design of the HER2 nanopore (Figure 70) also indicates

that the binding follows suit with an intact nanopore upon binding and no degradation

occurs.
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Figure 75: HER2 NP is self-assembled from DNA and binds to the lipid bilayer. A) Assembly

of the pore is confirmed by 10% PAGE prior to incubation with POPC GUVs, lane 1 is the

HER2 NP without lid and lane 2 is HER2 NP. Run for 90 minutes at 70V in 1 x TBE, 100 bp

DNA ladder and visualised with ethidium bromide under UV light. B) Membrane binding of

nanopore to POPC GUVs, excited with 550 nm and emission at 570 nm.
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5.6.3 Functionality of the HER-2 Lid

Following the: design, construction and establishment of a newly recognisable protein

molecular valve the subsequent step is to monitor protein triggered release of

molecular cargo. The development of the previously established release assay was

employed (Figure 76) where SUVs were encapsulated with a fluorescent molecular

cargo SRB. Following addition of protein to the vesicles with bound nanopores the

corresponding release was monitored with emission of SRB into an ambient

environment where self-quenching was not observed. In determination of the success

of the results the assay was subjected to controls where release was monitored for the

closed nanopore and nanopore without a lid for comparison.

Figure 76: Fluorescent release comparison HER2 nanopores with and without lid. HER2 (50

μM, 10 μl) was added at 5 minutes to a solution of SRB SUVs (90 μl) incubated with 

nanopore (10 μl, 1μM). The SUVs are filled with SRB (50 mM). In its closed state HER2 - NP 

should not permit passage of the encapsulated dye which is contact-quenched at its high

concentration inside the vesicle. Upon HER2 addition induced unzipping of the DNA strand

allows release of SRB which becomes fluorescent at the lower dye concentration. Increase of

fluorescent intensity depending on concentration of protein. A) Quantification of NP release
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of different fluorophores, base line is release of SUV alone. B) Histogram of net fluorescence

release, SUV 0.02 ± 0.02 %, HER2 5.71 ± 0.2%, HER2 – L 11.8 ± 0.3%.

The corresponding release assay however raises some questions about the nanopore.

Evident from the graph (Figure 76A and 76B) is there is a degree of questionability

about the structural integrity of the HER2 nanopore. Observation of the data shows

that for the nanopore without addition of the protein there is an abnormally high

release of 5.71% ± 0.2% when compared to previous studies (Figure 56, 67, 76). The

principle of the control is to establish that the nanopore design is tight enough to

prevent leakage of the molecular cargo, which is essential for a form of drug delivery

as seen in Figure 67 and 69 for the thrombin variation and Figure 56 for the

thermosensitive version. Contrastingly the HER2 control, where no release is

expected, is 500-fold higher than the thrombin versions of the nanopore design.

Therefore this causes a degree of impracticality with the design an incorporation of

the HER2 aptamer in the lid. As mentioned in the design process the position of the

aptamer was moved from the initial crossover to the second crossover of the lumen

(Figure 70). This was chosen on the principle that the increased size of the aptamer

sequence, when compared to thrombin, made it impractical to incorporate the aptamer

in the original position. However, even with a justified design aspect, there appeared

to be an issue with the ability to remain hybridised strongly enough that prevented

leakage of molecular cargo. It is probable that the end of the lid either remains

hybridised with a “buckling” of the DNA crossing the lumen which allows for

leakage of the molecular cargo. Or the end of the lid strand only remains partly

hybridised, whereby the end of the lid is free to a degree to move and causes a level
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of leakage to occur from the nanopore. Therefore this control suggests that the

nanopore is needed to be redesigned to improve its ability to retain cargo without

leakage.

However, as postulated the tail remains more accessible to the protein. This concept

is proven to a degree when the data in Figure 76 is observed, with an increased

release observed with the addition of HER2 protein. Thus, with the nearly 2-fold

increase this indicates that the lid is partially bound and causes some prevention of

leakage through blockage of the lumen. This observation also validates the earlier

suggestion with the thermosensitive pore that the lid release appears to occur in a step

wise fashion (Figure 56). With a partial release observed for the lower temperature

and contrastingly the unbound protein, but with higher temperature the full lid is

unhybridised allowing complete uncovering of the lumen and with the HER2 bound

this also uncovers the entire lumen allowing for the greater flux observed (Figure 76).

Despite the observed HER2 induced release, the pore controls for lid functionality

prevented the HER2 variation from being pursued to cell killing assays as was

conducted with the thrombin variant.
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5.7 Summary

Building upon the work prior with the successful development of a thermosensitive

DNA nanopore, the extended work here shows and highlights the versatility of DNA

nanopores to be tailored and tuned to a specific need. The demonstration of pNP pore

functionality was outlined with a release assay where an increase, 700 fold, of flux of

small molecule was shown between closed and open states. The ability to rapidly

deliver molecular cargo by protein triggered approach was utilised to develop a novel

drug delivery system. With specific regards to the ability to selectively deliver

topotecan to a sight of interest and enhance the capability of native drug and

encapsulated drug. The targeted mechanism utilising a DNA aptamer made it possible

for the improved cell killing principle with a decrease in cell viability of 22% when

compared to native drug.

The benefit of DNA nanotechnology is the ability to easily change and modify the

DNA nanoarchitectures when compared to protein variations. The ease of this is

demonstrated with the two successfully designed pores pNP and tNP. Additionally

the versatility is demonstrated with attempt to build a HER2 nanopore, this utilised

aptamer technology to seamlessly incorporate into the nanopore. However due to the

larger size of the HER2 aptamer repositioning of the recognition site did not produce

the same success as with the pNP. Despite this the work produced with the pNP

demonstrates for the first time that a DNA nanodevice with a protein triggered

nanovalve is capable of delivering a biologically relevant cargo in vitro. This

ultimately provides huge advances in targeted therapy and precision medicine, as well
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as developing the field of DNA nanotechnology providing a new area of research for

site specific drug delivery.
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6. Conclusions

6.1 Dynamics of Lipidated DNA

Firstly the in depth study into the molecular dynamics of lipid-anchored DNA

demonstrated new and previously not confirmed interactions between lipid anchored

DNA. Through the exploitation of the gel electrophoresis and its versatile nature it

was possible to determine the maximum packing density for different lipid variations,

as well as the binding affinity. With the experimental data suffice the systems were

further explored with atomistic modelling of the dsDNA or ssDNA molecules

embedded in lipid membranes301, 302, 303 via covalently attached cholesterol anchors.

