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Abstract

Irregularities in neuromodulation can create a variety of diseases. As a result, accurate mea-

surement of neurotransmitter concentrations is imperative to improve clinical diagnostics.

Biosensing technologies help by permitting real-time monitoring of these molecules. However,

despite intense global focus on optimizing biosensing technologies, their ultimate potential

remains limited by inadequate sensitivity and selectivity. The extra requirement for high

spatiotemporal resolution in neurochemical sensing imposes barriers that are not yet sur-

mountable with existing biosensor technologies. This has hindered our studies of the complex

nature of neurotransmitters and neuromodulators and prevented us from improving our

understanding of their role in regulating biological functions.

To address these challenges, we present new optical biosensors for serotonin and dopamine

using single-walled carbon nanotubes (SWCNTs). The unique physiochemical and optoelec-

tronic properties of SWCNTs can be readily tuned, creating a versatile material for imaging

and sensing applications. Their intrinsic near-infrared fluorescence overlaps with the optical

transparency window for biological tissue, which coupled with their indefinite photostability,

increases their suitability for in vitro and in vivo applications.

In this thesis, we systematically explore the use of surfactants, DNA, and xeno nucleic acids

(XNAs) to improve the brightness and selectivity of SWCNT sensors. We highlight the trade-

offs typically encountered for these approaches and propose new semi-rational methods to

overcome these limitations.

We begin by examining the impact of exposed surface area on the optical response of SWCNTs.

We subsequently use this understanding to achieve previously unreported molecular selectiv-

ity through controlled, adsorption-based tuning of the nanotube surface of sub-critical col-

loidal suspensions of sodium cholate (SC)-SWCNTs. Owing to the increased biocompatibility

of DNA, we expand our study to DNA-SWCNTs and demonstrate the impact of the dispersion

method on both sensor brightness and responsivity using chemically modified DNA. This

thesis culminates in several major findings for improving DNA-SWCNTs in ionically complex

environments using XNAs. We introduce locked nucleic acid (LNA) to control the unwanted

cation-induced fluorescence changes typically encountered by DNA-SWCNTs and show that

this improvement does not come at the expense of their sensing capabilities. Our results

suggest that the LNA-SWCNTs may uniquely enable simultaneous monitoring of dopamine
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Abstract

and calcium, providing an improved sensor for studying the process of neuromodulation.

In the final chapter of this thesis we demonstrate that the LNA-SWCNTs retain their sensing

capabilities following extended periods of time in the presence of salts, proteins, antibiotics,

and even whole cells. Furthermore, we expand upon the possibilities achievable using XNA-

SWCNTs and present a new peptide nucleic acid (PNA) sensor for the rapid detection of

an additional biomarker, microRNA. The synthetic biology approaches presented in this

work serve as a complementary means for enhancing nanotube optoelectronic behaviour,

unlocking previously unexplored possibilities for developing nano-bioengineered sensors

with augmented capabilities.

Keywords: single-walled carbon nanotubes (SWCNT), near-infrared fluorescence, xeno nu-

cleic acids (XNAs), locked nucleic acid (LNA), peptide nucleic acid (PNA), optical biosensors,

neurotransmitters, dopamine
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Résumé

De nombreuses affections, telles que la maladie de Parkinson ou la maladie d’Alzheimer,

peuvent résulter d’irrégularités dans la neuromodulation. Par conséquent, il est impératif

de pouvoir mesurer précisément la concentration des neurotransmetteurs concernés afin

d’améliorer les diagnostics et le traitement des patients. Les biosenseurs peuvent aider à cela

en permettant le suivi, en temps réel, des concentrations de biomarqueurs liés à certaines

maladies. Cependant, malgré les efforts intenses déployés afin de développer et optimiser

ces types de senseurs, ils restent limités par leur sensibilité, spécificité et extensibilité. En

outre, les limites en termes de résolution spatiotemporelle lors de mesures neurochimiques

restent, pour l’instant, insurmontables par les biosenseurs actuels. Ces difficultés ont entravé

l’étude de ces molécules aux caractéristiques complexes et a, par conséquent, empêché la

compréhension du rôle de ces molécules dans la régulation des fonctions biologiques.

Afin de faire face à ces complexités, nous décrivons dans cette thèse la création de nouveaux

biosenseurs pour la détection de sérotonine et de dopamine se basant sur l’émission, dans le

proche infrarouge, des nanotubes de carbone monoparoi (SWCNTs). Les propriétés physico-

chimiques et opto-électroniques uniques des SWCNTs peuvent être aisément modifiées afin

d’obtenir des transducteurs pour l’imagerie ou la détection. La fluorescence intrinsèque des

SWCNTs dans le proche infrarouge chevauche la fenêtre optique d’absorption minimale

des tissus biologiques, permettant ainsi une propagation plus grande de la lumière. Cela,

associé à une photostabilité quasi-illimitée, octroie aux SWCNTs la possibilité de créer des

senseurs in vitro et in vivo. Comme il est montré dans cette thèse, la fonctionnalisation de la

surface du nanotube peut permettre de contrôler la stabilisation de la dispersion, l’intensité

de sa fluorescence, sa biocompatibilité et la spécificité du senseur créé. Nous présentons de

nouvelles approches utilisées pour la création de senseurs avec l’utilisation de tensioactifs,

ADN et acides xénonucléiques (XNAs). Nous mettons l’accent sur les avantages et désavantages

de chacune de ces fonctionnalisations et proposons de nouvelles façons d’approcher ces

problèmes.

Dans cette étude, nous introduisons le tout premier senseur SWCNT-tensioactif avec spé-

cificité, créé à partir de SWCNTs dispersés dans du cholate de sodium (SC). En controllant

l’adsorption des molécules de SC sur la surface du nanotube, nous montrons qu’il est possible

d’obtenir des spécificités moléculaires supérieures à celles précédemment démontrées par les

xi



Resume

senseurs ADN-SWCNT. De plus, cette spécificité est obtenue sans compromettre l’intensité de

la fluorescence des senseurs.

Toutefois, les senseurs ADN-SWCNTs ont l’avantage d’avoir une biocompatibilité plus élevée.

Nous avons alors exploré les stratégies permettant d’améliorer les performances de ces sen-

seurs sans pour autant sacrifier leurs avantages. Nous présentons des résultats démontrant

l’importance de la méthode de préparation de ces senseurs et montrant également comment

des modifications chimiques sur l’ADN peuvent améliorer la fluorescence du senseur. Ces tra-

vaux aboutissent par la découverte de plusieurs facteurs pouvant améliorer les performances

des senseurs ADN-SWCNT dans des milieux ioniques complexes à l’aide des XNAs. Nous

utilisons l’acide nucléique bloqué (LNA) afin de contrôler les changements de fluorescence

observés pour les complexes ADN-SWCNT en présence de cations et montrons que cela n’a

pas d’effet sur les capacités de détection du senseur. En effet, bien que les LNA-SWCNTs

soient plus résistants face à de possible changements dans les concentrations ioniques du

milieu, ils gardent malgré tout leur réponse caractéristique en présence de dopamine. Nos

résultats montrent que les LNA-SWCNTs sont capables de détecter, en même temps, les

concentrations de dopamine et de calcium, mesures d’une importance capitale afin d’étudier

la neuromodulation. Par ailleurs, dans le dernier chapitre de la thèse, nous montrons que ces

senseurs sont capables de maintenir leur capacité de détection pendant de longues périodes

et dans des milieux complexes contenant des sels, protéines, antibiotiques et cellules.

Enfin, nous développons notre discussion sur les possibilités des acides nucléiques modifiés

et présentons un nouveau senseur créé à partir d’acide nucléique peptidique (ANP) pour la

détection rapide de micro-ARN. Cette approche, inspirée par la biologie de synthèse, montre

une fois de plus qu’il est possible d’améliorer les propriétés de ces senseurs au-delà des limites

précédemment établies.

Mots-cles : single-walled carbon nanotubes (SWCNT), near-infrared fluorescence, xeno nu-

cleic acids (XNAs), locked nucleic acid (LNA), peptide nucleic acid (PNA), optical biosensors,

neurotransmitters, dopamine
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Introduction

Why, sometimes I’ve believed as many as

six impossible things before breakfast.

Lewis Carroll

Alice’s Adventures in Wonderland

Background and Context

Patient outcomes are strongly impacted not only by the treatments available but also by

the stage at which a disease is diagnosed. As a result, new biosensing technologies that

enable earlier intervention are imperative for improved patient care. A need for early inter-

vention is especially important for many neurological disorders, such as Parkinson’s disease

or Alzheimer’s disease, as the burden of disease is exacerbated by the long timescales of the

disease and the loss of healthy life an individual may experience. This means that earlier

diagnosis can have an even greater impact on the patient’s quality of life by enabling earlier

intervention to slow the progression of the disease before symptoms present themselves.

Despite an intense, global focus on developing and optimizing biosensing technologies, their

ultimate potential remains limited. Biosensors continue to be restricted by their sensitivity,

selectivity, and scalability, which constrains their ability to aid in the early detection and

intervention of life-altering complications. This is further complicated for neurochemical

sensing as applications for neurotransmitter detection also require high temporal and spatial

resolution that is difficult to achieve in vivo using existing technologies [1–4]. Although

genetically encoded sensors have enabled increased spatiotemporal resolution [5–7], due to

their nature they have thus far been limited to use in animal models. Therefore, it remains

difficult to achieve accurate real-time measurements of neuromodulator concentration in

humans, reducing the success of treatments for patients suffering from these diseases. To

overcome the limitations of existing biosensing technologies, we require a new generation of

biosensors that offer rapid response times, increased sensor stability, decreased costs, and

improved selectivity towards an increased variety of biomarkers.

Optical biosensors based on single-walled carbon nanotubes (SWCNTs) have been presented
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as an attractive solution for this problem. Their unique physical and chemical properties, in

particular the fluorescence properties of semi-conducting SWCNTs [8, 9], make them an ideal

candidate for designing the next generation of optical sensors. SWCNTs have already been

successfully incorporated into devices to detect a variety of analytes, particularly in the field of

biomedical diagnostics [10–12] and neurochemical sensing [13–17]. However, the extent of the

selectivity of their response remains unclear. A better understanding of the side interactions

of nanotubes with non-target molecules in solution is essential for enabling the transition of

this technology to real-world applications and use in point-of-care diagnostics.

The work presented in this dissertation aims to provide greater insight into the fundamental

mechanisms of detection for SWCNT optical sensors, presenting new methods to overcome

the current limitations faced by the community. Specifically, we present new procedures to

engineer nanotube-based sensors for neurotransmitter detection with increased selectivity

using easily scalable methods. We show how synthetic biology can be implemented to reduce

response interference for oligonucleotide-SWCNT sensors. Furthermore, we demonstrate

that these sensors can be used for the label-free optical detection of neurotransmitters in

complex biological media. The hope is that these tools can be used to design sensors that are

viable in crude, untreated samples, which could significantly advance biomedical diagnostic

technologies by enabling faster and more efficient sensors, without needing to compromise

sample integrity.

Properties of Single-Walled Carbon Nanotubes (SWCNTs)

Understanding the basic physical and chemical properties of SWCNTs, and the impact these

have on their optoelectronic properties, is crucial for optimizing biosensor design. SWCNTs

are commonly conceptualised as individual sheets of graphene that have been cylindrically

rolled, and axiomatically have a diameter on the order of a few nm. Each nanotube species

can be assigned a chiral index that is classified by a pair of integers (n, m) [18], which define its

electronic structure [19] and diameter. These integers define individual nanotube species by

the chiral vector, Ch , which is expressed by unit vectors of the graphene lattice [20] (Figure 1):

Ch = nâ1 +mâ2 (1)

The nanotube diameter relates to Ch and more specifically the (n, m) indices according to

d =
p

3

π
acc

√
n2 +nm +m2 (2)

where acc is the length of a carbon-carbon (C-C) bond, ∼0.14 nm. By changing the chiral angle

(Eq. 3), α, or the direction of rolling, it is possible to obtain all possible nanotube chiralities.

This angle denotes the angle at which the hexagons of the graphene lattice are tilted along the

nanotube axis and is measured as the angle between the Ch and â1 vectors (Figure 1).
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Figure 1 – Illustration of chiral vector and nanotube chiralities projected onto a graphene lattice. Ch is
the chiral vector that signals the direction of rolling and α indicates the chiral angle, measured between
the Ch and â1 vectors.

α= t an−1

( p
3m

2n +m

)
(3)

The arrangement of the C-C bonds around the circumference of the nanotube can be in one

of three configurations depending on (n, m) and α: armchair (n = m, α= 30◦), zigzag (n = 0

or m = 0, α= 0◦) or chiral (any other n and m, 0◦ <α< 30◦). SWCNT fluorescence emissions

demonstrate a unique chirality dependency and the individual nanotubes may be classified as

metallic (when n - m = 3k where k is a non-zero integer), semi-metallic, or semiconducting.

For the purpose of this study, we have focused our interest on semiconducting SWCNTs given

their unique electronic and optical properties.

The electronic properties of SWCNTs are governed by the existence of Van Hove singularities1

intrinsic to their density of state (DOS) distribution (Figure 2 (A)). These singularities are a

result of the unidirectionality of the 1-dimensional (1D) electronic states, with each singularity

corresponding to a quantum sub-band [20]. Due to the existence of these Van Hove singulari-

ties, the absorption spectra of SWCNTs exhibit sharp peaks associated with allowed transitions

that can occur between singularities of the same index (e.g. v1 → c1). Absorption spectra of

two mixtures of nanotubes produced by two different synthesis methods are shown in Figure

2 (B). Differences between the two spectra arise from the variation in chirality distributions

obtained, which can be affected by factors such as the catalyst or method of preparation.

1The DOS of 1D materials is not a continuous function of energy but instead contains sharp, discontinuous
peaks. These non-smooth points, or singularities, in the DOS are called Van Hove singularities.
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Figure 2 – Optical properties of SWCNTs. (A) DOS of metallic and semiconducting SWCNTs. Illustrative
density of states diagrams for metallic (left) and semiconducting (right) SWCNTs. Van Hove singu-
larities in the DOS are a result of the unidirectionality of the 1D electronic states. Semiconducting
nanotubes have a band-gap at the Fermi level (E f ) while metallic SWCNTs do not. Electronic transitions
are permitted between bands of the same index and may be denoted as Ei i . (B) Normalised absorbance
spectra for sodium cholate suspended SWCNTs. The UV-Vis-NIR absorption spectrum of SWCNTs
exhibit distinct peaks due to the sharp inter-band transitions associated with the Van Hove singularities.
The relative abundance of SWCNT chiralities is dependent on the method of nanotube preparation,
which results in different ratios of the peaks in the absorption spectra. Nanotubes were synthesized
using either the CoMoCAT (left) or HiPco (right). (C) Normalised photoluminescence excitation plots
for sodium cholate suspended CoMoCAT (left) and HiPco (right) SWCNTs show the emission peaks
of distinct nanotube chiralities. Relaxation of excited electrons from the conduction band to valence
band results in fluorescence emission of semiconducting SWCNTs.
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However, in both instances convoluted spectra are obtained due to the heterogeneity of the

(n,m) species present in the samples. In addition to convolution effects, absorption peak

broadening can result from nanotube aggregates present in the suspension. These aggregates

are due to the strong van der Waals attractions that exist between nanotubes that can hinder

the separation and individualisation of nanotube powders into solution and also lead to

re-aggregation post suspension.

Due to the existence of the band gap in the DOS of semiconducting SWCNTs (Figure 2 (A)),

relaxation of photo-excited electrons results in fluorescence emission [9]. SWCNT fluorescence

emission is excitonic rather than electronic in nature, with typical exciton lifetimes ranging

from 1 to 100 picoseconds [13]. The band gap emission of individual SWCNTs is a function of

the chiral index (n,m) and nanotube diameter [8, 21–24]. Consequently, different nanotube

chiralities exhibit distinct fluorescence emission peaks with energy ranges in the near-infrared

(NIR) region from 900 – 1400 nm (Figure 2 (C)) [8, 25, 26]. Although the emission from the

E11 transition only exhibits a small Stokes shift2 from its absorption maximum [8], larger

Stokes shifts can be obtained by exciting the nanotubes at the E22 transition and recording the

emission from the E11. By using many different excitation wavelengths, we can generate 3D

excitation-emission profiles that can be used to study nanotube photoluminescence (Figure 2

(C)). The exact wavelength of emission is not only dependent on the nanotube chirality and

diameter [8, 27, 28], but also on the local dielectric environment [29, 30] and any structural

or chemical defects on the nanotube surface [31–34]. Due to the sensitivity of nanotube

fluorescence to any changes in the surrounding environment, modulations of the emission

can be used to detect a variety of different molecules [10, 35–37].

The NIR fluorescence of SWCNTs overlaps with the optical transparency window of biological

tissue where absorption by water, proteins, haemoglobin, melanin, and DNA is low [38, 39].

Furthermore, SWCNT fluorescence has also been shown to be indefinitely photostable and re-

sistant to photobleaching even under continuous illumination [40], making SWCNTs attractive

for long-term biomedical imaging and continuous biosensing applications in vivo and in vitro.