Within the MD simulations; the systems are solvated with ions or water, thus

allowing for an accurate interpretation of the electrostatic interactions that occurred.

The use of the MD simulations confirms the hypothesis proposed with the

experiments. Importantly the MD simulations give a visual understanding of the

interactions proposed.

An initial overview of at the data determines that the ionic interactions are the key

factor that influences membrane tethering. The negative charges of the DNA

phosphate backbone and the negative head groups of PG lipids have an overwhelming

repulsive effect dictating the majority of the interactions through electrostatic

repulsion. Hence reducing the affinity of the interaction despite the presence of

zwitterionic lipids. However through the molecular screening caused by counter ions

in the different buffer compositions compensates for the electrostatic repulsion.

Overall the repulsion leads to a reduction in DNA and lipid membrane surface
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contact, therefore this induces DNA linker stretching and rises the overall position of

the cholesterol causing a slower lateral diffusion across the membrane surface.

In combination with the electrostatics that dictate the molecular dynamics it is also

revealed that sterics have a role in the interactions between lipid anchored DNA and

the lipid membrane. It was shown that there is a large difference in conformation

between dsDNA and ssDNA. The dsDNA adopts an almost upright conformation in

all variations, whereas the ssDNA collapses and forms a polymer brush. The

reasoning for the collapse is through favourable interactions between the head groups

in the lipid bilayer and the DNA strands, this not observed when PG (negatively

charged) headgroups are present. However the double stranded nature of the DNA

prevents and significantly reduces the contact possible with the lipid membrane.

Therefore the different conformations adopted are expected to influence the different

dynamics of molecular accessibility for the DNA. Thus an understanding of the

sterics influencing different DNA conformations is expected to help determine

optimal DNA nanostructure interactions.

The work here focuses on an idealised membrane system exploring the use of three

different lipids, PC, PE and PG. The study gives an insight into what the molecular

dynamics are for a membrane environment, however it does not truly replicate that of

a cell membrane. A cell membrane is a predominantly clustered environment with

transmembrane and surface proteins. The presence of such proteins would predictably

drastically change the dynamics of interaction that have been observed in this study,

especially with regards to packing density where a reduction would be expected. The

binding affinity would be more dictated by the charged regions of surface proteins.
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As highlighted in the work the negative charge on the membrane surface already

induces a repulsive effect, this effect can be expected to be enlarged with proteins

protruding from the membrane. An additional factor is that with a cell surface there

are many more interactions possible and it is possible that the DNA can associate to

the membrane surface through a protein DNA interaction. Hence this supports the

reasoning for adopting an idealised membrane system with different lipids to replicate

the different membranes as well as possible.

With regards to the binding affinity observed here a range of 8.5 μM ± 4.9 μM to 466 

μM ±134 μM this sits in line with other biological systems and the observed binding 

affinities for glycan binding proteins. For example cholera toxin observes a binding

affinity of 0.08 μM304 whereas H3 hemagglutinin observes a lower binding affinity of

2100 μM305. A slight contrast to this is the reported values of binding to a membrane

surface for a three cholesterol DNA nanopore where recorded produced a binding

affinity of 5 nM141. The large difference in variation between the work produced here

can be attributed to the DNA nanopore being a three cholesterol system as opposed to

one. An additional factor is the form of measurement whereby the DNA nanopore

was measured with TIRFS/RIf, which can attribute to a larger difference observed. In

comparison to the protein based measurements the results were conducted with ITC

which can give for a difference between DNA nanopore results as well. An additional

factor is the DNA nanopore was also on an idealised membrane for the TIRFS/RIf, as

in this study, hence this would attribute to the higher binding efficiency observed.

Nonetheless the work demonstrates an insight into lipid anchor binding properties.
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On the whole through the synergistic combination of the experimental and the

simulations this revealed the molecular interactions between lipid anchored DNA and

lipid membranes. Therefore this new understanding can allow for improved design of

DNA architectures for specific lipids and hence can improve function of the DNA

nanotechnology. For instance through the use of negative lipids compared to

zwitterionic lipids this will induce an upright conformation of ssDNA. If this was

utilised to facilitate membrane fusing or capture of a molecular cargo at a surface it is

expected to be more favourable through enhance steric accessibility. In addition the

work suggests that the adopted conformation of dsDNA promotes the use of toe-hold

mediated strand displacement over simple ssDNA hybridisation to improve kinetics

of association. Whereby toe-hold strand displacement utilises a small ssDNA region

of dsDNA to induce strand displacement with another ssDNA that is complementary

to the entire DNA strand. Therefore, in conclusion, the work presented provides: new

and previously not confirmed molecular dynamics between lipid anchored DNA and

provides the foundations for improved development of DNA nanotechnology and

synthetic biology.
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6.2 Thermosensitive Nanopore

The overall goal of developing novel DNA nanopore biotherapeutic applications is

also probed with the development of a thermosensitive DNA nanopore. Following

from the improved understanding of the interaction of DNA at a lipid surface and

lipid anchor properties, it was possible to pioneer a synthetic DNA nanovalve with

temperature-gated functionality. The DNA nanopore has been shown to successfully

function as molecular valve across biological membranes, with an effective

temperature range between 40 and 55°C. A temperature range (±15°C) that can prove

to be of biological relevance if this was further pursued into the development of a

new drug delivery device.

The nanodevice itself affords new advancement of the field of synthetic biology and

nano-engineering of supramolecular chemistry. This is because DNA utilised as a

chemical building block was assembled into a multifunctional nanodevice, where

sensing an ambient temperature induced a triggered nanomechanical response and led

to a tunable controlled release. Therefore on the whole this study affords the first

DNA thermal biomimetic device. The development of this nanopore additionally

advances the field of DNA nanotechnology greatly. This further enhances the

development of moving from the simple generation of a small DNA nanopore to

mimic a protein nanopore. As well as further developing on the work of previous

studies that developed an irreversible mechanism, triggered by DNA hybridisation

with a complementary strand, that would open the nanopore74. The work here has

developed a temperature sensitive nanopore that makes the realms of a new drug

delivery therapy a possibility, by having release mechanism that would be viable in

vivo.
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Furthermore the rational design of DNA nanopores affords a more approachable

means of engineering nanomechanical devices. When compared to previous

engineering attempts with a polypeptide chain, bound to a protein pore, which adopts

different temperature induced conformations306, the approach with DNA based pores

gives a more defined and tunable possibilities than proteins. The development of the

thermosensitive nanopore sits in lieu with other non-physically induced receptors

such as light gated pores, where biological pores have covalently attached

photoresponsive lid attached via a linker to a biological channel62, 65, 307, 308. Evidently

it is highly desirable to have a triggered release mechanism that can be controlled by

the simple addition of a stimulus that does not need a physio-chemical interaction.