One of the primary challenges when using SWCNTs for any optical sensing applications is their

tendency to aggregate in aqueous solutions, which diminishes their fluorescent capabilities

[41] and hinders their interaction potential with surrounding molecules. Despite this, the

strong van der Waals forces and hydrophobic nature of nanotubes can be overcome to obtain

colloidal dispersions in aqueous solutions using a variety of functionalisation techniques [30].

As non-covalent methods of functionalisation preserve the nanotube’s intrinsic fluorescence,

this method is more commonly used when creating optical biosensing devices, as will be

discussed further in Chapter 1.

A variety of different molecules, including surfactants, synthetic polymers, biopolymers (such

as DNA), or proteins can be used to functionalize and disperse SWCNTs. In addition to

improving the solubility of the SWCNTs, these wrappings also impart secondary characteristics

2The Stokes shift is the difference in energy between the positions of the band maxima of the absorbance and
emission spectrum for the same electronic transition.
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such as enhanced bio-compatibility and improved molecular sensitivity. Furthermore, as

the exciton relaxation process is very sensitive to the surrounding chemical environment,

the presence of additional molecules on the SWCNT surface means that different wrappings

result in distinct changes to properties such as the emission energy or quantum yield. These

differences can also be due to perturbations in pH, charge, dielectric constant, polarity, and

water accessibility between the different wrappings, as well as the chemical nature of the

wrappings themselves.

Excitation Emission

Functionalized 
SWCNTs

Wavelength (nm)

In
te

ns
ity

Analyte

(1)
(2)

(3)

e-

e-

(A)

(B)
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In
te

ns
ity

Figure 3 – Optical response of SWCNTs. (A) Common mechanisms of interaction between small
molecules and suspended SWCNTs. Analyte molecules can interact with functionalized nanotubes
by (1) causing conformational changes of the wrapping on the surface of the nanotube; (2) directly
adsorbing onto the exposed surface of the nanotube; or (3) electron transfer between the analyte and
nanotube or nanotube wrapping. (B) Interactions between the analyte and functionalized nanotube
can result in changes to the SWCNT fluorescence emission spectrum. These changes can be either
intensity changes (left) and wavelength shifting (right) or a combination of the two.
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Moreover, these wrappings modulate the mechanisms via which target analytes can interact

with the nanotube (Figure 3 (A)) [30, 36]. Depending on the combination of analyte and

wrapping, these interactions can result in an optical response of the SWCNT, indicated by

changes in the fluorescence emission spectrum (Figure 3 (B)). Changes in the fluorescence

spectra can be either intensity changes (increases or decreases) or wavelength shifts (blue-

shifting or red-shifting), or any combination of the two. Furthermore, the exact change to the

fluorescence spectrum is not only a function of the nanotube wrapping and target analyte,

but also strongly dependent on the nanotube chirality. The endless combinations obtainable

from interfacing different wrapping molecules with specific nanotube chiralities can be used

to create a myriad of optical biosensors for various applications. Throughout this work, we

examine how surfactants, DNA, and synthetic xeno nucleic acids (XNAs) can be used to tune

the response of SWCNT-based optical biosensors with a focus towards differentiating different

neurotransmitter molecules.

Neurochemical Sensing

A deeper understanding of how cells transfer and process information is crucial for expanding

our knowledge of the biological processes involved in both health and disease. In the brain,

communication is mediated by a series of electrical and chemical signaling between neurons,

the latter of which is known as chemical neurotransmission. Neurons communicate with each

other at specialised junction structures called the synapse (Figure 4), which constitute the

fundamental processing unit of the brain [15]. At the synapses, signals are transmitted from

the presynaptic neuron to the postsynaptic neuron through the synaptic cleft, which is a gap of

∼ 20 – 40 nm [42]. These signals are triggered by an electric pulse, known as an action potential,

that originates in the postsynaptic cell following sufficient depolarisation of the cell membrane.

This action potential propagates along the neuron’s axon to the presynaptic terminal where

the depolarisation of the membrane results in the opening of voltage-gated Ca2+ channels.

The subsequent influx of Ca2+ into the cell causes a Ca2+ transient that activates the protein

synaptotagmin and triggers fusion-pore opening and the release of neurotransmitters or

neuromodulators into the synaptic cleft [43–46]. Neurotransmitters and neuromodulators

released during this process diffuse across the cleft to bind with chemoreceptors on the

postsynaptic neuron, causing them to activate [42, 47]. Chemical neurotransmission can be

either fast- or slow-acting depending on whether ligand-gated ion channels or G-protein-

coupled receptors (GPCRs) are activated.

Neurotransmitter binding to ligand-gated ion channels can cause either excitatory or in-

hibitory effects. Known as fast synaptic transmission, this occurs on millisecond timescales

and results in an influx of ions in the adjacent postsynaptic neurons [47], which in turn

increases (excitatory) or decreases (inhibitory) the likelihood of a postsynaptic neuron firing

an action potential. Following recognition and activation, neurotransmitter molecules are

released by the postsynaptic neuron back into the synaptic cleft. These neurotransmitter

molecules can then either diffuse away from the cleft into the surrounding medium, get

recycled by transport proteins into the presynaptic neuron, or be enzymatically destroyed [48].
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Figure 4 – Neurons and neural communication. (A) Diagram illustrating the key structural components
of a neuron. Cellular communication occurs following stimulation of a neuron that depolarizes the cell
and results in the generation of an action potential. This action potential travels along the axon of the
neuron to the axon terminal where signals can be transmitted to neighboring cells through the synapse.
(B) Illustration of the neural synapse. The synapse is the space where cells transmit signals from the
pre-synaptic cell (transmitting cell) to the postsynaptic cell (receiving cell). (1) Cellular communication
is triggered when an action potential reaches the axon terminal, resulting in depolarization of the
membrane. (2) This depolarization results in voltage-gated Ca2+ channels opening, which in turn
leads to an inward flow of Ca2+ cations. (3) The influx of Ca2+ triggers the synaptic vesicles to fuse
to the plasma membrane, leading to exocytosis and a release of the neurotransmitter molecules. (4)
The released neurotransmitters diffuse into the synaptic cleft and can bind to the neurotransmitter
receptors on the postsynaptic terminal of the postsynaptic cell. Binding of the neurotransmitters to
the receptors results in either a negative (inhibitory effect) or positive (excitatory effect) change in the
membrane potential. If the neurotransmitter results in an excitatory effect, the postsynaptic neuron
becomes more likely to fire an action potential, whereas if the neurotransmitter has an inhibitory effect
the postsynaptic neuron is less likely to fire an action potential. Pink dots represent neurotransmitter
molecules.
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Contrary to neurotransmitters, which interact with ligand-gated ion channels, neuromodula-

tors interact with postsynaptic neurons via GPCRs [47, 49]. This interaction induces secondary

messenger responses that alter the intrinsic biochemical properties of the receiving neuron

and consequently modulate its electrophysiological responsiveness [50]. This process me-

diates the biophysical properties of ion channels, receptors, transporters and other effector

substrates, over longer time periods (100s of milliseconds to seconds) and results in slower neu-

rotransmission. Neuromodulators can also escape the synaptic cleft and diffuse more broadly,

where they can then influence a population of surrounding neurons in a state-dependent

manner enabling a much greater range of action [47].

Problems in the regulation of neural systems, specifically the dysfunction of communication

pathways, contribute to the pathology of many neurological disorders and diseases [2]. For

example, irregularities in the dopaminergic pathways have been linked to Parkinson’s disease,

schizophrenia, and depression [1, 5, 51–54]. However, in many instances the cause of this

dysfunction remains elusive, leading to difficulties in finding appropriate treatments for these

diseases. This underlines the importance of continuing to develop a deeper knowledge of

neural communication to obtain a more holistic comprehension of neurochemical function

in the brain [55, 56]. However, as synaptic transmission is both rapid and highly localised

[57], sensors with high spatiotemporal precision are required to accurately study the dynamic

behavior of neural systems [2, 5].

Unfortunately, many of the traditional techniques for monitoring neurotrasmitter transients

are not well suited for use in in vitro and in vivo conditions due to limitations with their

spatial and temporal precision. For example, fast-scan cyclic voltametry (FSCV) has been

widely used to measure changes in dopamine concentrations over long periods of time at

specific locations. However, FSCV is invasive and implanted electrodes are typically much

larger than the site of the signalling process [17], meaning this technique lacks the spatial

resolution required to visualize dopamine release from single neurons [2, 3]. Contrary to

this, the use of false fluorescent neurotransmitters (FFN) can enable high spatial resolution

but, due to a reliance on intracranial infusions, lacks the ability to be used for longitudinal

measurements [4, 58]. Recent efforts to overcome these limitations have led to the discovery

of several genetically encoded biosensors, such as dLight1 [5] and GRABD A [6]. Despite the

success of these protein-based probes for addressing the limits of spatiotemporal resolution,

they present their own shortcomings, most notably that they require genetic manipulation and

so are limited to genetically tractable model organisms. This further motivates the need for

developing alternative sensors that address the critical attributes for spatiotemporal resolution,

while also providing a platform that can be seamlessly adapted to facilitate a myriad of

applications across many biological species.

SWCNT Optical Biosensors for Neurochemical Sensing

When designing probes for continuous monitoring applications in vivo and in vitro, attributes

such as fluorescence quantum yield and emission photostability become increasingly im-
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portant. Additionally, a key limitation for deep imaging in biological structures is photon

absorption and scattering of visible light by biological material, leading to attenuated fluores-

cence [38, 59]. This creates a need for fluorophores with peak emissions outside of the visible

spectral range to enable increased tissue penetration [39, 60]. The indefinite photostability

and inherent NIR fluorescence of SWCNTs addresses these concerns, providing an attractive

alternative to traditional optical sensing technologies. This has led to an increasing use of

nanotubes over the past decade to create non-genetically encoded biosensors. As mentioned

previously, by carefully selecting the method of surface functionalisation and wrappings used,

these sensors can be imparted with chemical selectivity for range of applications including

neurochemical sensing [14, 61, 62] and miRNA3 detection [10]. Moreover, their capability for

single molecule detection and small size means that these sensors have the spatiotemporal

resolution necessary for monitoring single cell activity [62].

Although surfactant nanotubes exhibit higher fluorescence quantum yields compared to other

wrapping molecules, their lack of inherent selectivity has prevented their application as biosen-

sor complexes. Instead, the first generation of nanotube optical sensors relied on biological

macromolecules, such as antibodies and aptamers, to impart selectivity to the sensors [70].

Specific folding within these macromolecules creates unique three-dimensional structures

that act as binding pockets or interfaces to recognize target molecules [71, 72]. However, these

macromolecules are expensive, fragile, and relatively unstable for extended use with SWCNTs,

which limited their widespread applicability. The introduction of CoPhMoRe (Corona Phase

Molecular Recognition) by the Strano research group provided a new method for obtaining

selective SWCNT sensors [73] for a wider range of molecules. The initial work focused on

using synthetic heteropolymers or non-selective biopolymers (such as single-stranded DNA

(ssDNA)) to create nanotube-templated recognition sites that act as synthetic antibodies for

specific molecules [73, 74]. An advantage of this technique is that polymers, which previously

had little to no connection or affinity for the target analytes, create highly selective recognition

sites by adopting unique configurations as they pin to the nanotube surface. These conjugates

provide a platform that can be tuned to create sensors for a much wider range of target analytes

than previously possible by providing effective chemical interfaces for molecular recognition.

The versatility of this technique has led to the proliferation of nanotube sensors for a plethora

of applications [75, 76] including a number of sensors for neurotransmitter detection [14, 15,

17, 36, 61, 62, 77, 78].

The first ‘turn-on’ CoPhMoRe sensors for dopamine detection were achieved using ssDNA-

wrapped SWCNTs (DNA-SWCNTs), specifically using the (GT)15 sequence [14]. These sensors

exhibited excellent spatial and temporal resolution, which is necessary for monitoring highly

stochastic neuromodulatory events and visualizing fast chemical transients [15, 62, 79]. Sub-

sequent work aimed at improving both the turn-on response and selectivity of these sensors

3microRNA (miRNA) are small non-coding RNA molecules, typically between 15 to 25 nucleotides in length.
miRNAs play important roles in regulating gene expression and are involved in a variety of biological processes
[63]. These small molecules have been reported as potential noninvasive biomarkers for many diseases, including
several types of cancer [64–69].
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by altering either the base sequence or the length of the wrapping DNA [15, 77]. Although

these improvements led to sensors with turn-on responses of up to 3500% [15], problems with

selectivity remained, and these sensors suffered from lower initial fluorescence intensities.

Recent studies have demonstrated that the fluorescence of DNA-SWCNTs can be severely

impacted by fluctuations in the local concentrations of different cationic species [35, 80]. The

presence of these cations can lead to intensity changes and/or wavelength shifts [35, 80],

which calls into question the sensing accuracy of DNA-SWCNTs in complex environments

and hence their suitability for in vivo applications.
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Figure 5 – Role of Ca2+ in neurotransmitter release. Illustration (adapted from [45, 57]) of the steps of
the synaptic vesicle cycle in the presynaptic terminal. Key steps involved in neurotransmitter release
are highlighted: (1) Vesicles filled with neurotransmitter molecules dock at an active zone in the cell
membrane to establish initial contact; (2) Once docked, vesicles are primed via a maturation process
making them competent for fast Ca2+-triggered membrane fusion. Following priming, vesicles arrest,
awaiting a Ca2+ signal; (3) Primed vesicles are stimulated for rapid fusion/exocytosis by a spike in Ca2+
during an action potential. The Ca2+ ions activate synaptotagmins by binding via two C2-domains,
which triggers fusion-pore opening and the release of neurotransmitters into the synaptic cleft [43].
Following the release of neurotransmitter molecules, empty vesicles are rapidly internalised and
recycled. Red dots represent neurotransmitter molecules and pink ellipses represent clathrin4.

This is especially problematic for neurosensing applications, such as dopamine detection,

given the role of Ca2+ in neurotransmitter release and signalling at the synapse (Figure 5). Prior

to fusion, synaptic vesicles filled with neurotransmitters are docked close to Ca2+ channels

in the membrane (Figure 5). Depolarisation of the membrane creates pulses of Ca2+, up

4Clathrin is a ∼ 180 KDa protein that plays a major role in the formation of coated transport vesicles. Clathrin-
coated vesicles are found in all eukaryotic cells, but they are particularly enriched in the brain [43, 81, 82].
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to ∼ 0.2 mM, which initiate vesicle exocytosis and neurotransmitter release [45, 57]. This

proximity and dependency of dopamine release on Ca2+ fluxes means that any convolution

in signal responses to calcium and dopamine can be detrimental to efforts in untangling the

complex signalling dynamics of neurotransmitter signalling and release. The convergence of

these two events imposes further requirements for SWCNT sensors to be able to differentiate

between Ca2+ and neurotransmitter fluxes with very little spatial separation, ideally giving

optical responses to neurotransmitters invariant to changes in Ca2+ concentration. An ability

to rationally design sensors that could address this problem with improved quantum yields

would enable improved imaging of the dynamic behavior of neuromodulation and could

provide a robust pathway for translating SWCNT sensors into in vivo sensing applications at

increased penetration depths.

Objectives of the Thesis

Ideal probes for bioimaging applications must satisfy several requirements, including high

sensitivity, molecular selectivity, spatiotemporal resolution, photostability and resistance to

signal interference from surrounding molecules. This thesis aims to address these concerns

while engineering nanotube optical biosensors for improved neurochemical sensing. To

achieve this goal, several approaches were taken to address problems with the selectivity and

stability of SWCNT sensors. Herein we present new methods for designing both surfactant- and

DNA-SWCNTs, culminating with the design of a novel XNA-wrapped SWCNT (XNA-SWCNT)

sensor that can separate the optical response of dopamine and Ca2+ to enable multimodal

sensing. This thesis consists of six chapters, several of which have already been published or

submitted to peer-reviewed journals. An outline for each chapter is provided below.

Chapter 1: Non-covalent Methods of Engineering Optical Sensors Based on Single-Walled

Carbon Nanotubes

The first chapter of this thesis, provides an overview of several different strategies that can be

employed to non-covalently functionalize the surface of SWCNTs. We review various wrap-

pings, beginning with surfactant molecules and expanding the discussion to biomolecules

such as DNA. We compare the advantages and disadvantages associated with each wrapping,

highlighting the trade-offs that typically exist between selectivity and brightness between

different wrappings. Finally, we discuss how novel synthetic modifications and empirical

approaches can be used to overcome some of the current limitations of both surfactant- and

biomolecule-suspended SWCNTs. Specifically we introduce polymer engineering and the use

of synthetic biopolymers as a means of selectively engineering SWCNT-based sensors with

improved capabilities.

Chapter 2: The Impact of Surface Area on the Response of SWCNT Optical Sensors

Chapter 2 investigates the role of exposed surface area on the optical response behavior of

both DNA- and surfactant-suspended SWCNTs. The surface area was modulated using NaCl
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for DNA-SWCNTs and by changing the bulk surfactant concentration for sodium cholate-

SWCNTs. Based on these findings, we present a new method for controlling the selectivity of

surfactant-suspended optical SWCNT sensors through colloidal templating of the exposed

surface area. Surfactant-sensor responses were measured against a library of bioanalytes,

including neurotransmitters, amino acids, and sugars, and their performances were compared

to DNA-SWCNT optical sensors. We detected an intensity response towards dopamine and

serotonin for all sodium cholate-suspended SWCNT concentrations. Furthermore, a selective

14.1 nm and 10.3 nm wavelength red-shifting response to serotonin was observed for SWCNTs

suspended in 1.5 and 0.5 mM sodium cholate, respectively. Importantly, the modulation in

surface area did not significantly affect the quantum yield of the sodium cholate nanotubes.

Thus, through controlled, adsorption-based tuning of the nanotube surface, we demonstrated

the applicability of sub-critical colloidal suspensions to achieve selectivities exceeding those

previously reported for DNA-SWCNT sensors, without needing to compromise on the superior

brightness of surfactant-SWCNT sensors, further highlighting the role of surface area in

nanotube response behavior.

Chapter 3: Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Chapter 3 outlines a new approach for increasing the fluorescence intensity of DNA-SWCNTs

by using chemically modified DNA sequences. We examined the impact of the type, position,

and number of modifications on the fluorescence properties of the DNA-SWCNTs, with a

specific focus on (GT)15-SWCNTs. In addition, we investigate the impact that the method

of preparation has on the resulting DNA-SWCNT complex, both in terms of the intensity of

fluorescence emissions and the reactivity and sensitivity of the complexes to target analytes.

We show that while nanotube suspensions prepared using MeOH-assisted surfactant exchange

display higher intensities, they also suffer from considerably reduced turn-on responses to

dopamine. Conversely, sonicated preparations of SWCNTs using modified DNA exhibited

improved fluorescence intensity values compared to unmodified (GT)15-SWCNTs while si-

multaneously retaining a strong dopamine response. The increased fluorescence intensities

before and after dopamine addition significantly increases the theoretical penetration depths

for these sensors for in vivo applications. This approach presents an attractive alternative

to current methods of improving the fluorescence intensity of SWCNT-based sensors as it

circumvents the need for any exogenous additives. Furthermore, as it does not rely on making

changes to the base sequence, this method can be applied to nearly any DNA sequence to

increase the brightness of a variety of DNA-SWCNT sensors.

Chapter 4: XNA-Nanosensors for Enhanced Stability Against Ion-Induced Fluorescence Pertur-

bations

Chapter 4 introduces XNAs as a method of improving the performance of DNA-SWCNT sen-

sors. In this study, we performed a systematic investigation on the effects of multivalent salts

on the fluorescence emission of ssDNA-wrapped nanotubes. These salts are commonly found

in biofluids and are of central importance in cellular signalling within the body. We observed
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fluorescence wavelength shifting for DNA-SWCNT-based optical sensors in the presence of

divalent cations. This shifting was independent of the cation and counterion species, and also

found to be independent of the DNA length and base composition. Through concomitant

monitoring of both fluorescence intensity and wavelength shifting, we furthermore identified

the transient formation of intermediate DNA-SWCNT optical states within our system. By

then introducing XNAs, specifically LNA, we could limit ion-induced fluorescence drift in

the presence of cations for concentrations more than two orders of magnitude higher than

for pure DNA-SWCNTs. In addition, transient fluorescence measurements revealed distinct

optical transitions for the ssDNA- and LNA-based wrappings during ion-induced conforma-

tion changes, with LNA-based sensors showing increased permanence in conformational and

signal stability. This demonstration introduces synthetic biology as a complementary means

for enhancing nanotube optoelectronic behavior with an aim of creating sensors that are more

suitable for use in unprocessed biological samples.

Chapter 5: XNA-Nanosensors for Improved Neurochemical Sensing

In Chapter 5 we expand on our findings in Chapter 4 and seek to further develop XNA-

SWCNTs for neurochemical sensing applications. We present new rational approaches using

LNA to engineer SWCNT sensors with improved stability towards cation-induced fluorescence

changes that can also be used for the label-free imaging of dopamine. By investigating the

effect of both position and percentage of introduced locked bases on the resulting LNA-

SWCNT sensors, we could identify locking patterns that enable improved sensors for use in the

presence of Ca2+. Not only do the LNA-SWCNTs demonstrate improved stability compared

to (GT)15-SWCNTs towards undesirable fluorescence modulation in the presence of Ca2+,

but they also demonstrated improved label-free imaging of dopamine. These approaches

are introduced as a complementary means for enhancing nanotube optoelectronic behavior,

unlocking previously unexplored possibilities for developing nano-bioengineered sensors

with augmented capabilities.

Chapter 6: Outlook on Potential Applications of XNA-SWCNTs for Improved Optical Biosensing

The final chapter of the thesis presents an outlook on ongoing and future developments using

XNAs to design SWCNT based optical sensors with improved capabilities. We present findings

on using the LNA-SWCNT sensors designed in Chapter 5 in more complex media solutions.

We examine how both incubation time and medium composition can impact the fluorescence

intensity of LNA sensor films, and furthermore confirm that our sensors retain their ability to

detect dopamine in whole cell cultures. In addition, we present preliminary findings on a new

class of XNA-SWCNT sensors, a family of peptide nucleic acid (PNA)-DNA-SWCNT sensors

designed for miRNA detection. We present a novel stepwise methodology for constructing

PNA-DNA-SWCNTs and demonstrate how this modular design can be used to create multiple

miRNA sensors for different target sequences.
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1 Non-covalent Methods of Engineering
Optical Sensors Based on Single-
Walled Carbon Nanotubes

It takes all the running you can do, to

keep in the same place. If you want to get

somewhere else, you must run at least

twice as fast as that!

Lewis Carroll,

Alice’s Adventures in Wonderland

Portions of this chapter are reproduced with permission from [30]: Gillen, A.J.; Boghossian,

A.A. Non-covalent Methods of Engineering Optical Sensors Based on Single-Walled Carbon

Nanotubes, Frontiers in Chemistry (2019).

1.1 Abstract

Optical sensors based on single-walled carbon nanotubes (SWCNTs) demonstrate trade-offs

that overall limit their use in in vivo and in vitro environments. Sensor characteristics are pri-

marily governed by the non-covalent wrapping used to suspend the hydrophobic SWCNTs in

aqueous solutions, and we herein review the advantages and disadvantages of several of these

different wrappings. Whereas sensors based on surfactant wrappings can show enhanced

quantum efficiency, high stability, scalability, and diminished selectivity, sensors based on

synthetic and bio-polymer wrappings conversely tend to show lower quantum efficiency,

stability, and scalability, while demonstrating improved selectivity. Major efforts to date have

focused on optimizing sensors based on DNA wrappings, which have intermediate properties

that can be improved through synthetic modifications. Though empirical approaches have

been used to engineer sensors based on DNA wrappings, we highlight alternative techniques

based on iterative screening that offer a more guided approach to tuning DNA-based sensor

properties. These more rational techniques can yield DNA sequences that combine the

advantages of the diverse nanotube wrappings to create high-performance optical sensors.
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Carbon Nanotubes

Figure 1.1 – Schematic illustrating the trade-offs between quantum yield and selectivity for various
non-covalent surface functionalizations.

1.2 Introduction

Optical sensors use light as a means of contactless detection for real-time sensing. Distinct

optical signals from a single device enables multimodal detection of several analytes simulta-

neously, a feature that is especially advantageous for remote in vivo biosensing applications.

Fluorescence-based optical sensors require two elements for operation: a molecular recogni-

tion element that selectively interacts with the analyte of interest and an optical transducer,

such as a fluorophore, that converts this interaction into a measurable optical signal.

As described in several reviews [13, 40, 83, 84], single-walled carbon nanotubes (SWCNTs) are

among the most promising fluorescence-based transducers for biosensing applications. They

are one-dimensional nanostructures with optoelectronic properties that are tuned by tube

diameter as a result of quantum confinement. Conceptualised as cylindrically rolled-up sheets

of graphene, SWCNTs can be either metallic or semiconducting, depending on the direction, or

chiral angle, the sheet is rolled to yield a nanotube with a distinct diameter. In 2002, O’Connell

et al. demonstrated that semiconducting forms of SWCNTs dispersed in aqueous solutions

emit photoluminescence at near-infrared (NIR) wavelengths [9]. This emission lies within

the optical transparency window for biological material [40] which, when coupled with the

nanotube’s indefinite photostability and capabilities for single-molecule detection, makes

SWCNTs attractive for in vivo continuous monitoring applications.

The use of SWCNTs as fluorescent transducers requires surface functionalization to impart

optical stability and molecular recognition. Non-functionalized SWCNTs are inherently hy-

drophobic and exhibit a strong tendency to aggregate into bundles in aqueous solutions.

Since most SWCNT preparations contain metallic nanotubes, these bundles contribute to

the fluorescence quenching of semiconducting SWCNTs through the non-radiative exciton

decay channels within the bundle [9, 85]. Therefore, the bundles need to be exfoliated to

generate individually suspended nanotubes in a liquid phase for most practical applications

[86]. Specifically, this suspension allows the semi-conducting nanotubes to fluoresce in the

NIR. In addition to enabling solubilization and fluorescence, surface functionalization can
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also modify the nanotube surface to promote selective interactions with particular analytes of

interest (Figure 1.2). The underlying mechanism for this selectivity depends on the wrapping

and remains an ongoing area of research for many wrappings [16, 35–37, 62, 77, 78, 87–90].

Figure 1.2 – Schematic representation of the various wrappings used to suspend SWCNTs. Different
wrappings can alter the quantum yield and specificity of the complexes.

Since covalent functionalization of the nanotube surface is known to strongly affect, or even di-

minish, the nanotube fluorescence, non-covalent modifications are typically used for creating

optical sensors. The most common approach for non-covalently separating SWCNT bundles

is liquid-phase exfoliation and stabilization [86]. This approach typically involves using forced

dispersion (with ultrasound, for example) in the presence of wrappings such as surfactants,

synthetic polymers, oligonucleotides, and proteins that can stabilize the suspended SWCNTs

(Figure 1.3). In addition to improving the solubility of the SWCNTs, these wrappings can also

impart secondary characteristics such as enhanced bio-compatibility and improved molecular

sensitivity, overcoming problems associated with the chemical inertness of raw SWCNTs [91].

In this chapter, we present an overview of several key methods used for the non-covalent

functionalization of SWCNTs. Beginning with surfactant-coated SWCNTs, we progress towards

the use of biomolecules to suspend nanotubes, highlighting key benefits and disadvantages

associated with each wrapping. Finally, we conclude with a consideration of new approaches

aimed at overcoming some of the limitations of both surfactant- and biomolecule-suspended

SWCNTs. These examples highlight emerging methods to selectively engineer improved

SWCNT-based optical sensors in complex environments.
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Figure 1.3 – Chemical structures of the various dispersants discussed in this chapter. Surfactant
molecules (top box) (a) Sodium Dodecylsulfate (SDS); (b) Sodium Cholate (SC); (c) Sodium Deoxy-
cholate (SDOC); (d) Sodium Dodecylbenzenesulfonate (SDBS); (e) Lithium Dodecylsulfate (LDS); (f )
Triton X-100; (g) Pluronic F127; and oligonucleotide-derived molecules (bottom box) (h) DeoxyriboNu-
cleic Acid (DNA); (i) Locked Nucleic Acid (LNA); (j) Peptide Nucleic Acid (PNA).

1.3 Surfactant-Coated SWCNTs

Surfactant-coated SWCNTs represent a standard comparative benchmark for nanotube sus-

pensions, particularly with respect to achieving scalable wrapping procedures and the high

quantum yields necessary for optical sensing. Historically, the first reported suspensions

of individual SWCNTs were achieved using an aqueous surfactant, sodium dodecylsulfate

(SDS) [8, 9, 92]. The resulting isolation of the nanotubes from surrounding bundles greatly

improved the optical resolution of the absorbance spectra. Additionally, the authors were able

to characterize the direct band gap of individual semiconducting SWCNTs with fluorescence

spectroscopy [8, 9], which was first hypothesized in the early 1990s [93–95] and previously

detected using Raman and STEM [28, 96].

To prevent re-bundling and obtain a thermodynamically stable suspension, the strong cohe-

sion energy of the isolated tubes (∼ 120 kT nm−1) must be compensated by either tube-solvent,

or in the case of surfactant-suspended SWCNTs, tube-surfactant interactions [97]. However,

SWCNT suspensions often exist in a kinetically meta-stable state. Kinetic stabilization does

not fully overcome the cohesion energy of the tubes and instead involves creating a repulsive

force between the tubes that reduces the likelihood of forming tube-tube contacts, hence

slowing aggregation [97]. The ability of the surfactant to prevent re-aggregation of the SWCNTs
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is attributed to its contribution to this repulsive force, further driven by the enthalpic and

entropic contributions from the favored hydrophobic surface interactions on the nanotube

surface, similar to the interactions in the kinetic stabilization of colloids [97–101]. Previous

studies hypothesized that the individual nanotubes are encased in the hydrophobic interiors

of the micelle. The hydrophilic part of the surfactant molecules is believed to face outwards,

creating a cylindrical micelle and a repulsive force between the nanotubes that renders a

thermodynamically meta-stable suspension (Figure 1.4) [97, 102].

The use of surfactants to suspend SWCNTs has since expanded to include other anionic,

cationic, and non-ionic surfactants [103–109] such as sodium cholate (SC), sodium deoxy-

cholate (SDOC), sodium dodecylbenzenesulfonate (SDBS), lithium dodecyl sulfate (LDS),

Triton X-100, and pluronic F127. Depending on the surfactant used, high-quality dispersions

can be achieved with large populations of individualized nanotubes [86] and SWCNT con-

centrations > 1 mg/mL. However, different surfactants have been found to vary greatly in

the degree of dispersion and stability of the resulting suspensions. This variation is, in part,

attributed to the hydrophobic interactions between the surfactant and nanotube, which result

in the formation of different structures with varying degrees of surface coverage [110]. In

addition to cylindrical micelle SWCNT encapsulation, as was proposed for the SDS-suspended

SWCNTs, two additional structures have been suggested detailing how surfactant molecules

adsorb onto the SWCNT surface [97, 111]: (i) Langmuir-type (random molecular adsorption)

layer and (ii) adsorbed spherical and hemispherical micelles [112–114] (Figure 1.4 (A)). The

latter, spherical and hemispherical micelle formation, is adopted only by strong amphiphiles

that prefer higher curvature aggregates. This formation of hemimicellar aggregates on the

surface of the SWCNTs typically involves adsorption of the surfactant onto the nanotube fol-

lowed by the self-assembly of the molecules, which is enabled by diffusion along the nanotube

surface [113]. In contrast, the former, random adsorption of the surfactant on the SWCNT

surface, is adopted by weakly amphiphilic molecules (such as flavin mononucleotides (FMN))

and bile acid surfactants (including SC and SDOC) where adsorption is competitive, i.e. follows

a Langmuir isotherm [97, 105, 115–117].

According to both experiment and simulation, the degree of exposed SWCNT surface coverage

following adsorption of surfactant molecules under all three regimes is largely dependent

on surfactant concentration [110]. Indeed, Wang et al. [118], have shown that for Triton-X,

the optimal surfactant dispersion concentration is different from the critical micelle concen-

tration (CMC) and results from competition between maximizing surfactant adsorption on

the nanotube surface and micelle-mediated depletion interaction between adjacent SWCNT

bundles. Moreover, previous reports have shown vast differences in the maximum relative

solubility of SWCNT complexes using the same surfactant, with an apparent dependence on

the processing method and conditions. For example, suspensions made with SDBS can have

maximum SWCNT concentrations of 20 mg/mL [114] or no more than ∼0.01 mg/mL [119],

depending on the dispersion approach.

Another factor believed to impact the stability of surfactant-dispersed SWCNTs is the ζ-
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potential (ZP). When surfactant molecules adsorb onto the surface of SWCNTs, the surfactant

counterion (commonly Na+ or Li+) is dissociated from the hydrophilic head group of the

surfactant. These counterions are spatially separated from the tail group of the molecular

ions, arranging in a diffuse cloud that acts as a multi-pole. As a result, surfactant-suspended

nanotubes appear, from a distance, to carry an effective charge associated with this double

layer, which is denoted as the ZP [86]. This potential is equivalent to the electrostatic potential

measured at the edge of the layer at the bound surfactant tail groups, and it acts as a repulsive

interaction potential between neighboring SWCNTs. In a study by Coleman et al. [120], the

dispersion quality of six surfactant molecules was tested. Each of the dispersion-quality

metrics were found to scale well with the measured ZP of the dispersion, with SDS suspending

better than both SDBS and SC, corresponding to ZP values of -70.0 mV, -68.8 mV, and -48.8 mV

respectively. These findings indicate that the dispersion quality of surfactant-SWCNTs may be

controlled by the magnitude of the electrostatic repulsive forces between the coated SWCNTs

[120, 121], a property that can be tuned in order to improve the long-term stability of these

solutions.