Finally the temperature sensitive nanopore further enhances the field of biomimetic

devices constructed with DNA architectures, which include molecular motors309, 310,

311, 312, antibody-like structures, and cytoskeletal scaffolds48. Therefore on the whole

the venture of developing a thermosensitive DNA nanopore has been highly

successful and with future consideration the new technology is ideally suited to

exploration of drug delivery devices or the development of synthetic cells.
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6.3 Protein Gated DNA Nanopores

The ultimate focus of the thesis was the development of DNA nanopores for new

biotherapeutic applications. This overall goal has been achieved with relative success.

With regards to the thrombin pNP it has been further shown that the de novo design

and bottom up approach, allowed with DNA as a building block, has enabled the

successful development of DNA nanodevice for delivery of therapeutic molecules.

The pNP work demonstrates the first time that the DNA nanodevice with a protein

triggered nanovalve is capable of delivering a biologically relevant cargo with a

degree of success in vitro. This is achievable with the established ability of lipid

anchors to successfully embed the DNA nanopores into a lipid vesicle to generate a

nanodevice which can deliver a biological payload. This is a novel development and

further enhances the field of synthetic biology and DNA nanotechnology and

provides a new area of research for site specific drug delivery.

The concept of the protein trigger to develop a molecular valve is a logical

development from previous work which has relied upon DNA complementary

strands74, an unreliable and unrealistic molecular target. Therefore the development to

target proteins through the use of aptamers is an ideal candidate for the realisation

targeted drug delivery. As shown the versatility of the DNA nanopore to incorporate

new and complex designs for opening mechanics to different stimuli. This has

allowed the two variations for thrombin (pNP) and HER2 (HNP) to be constructed, to

varying degrees of success. An issue with the HER2 variation is the size of the

aptamer for the recognition of HER2 which is substantially larger than that of

thrombin and this possibly has problems folding and maintaining the tight lid seal as

show with the thrombin version. However there is room to further develop the HER2
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version with an extensive redesign of the nanopore, or to target other proteins such as

αvβ3-integrin which would further prevent tumour development. But what has been 

successfully demonstrated is the ability to develop a DNA nanopore with a protein

triggered lid for the first time. This is a novel protein-gated nanopore that is resistant

to leakage and successfully delivers site specific therapy. The possibility for future

development is the interchanging of different biological targets with new aptamer

design. The interchangeable nature allows the future exploration of new

nanomedicine devices through controlled drug delivery.

This thesis has shown the versatility of small DNA nanopores and the ability to utilise

DNA nanopores as biotherapeutic agents for drug delivery. On the whole both the

thermosensitive nanopore and the protein gated nanopore for targeted drug delivery

are a first to be achieved with DNA nanopores. The development shown in the thesis

for DNA nanotechnology advances the field of DNA nanotechnology greatly with a

future in targeted drug delivery and precision medicine engineering.
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7. Future work

7.1 Dynamics of Lipidated DNA

With regards to the data set itself this could be expanded in the future. There are a

variety of different lipids used for the formation of bilayers to mimic biological

membranes or for different functionality. As the work here focused upon zwitterionic

vesicles and those of net negative charge vesicles this there is still scope to expand.

An example is to study positive lipids such as DOTAP, with PE to give an overall

positive vesicle or with PG to give a vesicle with differing regions of charge and to

study how this influences tethering or diffusion across the lipid membrane surface.

The synergy of the combination of experimental and simulations would prove to be

enlightening to understanding the molecular dynamics at complex lipid interfaces.

The work can be further enhanced with altering the pH of zwitterionic membranes.

Understanding how the change in pH affects the conformations adopted on the

membrane surface: will give a greater insight into how such DNA lipid anchored

molecules act within changing physiological conditions. This is ideal to further

enhance the understanding of how lipid anchored DNA can interact within the body,

either as a treatment or part of a treatment. Furthermore this would allow a greater

fine tuning of DNA nanotechnology.

Finally it is ideal to understand buffer influence to a greater degree, as shown in the

research the influence of different ions induces a complex molecular dynamics. The

work show primarily focuses on the two ions potassium and sodium; however, other
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salts such as magnesium are typically used in folding of DNA architectures.

Additionally anything used in biological systems, from cell culture to enzymes, are

further exposed to more ions such as calcium and manganese. To truly maximise the

efficiency of DNA nanotechnology design it is ideal to further study a much larger

array of buffer composition and DNA structures. This includes DNA which is not just

single or double stranded but much larger DNA complexes, understandably this

requires much more computational design and processing of the MD simulations.

However building a large database is ideal to elucidate the molecular dynamics for a

much broader range of lipid anchored DNA and membrane interactions.
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7.2 Thermosensitive Nanopore

Experimentation with the thermosensitive nanopore has proved to be a remarkable

success. The nanopore displayed its’ abilities to selectively deliver a molecular cargo

of choice when exposed to the biologically relevant temperature range. A natural

subsequent step is to continue experimentation with the nanopore with different

molecular cargo, for instance a molecular cargo which has a biologically therapeutic

effect. This could entail an anti-cancer drug, such as: doxorubicin or topotecan, two

drugs which are used for specific cancers where targeted delivery is a preferred

option to minimise off target effects. A difficulty with the current system established

for monitoring release is the ability to measure a fluorescent effect to a detectable

level. At this point doxorubicin has been attempted to be encapsulated with standard

PE/PC vesicles used for SRB, but with difficulty to be observed with fluorescence

spectroscopy at the concentrations used.

An alternative is to develop a cell based assay where cell survival can be monitored.