Figure 1.4 – Conformations of non-selective wrappings on SWCNT surface. (A) A schematic repre-
sentation of the various mechanisms by which surfactant molecules interact and disperse SWCNTs.
(i) Cylindrical micelle encapsulation; (ii) Hemimicellar adsorption; and (iii) Random adsorption.
Reprinted with permission from [122] Copyright © 2004, American Chemical Society. (B) Free energy
landscape of (GT)7-SWCNT hybrid at room temperature. Representative conformations for each local
minimum are displayed. The sugar-phosphate backbone is depicted in orange, and bases are shown in
green. Reprinted with permission from [123] Copyright © 2009, American Chemical Society.

Given the dependence of maximum dispersion concentration and stability on surfactant type,

we focus the remainder of our discussion on the four most commonly used surfactants for

SWCNT suspension, SC, SDOC, SDS, and SDBS. These surfactants have been shown to achieve

stable dispersions with relatively high yields [104], all with reported suspension efficiencies

above 40%. Despite the similar structures of SC and SDOC, which only differ by a hydroxy

group, SDOC shows a marked increase in suspension yield (+17%). In addition to dispersion

20



1.3. Surfactant-Coated SWCNTs

efficiency, the resolution of the optical absorption spectrum can be used to determine differ-

ences in the quality of SWCNT suspensions. Distinct absorption peaks are observed for both

SC and SDOC, while SDS and SDBS show much broader peaks. In instances where SWCNTs

are not effectively exfoliated, the van der Waals interactions between aggregated nanotubes

result in broad, weak absorption peaks [90]. This observation therefore suggests that SC

and SDOC can generally yield more monodisperse SWCNTs under the studied preparation

conditions. On the other hand, the broader peaks observed for SDS and SDBS indicate that

these surfactants do not effectively de-bundle the nanotubes, resulting in a poorer dispersion

quality despite the apparently high suspension yields.

In addition to their high dispersion efficiencies, these surfactants also benefit from a number of

other advantages. Compared to most biopolymers, these wrappings yield SWCNT suspensions

that are relatively cheap and stable, and the preparation procedures are scalable enough to

produce large volumes of monodisperse SWCNTs, which is an important consideration for the

industrialization of nanotube sensors. Furthermore, surfactant-suspended SWCNTs typically

exhibit much larger suspension [86] and quantum yield values [104] compared to both protein-

and DNA-suspended SWCNTs. The increased fluorescence intensity is attributed, in part,

to the increased surface coverage of the surfactant on the SWCNT surface. The increased

coverage results in higher levels of oxygen and water shielding, which has been shown to

decrease nanotube fluorescence [124], thereby leading to brighter SWCNT complexes. This

increase in brightness is particularly important for biosensing applications, where penetration

depth and sensor sensitivity have been linked to quantum yield [15, 59, 125, 126].

Toxicity is an additional metric when considering surfactant-suspended SWCNTs for in vitro

and in vivo biosensing applications. Surfactants allow SWCNTs to disperse in water, the univer-

sal biological solvent, permitting researchers to flexibly carry out a variety of environmental,

biocompatibility, and safety analyses [86]. However, certain surfactants, such as SDS and

SDBS, are known to be cytotoxic to cells even at concentrations as low as 0.05 mg/mL [127],

and similar effects have been observed for nanotubes suspended with these surfactants [127,

128]. In studies performed by Dong et al. [127, 128], neither the proliferation nor viability of the

cells was affected by pristine SWCNTs in the absence of surfactant. Furthermore, conjugates of

SWCNTs suspended with various concentrations of SC also showed no negative impact on cell

viability and growth, and proliferation was comparable to that of untreated cells. The observed

cytotoxicity of the nanotube-surfactant conjugates was therefore believed to be driven by the

inherent cytotoxicity of the surfactant in the suspension [127, 128]. These studies illustrate the

importance surfactant selection in overcoming challenges in toxicity. Although issues such as

toxicity can be mitigated through appropriate selection of surfactant type and concentration,

surfactant-suspended SWCNTs are limited for biosensing applications due to their lack of

inherent selectivity. As a result, current efforts focus on the use of alternative wrappings to

suspend SWCNTs, including biopolymers such as single-stranded DNA (ssDNA) and proteins.
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1.4 Biopolymer-Suspended SWCNTs

DNA is one of the most extensively studied wrappings used to suspend SWCNTs for optical

sensing applications based on Raman, fluorescence emission, and absorption spectroscopies

[74, 89, 129–133]. The non-covalent functionalization of nanotubes using ssDNA is based

on π-stacking of the aromatic nucleotide bases with the sp2-hybridized side-wall of carbon

nanotubes [130]. In turn, this arrangement exposes the negatively charged sugar-phosphate

backbone of the DNA, which is hydrophilic and easily solvated, towards the water, enabling

suspension of the ssDNA-SWCNT (DNA-SWCNT) complexes in aqueous solutions [130]. These

favorable side-wall-DNA and DNA-water interactions yields suspensions that are facile and

stable at room temperature for several months [130]. Work carried out by Zheng et al. [130]

showed that almost any ssDNA sequence could be used to successfully suspend SWCNTs in

the presence of a denaturant and mild sonication. Although atomic force microscopy (AFM)

measurements and simulations show DNA to helically self-assemble around the SWCNT

[130, 134], the final binding structure has been shown to be sequence-dependent, and short

ssDNA strands may also assume other configurations on the nanotube surface [123, 130, 135]

(Figure 1.4 (B)). The sparser surface coverage of the DNA compared to surfactants (such as SC)

exposes a larger carbon surface to water, resulting in a decrease in the intensity and emission

energy of the SWCNT fluorescence. For example, the (7,5) chirality undergoes a bathochromic

shift of 17.6 meV (15.6 nm) when wrapped in ssDNA instead of SC due to the greater water

accessibility of the DNA wrapping and the resulting increase in the local dielectric constant at

the nanotube surface [87, 136]. Such changes in the local dielectric have been shown to yield

an expected fluorescence shift in SWCNT emission peaks [29].

In addition to the facile suspension procedure and stable assembly, ssDNA benefits from

additional features ideal for scale-up sensor design. DNA-SWCNT suspensions can be fur-

ther concentrated to achieve dispersion yields as high as 4 mg/mL [130]. Additionally, the

nearly limitless variability in sequence length and composition, as well as the well-established

chemistries available for DNA functionalization, make ssDNA an incredibly malleable polymer

for tuning the characteristics of the suspended SWCNTs. For example, Zheng et al. modified

DNA-SWCNTs at one end with biotin that was used for immobilization onto streptavidin-

coated beads [130]. This study demonstrates one of many biochemical approaches for control-

ling DNA-SWCNT behavior by specifically engineering DNA-SWCNT complexes. Furthermore,

both sequence length and base composition has been shown to impact the interaction poten-

tial of ssDNA with the surface of SWCNTs [130, 137], which has also recently been shown to

vary with SWCNT chirality [138, 139].

The ability of DNA to form chirality-specific interactions has been exploited for a variety of

applications, most notably, chirality separation. Chirality separation is key for multi-modal

sensing applications where each chirality selectively responds to a distinct analyte in a solution

mixture. Following separation, the individual chiralities can each be functionalized with a

wrapping that selectively responds to particular analyte of interest, and the analyte is detected

by monitoring the corresponding wavelength. Many separation mechanisms have been
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devised [41, 130, 134, 140–151] with varying degrees of success; however, a facile approach

for scalable, complete and total fractionation into all the single chiralities remains elusive.

Aqueous two-phase (ATP) separation [152–156] has emerged at the forefront of methods

currently employed in chirality separation. Briefly, an ATP system consists of two separate,

but permeable, water phases of slightly different structures that is created by polymer phase

separation [155]. Studies have shown that the partitioning of DNA-SWCNT complexes has

a strong dependence on both the DNA sequence and SWCNT structure (i.e. chirality) [153].

Moreover, this partitioning can be modulated by changing the polymer compositions of the

two phases in order to rescale the hydration energies. For example, the addition of dextran

(DX) to a poly-(ethylene glycol)/polyacrylamide (PEG/PAM) system pulls down DNA-SWCNTs

from the top to the bottom phase (due to increased hydrophilicity) while the addition of

poly(vinylpyrrolidone) (PVP) has the opposite effect. The effectiveness of this method was

demonstrated in work carried out by Ao et al. [152–155], where over 300 DNA sequences were

screened using ATP separation techniques, resulting in the isolation of 23 different chiralities.

Aside from their chirality specificity and selectivity, different DNA lengths and sequences

have also shown preferences towards molecular recognition with certain analytes (Figure

1.5). Small nucleotide and microRNA (miRNA) sequences are promising biomarkers for a

variety of pathologies, including cancer [10]. However, current methods of detection are

complex and time-consuming, leading to difficulties in their implementation for point-of-

care diagnostics. An advantage of DNA-SWCNT optical sensors is the ability to engineer

selectivity towards target oligonucleotides by taking advantage of DNA’s natural preference

for specific complementary base pairing. Many studies have demonstrated the use of DNA-

SWCNTs to quantitatively detect a range of both miRNA and DNA sequences [10, 87, 129, 157].

Work carried out by Jeng et al. and Harvey et al. have shown that these fluorescence-based

sensors are even capable of detecting single nucleotide polymorphisms (SNPs) [157] and

can be multiplexed to detect several sequences simultaneously [10]. In the study by Jeng et

al., the addition of complementary DNA is believed to increase the surface coverage of the

SWCNT upon hybridization, resulting in a decrease in the effective dielectric constant of the

surrounding SWCNT environment and a shifting of the SWCNT fluorescence peak. Similarly,

Harvey et al. propose an underlying mechanism based on changes in dielectric constant and

electrostatic charge, which can modulate SWCNT emission wavelengths upon hybridization.

The fluorescence shifting observed in both studies in response to complementary hybridiza-

tion is particularly advantageous for detecting diseases such as heart and kidney disease,

as well as various cancers, which can be associated with different combinations of specific

miRNA sequences [69, 158–162].

In addition to detecting hybridization, DNA-SWCNTs can also be engineered to detect a

variety of other molecules, including neurotransmitters, sugars, and peptides [62, 76, 164, 165],

though the underlying mechanism of these sensors remains an ongoing area of research [166,

167]. While certain DNA-SWCNT sensors are based on oligonucleotides that act as molecular

sieves, like the (AT)15-SWCNTs designed to detect NO [74], an alternative approach is based

on displacement or conformational changes of the DNA-wrapping [15, 35, 80, 131, 165, 168].
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Figure 1.5 – Non-specific interactions of polymer wrappings on SWCNT surface. (A) Common mecha-
nisms of interaction between small molecules and polymer-wrapped SWCNTs. (B) The optical response
of (AT)15-wrapped SWCNT ((AT)15-SWCNT) upon exposure to NO. A side schematic view of one of
the several binding structures of (AT)15-SWCNT simulated from a HyperChem simulation package.
Bases of the DNA stack on the sidewall of the SWCNT, and the sugar-phosphate backbone extends
away from the surface. Adapted with permission from [74] Copyright © 2011, American Chemical
Society. (C) Schematic of the fluorescent turn-on sensor for dopamine. Adapted with permission from
[14] Copyright © 2006, American Chemical Society. (D) Schematic illustration for NO detection using
SWCNT-polymer hybrids, highlighting the mechanism for NIR fluorescence bleaching by NO with
SWCNT-DAP-dextran complexes. PL = photoluminescence. Reprinted with permission from [163]
Copyright © 2009, Nature Publishing Group. (E) A synthetic polymer with an alternating hydrophobic-
and-hydrophilic sequence adopting a specific conformation when adsorbed to the nanotube. The
polymer is pinned in place to create a favored recognition site for the molecules of interest, leading to
either a wavelength or intensity change in SWCNT fluorescence. Adapted with permission from [73]
Copyright © 2013, Nature Publishing Group.

Early studies in this area screened libraries of molecules of interest against SWCNTs suspended

using several different DNA sequences by monitoring the changes in the fluorescence emission

of these sensors upon addition of the analyte. Through this approach, researchers were able

to identify particular sequences with an enhanced affinity to certain chemicals, such as (AT)15

towards nitric oxide (NO) [74] (Figure 1.5 (B)) and (GT)15 towards catecholamines [62, 74,

77] (Figure 1.5 (C)). Further studies have also demonstrated that DNA length can also be

used to tune the fluorescence properties of DNA-SWCNT hybrids, offering a new approach to

controlling the behavior of these sensors [15, 138].

Recent studies carried out by Landry et al. and Lee et al. have shown that DNA aptamers on

SWCNT scaffolds can be used to also detect certain biologically relevant proteins [165, 169].

This label-free fluorescence detection offers many advantages over conventional immuno-

logical analytical methods, such as enzyme-linked immunosorbent assays (ELISA) or mass

spectroscopy, which lack temporal resolution for real-time quantification of protein levels.
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Furthermore, this method obviates cumbersome purification and labelling steps typically

required by more classical approaches. Both RAP1 and HIV-1 [165] and platelet-derived growth

factor [169] were successfully detected using DNA aptamer-SWCNT complexes. Moreover, the

RAP1 and HIV-1 sensors were also reported as to selectively respond to their target proteins in

molecularly complex environments such as crude, unpurified cell lysates [165].

Although DNA-SWCNTs have shown improved selectivity towards small molecules compared

to surfactant-SWCNTs [73], they still lag behind their protein- and peptide-based counterparts,

which offer exceptional molecular recognition. Proteins are capable of not only differentiating

between molecularly similar targets, but also different chiralities of the same molecule. For

example, whereas proteins such as glucose oxidase (GOx) selectively interact with D-glucose

[37], sensors based on the (GT)15 DNA wrapping interact with a family of catecholamines

[14, 62, 77]. Although glucose sensors based on DNA-SWCNTs have also been developed,

these sensors ultimately require the addition of GOx for specificity due to the structural

similarities of competing sugar molecules. Furthermore, the underlying sensing mechanisms

for protein-based sensors are often more clearly identified. Their sensing mechanisms are

quite diverse, varying from protein charge-transfer [37, 170] to exciton quenching due to

protein conformational changes [171], both of which have been shown to alter the SWCNT

fluorescence intensity.

Protein-based wrappings, however, suffer from their own disadvantages; a lack of precise

control during the protein immobilization process, for example, can result in unfavorable

orientations that limit access to the active site [172]. Similarly, structural rearrangements

may occur that inhibit, or in some cases destroy, the bioactivity of these molecules [90, 91].

In addition, protein-based wrappings exhibit limited dispersion efficiency, which has been

shown to depend on the protein and is generally less efficient than DNA- and surfactant-

based suspensions. Several methods of functionalization have been proposed [90, 91, 173–

175] and used to create sensors based on Luciferase-suspended SWCNTs [70], AnnexinV-

suspended SWCNTs [176], and anti-uPA-suspended SWCNTs [12], for example. However,

these sensors require an intermediate linker or wrapping for stability, as opposed to the non-

specific adsorption possible with GOx. In fact, other protein-based glucose sensors, such as

those based on glucose-binding protein [125, 171], typically require more complex conjugative

chemistries compared to GOx, highlighting the importance of understanding the underlying

protein mechanism when determining the most appropriate method for functionalization.

Although these intermediate wrappings can improve solubilization and help maintain protein

structure and function on the SWCNT surface, more complex functionalization procedures

with multiple conjugation steps could limit the scalability of the sensors.

Irrespective of the improved selectivity offered by DNA and especially protein-suspended

SWCNTs, these sensors suffer from relatively low quantum yields compared to surfactant-

suspended nanotubes [104]. The low intensities restrict the depth at which these biosensors

can be implanted for use in vivo and in vitro. Moreover, studies have shown that both protein-

and DNA-SWCNTs are sensitive to local variations in pH [90, 177] and ionic strength [35,
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80, 131, 178]. The latter raises a specific problem for a number of fluorescence biosensing

applications, as these ions are often involved in biological signaling pathways (such as Ca2+ in

dopamine regulation). Therefore, fluctuations in the local concentrations throughout the day

would compromise the sensing capabilities of the DNA-SWCNT complexes.

1.5 Polymer Engineering of SWCNT Sensor Specificity

The trade-offs between surfactant-suspended SWCNTs and biopolymer-suspended SWCNTs

have encouraged researchers to seek an alternative means of detection based on synthetic

or bioengineered polymers. Xeno nucleic acids (XNAs), for example, can be used to improve

the sensing capabilities of DNA-SWCNTs in ionically complex systems [35]. XNAs are syn-

thetic alternatives to naturally occurring DNA and RNA. Due to their modularity, nucleic

acids can be readily adjusted using a variety of chemical modifications [179–182] and XNAs

can contain modifications to either the nucleobase, phosphate, or sugar in an otherwise

native oligonucleotide sequence [181, 183, 184]. Although XNAs were initially developed

to emulate the DNA replication processes found in nature, these synthetic oligomers were

quickly realized for their advantages in in vivo stability and specificity [179, 184–186]. Larger

base modifications can result in altered physico-chemical properties, such as a tendency to

adopt non-standard helical conformations, but certain chemical modifications to the N7 (in

purines) or C5 (in pyrimidines), sites that extend into the major DNA groove, can be reasonably

tolerated without significant steric impact [180]. Backbone modifications can also alter the

physico-chemical properties of oligonucleotides. One example is peptide nucleic acid (PNA),

where the sugar phosphate backbone is substituted with aminoethylgylcine. This substitution

results in a charge-neutral polymer that is capable of strong canonical base pairing. The type

and extent of the modification depends on the intended application. For example, locked

nucleic acid (LNA) can greatly improve the stability of SWCNT sensors in the presence of

high ionic concentrations [35]. Previous studies showed that salt cations can alter the DNA

conformation on the nanotube surface, changing the emission wavelengths [35, 80, 131]. Since

the added methyl bridge in the backbone of LNA increases the rigidity of the polymer, LNA

exhibits increased conformation stability in the presence of fluctuating salt concentrations.