This would involve building a system which could allow the effective cell culture of a

selected cell line, which allowed a rapid heating without over exposing the cells to

extended high temperatures. As cell culture is performed typically at 37 °C it is

essential that any system would give rapid increase in temperature to a very localised

region. One solution to this is to develop a laser based system which would pulse the

cell sample and monitor the release of the drug encapsulated, through heating cycles

induced with the laser set up.. A proven benefit is that lasers can penetrate the skin

and if the thermosensitive nanopore was to be involved in in vivo studies a laser based

system of site specific heating is ideal. Understandably a 15°C increase could be fatal

to some cells, but this will be something to measure to minimise damage to nearby
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cells and optimise exposure. However at this point in time there are large costs

involved with developing this type of system for in vitro studies. Additionally any in

vivo studies would have to be subject to extensive clinical trials in mice prior to this

technology being realised as a means of drug delivery.

Finally the differences noted in current recordings and dye selectivity when compared

to previous studies proves an interesting insight into the nano-mechanical

conformations adopted. The difference observed through, predominantly, increased

length of single stranded DNA sections has shown to allow for larger than expected

conductance recordings. It would prove to be beneficial for this to be further analysed

with in-depth molecular dynamic simulations to truly understand the dynamics

achievable within a lipid bilayer.
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7.3 Protein-Gated DNA Nanopores

The natural progression from this stage is to further develop the principle of drug

delivery. This would involve developing a system where the nanodevice (pNP and

drug encapsulated vesicle) is more inert to cells and prevents dropping of cell

viability to the same degree as now. This can potentially be targeted by changing the

makeup of the vesicles and moving from lipid to polymersomes, where

polymersomes are more robust within blood and have that added ability to transverse

the blood brain barrier, thus further aiding the development of a site specific drug

delivery system. However a difficulty that persist is the insertion of DNA nanopores

into polymersomes and is a field of research that Oxford Nanopore Technologies are

investigating, as well as other research groups such as Battaglia (UCL) who have

constructed DNA polymersome devices before. If a nanodevice of DNA nanopore

and polymersome is successful in reducing cell toxicity in vivo there holds a genuine

potential of turning this technology into a commercialisable product for drug delivery.

A second note is that the versatility has been proven by developing a protein sensor to

a thermosensitive nanopore. The next logical step is to develop further variations of

the pNP with alternative protein targets. As shown initial work was done with HER2

protein, however this proved not as successful as that targeting thrombin. It is natural

to try and further develop the DNA nanopore with HER2 and modify the design to

maximise the lid closing potential and recognition. Another approach is to further

modify the pNP to target new proteins or markers, by using already known aptamer

targets. This includes: αvβ3 integrin which is involved in tumour development, 

Amylin which is involved in pancreatic cancer, Staphylococcus enterotoxin B which

is a bacterial infection; to name but a few. The versatility of generating SUVs to hold
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a molecular cargo of choice allows the payload to be anything conceivable, as long as

there is an aptamer target it can be delivered specifically to treat or combat the

disease or infection. Furthermore if there are a limited number of aptamer targets it is

possible to use Systematic Evolution of Ligands by Exponential Enrichment

(SELEX) to design new aptamers and hence new targets.

On the whole it has been shown the level of customisability that DNA nanopores

afford. This is through simple de novo design it is possible to develop an array of

DNA nanopores for multiple purposes. Therefore this highlights the interest in the

field of DNA nanotechnology and DNA as a building block to develop new and novel

technologies. Finally the initial work performed here on developing artificial protein

triggered receptors provides the foundation for future work in the field to be

performed.
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8. Materials and Methods

8.1 Materials

Materials: Unmodified, fluorophore labelled and cholesterol-labelled DNA

oligonucleotides were purchased from Integrated DNA Technologies on a 100 nmol

scale with HPLC or PAGE purification. 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),

and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were procured from

Avanti Polar Lipids. Thrombin, from human plasma, was acquired from Sigma

Aldrich. Human epidermal growth factor receptor 2 (HER2) protein was acquired

from Thermo Fisher. All buffers were purchased from Sigma-Aldrich. Pre-cast PAGE

gels were acquired from BioRad for all PAGE experiments, and agarose powder was

acquired for casting of in-house agarose gels. All other reagents and solvents were

purchased from Sigma-Aldrich.

Instruments: All instruments for running PAGE and agarose gels were from BioRad,

including power packs and tanks. All fluorescent experiments were conducted on

Varian Cary Eclipse Fluorescence Spectrometer. All confocal microscopy was

conducted on a SPE Inv microscope with LAS X software.
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8.2 Dynamics of Lipidated DNA

8.2.1 DNA Duplex Formation

DNA oligonucleotides were dissolved in deionized water at a concentration of 10 μM 

prior to dilution in the experimental buffers PBS (10 mM PO4
3−, 137 mM NaCl, 2.7

mM KCl, pH = 7.4) or KCl (0.3 M KCl, 15 mM Tris pH 8.0). DNA duplexes were

obtained by a preparing an equimolar mixture of DNA strands at a final concentration

of 10 μM, determined by UV-Vis on a NanoDrop spectrometer, and incubating the 

mix for 2 min at 95 °C followed by cooling to 20 °C at a rate of 5 °C per min using a

PCR thermocycler. The sequences of the DNA oligonucleotides are: 20 nt, 5-TAG

TCG ATT TTA TCC ATG CA-TEG-cholesterol-3; 20 nt complement 5-TGC ATG

GAT AAA ATC GAC TA-3. 40 nt, 5-CAT TTT TCC ACG TTC GCT AAT AGT

CGA TTT TAT CCA TGC A-TEG-cholesterol-3; 40 nt compliment, 5-TGC ATG

GAT AAA ATC GAC TAT TAG CGA ACG TGG AAA AAT G-3.

8.2.2 Preparation of SUVs

A solution of lipids PE (0.3 mmol, 50 μl) and PC (0.7 mmol, 550 μl), or PG (0.2 

mmol, 100 μl) and PE (0.8 mmol, 59.5 μl) in chloroform was added to a 5 ml round 

bottom flask. The solvent was removed using a rotary evaporator to yield a thin film,

which was subsequently dried under ultrahigh vacuum for 3 h. The lipid was re-

suspended in buffer 0.3 M KCl, 15 mM Tris pH 8.0 or PBS (1 ml), and the solution

was sonicated for 30 min at RT. SUVs were left to equilibrate for 5 h and used within

24 h. The solution was gently resuspended 2 s before use. SUVs were subjected to

dynamic light scattering (DLS) to confirm the vesicles’ diameter using a Zetasizer
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Nano S from Malvern. The diameters and PDIs were 69 ± 8 nm and 0.23 for PE/PG,

and 106 ± 3 nm and 0.76 for PE/PC vesicles, respectively.