By modifying 25% of the sequence with a ‘locked’ base, bioengineered sensors based on

LNA have been shown to withstand over two orders of magnitude higher salt concentrations

without any perturbations in fluorescence. These complexes offer a strong promise for use in

ionically complex media, such as blood or urine, without compromising the biocompatibility

or nearly inexhaustible sequence space offered by oligonucleotide wrappings. The added

chemical modifications also carry untapped potential for further narrowing selectivity through

bio-conjugative chemistries that are specific to functional groups in the desired target.

Similarly, recent work by Chio et al. has employed the use of peptoids, N-substituted glycine

polymers, to serve as protein molecular recognition elements for SWCNT-based sensors

[34]. These peptoids draw inspiration from biological peptides, however display greater

resistance to degradation by proteases, analogous to how certain XNAs have higher resistance
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to naturally occurring exo- and endo-nucleases [183]. The tunability of these sequence-

defined synthetic polymers enables greater chemical diversity by providing a larger monomer

space of primary amines [187]. Although the stability of the peptoid wrapping on the nanotube

surface was shown to vary depending on composition, length, charge and polarity, Chio et

al. demonstrated that these sensors could be used to engineer a selective sensor for the

fluorescence detection of lectin protein wheat germ agglutinin [34].

In addition to peptoids and oligonucleotide derivatives, purely synthetic heteropolymers

have also been used to augment sensor properties. One such platform uses Corona Phase

Molecular Recognition (CoPhMoRe) and relies on SWCNT-adsorbed heteropolymers to tem-

plate preferential recognition sites for target analytes. The final structures adopted by the

polymer on the surface control the selectivity of the sensor towards a target. Though the

mechanism for modulating SWCNT fluorescence in response to binding is likely analyte- and

polymer-specific, it’s precise characterisation remains an area of active research [166, 167].

Typically, the heteropolymers employed contain both hydrophobic and hydrophilic segments.

The former interacts with the SWCNT surface, while the latter extends into solution to suspend

the complex in aqueous solutions. CoPhMoRe-based sensors have been developed to detect

neurotransmitters [13, 73, 168], vitamins [73], and steroids [73], as well as small molecules

such as NO and H2O2 [163, 188, 189] (Figure 1.5).

Furthering the development of these sensors, Bisker et al. [16] extended the capabilities

of CoPhMoRe sensors to detect larger macromolecules, such as proteins. A variant of a

CoPhMoRe screening approach was used to identify polymeric wrappings that could be

used to create synthetic, non-biological antibody analogs capable of recognizing biological

macromolecules. This approach yielded a selective sensor for fibrinogen based on dipalmitoyl-

phosphatidylethanolamine (DPPE)-PEG (5kDa)-suspended SWCNT. This sensor was capable

of detecting fibrinogen in a competitive binding assay in the presence of albumin, which

can passivate the sensor by binding to non-specific binding sites [16]. This observation

suggests that CoPhMoRe is more likely due to a combination of factors related to both the

specific corona phase formed by the polymer-SWCNT complex and the unique elongated

conformation of the fibrinogen protein, rather than sensing mechanisms based on aggregation,

molecular weight, or protein hydrophobicity.

1.6 Conclusions

Since the first reported aqueous suspension of individual SWCNTs with surfactant [8, 9,

92], researchers have learned to suspend SWCNTs using a variety of natural and synthetic

wrappings. Polymer wrappings in particular have served the dual purpose of both solubilizing

SWCNTs and regulating the selectivity of SWCNTs towards specific analytes in biological

media. As a result, polymers such as DNA have become standard wrappings for optical

SWCNT-based biosensing, and recent efforts have focused on modifying these polymers to

improve the quantum yield, stability, scalability, and selectivity of these sensors. However, with
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the exception of protein-based wrappings and complementary DNA-strand hybridization, the

nature of the selectivity of polymer wrappings towards specific analytes remains unclear. As a

result, most DNA and synthetic polymer-based SWCNT sensors are empirically engineered

through random library screening and selection. These techniques evaluate the responsivity

of several different polymer-wrapped SWCNTs against a variety of analytes, and the polymer-

analyte combinations that yield relatively strong fluorescence responses are used to identify

suitable polymer wrappings for SWCNT-based sensing [73, 74]. Though this approach has been

quite successful in identifying wrappings that can trigger a fluorescence response towards

particular analytes, the sensors often show compromised selectivity. Moreover, the polymer

wrappings also yield sensors with lower stability and brightness compared to surfactant

wrappings.

At present, the optimization of empirically engineered sensors largely entails screening larger

libraries to increase the chances of identifying a more desirable hit [73, 74]. This overlooks

opportunities for designing and implementing predictive approaches based on systematic

trend analysis. Furthermore, there is a lack of iterative or incremental development for further

improvement, stagnating the optimization of the final device. In order to overcome these

limitations, we require novel rational and even semi-rational approaches for engineering

nanotube wrappings with improved brightness, selectivity, and stability. Such techniques

could be used to strengthen the understanding of the mechanisms and the empirical speci-

ficity of the interactions between different SWCNT sensors and their target molecules. Such

a fundamental understanding is needed to not only improve existing sensors, but also to

ultimately design molecular probes in a rational and predictive manner. In this thesis we

present new methods that aim to address these limitations using surfactant, DNA, and XNA

wrappings while creating improved sensors for neurochemical sensing applications.
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2 The Impact of Surface Area on the
Response of SWCNT Optical Sensors

‘Why,’ said the Dodo, ‘the best way to

explain it is to do it.’

Lewis Carroll,

Alice’s Adventures in Wonderland

Portions of this chapter are reproduced with permission from [61]: Gillen, A.J.; Siefman, D.J.;

Wu, S-.J.; Bourmaud, C.; Lambert, B.; Boghossian, A.A. Templating colloidal sieves for tuning

nanotube surface interactions and optical sensor responses, Journal of Colloid and Interface

Science (2019).

2.1 Abstract

Surfactants offer a tunable approach for modulating the exposed surface area of a nanoparticle.

They further present a scalable and cost-effective means for suspending single-walled carbon

nanotubes (SWCNTs), which have demonstrated practical use as fluorescence sensors. Though

surfactant suspensions show good quantum yields for mixed SWCNT disperions in aqueous

solutions, they lack the selectivity that is vital for optical sensing. We present a new method

for controlling the selectivity of optical SWCNT sensors through colloidal templating of the

exposed surface area. Colloidal nanotube sensors were obtained using various concentrations

of sodium cholate, and their performances were compared to DNA-SWCNT optical sensors

in order to elucidate the role of exposed surface area on nanotube optical response behavior.

Sensor responses were measured against a library of bioanalytes, including neurotransmitters,

amino acids, and sugars. We report an intensity response towards dopamine and serotonin

for all sodium cholate-suspended SWCNT concentrations. We further identify a selective, 14.1

nm and 10.3 nm wavelength red-shifting response to serotonin for SWCNTs suspended in

1.5 and 0.5 mM sodium cholate, respectively. Through controlled, adsorption-based tuning

of the nanotube surface, this study demonstrates the applicability of sub-critical colloidal

suspensions to achieve selectivities exceeding those previously reported for DNA-SWCNT

sensors.
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Figure 2.1 – Schematic of analyte interactions with surfactant-coated nanotubes at high and low surface
coverage

2.2 Introduction

Biosensors are a bottleneck for disease diagnosis and healthcare monitoring. Their perfor-

mance is defined by a combination of several key attributes, such as sensitivity and selectivity.

For example, biosensors that are used for point-of-care diagnostics must be sensitive enough

to detect a target molecule at biologically relevant concentrations, while sufficiently selective to

only respond to the target molecule in complex biological media. However, the optimization of

these individual attributes often results in trade-offs, limiting the sensor’s overall performance.

For optical sensors based on the near-infrared (NIR) fluorescence of single-walled carbon

nanotubes (SWCNTs), certain attributes can be altered via surface functionalization of the

SWCNT. The light emitted from SWCNT sensors benefits from increased tissue penetration

and indefinite photostability [10, 14, 74, 190–193], which makes these sensors attractive for

biosensing applications [8, 9, 104, 107]. As covalent functionalization can diminish SWCNT

fluorescence, attributes such as brightness, sensitivity, and selectivity are preferentially tuned

through the use of non-covalent wrappings on the SWCNT surface [30]. To date, a lack of

orthogonal approaches to independently optimize multiple attributes has yielded sensors

with compromised performances.

One of the most extensively studied non-covalent surface wrappings for SWCNTs is deoxyri-

bonucleic acid (DNA) [89, 130–132, 134, 164, 194–196]. Since the pioneering work of Zheng et

al., the versatility of this wrapping in suspending SWCNTs has been successfully demonstrated
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with many different single-stranded DNA (ssDNA) sequences [78, 130, 132, 134, 139]. Further-

more, the molecular recognition capabilities of ssDNA-SWCNT (DNA-SWCNT) complexes

have been shown to vary with DNA length and sequence [15, 62, 74]. However, the underly-

ing mechanisms driving the recognition capabilities DNA-SWCNTs remain unclear [15, 74],

leading to difficulties in rationally designing DNA-SWCNT sensors for specific analytes. In

addition, these complexes suffer from low quantum yields compared to most conventional

fluorophores, which reduces the penetration depth for these sensors in vivo [78, 104].

Surfactants, such as sodium cholate (SC), sodium dodecyl sulfate (SDS), or sodium dode-

cylbenzenesulfonate (SDBS), are also commonly used to non-covalently disperse SWCNTs

[107, 110, 119, 151, 197, 198]. These SWCNT conjugates benefit from a number of advantages

over DNA-SWCNTs, including a higher fluorescence quantum yield [104, 107]. Moreover, this

method of suspension is more scalable and cost-effective compared to suspension methods

that use proteins or other biopolymers such as DNA or RNA. However, whereas the selectivity

of DNA-based sensors can be tuned with a DNA sequence, surfactant-suspended SWCNTs are

inherently non-selective and also currently lack techniques to tune their molecular recognition

[73].

In this study, we explore the effects of exposed nanotube surface area on the response charac-

teristics of both DNA- and surfactant-suspended SWCNTs. In particular, we have chosen to

study SC-suspended SWCNTs as a model surfactant system, as previous studies on surface

coverage and critical micelle concentration (CMC) demonstrated that this system can offer

a molecular understanding of SWCNT surface interactions [105, 199–201]. Furthermore, SC

benefits from greater biocompatibility compared to more strongly denaturing surfactants, as

well as an ability to tune exposed surface area with sub-CMC dispersions [201, 202]. Herein,

we exploit this tunability to introduce an approach based on designing colloidal templates to

tune the analyte specificity of surfactant-suspended nanotubes. This increase in selectivity is

achieved without sacrificing the increased fluorescence quantum yield of these conjugates.

We apply these colloidal sensors and study their response to a library of analytes including

neurotransmitters, amino acids, and sugars, and we show that we can selectively detect sero-

tonin. These findings demonstrate a semi-rational approach for altering analyte specificity

through the modulation of exposed surface area.

2.3 Results and Discussion

The presence of certain salts, such as NaCl, alters the conformation of the DNA wrapping on

the SWCNT surface. As reported in previous studies [35, 80], Na+ cations screen intramolecular

repulsion forces along the negatively charged phosphate backbone, allowing the DNA to adapt

a tighter conformation around the nanotube. The tighter wrapping is believed to increase

oxygen exclusion and hence, increase the fluorescence intensity of the sensor.

To examine the effects of DNA conformation on sensor response, fluorescence emission

spectra of the (6,5) peak were obtained following the addition of specific analytes for (GT)15-
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SWCNTs in the absence and presence of NaCl (Figure 2.2). The added analytes, serotonin and

dopamine (1 mM final concentration), are neurotransmitters that have been previously shown

to alter the fluorescence of DNA-SWCNTs in the presence of salt [14, 36]. In agreement with

these findings, we observe a fluorescence increase, as well as a shifting, of the (6,5) peak on

dopamine and serotonin addition in the presence of 100 mM NaCl (Figure 2.2 (A)). In the 100

mM NaCl solutions, the serotonin and dopamine can also interact with the cations present via

cation-π interactions [203, 204]. The greater binding energy of the indole group with Na+ may

contribute to the larger shifts observed for serotonin compared to dopamine [204].

(A) (B)

Figure 2.2 – Fluorescence response of (GT)15-SWCNTs to dopamine and serotonin at different NaCl con-
centrations. Fluorescence response (A) in the presence of 100 mM NaCl and (B) in the absence of NaCl
following the addition of 1 mM dopamine (orange) and 1 mM serotonin (blue) (excitation: 575 nm). All
shaded regions represent 1σ standard deviation (n = 3 technical replicates). All peaks were normalized
to the (6,5) maximum fluorescence emission intensity prior to addition of the neurotransmitters.

In the absence of NaCl, we observe a larger fluorescence intensity response and greater variabil-

ity for both analytes (Figure 2.2 (B)). Since DNA is believed to adapt a looser conformation at

lower salt concentrations [80], increases in exposed surface area may facilitate charge transfer

or aromatic stacking on the nanotube that is responsible for the observed red-shift in both

the fluorescence and absorbance (Appendix Figure A.2). Previous reports have shown that,

similar to NaCl, dopamine alone can interact with the phosphate groups in the DNA backbone

to yield tighter wrapping conformations [62]. However, this capability was attributed to the

presence of the two hydroxyl groups, and hence only believed possible for catecholamines. As

we also observe intensity and wavelength responses on addition of serotonin, which contains

only one hydroxyl group, we hypothesize that additional mechanisms beyond phosphate

group interactions may contribute to the red-shifting of these sensors. Furthermore, the

serotonin response in particular showed a significant increase in variability at lower NaCl

concentrations. This increase in variability is attributed, in part, to an increase in nanotube

sensitivity as a result of larger exposed surface area, though the precise mechanism is the

subject of future investigations.
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Several factors are believed to contribute to the distinct responses in the absence and presence

of NaCl. Although the addition of cationic species can be used, in theory, to tune the exposed

surface area of DNA-SWCNTs, this tunability is convoluted due to electronic screening along

the DNA backbone and secondary interactions between the target molecules and cations [35,

80, 131]. As such, in addition to differences in exposed surface area, cationic concentration

may itself play a role in modulating sensor response. Alongside conformational restrictions

that favor DNA base-stacking, these factors are expected to limit the tunability of surface

coverage with DNA for sensing applications.

Surfactants, including SC, show concentration-dependent surface coverage of solubilized

particles and can offer greater tunability in modulating the exposed surface area of suspended

nanoparticles [105, 198, 205–207]. For SWCNTs in particular, recent work by Bergler et al. has

shown that even low concentrations of SC can yield suspensions with increased fluorescence

intensity compared to DNA wrappings [104, 105]. In these suspensions, the cholate ions have

been shown to wrap around the nanotube with the hydrophobic group directed inwards [198].

Bergler et al. proposed a SC micellization reaction on SWCNT surfaces that is analogous to the

closed association model for free micelle formation [105]:

nSC−+βnNa++SWCNT*) SWCNT:NaβnSC(1−β)n−
n (2.1)

where n represents the aggregation number andβ is the fraction of sodium counterion binding

[105, 208]. Importantly, this model enables a thermodynamic analysis of the SC-SWCNT

micelle formation equilibrium within the same framework as that used for the association of

ionic surfactants in bulk water. As such, the SC can self-assemble at the surface of the nanotube

at concentrations lower than the CMC in the bulk due to the higher local concentration and

ion stabilization at the nanotube core [101, 105, 209, 210]. At low concentrations, SC undergoes

Langmuir-type adsorption that is dominated by immobilization of isolated monomers with

low nanotube surface coverage. However, at higher concentrations, co-operatively formed SC-

SWCNT micelles enable increased surface coverage, with a Hill coefficient of 65 ± 6 monomers,

much greater than that for the formation of free SC micelles (4 monomers) [105]. Based on

this understanding of SWCNT solubilization, the exposed nanotube surface area can therefore

be increased by decreasing the surfactant concentration in the solution to concentrations

below the bulk CMC.

In agreement with Bergler et al. [105], we observe abrupt changes in the absorption and

fluorescence emission spectra when diluting the SC concentration of SC-SWCNTs to con-

centrations below the predicted secondary CMC (7 – 12 mM) (Figure 2.3, top) [105, 211].