8.2.3 Gel Electrophoresis of DNA Complexes

Gels were made by dissolving agarose in 1× Tris-Borate-EDTA (TBE) buffer [17.8

mM Tris, 17.8 mM boric acid, 0.4 mM EDTA]. The percentage concentration of the

gel, measured volume by weight, was made to desired percentage depending on the

size of the DNA complexes, normal standard 2%. To image the DNA bands ethidium

bromide (Sigma Aldrich, UK) 10 μl (per 100 ml of gel) was used and imaged under 

short-wave UV transilluminator. To determine the molecular weight of DNA

products a 100 bp DNA ladder (New England Biolabs) was included. All gels were

electrophoresed to detect binding interaction, at 60 V for one hour and at higher

voltages 120V for 15 minutes. Samples were mixed with 10 μl of 60% glycerol prior 

to loading to give a maximum well capacity of 50 μl.  

8.2.4 DNA-SUV Binding Assay and Agarose Gel

Electrophoresis

The binding assay was conducted by mixing DNA solutions (10 µM, 10 µl; 20 ss, 20

ds, 40 ss or 40 ds) with a suspension of PC/PE or PG/PE vesicles (1 mM lipid, 0 –

21.6 µl, end concentration of 0 – 250 µM). The DNA SUV mixture was incubated for

20 min at RT. The mix was analysed using 2 % agarose gel in TAE buffer pH 8.0. To

load samples on the gel, the DNA SUV mix (40 µl) was combined with a solution (10

μl) of 60% glycerol. The gel was run at 60 V for 60 min at 20°C. The bands were 

visualized by ultraviolet illumination after staining with ethidium bromide solution. A

100-base-pair marker (New England Biolabs) was used as the reference standard.
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Determination of binding strength was achieved by measurement of the DNA band

intensities visualised within ImageJ142. The titration results were analysed to obtain

two quantitative measures of the DNA−bilayer interaction: the affinity and the 

maximum surface density of anchored DNA. Toward this end, gel images were

subjected to ImageJ analysis. Band intensities for free DNA, IDNA, were determined

within a region of interest (ROI) around the band and then by subtracting the

background intensity of the gel, Ibackground. The data on 1 – (IDNA – Ibackground) were then

plotted against the lipid concentration and fitted to a Langmuir isotherm.
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8.3 Thermosensitive Nanopore

8.3.1 DNA assembly of Thermosensitive Nanopore

DNA sequences and 2D DNA maps are provided in Table S1 and Figure S1,

respectively. Equimolar mixtures of DNA oligonucleotides (1 μl each, stock 

concentration of 100 μM) were dissolved in 20 mM MgCl2 to a final volume of 100

μl. Folding was achieved on a BioRad PCR thermocycler using heating to 95 °C for 

10 min, cooling to 75 °C at a rate of 0.5 °C/min. This was held at 75 °C for 30 min,

followed by cooling to 20 °C at a rate of 0.1 °C/min, then holding for 10 min. This

was then cooled to 4 °C at a rate of 0.2 °C/min

8.3.2 Native PAGE Thermosensitive Nanopore

The assembled DNA nanostructure and component DNA oligonucleotides were

analysed with commercial 10% polyacrylamide gels (BioRad) in 1 x TBE (89 mM

Tris-borate and 2 mM EDTA, pH 8.3). For gel loading, a solution of DNA (5 μl, 1 

μM) was mixed with gel loading dye (5 μl). The gel was run for 90 min at 70 V and at 

4 °C. The bands were then visualized with staining by ethidium bromide and UV

illumination. A 100 bp marker (New England Biolabs) was used as a reference

standard.

8.3.3 Preparation of SUVs

A solution of lipids DOPE (0.3 mmol, 50 μl) and DOPC (0.7 mmol, 550 μl) in 

chloroform was added to a 5 ml round bottom flask. The solvent was removed using a

rotary evaporator to yield a thin film, which was subsequently dried under ultrahigh

vacuum for 3 h. The lipid was re-suspended in buffer 0.3 M KCl, 15 mM Tris pH 8.0
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or PBS  (10 mM PO43−, 154 mM NaCl, pH = 7.4) (1 ml), and the solution was 

sonicated for 30 min at RT. SUVs were left to equilibrate for 5 h and used within 24

h. The suspension was gently resuspended 2 s before use. SUVs were subjected to

dynamic light scattering (DLS) to confirm the vesicles’ diameter using a Zetasizer

Nano S from Malvern.

8.3.4 Preparation of GUVs

POPC in chloroform (6 μl, 10 mg/ml) was added to an indium tin oxide coated glass 

plate and allowed to dry. To the POPC film sucrose (300 μl, 1 M) was added within a 

rubber ring (2 cm diameter). Plates were inserted into Nanion Vesicle Prep Pro and

GUV formation protocol with the following setting was used: 3 min rise time,

frequency of 10 Hz, amplitude of 3 mV at 60 °C, time 120 min, and fall time of 5

min.

8.3.5 SUV Binding and Agarose Gel Electrophoresis

The binding of NP to membrane vesicles was monitored by mixing DNA nanopore

solutions (10 μl, 1 μM) to a suspension of DOPC/DOPE SUVs (1 mM lipid, 0 – 21.6 

µl, final concentration of 0 – 270 µM). The NP SUV mixture was incubated for 20

min at RT. The mix was analysed using 2 % agarose gels in TAE buffer (40 mM Tris-

acetate, 1 mM EDTA, pH 8.3). For gel analysis, the mixture of DNA and SUVs (40

µl) was combined with a solution (10 μl) of 60 % glycerol. The gel was run at 60 V 

for 90 min at 4 °C. The gel bands were visualized by ultraviolet illumination after



218

staining with ethidium bromide solution. A 100-base-pair marker (New England

Biolabs) was used as the reference standard.