Compared to the stock 46 mM SC-SWCNT solution, we observe an 8.3 nm red-shift of the (6,5)

fluorescence peak for 0.5 mM SC-SWCNT, as well as a 7.5 nm red-shift of the (6,5) absorption

peak (Appendix Figure A.2). These findings suggest that the shift is due to the significant

change in surface coverage that is expected at concentrations well below the secondary CMC,
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which is expected

Figure 2.3 – Change in the fluorescence response of SC-SWCNTs to dopamine and serotonin at different
SC concentrations. (Top) Representative fluorescence spectra of the (6,5) chirality peak for SC-SWCNTs
in varying concentrations of SC (excitation: 575 nm). All peaks were normalized to the maximum
fluorescence emission intensity at the (6,5) emission peak. (Bottom) Fluorescence response of 46 mM
(red curves) and 0.5 mM (blue curves) SC-SWCNTs to 1 mM dopamine (darker curves) and 1 mM
serotonin (lighter curves) (excitation: 575 nm). The shaded regions represent 1σ standard deviation (n
= 3 technical replicates). All peaks were normalized to the maximum fluorescence emission intensity at
the (6,5) emission peak prior to the addition of analyte.

to increase water accessibility to the SWCNT surface and consequently alter the local dielectric

constant [35, 105, 190]. In addition, only small differences in fluorescence intensity (2 – 14%)

were observed among samples across all SC concentrations (Appendix Figure A.3) when

normalized by the SWCNT concentration.

The addition of neurotransmitters to the SC-SWCNTs was shown to alter the fluorescence emis-

sion of the SWCNT (Figure 2.3, Appendix Figure A.9). Contrary to the (GT)15-suspended SWC-
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NTs, which exhibited fluorescence intensity increases on addition of serotonin or dopamine,

the SC-SWCNTs showed a decrease in fluorescence intensity for all SC concentrations. Within

the high coverage regime (46 mM SC concentration), the fluorescence emission intensity

decreased by almost 19% following the addition of serotonin. Larger decreases of up to 76%

were observed as the surface area was increased for lower SC concentrations (Figure 2.3,

Appendix Figure A.4, A.9).

In addition to fluorescence intensity, we also observed changes in the peak wavelength emis-

sion of the (6,5) peak on addition of dopamine and serotonin (Figure 2.3). Whereas no

shifting was observed for the 46 mM SC-SWCNTs, the 0.5 mM and 1.5 mM concentrations

showed red-shifting of over 10 nm on addition of serotonin (Figure 2.3, Appendix Figure

A.9). This concentration-dependent shifting at SC concentrations considerably lower than the

secondary CMC suggests that exposed surface area could play a critical role in determining

sensor sensitivity, particularly in inducing shifting responses.

The selectivity of both DNA- and surfactant-suspended nanotubes was further characterized

by monitoring changes in fluorescence intensity and peak position against a library of bioana-

lytes including various neurotransmitters (Figure 2.4 (A)), amino acids (Figure 2.4 (B)), and

sugars (Figure 2.4 (C)). For the DNA-SWCNTs, we observe a generally more selective intensity

response following the addition of NaCl. In the absence of NaCl, the DNA is believed to adapt

a looser conformation that increases the accessibility of the nanotube surface. Furthermore,

the lack of ionic screening can make the SWCNT more susceptible to changes in ionic strength

[80]. In agreement with previous observations by Salem et al. [80], we can achieve large

intensity increases for both the (GT)15- and (AT)15-SWCNTs by increasing the ionic strength of

the solution following the addition of PBS (Figure 2.4 (C)). While the responsivity of the DNA-

SWCNTs was greatly reduced following the addition of NaCl, significant intensity changes

were still recorded following the addition of several analytes (Figure 2.4 (A), 2.4 (B), 2.4 (C)),

in agreement with previous observations in the literature [37, 62, 212–215]. Smaller increases

(< 15%) were also observed for a number of other small molecules, whose adsorption onto

the nanotube surface has been shown to contribute to water and oxygen shielding (Appendix

Table A.2 and A.3) [213].

Like the DNA-SWCNTs, SC-SWCNTs similarly showed intensity changes in response to dopamine

and serotonin; however, the SC-SWCNTs generally showed considerably less reactivity to the

library of analytes screened, with little response to both amino acids or sugars. Furthermore,

whereas the shifting response of the (6,5) peak of (AT)15-SWCNTs was blue-shifted (>1.5 nm)

in the absence of NaCl, the shifting response of the (6,5) peak of the SC-SWCNTs was red-

shifted. The contrasting shifting behaviors allude to fundamental differences in the sensing

mechanisms of these sensors, specifically in how they alter the solvent accessibility at the

nanotube surface.

Moreover, in the case of SC-SWCNTs, we were able to tune analyte selectivity with surfactant

concentration, particularly at low concentrations (1.5 mM and 0.5 mM) [105, 211]. No wave-
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Figure 2.4 – Fluorescence wavelength and intensity responses of SC-suspended and DNA-wrapped
SWCNTs to various bioanalytes. Normalized fluorescence changes (I f - I0)/I0 (left) and wavelength
shifts (right) were recorded for the (6,5) emission peak following the addition of (A) neurotransmitters,
(B) amino acids, and (C) sugars. Red indicates an intensity increase or redshift in the wavelength
position of the (6,5) peak, and blue represents an intensity decrease or blueshift in the wavelength
position. Fluorescence measurements are also included for the suspending buffer solution of each
library in the first row of each heatmap. Except for tyrosine and tryptophan (noted with an asterisk), all
samples were incubated for 15 min in the presence of 1 mM analyte prior to measurement. The final
concentrations of the tyrosine and tryptophan solutions used were 0.03 mM and 0.56 mM, respectively,
due to their lower solubility. The responses reported in the figure show at least a 0.15 × change in
intensity. A table quantifying the magnitude of all responses is included in the Appendix (Appendix
Table A.2 and A.3). The full name and supplier of all analyte chemicals used are included in the
Appendix (Appendix Table A).
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length peak shifts were recorded for the 46 mM, 10 mM, nor the 5 mM SC concentrations of

SC-SWCNTs in the presence of any of the selected analytes. In agreement with colloid theory

[101, 105, 198, 205–207, 209, 210], this observation suggests that sufficient surfactant coverage

can limit analyte accessibility to the SWCNT surface, thereby preventing any wavelength

response of the fluorescence emission. We further observe a general increase in reactivity for

SC-SWCNTs at lower surfactant concentrations, particularly in the presence of sugars and

neurotransmitters. In particular, the 1.5 mM and 0.5 mM SC-SWCNT suspensions underwent

a 14.1 nm and 10.3 nm wavelength red-shift, respectively, in the presence of serotonin (Figure

2.4A). This shifting response was shown to be reversible (Appendix Figure A.10) and exhibited

a limit of detection of 10 µM (Appendix Figure A.4, A.5, A.6). The lower shift observed for the

0.5 mM SC-SWCNT sensor is attributed to the more red-shifted initial wavelength position of

the peak.

The concentration-dependent selectivity observed in this study demonstrates surfactant-

suspended SWCNTs as a model system for probing the effects of exposed surface area on

fluorescence response. Since pure dopamine and serotonin solutions (100 mM concentration)

are unable to suspend SWCNTs (data not shown), such analytes are believed to largely interact

with exposed surface area of the surfactant-suspended nanotube, rather than competitively

displace the solubilizing surfactant on the nanotube surface. This mechanism is supported

by the retained SWCNT solubility following analyte addition. Differences between similarly

sized analytes suggest that although the exposed surface area can play a significant role in

controlling the accessibility of the nanotube surface, factors such as an analyte’s interaction

with the nanotube surface also play a role in modulating SWCNT fluorescence [36, 73]. For

example, despite tryptophan and serotonin being relatively structurally similar analytes,

they demonstrated significantly different response behaviors. Whereas serotonin resulted in

considerable quenching for 1.5 mM and 0.5 mM SC-SWCNTs (-61% and -76.2%), tryptophan

showed only slight intensity changes (-2.8% and +1.9%, respectively). We do not attribute

this disparity to differences in the final concentration of analyte (1 mM versus 0.53 mM), as

substantial quenching (-22.5% and -32.7% for 1.5 mM and 0.5 mM SC, respectively) is still

observed following the addition of 0.1 mM serotonin (Appendix Figure A.5). Furthermore, in

spite of differences in their topological polar surface areas (79.1 Å and 62 Å for tryptophan and

serotonin respectively)[216, 217], we mainly attribute the variations in response to differences

in analyte reactivity and adsorption on the exposed SWCNT surface. For example, previous

studies have reported slower electron transfer kinetics for tryptophan compared to redox active

molecules such as serotonin and dopamine [218–222]. Similar analyte-specific interactions

can also account for the stronger response observed for the serotonin molecule compared

to the dopamine molecule at low SC concentrations (Appendix Figure A.5, A.6, A.7, and A.8)

[217, 223].
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2.4 Conclusions

The findings presented herein illustrate that colloidal templating can be used to alter the ana-

lyte specificity and selectivity of nanotube optical sensors. Whereas previous approaches have

modified the corona phase of a polymer to impart analyte specificities [13, 14, 16, 62, 224, 225],

colloidal sensors enable more rational modulation of the exposed surface area with surfactant

concentration. Surfactants benefit from tunability in modulating surface coverage, enabling a

semi-rational approach to engineering selectivity. By modulating the exposed surface area of

surfactant-suspended SWCNTs, we engineered a SWCNT sensor for the selective detection of

serotonin. To the best of our knowledge, this sensor represents the first example of specific

target recognition by surfactant-suspended SWCNTs. In addition, surfactant-based SWCNT

sensors benefit from higher quantum yields, lower costs, greater stability, and scalable prepar-

ative procedures compared to DNA-SWCNTs. Though the use of surfactants could limit the

applicability of these sensors for in vivo measurements, in vitro analysis of biological samples

can still be achieved with appropriate surfactants at designated concentrations. Furthermore,

surfactants offer a range of physiochemical properties, such as differences in toxicity, solubility,

CMCs, charge, and polarity, that can accommodate a variety of biosensing conditions. While

the underlying mechanisms responsible for modulating SWCNT fluorescence remain elusive

and analyte-specific, surfactant-based wrappings offer an approach to de-couple the effects

of surface accessibility from analyte reactivity. In conjunction with SWCNT sensors based

on DNA and synthetic polymer wrapping, these surfactant-suspended SWCNTs can provide

an additional avenue for further studying analyte-wrapping interactions and their effects on

modulating SWCNT fluorescence.

2.5 Materials and Methods

2.5.1 Preparation of SWCNT solutions

A (6,5)-enriched mixture of purified CoMoCAT SWCNTs was suspended in 2% (w/v) SC (Sigma-

Aldrich) according to the procedure by Zubkovs et al. [37]. Briefly, 25 mg of CoMoCAT SWCNTs

(CHASM SG65i, Lot No. SG65i-L59) were added to 25 mL of SC 2% (w/v) solution (equivalent

to 46 mM SC). The mixture was homogenized for 20 min at 5,000 rpm (Polytron PT 1300

D, Kinematica) prior to probe-tip sonication (1/4 in. tip, Q700 Sonicator, Qsonica) for 1

h (10% amplitude) in an ice bath. The resulting solution was centrifuged at 164,000 × g

(30,000 rpm) for 4 h at 20◦C (Optima XPN-80 Ultracentrifuge, Beckman) to remove nanotube

aggregates. Absorbance spectra were taken for the supernatant using a UV-vis-NIR scanning

spectrometer (Shimadzu 3600 Plus). The SWCNT concentration of each sample was calculated

by absorbance using an extinction coefficient ε739 = 0.025 L mg−1 cm−1 [196, 226]. Solutions

of SC-SWCNTs, with SC concentrations of 0.5 mM, 1 mM, 5 mM, and 10 mM, were obtained

via dilution of the 2% (46 mM) SC-SWCNT stock solution immediately prior to use. The same

stock SC solution was used for all dilutions to ensure a similar distribution of nanotube lengths

for all samples.
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SWCNTs were suspended with (GT)15- and (AT)15-DNA sequences (Microsynth) using a mod-

ified surfactant exchange protocol [78, 189, 190, 227]. In the surfactant exchange method,

methanol (final solvent percentage 60% (v/v)) is added to surfactant-suspended SWCNTs in

the presence of DNA to increase the critical micelle concentration (CMC) of the surfactant

[227], allowing the DNA to replace the surfactant on the SWCNT surface. The exchange was

performed on the 2% SC-suspended CoMoCAT SWCNTs, prepared as described above, mixed

with a final concentration of 15 µM DNA (as measured by Nanodrop 2000 Spectrophotometer).

800 µL of the DNA/SC-SWCNT solution was added to 1.2 mL of methanol, and the resulting

mixture was incubated at room temperature for 2 h.

Following incubation, the surfactant and unbound DNA were removed using centrifugal ultra-

filtration devices (Amicon Ultra 0.5 mL 100 kDa Filters, Merck) by rinsing the solution ten times

with DI water. The rinsed solution was then collected and centrifuged for 4 h at 16,750 × g

and 4◦C to remove any aggregates formed during the surfactant exchange protocol. Final

concentrations for the supernatants were calculated from absorbance measurements at 739

nm, as described above.[196, 226] For measurements taken in the presence of salt, NaCl was

added to yield a final concentration of 100 mM in the presence of the purified DNA-SWCNT

samples.

2.5.2 Fluorescence spectroscopy measurements

Fluorescence emission spectra were acquired using a custom-built optical setup on an inverted

Nikon Eclipse Ti-E microscope (Nikon AG Instruments), as described previously [37]. Briefly,

49.5 µL of SWCNT solution (5 mg/L concentration) was placed in a 384-well plate and excited

at 575 ± 5 nm (resonance excitation for the (6,5) SWCNT chirality). Following the acquisition of

the initial spectrum, 0.5 µL of target analyte solution (prepared as described in the Appendix)

was added and the mixture was incubated for 15 min prior to recording a final spectrum.

A fine grating (600 lines mm−1) was used to collect the nanotube emission at wavelengths

between 961 and 1018 nm. Fluorescence emission data were fit to a skewed-Lorentzian using

a custom Python program based on non-linear least-squares. The fit was used to determine

the maximum intensity and corresponding wavelength position of the (6,5) chirality emission.

More detailed information on the spectral fitting is outlined below.

2.5.3 Spectral fitting

A non-linear-least-squares fit was applied to the experimental data to calculate the intensity

and wavelength of the SWCNT emission peaks. The fitting procedure minimizes an objective

function that represents the deviation between the experimental data and the mathematical

representation of the peak. The objective function was defined as the chi-squared statistic (χ2),

and the model contains fitting variables that minimize the χ2. In other words, the residual

between the experimental data and the model is minimized by varying the parameters of the

model. The least-squares fit is done with the Levenburg-Marquardt algorithm [228, 229], or
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damped least squares as implemented in the software lmfit in Python [230].

This fit does not give a probability distribution on the fitted model, i.e. the experimental

uncertainty is disregarded in the fitting. To estimate the associated uncertainty, we employ

probabilistic data analysis. This analysis marginalizes nuisance parameters, thereby propa-

gating the effects of the experimental uncertainty to the final result. The probabilistic data

analysis was performed with the affine-invariant ensemble sampler for Markov chain Monte

Carlo (MCMC) [231]. The prior is taken as the center and amplitude of the photopeak from

the experimental data. We assume a uniform prior for these parameters such that all possible

values are equally likely considered to be the prior. MCMC samples are drawn from the prior

distributions and representative data sets from the likelihood function to give the posterior, or

the estimated uncertainty on the fitted parameters.

Nanotube emission peaks are traditionally fitted using either Voigt [10, 232–235] or Lorentzian

[9, 27, 236] probability density functions. However, since the acquired data sets typically

exhibit varying degrees of skewness [237], the use of these probability density functions results

in inaccurate fits. In order to account for the skewness, a skewed Lorentzian was used as

the fitting model [238]. The Lorentzian is given in Eq. 2.2 where v is the energy (converted

from wavelength), v0 is the peak center, A is the area under the peak, and γ is the full width at

half maximum. The skewed Lorentzian has γ as a function of v , i.e. the width is allowed to

vary sigmoidally as seen in Eq. 2.3. The nuisance parameter a is a measure of symmetry that

accounts for skewness. When a is zero, the formulation gives the standard Lorentzian with a

symmetric profile. Meanwhile, a positive a skews the peak towards lower wave numbers and a

negative a towards higher wave numbers.

L(v) = 2A/πγ

1+4[(v − v0)/γ]2 (2.2)

γ(v) = 2γ0

1+exp[a(v − v0)]
(2.3)

2.5.4 Rinsing procedure for sensor regeneration

Fluorescence emission spectra were acquired using the custom-built optical setup on an

inverted Nikon Eclipse Ti-E microscope (Nikon AG Instruments), as previously outlines. As

before, 49.5 µL of 1.5 mM SC-SWCNT solution (5 mg/L concentration) was placed in a 384-well

plate and excited at 575 ± 5 nm (resonance excitation for the (6,5) SWCNT chirality). Following

the acquisition of the initial spectrum, 0.5 µL of serotonin solution (100 mM) was added and

the mixture was incubated for 30 min prior to recording a final spectrum.

The sensors were rinsed using centrifugal ultra-filtration devices (Amicon Ultra 0.5 mL 100
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kDa Filters, Merck). Prior to use, the devices were rinsed twice using 500 µL of 46 mM SC

solution and centrifuging at 14,000 × g for 2 min at 20◦C. Following the acquisition of the initial

response, a total volume of 500 µL serotonin-SWCNT solution (495 µL SC-SWCNT 5 mg/L and

5 µL serotonin 100 mM) was added to the rinsed devices, and centrifuged at 14,000 × g for

90 s at 20◦C. SC solution (46 mM, 400 µL) was added to the devices to resuspend the sensors,

and the resuspended solution was then rinsed at 14,000 × g for 90 s at 20◦C. This was repeated

twice to ensure all the serotonin was removed from the solution. Following rinsing the sensors

were resuspended in 500 µL 1.5 mM SC and collected. The sensor solution was vortexed briefly

and 49.5 µL of the rinsed solution (not concentration adjusted) was placed in a 384-well plate

and excited at 575 ± 5 nm. As before, following the acquisition of the initial spectrum, 0.5 µL

of serotonin solution (100 mM) was added and the mixture was incubated for 30 min prior to

recording a final spectrum. A fine grating (600 lines mm−1) was used to collect the nanotube

emission at wavelengths between 961 and 1018 nm.
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3 Modifying DNA-SWCNT Sensors for
Improved Dopamine Detection

It sounded an excellent plan, no doubt,

and very neatly and simply arranged;

the only difficulty was, that she had not

the smallest idea how to set about it.

Lewis Carroll, Alice’s Adventures in

Wonderland

3.1 Abstract

The sensitivity of fluorescent SWCNT-based sensors strongly depends on sensor brightness,

with the brightest sensors demonstrating enhanced sensitivity and greater penetration depths

in vivo. As shown in the previous chapters, SWCNT brightness can be increased through

non-covalent functionalization using various surfactants, such as sodium cholate. Although

we have shown in Chapter 2 that it is possible to improve the selectivity of surfactant-SWCNTs

by controlling the amount of exposed surface area, ultimately these sensors remain limited

for in vivo and in vitro applications by their lower biocompatibility and the impracticality of

maintaining constant bulk surfactant concentrations. In this chapter, we explore methods of

increasing the brightness of DNA-SWCNTs by using chemically modified DNA sequences with

the aim of creating brighter sensors that are also more suitable for use in vivo and in vitro.

We show that both the fluorescence intensity and sensor reactivity is strongly impacted not

only by the chemical modification of the DNA but also by the method of preparation. Sensors

prepared using MeOH-assisted surfactant exchange exhibited higher overall fluorescence,

however the responsivity of these sensors is significantly reduced compared to SWCNTs

prepared by direct sonication. We further demonstrate that modified DNA can enhance

the fluorescence intensity of sonicated (GT)15-SWCNTs while retaining their responsivity to

dopamine, making these sensors an attractive alternative for dopamine sensing in vivo by

enabling significantly higher penetration depths. As the increases in fluorescence intensity
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were achieved without needing to alter the base sequence of the DNA wrapping or to add

any exogenous compounds, these modifications can - in theory - be applied to nearly any

DNA sequence to increase the brightness and penetration depths of a variety of DNA-SWCNT

sensors without affecting biocompatibility or reducing the near-limitless sequence space

available.

3.2 Introduction

The ultimate goal when designing biomedical sensors is to create a technology that can be used

for continuous and long-term monitoring applications in vivo. In the brain, realizing such

technologies could revolutionize health care by improving our understanding and treatment

of many different neurological, psychiatric, and cognitive disorders. However, in order to

understand both signalling between single neurons and through extended neural networks,

it is essential to monitor neural activity over much larger volumes, ideally at high speeds

while achieving synaptic resolution [239]. Unfortunately despite significant progress, no

single technology or approach has yet been able to accomplish all the analytical requirements

for widespread in vivo use in humans [62, 240, 241]. In addition, for in vivo brain imaging,

sensors need to be able to transmit through not only tissue and skin, but also trans-cranially.

This causes additional attenuation in the fluorescence of optical sensors, creating a need for

the removal of overlying brain tissue and for craniotomies to enable sensing in subcortical

structures [242].

An effective strategy for addressing this limitation is to use fluorophores, such as SWCNTs,

with longer emission wavelengths, where light absorption and scattering by biological tissue

is minimised [8, 9, 38, 190]. The molecular recognition capabilities of DNA-SWCNTs make

them an attractive material for neurotransmitter detection and in vivo neural biosensing

applications [14, 17, 36, 62, 77, 243–245]. However, low photoluminescence quantum yield

(QY) values have limited the optical performance of DNA-SWCNTs and constrained their

widespread applicability [30, 246, 247]. As shown in Chapter 1 and Chapter 2, DNA-SWCNTs

typically exhibit much lower fluorescence compared to surfactant-suspended nanotubes [30,

61, 104, 108, 248]. As the sensitivity of all nanosensor optical devices is strongly linked to

the brightness of the emitting fluorophore [60], this creates problems for in vivo sensing

applications. Furthermore, this limits the practical application of the sensors by reducing the

penetration depth of the fluorescence emission [78, 249]. While there are advantages to using

alternative wrappings, like surfactants, to increase the quantum yields of nanotube sensors

[61], ultimately any wrapping replacing DNA sacrifices the increased biocompatibility and

vast combinatorial library available for this biopolymer.

Previous attempts to increase DNA-SWCNTs have relied on modifications to the DNA base

sequence [78] or the addition of exogenous compounds. However, many of the exogenous

compounds reduce the biocompatibility of the sensors, as the additives (such as reducing

agents or nanoparticles) can increase cytotoxicity and diminish sensitivity and/or selectivity of
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the sensors. Moreover, as the fluorescence properties and molecular recognition capabilities

of DNA-SWCNTs have been shown to vary depending on DNA sequence and length [17, 73, 78]

there remains a need to identify alternative methods for increasing the fluorescence intensity

of DNA-SWCNTs without substituting the wrapping sequence.

Recent work by Yang et al. has demonstrated that the method (direct sonication of MeOH-

assisted surfactant exchange) used to prepare DNA-SWCNT suspensions can also significantly

impact the resulting DNA-SWCNT complex [250]. Disparities in the fluorescence spectra for

DNA-SWCNTs produced by the two methods indicated that the replacement process did not

always result in the same DNA wrapping configuration compared to using direct sonication.

Differences in the secondary structures of the DNA alters the fluorescence properties of the

DNA-nanotube complex, but can also impact the recognition capabilities of the DNA-SWCNTs.

In this chapter, we focus on improving the fluorescence intensity of (GT)15-SWCNTs through

the preparation process and through the incorporation of DNA modifications in engineered

DNA sequences. (GT)15-SWCNTs are selected for their role in neurotransmitter sensing.

Furthermore, these sensors suffer from low fluorescence intensities compared to other DNA-

SWCNTs [61, 248]. As a result, there is great interest in increasing the relative fluorescence

intensity of (GT)15-SWCNTs, without compromising their sensitivity to dopamine, in order

to increase the penetration depths of these sensors for in vivo applications. We examine

how the fluorescence of DNA-SWCNTs is affected by the addition of different functional

groups in the DNA wrapping sequence. Although the presence of the modifications did not

hinder the sensor’s ability to detect dopamine, we demonstrate that the preparation method

significantly impacted the responsivity of the sensors and reduced the maximal fluorescence

changes obtained on addition of analyte. Moreover, for sonicated samples, we show that using

modified-DNA results in a significant increase in the fluorescence intensity, both before and

after dopamine addition, that can increase the theoretical penetration depth for the sensors

in vivo. These findings demonstrate a new approach for tuning the fluorescence behavior of

DNA-SWCNTs for a given sequence and length, without compromising the sensing capabilities

of the sensors or requiring the addition of any exogenous compounds.

3.3 Results and Discussion

Modified DNA sequences were chemically synthesized (Microsynth) to contain one of three

functional groups: amino-, azide-, or thiol- (Figure 3.1). Due to the formation of DNA dimers,

thiol-modified DNA was excluded from subsequent characterization (see Appendix B for more

information). To investigate the impact of the location and number of modifications on the

fluorescence behavior of the DNA-SWCNTs several amino-group modification combinations

were designed for (GT)15-SWCNTs. Details on the modifications and positions examined

during this study are included in Table 3.1.
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Figure 3.1 – Chemical structures of the functional groups and linker molecules used for terminal
DNA modification: (i) amino, (ii) azide 5’ and (iii) azide 3’. All chemical structures were drawn in
ChemDraw. Internal modifications for the amino functionalisation were introduced using an amino-dT
base (Appendix Figure B.2).

Table 3.1 – A list of functional groups and modification positions tested for improving the fluorescence
intensity of (GT)15-SWCNTs in this study. Internal modifications for the -NH2 functional group were
introduced using an amino-dT base (Microsynth) (Appendix Figure B.2).

Modification [Linker] [Position] Sequence Name

(GT)15

Unmodified N/A (GT)15

Amino, - NH2 [C6]

[5’] (GT)15 Amino5’

[3’] (GT)15 Amino3’

[5’ + 3’] (GT)15 Amino5’3’

[5’ + Interior] (GT)15 Amino5’Int

[5’ + 3’ + Interior] (GT)15 Amino5’3’Int

Azide, -N3 [NHS Ester]
[5’] (GT)15 Azide5’

[3’] (GT)15 Azide3’

The absorbance spectra of all (GT)15-SWCNTs were used to compare the wrapping behavior

and suspension quality of the solutions that were prepared using direct sonication and MeOH-

assisted surfactant exchange (Figure 3.2). All modified and unmodified DNA sequences

were able to suspend the CoMoCAT SWCNTs, as evidenced by the distinct bands in the

absorbance spectra and the low non-resonant background (Figure 3.2 (A)) [108]. As expected,

the predominant peak in all spectra was observed at around 994 nm, which was associated

with the first sub-band E11 exciton transition for the (6,5) chirality nanotube. However, we

observed differences in the relative absorbance values of the (6,5) peak depending on both the

DNA modification and the method of preparation. Furthermore, the differences in full width

half max (FWHM) values and peak-to-background ratios obtained for the different sequences

indicated significant heterogeneity in the quality of suspension. Lower FWHM and higher

peak-to-background values alongside higher yields indicate improved nanotube dispersion.

With the exception of the (GT)15 Amino5’3’Int sequence, all modified (GT)15-SWCNT suspen-

sions prepared via direct sonication had lower FWHM values for the (6,5) chirality (Figure

3.2 (B) (i)) and higher peak-to-background ratios (Figure 3.2 (B) (ii)). These observations

indicate an improved dispersion quality for these solutions compared to suspensions using

the unmodified sequence (Figure 3.2 (B)). These observations suggest that the addition of the
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Figure 3.2 – Differences in the suspension quality and chirality distribution of modified and unmodified
(GT)15 sequences for SWCNT solutions prepared via direct sonication and MeOH-assisted surfactant
exchange. (A) Absorbance spectra for all modified and unmodified DNA-SWCNT samples examined
in this study. All spectra are normalized to concentration using an extinction coefficient of 0.0253
mg/L at Abs739nm. (B) Comparison of the absorbance peak positions of the (6,5) chirality for modified
and unmodified (GT)15-SWCNTs prepared via (i) direct sonication and (ii) MeOH-assisted surfactant-
exchange. (C) Characterisation of the quality of suspension based on the (i) FWHM and (ii) peak-to-
background ratio for the (6,5) absorbance peaks of each suspension.
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functional groups assisted with the exfoliation of the nanotube bundles during the sonication

process, resulting in the higher yields and more individually dispersed solutions. (GT)15

Amino5’3’Int-SWCNTs resulted in well dispersed nanotubes, indicated by the low FWHM.

However, we obtained significantly lower total nanotube concentrations and observed a

reduced peak-to-background ratio due to a lower relative concentration of suspended (6,5)

nanotubes (Table 3.2). The reduced yield was, in part, attributed to the presence of the

internal modification that was attached via an amino-dT base in the middle of the sequence

(chemical structure detailed in Appendix Figure B.2). The addition of this internal modifi-

cation could disrupt the π-π stacking of the DNA-sequence, which in turn destabilizes the

wrapping or imposes additional steric restrictions. Interestingly, despite the same number

of modifications, (GT)15 Amino5’Int-SWCNTs exhibited a lower peak-to-background ratio,

higher FWHM, and significantly lower maximum concentration-yield compared to (GT)15

Amino5’3’-SWCNTs, again indicating that the presence of the internal modification reduced

the suspension capabilities of the DNA sequence.

With the exception of (GT)15 Azide5’, the concentration of nanotube solutions was signifi-

cantly higher for those prepared using the surfactant exchange protocol compared to direct

sonication. In addition, contrary to the sonicated samples, the unmodified (GT)15 yielded the

highest quality and most concentrated SWCNT dispersions with the MeOH-assisted surfactant

exchange method. In agreement with previous observations for sonicated samples, (GT)15

Amino5’3’Int-SWCNTs resulted in a poorer suspension quality, although the yield and relative

absorbance of the (6,5) peak was considerably higher for the surfactant exchanged samples.

Due to the lower suspension quality and yields of samples prepared using (GT)15 Azide5’ and

(GT)15 Amino5’3’Int modifications, these samples were excluded from subsequent fluores-

cence characterization (see Appendix B for more detailed information, Appendix Figure B.5,

B.6, B.7).

The electronic properties of SWCNTs are very sensitive to changes in their local environment,

which can shift the position of peak absorbance and fluorescence [29, 250]. For suspensions

prepared using direct sonication, the peak absorbance for the E11 transition of the (6,5)

peak remained at around 992.8 ± 0.6 nm independent of the modification type, position, or

quantity. However, for surfactant exchanged samples, we observed a red-shift in the peak

absorbance from 993.0 nm (unmodified) to 995.4 ± 0.7 nm for the amino modified sequences.

Furthermore, the absorbance peak position was increasingly red-shifted as additional amino

functional groups were added (from 0 to 1 to 2), with the largest red-shifting recorded for

(GT)15 Amino5’Int-SWCNTs. Red-shifted absorbance is commonly attributed to decreasing

surface coverage [61, 250]. This suggests that the addition of the amino modifications to the

(GT)15 sequence resulted in reduced surface coverage for suspensions prepared via surfactant

exchange. These findings highlight the impact of functional groups and linker molecules on

both the physical and optical properties of the DNA-SWNCT, and furthermore support the

hypothesis that sequences can wrap differently on the nanotube when different preparation

methods are used to obtain SWCNT dispersions [250].
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Figure 3.3 – Fluorescence characterisation of SWCNTs suspended with modified and unmodified DNA
using direct sonication and MeOH-assisted surfactant exchange. (A - B) Fluorescence spectra of (GT)15

samples suspended via (A) direct sonication and (B) using MeOH-assisted surfactant exchange. Graphs
include spectra for SWCNTs suspended with unmodified (GT)15 (red line) and modified (GT)15. For
all spectra, the central line represents the average spectrum with the shaded regions representing
1σ standard deviation (n = 3 technical replicates) (excitation: 575 nm (left) and 660 nm (right)).
All fluorescence spectra were normalized to concentration measured at 739 nm in the 384-well plate
immediately prior to measurement to account for any minor variations. (C) Comparison of the absolute
peak intensity of the (6,5) chirality (excitation: 575 nm) for modified and unmodified (GT)15-SWCNTs
before and after addition of SDOC (final SDOC concentration: 0.1%). Error bars represent 1σ standard
deviation (n = 3 technical replicates).
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Table 3.2 – A comparison of the concentration yields of SWCNTs suspended using direct sonication
and MeOH-assisted surfactant exchange for both modified and unmodified (GT)15.

Sequence
Direct Sonication MeOH-assisted

(mg/L) Surfactant Exchange (mg/L)

(GT)15 40.74 209.01

(GT)15 Amino 5’ 72.50 195.01

(GT)15 Amino 3’ 77.10 173.19

(GT)15 Amino 5’3’ 125.50 168.91

(GT)15 Amino 5’Int 45.60 169.08

(GT)15 Amino 5’3’Int 10.22 41.99

(GT)15 Azide 5’ 56.96 2.67

(GT)15 Azide 3’ 62.84 158.36

To examine whether the chemical modifications affected the fluorescence behavior of the

DNA-SWCNTs, we determined the relative quantum efficiency of the different suspensions by

comparing fluorescence emission spectra collected under the exact same imaging conditions

[78]. Significant increases were obtained in the peak fluorescence intensities for all modified

(GT)15-SWCNTs compared to unmodified (GT)15-SWCNTs for suspensions prepared via direct

sonication (Figure 3.3 (A), Appendix Figure B.8 (A), B.9). In addition to increases in the

integrated fluorescence emissions, we also observed a chirality dependence of the fluorescence

enhancement for certain modifications; for example the (GT)15 Amino5’3’ sequence produced

a much larger intensity increase for the (7,5) than the (6,5) chirality. This chirality dependence

was also observable in the PLE maps collected for the different suspensions (Appendix Figure

B.10). A quantitative comparison of changes in the integrated intensity, as well as for the (6,5)

and (7,5) chiralities, relative to the unmodified (GT)15-SWCNT complex is shown in Table 3.3.