8.3.6 Cy3 Emission Assay

The extent of opening of tNP Cy3/Cy5 was monitored by kinetic analysis of Cy3

emission with a fluorescence spectrophotometer. To a quartz cuvette DI water (120

μl) and DNA nanopore (30 μl, 1 μM) were added. Samples were then left at RT or 

heated to the indicated temperature for 4 min followed by cooling to RT. Cy3

fluorescence was monitored at 570 nm using excitation at 550 nm.

8.3.7 Preparation of Fluorophore-Filled SUVs and Release

Assay

A solution of lipids DOPE (0.3 mmol, 50 μl) and DOPC (0.7 mmol, 550 μl) in 

chloroform was added to a 5 ml round bottom flask. The solvent was removed using a

rotary evaporator to yield a thin film, which was subsequently dried under ultrahigh

vacuum for 3 h. The lipid was re-suspended in buffer 0.3 M KCl, 15 mM Tris pH 8.0

or PBS (1 ml), containing fluorophore sulforhodomaine B (SRB) at a concentration of

50 mM or carboxyfluorescein (CF) at 50 mM where stated. The solution was

sonicated for 30 min at RT. Subsequently, the solution was purified with a NAP-10

column (GE Healthcare). Purified SUVs were left to equilibrate for 5 h and used

within 24 h. SUVs were subjected to dynamic light scattering (DLS) with a Malvern

Zetasizer Nano S to confirm the vesicles’ diameter. The suspension was gently

resuspended 2 s prior to use.
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For assaying temperature-dependent fluorophore release, a 10 mm quartz cuvette was

filled with a SUV suspension carrying encapsulated SRB (120 μl). Fluorescence was 

monitored at 585 nm using excitation at 564 nm. To initiate release, DNA nanopore

(30 μl, 1 μM) was added under mixing, and fluorescence was monitored. For 

temperature-induced release, samples were removed periodically (5 min), heated in a

metal block to the set temperature, and re-inserted into the fluorescence

spectrophotometer to measure fluorescence. At the end of the 60 min-long

temperature runs, samples were mixed with Triton X-100 to rupture vesicle

membrane and determine the maximum SRB release. All experiments on release at

different temperatures were carried out with separate samples
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8.4 Protein-Gated Nanopores

8.4.1 DNA Assembly of Protein-Gated Nanopores

Equimolar mixtures of DNA oligonucleotides (1 μl each, stock concentration of 100 

μM) were dissolved in 20 mM MgCl2 to a final volume of 100 μl. Folding was 

achieved on a BioRad PCR thermocycler using heating to 95 °C for 10 min, cooling

to 75 °C at a rate of 0.5 °C/min. This was held at 75 °C for 30 min, followed by

cooling to 20 °C at a rate of 0.1 °C/min, then holding for 10 min. This was then

cooled to 4 °C at a rate of 0.2 °C/min.

8.4.2 Native PAGE of Protein-Gated Nanopores

The assembled DNA nanostructure and component DNA oligonucleotides were

analysed with commercial 10% polyacrylamide gels (BioRad) in 1 x TBE (89 mM

Tris-borate and 2 mM EDTA, pH 8.3). For gel loading, a solution of DNA (5 μl, 1 

μM) was mixed with gel loading dye (5 μl). The gel was run for 90 min at 70 V and at 

4 °C. The bands were then visualized with staining by ethidium bromide and UV

illumination. A 100 bp marker (New England Biolabs) was used as a reference

standard.

8.4.3 Preparation of GUVs

POPC in chloroform (60 μl, 10 mg/ml) was added to an indium tin oxide coated glass 

plate and allowed to dry. To the POPC film sucrose (300 μl, 1 M) was added within a 

rubber ring (2 cm diameter). Plates were inserted into Nanion Vesicle Prep Pro and
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GUV formation protocol with the following setting was used: 3 min rise time,

frequency of 10 Hz, amplitude of 3 mV at 60 °C, time 120 min, and fall time of 5

min.

8.4.4 Protein Binding Assay by PAGE

The binding of pNP to protein (thrombin or HER-2) was monitored by mixing DNA

nanopore solutions (10 μl, 1 μM) to thrombin in 0.3 M KCl, 15 mM Tris pH 8.0 or 

HER-2 in PBS pH 7.4 with increasing concentrations 0 µM to 230 µM, made to a

final volume of 20 μl made up with distilled water. The NP proteins mixture was 

incubated for 5 min at RT. The mix was analysed using 10 % PAGE in 1x TBE buffer

(89 mM Tris-borate and 2 mM EDTA, pH 8.3). For gel analysis, the mixture of DNA

and thrombin (20 µl) was combined with a solution (5 μl) of loading dye. The gel was 

run at 70 V for 90 min at 4 °C. The gel bands were visualized by ultraviolet

illumination after staining with ethidium bromide solution. A 100-base-pair marker

(New England Biolabs) was used as the reference standard.

8.4.5 Cy3 Emission Assay

The extent of opening of tNP Cy3/Cy5 was monitored by kinetic analysis of Cy3

emission with a fluorescence spectrophotometer. To a quartz cuvette DI water (120

μl) and DNA nanopore (30 μl, 1 μM) were added and monitored for 2 minutes. To 

this thrombin (10 μl, 236 μM) in 0.3 M KCl, 15 mM Tris pH 8.0 was added. For 

control 10 μl of 0.3 M KCl, 15 mM Tris pH 8.0 was added. Cy3 fluorescence was 

monitored at 570 nm using excitation at 550 nm.
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8.4.6 Preparation of Fluorophore-Filled SUVs and Release

Assay

A solution of lipids DOPE (0.3 mmol, 50 μl) and DOPC (0.7 mmol, 550 μl) in 

chloroform was added to a 5 ml round bottom flask. The solvent was removed using a

rotary evaporator to yield a thin film, which was subsequently dried under ultrahigh

vacuum for 3 h. The lipid was re-suspended in buffer 0.3 M KCl, 15 mM Tris pH 8.0

or PBS (1 ml), containing fluorophore sulforhodamine B (SRB) at a concentration of

50 mM. The solution was sonicated for 30 min at RT. Subsequently, the solution was

purified with a NAP-10 column (GE Healthcare). Purified SUVs were left to

equilibrate for 5 h and used within 24 h. SUVs were subjected to dynamic light

scattering (DLS) with a Malvern Zetasizer Nano S to confirm the vesicles’ diameter.

The suspension was gently resuspended 2 s prior to use.

For release assay a 10 mm quartz cuvette was filled with a SUV suspension carrying

encapsulated SRB (120 μl). Fluorescence was monitored at 585 nm using excitation 

at 564 nm. To initiate release, DNA nanopore (30 μl, 1 μM) was added under mixing, 

and fluorescence was monitored. After equilibration thrombin in PBS subtitled with

KCl (10 mM) was added to give a final concentration of 52 μM, 130 μM or 260 μM . 

Release was then monitored for 70 minutes. Samples were mixed with Triton X-100

to rupture vesicle membrane and determine the maximum SRB release. All

experiments on release at different temperatures were carried out with separate

samples.
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8.4.7 Influx Experiments

A fluorophore dish was prepared with BSA (10 mg/ml, 20 μl), removed and 

subsequently washed with water (2 x 20 μl). To this 10 μl of POPC GUVs was added 

with 10 μl of 0.5 x TAE (40 mM Tris-acetate, 1 mM EDTA, pH 8.3) 500 μM KCl. 

Samples were allowed to settle for up to 10 minutes. To this 5 μl of thrombin NP was 

added and incubated for 15 minutes. To this atto 633 was added (10 μl, 250 μM) and 

monitored over 10 minutes. Finally thrombin (10 μl ,260 μM) in 0.3 M KCl, 15 mM 

Tris pH 8.0 was added and influx monitored. Visual quantification was conducted on

ImageJ. The region of interest was determined as the entire inside of the GUVs. The

region was monitored of the stated time period and a background was removed for the

measurements to ensure the influx was genuine and not bleaching of samples.

8.4.8 Cell Based Assay

Construction of nanodevice was the initial step. pNP was folded as in DNA assembly

and incubated with SUVs containing 3 μM of topotecan for 60 minutes at room 

temperature prior to addition with the Hela cells. Hela cells were cultured to 10000

cells/well in a 96 well plate in 100 μl heat inactivated DMEM. HeLa cells were 

grown in Dulbecco’s Modified Eagle Medium (DMEM) GlutaMAX™, supplemented

with 10 % Fetal Bovine Serum (FBS) and 1 % Penicillin – Streptomycin. Cells were

seeded on day 0 without any drugs or NP. Cells maintained in a humidified

atmosphere containing 5 % CO2 at 37°C. After 24 hours cells were added with

topotecan (3 μM, 10 μl), pNP (1 μM, 10 μl), SUV/drug (1 mM, PEPC with 3 μM 

topotecan, 10 μl), complex (1 mM, PEPC with 3 μM topotecan and pNP 1 μM, 10 μl) 

and when thrombin was added (165 μM, 10 μl) in 0.3 M KCl, 15 mM Tris pH 8.0. 
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Cells were left for a further 2 days and imaged at 3 hours, 24 hours and 48 hours after

inoculation with the different constructs. For quantification WST-1 colorimetric assay

(Merck) was used at day 3. According to manufacture instructions 10 μl of WST-1 

reagent was added to 100 μl of culture medium. This was then incubated for 3 hours 

and absorbance determined at 450 nm with a reference at 620 nm using a microplate

reader218.
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10. Appendix

Table 5: Names, modifications and sequences of DNA oligonucleotides used for folding DNA

nanopores, tNP.

ID Sequence 5′ → 3′

1 AGCGAACGTGGATTTTGTCCGACATCGGCAAGCTCCCTTTTTCGACTATT

2 CCGATGTCGGACATTCGCTGCGCGGTTTTTTTAAGTAATCACGTTCACGATC
TTCGCCTGCTGGGTTTTGGGAGCTTG

3 CGAAGATCGTGTTTTTCCACAGTTGATTGCCCTTCACTTTTCCCAGCAGG

4 AATCAACTGTGGTTTTTCTCACTGGTGATTAGAATGCTTTTGTGAAGGGC

5 TCACCAGTGAGATAGTCACGATATTTTGCACGTCATATTATGTCGTACCAG
GTGCATGGATTTTTGCATTCTAA

6 CCTGGTACGACATTTTTCCACGTTCGCTAATAGTCGATTTTATCCATGCA

1 chol Sequence of 1 carrying a cholesterol via a tri(ethylene glycol) (TEG) linker at the 3′ 
end

3 chol Sequence of 3 carrying a cholesterol via a TEG linker at the 3′ end 

4 chol Sequence of 4 carrying a cholesterol via a TEG linker at the 3′ end 

6 chol Sequence of 6 carrying a cholesterol via a TEG linker at the 3′ end 

lid AACCGCGCAGCGTTTTTTTTTATGACGTGCTTTTTTTTTATCGTGACTTTTTT
TTTCGTGATTACTTA

4 Cy5 AATCAACTGTGGTTTT/iCy5/TCTCACTGGTGATTAGAATGCTTTTGTGAAGG
GC



251

lid
Cy3

AACCGCGCAGCGTTTTTTTTTATGACGTGCTTTTTTTTTATCGTGACT/iCy3/T
TTTTTTTCGTGATTACTTA

key TAAGTAATCACGAAAAAAAAAGTCACGATA

oligo c AACCGCGCAGCG

Table 6: Names and compositions of DNA nanopores, tNP.

Nanopore Oligonucleotides used

tNP = tNP 4C 1 chol, 2, 3 chol, 4 chol, 5, 6 chol, lid

tNP 2C 1 chol, 2, 3, 4 chol, 5, 6, lid

NP = NP 4C 1 chol, 2, 3 chol, 4 chol, 5, 6 chol

tNP Cy3/Cy5 1, 2, 3, 4 Cy5, 5, 6, lid Cy3

NP Cy5 1, 2, 3, 4 Cy5, 5, 6

tNP Cy3 1 chol, 2, 3 chol, 4 chol, 5, 6 chol, lid Cy3

NP – 1 1 chol, 2, 3 chol, 4 chol, 5
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Figure 77: 2D maps of DNA nanopores and their names. The squares and arrows

indicate the 5′ and 3′ end of the component oligonucleotides. The coloured dots 

represent cholesterol lipid anchors (orange), Cy3 (red) and Cy5 (blue).
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Figure 78: Gel electrophoretic analysis on formation of DNA nanopores. A) Lane 1,

100 bp marker; lane 2, tNP with 2 cholesterols; lane 3, tNP with 4 cholesterols. B)

Lane 1, 100 bp marker; lane 2, tNP with Cy3 dye; lane 3, tNP with Cy3 and Cy5. The

10% PAGE was run at 70 V for 90 min in 1xTBE buffer and stained with ethidium

bromide and imaged under UV.
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Table 7: Names, modifications and sequences of DNA oligonucleotides used for

folding DNA nanopores, pNP.

ID Sequence 5′ → 3′

TBA GGTTGGTGTGGTTGGTTTAAGTAGTTCAAGACCCCGTGACT

TA comp AGTCACGGGGTCTTGAACTACTT

1 AGCGAACGTGGATTTTGTCCGACATCGGCAAGCTCCCTTTTTCGACTATT

2 CCGATGTCGGACATTCGCTGCGCGGTTTTTTTAAGTAATCACGTTCACGA
TCTTCGCCTGCTGGGTTTTGGGAGCTTG

3 CGAAGATCGTGTTTTTCCACAGTTGATTGCCCTTCACTTTTCCCAGCAGG

4 AATCAACTGTGGTTTTTCTCACTGGTGATTAGAATGCTTTTGTGAAGGGC

5
TCACCAGTGAGATAGTCACGATATTTTGCACGTCATATTATGTCGTACCA
GGTGCATGGATTTTTGCATTCTAA

6 CCTGGTACGACATTTTTCCACGTTCGCTAATAGTCGATTTTATCCATGCA

1 chol Sequence of 1 carrying a cholesterol via a tri(ethylene glycol) (TEG) linker at the 3′ 
end

3 chol Sequence of 3 carrying a cholesterol via a TEG linker at the 3′ end 

4 chol Sequence of 4 carrying a cholesterol via a TEG linker at the 3′ end 

6 chol Sequence of 6 carrying a cholesterol via a TEG linker at the 3′ end 

Lid AACCGCGCAGCGGGTTGGTGTGGTTGGTATGACGTGCTTTTTTTTTATCG
TGACTTTTTTTTTCGTGATTACTTA
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6 Cy5 CCTGGTACGACATTTTT/iCy5/CCACGTTCGCTAATAGTCGATTTTATCCAT
GCA

lid Cy3 AACCGCGCAGCGGGTTGGTGTGGTTGGT/iCy3/ATGACGTGCTTTTTTTTT
ATCGTGACTTTTTTTTTCGTGATTACTTA

lid
control

AACCGCGCAGCGACACCACATCCGTCTTACTCCCCAATTACATATGACGT
GCTTTTTTTTTATCGTGACTTTTTTTTTCGTGATTACTTA

lid 2 AACCGCGCAGCGGGTTGGTGTGGTTGGTATGACGTGCTTTTTTTTTATCG
TGACTTTTTTTTTCGTGATTACTTACACCGATCAAGAAG

lid dye CTTCTT TGATCGGTG

TT= Tamra Fluorophore

Table 8: Names and compositions of DNA nanopores, pNP.

Nanopore Oligonucleotides used

TBA duplex thrombin aptamer, TA comp

pNP 1,2,3,4,5,6,lid Cy3

pNP cholesterol 1 chol, 2, 3 chol,4 chol,5, 6
chol, lid Cy3

pNP-L 1,2,3,4,5,6

pNP-TAMRA 1 chol, 2, 3 chol, 4 chol, 5,6
chol, lid 2, lid dye

pNP-FRET 1, 2, 3, 4, 5, 6 Cy 5, lid Cy3
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Table 9: Names, modifications and sequences of DNA oligonucleotides used for

folding DNA nanopores HER2.

ID Sequence 5′ → 3′

1 AGCGAACGTGGATTTTGTCCGACATCGGCAAGCTCCCTTTTTCGACTATT

2 CCGATGTCGGACATTCGCTGCGCGGTTTTTTACCCGGCAGTTTTTCACGA
TCTTCGCCTGCTGGGTTTTGGGAGCTTG

3 CGAAGATCGTGTTTTTCCACAGTTGATTGCCCTTCACTTTTCCCAGCAGG

4 AATCAACTGTGGTTTTTCTCACTGGTGATTAGAATGCTTTTGTGAAGGGC

5
TCACCAGTGAGATAGTCACGATATTTTGCACGTCATATTATGTCGTACCA
GGTGCATGGATTTTTGCATTCTAA

6 CCTGGTACGACATTTTTCCACGTTCGCTAATAGTCGATTTTATCCATGCA

1 chol Sequence of 1 carrying a cholesterol via a tri(ethylene glycol) (TEG) linker at the 3′ 
end

3 chol Sequence of 3 carrying a cholesterol via a TEG linker at the 3′ end 

4 chol Sequence of 4 carrying a cholesterol via a TEG linker at the 3′ end 

6 chol Sequence of 6 carrying a cholesterol via a TEG linker at the 3′ end 

Lid AACCGCGCAGCGGGTTGGTGTGGTTGGTATGACGTGCTTTTTTTTTATCG
TGACTGGGCCGTCGAACACGAGCATGGTGCGTGGACCTAGGATGACCTG
AGTACTGTCC

Lid dye GGACAGTTACTCAG

TT= Tamra Fluorophore
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Table 10: Names and compositions of DNA nanopores HER2.

Nanopore Oligonucleotides used

HER2 1,2,3,4,5,6,lid

HER2 cholesterol 1 chol, 2, 3 chol,4 chol,5, 6
chol, lid

HER2-L 1,2,3,4,5,6

HER2-TAMRA lid 1 chol, 2, 3 chol, 4 chol, 5,6
chol, lid, lid dye
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Figure 79: Binding of thrombin to the DNA duplex, 2% agarose gel, imaged with

ethidium bromide under UV light. A) Gel shift assay: With increasing concentration

of thrombin a shift of the lower band is observed. B) Binding assay result displaying

the measurement bands to generate the binding data. Region of interest (ROI) yellow

box around the free DNA band was used to determine the band intensity

electronically which was corrected for the background of the gel (red box). The

region of interest for the DNA band was defined as the smallest box that could fit the

DNA band inside. C) Results table of thrombin binding assay, showing percentage of

binding calculated electronically through ImageJ142. (D) Binding curve of thrombin

in %, from triplicate data.
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Figure 80: Comparison between TBA lock and random sequence lock: upon introduction of

thrombin to the solution there was no fluorescent release observed with a random sequence lock.