Table 3.3 – Fluorescence intensity change of the (6,5) and (7,5) chiralities for modified (GT)15-SWCNTs
compared to the respective (GT)15-SWCNT complex. The integrated fluorescence intensity under the
575 nm excitation is labelled as ALL.

DNA Sequence
Direct Sonication MeOH-assisted Surfactant Exchange

(6,5) (7,5) ALL (6,5) (7,5) ALL

(GT)15 Amino3’ 55.4 ± 5.8% 136.6 ± 2.0% 70.7% -17.8 ± 4.1% -30.2 ± 2.4% -18.5%

(GT)15 Amino5’ 79.6 ± 5.3% 132.1 ± 7.2% 87.2% -19.6 ± 4.4% -23.6 ± 2.2% -18.4%

(GT)15 Amino5’3’ 28.7 ± 5.5% 90.6 ± 6.2% 44.1% -17.0 ± 3.8% -27.4 ± 2.0% -16.7%

(GT)15 Amino5’Int 58.7 ± 4.4% 89.1 ± 1.4% 62.0% -20.6 ± 5.3% -30.6 ± 3.4% -20.5%

(GT)15 Azide3’ 67.9 ± 6.4% 77.3 ± 4.5% 63.6% 19.5 ± 8.5% 27.9 ± 6.9% 18.4%

On the contrary, for samples prepared using MeOH-assisted surfactant exchange, only one

sequence ((GT)15 Azide3’) exhibited higher fluorescence compared to unmodified (GT)15 with

an increase of 19.5 ± 8.5% for the (6,5) chirality. Furthermore, as shown in the PLE maps

(Appendix Figure B.10, B.11), all surfactant exchanged samples contained much greater
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amounts of large diameter chiralities compared to their sonicated counterparts. Similar

chirality distributions were also observed for (AT)15 and (N)30-SWCNTs that were prepared

by surfactant exchange. Interestingly, unmodified (GT)15-SWCNTs that were prepared using

the MeOH-assisted surfactant exchange method had significantly higher fluorescence intensi-

ties (55.4 ± 5.6%) compared to (GT)15-SWCNTs prepared by direct sonication. Subsequent

Raman analysis showed similarity in all Raman modes, specifically the D, G, and G’ bands for

samples prepared by direct sonication and MeOH-assisted surfactant exchange. This implies

a common degree of disorder for both preparation methods, suggesting that the changes in

fluorescence intensity were not a result of differences in defect density (see Appendix Figure

B.12 for more information).

To determine whether the increased fluorescence intensities were due to increasing surface

coverage, we compared the fluorescence intensity of solutions before and after the addition

of excess sodium deoxycholate solution (SDOC), which shows preferential binding affinity

to SWCNTs [138]. Changes in wrapping homogeneity and exposed surface area of the nan-

otube are known to effect the QY of SWCNT suspensions [30, 61, 78]. However, at the same

concentration, DNA-SWCNTs with fluorescence intensities that only differ due to QY should

exhibit overlapping emission spectra following equilibration with SDOC [78]. As shown in

Figure 3.3 (C), differences in the fluorescence intensity values of modified and unmodified

(GT)15-SWCNTs (normalised to concentration at Abs739nm) remained following the SDOC

replacement for both sonicated and surfactant exchanged samples. Similarly, fluorescence

spectra for (AT)15- and (N)30- SWCNTs also differed post-SDOC replacement, indicating that

this was not a sequence specific effect (Appendix Figure B.17, B.19). The continued variance

of peak intensity values post-replacement implies that the differences in fluorescence intensity

are not exclusively a QY effect, but rather largely a result of chirality preferences during the sus-

pension process for the different DNA sequences. Additionally, absorbance spectra collected

post-SDOC replacement also showed differences in the relative peak intensities for samples

which had been prepared by MeOH-assisted surfactant exchange, further supporting the

hypothesis that the modified wrappings showed different affinities towards specific chiralities

(Figure B.18). As a result, we attributed the increase in fluorescence observed for the (6,5) peak

under resonance excitation (575 nm) to differences in the relative abundance of this chirality

in the different suspensions. Nevertheless, the increase we obtained for modified (GT)15-

SWCNTs prepared via sonication would enable much greater penetration depths compared

to their non-modified counterpart using either the 575 nm or 660 nm excitation (Appendix

Table B.3).

As recent studies have shown that DNA sequences can have different equilibrium structures

depending on their preparation methods [250], we sought to investigate the differences in

the maximal turn-on response for non-modified (GT)15-SWCNTs prepared via sonication and

surfactant exchange (Figure 3.4). Consistent with previous observations [14, 15, 61, 62], the

addition of dopamine increased the fluorescence intensity of all samples. However, while the

initial fluorescence intensity of the (6,5) peak was higher for (GT)15-SWCNTs prepared via

MeOH-assisted surfactant exchange, we observed a reduction of more than 50% in the

51



Chapter 3. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure 3.4 – Dopamine response of modified and unmodified (GT)15-SWCNTs. (A) Fluorescence
spectra of (GT)15-SWCNTs prepared via direct sonication and MeOH-assisted surfactant exchange
before (solid line) and after (dashed line) addition of dopamine (final concentration: 100 µM, excitation:
575 nm). (B) Representative fluorescence spectra of modified (GT)15-SWCNTs prepared by direct
sonication before (solid line) and after (dashed line) addition of dopamine (final concentration: 100
µM, excitation: 575 nm). For all spectra, the central line represents the average spectrum with the
shaded regions representing 1σ standard deviation (n = 3 technical replicates). (C) Fluorescence
intensity increase following the addition of dopamine. Error bars represent 1σ standard deviation (n =
3 technical replicates). (D) (6,5) peak intensity values before (dashed colour) and after (solid colour)
dopamine addition (final concentration 100 µM, excitation: 575 nm). Error bars represent 1σ standard
deviation (n = 3 technical replicates).
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turn-on response of the sensor following the addition of dopamine (reduced from 69% to

30%). Moreover, maximal changes in fluorescence (defined as (I f -I0)/I0, where I f is the

final intensity and I0 is the initial intensity) were reduced for all modified (GT)15-SWCNTs

prepared using the surfactant exchange method (Figure 3.4 (C), Appendix Figure B.21). The

decrease in responsivity for these SWCNT suspensions was attributed to the different wrapping

configurations of the DNA on the surface of the nanotube [250]. Supporting this hypothesis,

all nanotube suspensions prepared using MeOH-assisted surfactant exchange also exhibited

lower reactivity towards changes in pH and towards the addition of reducing agents such as

dithiothreitol (DTT) (Appendix Figure B.24, B.26-B.28, B.29, B.31-B.35). These observations

suggests that, independent of any chemical modifications, each preparation method resulted

in a fundamentally different DNA configuration on the surface of the nanotube, in agreement

with recent observations by Yang et al. [250].

While we did observe a slight decrease in the turn-on response, the fluorescence enhancement

of the modified (GT)15-SWCNTs relative to the unmodified sequence (for sonicated samples)

was retained following the addition of dopamine (Figure 3.4 (C), Appendix Figure B.20).

Furthermore, all sonicated samples exhibited maximum intensity changes of at least 2.4 ×
that of their surfactant-exchanged counterpart. As shown in Table B.2, the absolute intensity

increase following dopamine addition (I f -I0) to the sonicated samples was comparable to

the magnitude obtained using unmodified (GT)15-SWCNTs and even increased for certain

modifications. Moreover, given that both the baseline fluorescence and fluorescence post

dopamine addition was higher for modified (GT)15-SWCNTs, these sensors could enable

in vivo sensing at significantly higher penetration depths than unmodified (GT)15-SWCNTs

(Appendix Table B.3) [78, 249], without comprising on responsivity.

3.4 Conclusions

In this chapter we examined the effect of DNA modifications on the fluorescence properties of

the resulting SWCNT complexes. We demonstrated that modified DNA can alter the fluores-

cence behavior of resulting SWCNT complexes, both in terms of fluorescence intensity and

responsivity. Furthermore, we showed more generally that the properties of a DNA-SWCNT

complex are strongly dependent on which preparation method is used, even for SWCNTs

suspended using unmodified DNA. This dependence is largely attributed to differences in the

secondary structures adopted by the DNA on the surface of the nanotube, in agreement with

recent findings by Yang et al. [250].

While the presence of DNA modifications resulted in higher fluorescence intensities for

SWCNT complexes produced by direct sonication, lower intensities were observed for modi-

fied DNA samples prepared using the MeOH-assisted surfactant exchange process. Moreover,

we observed that the fluorescence intensity of unmodified (GT)15-SWCNTs was also signif-

icantly lower for sonicated samples compared to those prepared via surfactant exchange.

Further examination into these differences using Raman spectroscopy found no appreciable
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difference in the density of defects between the samples. Additional studies using surfac-

tant replacement suggested that the observed fluorescence changes were due to chirality

enhancement, rather than exclusively QY effects. This also explains the variance in chiral-

ity distributions observed between the PLE maps of sonicated and surfactant replacement

samples as the preparation method is known to influence the equilibrium structures of DNA-

SWCNT hybrids in a way that is dependent on the DNA-sequence and chirality [250]. However,

this enhancement still enabled significant improvements in the theoretical penetration depths

for all modified (GT)15-SWCNTs prepared via direct sonication compared to their unmodified

counterpart for both the (6,5) and (7,5) chirality peaks.

Interestingly, despite the higher baseline fluorescence of SWCNTs prepared using the MeOH-

assisted surfactant exchange method, these samples suffered from a significantly reduced

turn-on response to dopamine. A similar lack in responsivity was also observed towards

reducing agents and pH changes. This lack of responsivity was furthermore shown to be

largely independent of base composition. On the contrary, modified (GT)15-SWCNTs prepared

by sonication retained the sensitivity to dopamine in spite of their higher baseline fluorescence.

This retention is particularly important for many applications in vivo where a high fluorescence

intensity is crucial for improved sensing at higher penetration depths.

In summary, although MeOH-assisted surfactant exchange is a versatile and scalable approach

to preparing SWCNTs, this method of preparation can alter the wrapping of the DNA on the

surface of the nanotube compared to sonication. Such changes in the wrapping configurations

can decrease the reactivity of the sensors to target analytes meaning that MeOH-assisted sur-

factant exchange may not always be the best approach for producing SWCNT suspensions for

sensing applications. This observation highlights the importance of carefully selecting which

preparation method is used to prepare SWCNT suspensions for sensing applications to avoid

any unwanted loss of sensitivity or responsivity. Furthermore, for (GT)15-SWCNTs prepared

by direct sonication we observed that the incorporation of chemical modifications on DNA

sequences could be used to increase the intensity of the fluorescence emission. Moreover,

the enhancement described herein was achieved without changing the base composition or

adding any exogenous compounds, which is important for retaining the intrinsic properties of

the DNA-SWCNT complex. We believe that this knowledge can be used as a generic methodol-

ogy to artificially engineer DNA-SWCNTs for various sensing applications by creating sensors

with enhanced fluorescence that enable significantly increased imaging depths in vivo.

3.5 Materials and Methods

3.5.1 Materials

All DNA oligomers were purchased from Microsynth. Chemicals were purchased from Sigma-

Aldrich, unless otherwise specified. Purified CoMoCAT SWCNTs were purchased from CHASM

Technologies, Inc. (SG65i, batch LOT No. SG65i-L59).
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3.5.2 Preparation of the DNA-SWCNT suspensions

Suspensions of purified CoMoCAT (Sigma Aldrich SWeNT SG65i, batch MKBN5945V) SWCNTs

were prepared using two different methods (1) direct sonication and (2) MeOH-assisted

surfactant exchange. All DNA-SWCNT solutions were stored at 4◦C between measurements in

order to mitigate aggregation of the SWCNTs [225]. Three ssDNA sequences were used in this

study, (GT)15, (AT)15, and N30 both unmodified and with various modifications (see Table 3.1

and Appendix Table B.1 for more information on the modifications used). N30 is a random

mixture of 30-mer DNA sequences where the exact sequences are not known (1.15 × 1018

unique DNA sequences).

(1) Direct sonication

1 mg of CoMoCAT SWCNTs was added to a 1 mL solution of ssDNA (100 µM in DI water,

Microsynth) and sonicated (140mm, Q700, Qsonica) for 90 min (power = 40 W) in an ice-bath.

This was followed by a 4 h centrifugation step (Eppendorf Centrifuge 5424R) at 21,130 × g

and 4◦C to remove SWCNT aggregates. The supernatant of the suspensions (∼ 80% of the

solution) was extracted and subsequently washed as detailed below to remove any impurities

and unbound DNA from the solution (Figure B.36).

(2) MeOH-assisted surfactant exchange

Sodium cholate (SC)-suspended SWCNTs were used for the modified surfactant exchange

protocol as previously described in Chapter 2 [61]. The SC-SWCNTs used for the procedure

were prepared according to the procedure by Zubkovs et al. [37]. Briefly, 25 mg of CoMoCAT

SWCNTs were added to 25 mL of 2% (w/v) SC solution. The mixture was homogenized for

20 min at 5,000 rpm (Polytron PT 1300 D, Kinematica) and subsequently sonicated using

probe-tip sonication (1/4 in. tip, Q700 Sonicator, Qsonica) for 1 h (10% amplitude) in an

ice bath. The resulting solution was centrifuged at 164,000 × g (30,000 rpm) for 4 h at 20◦C

(Optima XPN-80 Ultracentrifuge, Beckman) to remove any remaining nanotube aggregates.

To perform the MeOH-assisted surfactant exchange, 400 µL of SC-SWCNTs were mixed with

400 µL of ssDNA solution (75 µM in DI water). The same SC-SWCNT stock was used for

all suspensions to ensure a similar starting distribution of nanotube chiralities and lengths

for all samples. DNA concentrations were measured and adjusted based on absorbance

measurements (Nanodrop 2000, Thermo Scientific). 1.2 mL of methanol (VWR Chemicals)

was added to the DNA and SC-SWCNT mixture to obtain a final solvent percentage of 60%

(v/v) and a final DNA concentration of 15 µM (Figure B.37). The solution was vortexed briefly

to mix and subsequently incubated for 2 h at room temperature. Following the incubation,

all MeOH, displaced surfactant, and unbound DNA was removed by rinsing the solutions

according to the procedure detailed below.
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Figure 3.5 – Schematic of MeOH-assisted surfactant exchange protocol for SWCNT suspension prepa-
ration.

Amicon rinsing for DNA-SWCNT purification

In order to remove impurities (such as remaining catalyst particles, surfactant, MeOH) and

unbound DNA from the DNA-SWCNT suspensions, all solutions were purified using Amicon

centrifugal ultra-filtration devices (Amicon Ultra-2, Sigma Aldrich, 100 kDa membrane, Merck).

Prior to use, the filtration devices were rinsed two times with DI water in accordance with the

manufacturer’s recommendations. The solution of DNA-SWCNTs was subsequently added

to the filtration device and rinsed eight times with 1 mL aliquots of DI water (devices were

centrifuged at 3,000 × g 4◦C for 2 min for each rinsing step). The rinsed suspension was

collected from the filtration device and centrifuged for a minimum of 1 h at 21,130 × g and 4◦C

to remove any additional SWCNT aggregates that may have formed during the rinsing process.

The supernatant solution was extracted and subsequently characterised using a UV-Vis-NIR

scanning spectrometer (Shimadzu 3600 Plus) with a quartz cuvette (Suprasil quartz, path

length 3 mm, Hellma).

3.5.3 Absorption spectroscopy

Absorbance spectra were acquired for all samples using a UV-Vis-NIR scanning spectrometer

(UV-3600 Plus, Shimadzu) with a quartz cuvette (Suprasil quartz, path length 3 mm, Hellma).

The concentrations for all samples were calculated using an extinction coefficient ε739nm =

0.0253 L mg−1 cm−1 [226]. All nanotube suspensions were diluted to 33 mg/L, corresponding

to Abs739nm = 0.253, unless otherwise specified.

SDOC replacement samples were prepared by mixing 90 µL of SWCNT solution (33 mg/L)

with 10 µL of SDOC 1% (w/v). Spectra for the samples were collected prior to addition and

following a period of 10 min incubation post-addition.
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3.5.4 Fluorescence spectroscopy measurements

Fluorescence emission spectra were acquired using a custom-built optical set-up with an

inverted Nikon Eclipse Ti-E microscope (Nikon AG Instruments), as described previously

[37]. Briefly, samples were excited using a pulsed super-continuum laser coupled with a

tuneable band-pass filter unit (SuperK Extreme EXR-15 and Super K VARIA, NKT Photonics).

The fluorescence signal was collected using an IsoPlane SCT-320 spectrometer (Princeton

Instruments) coupled to an InGaAs NIR camera (NIRvana 640 ST, Princeton Instruments).

Measurements were recorded with LightField (Princeton Instruments) in combination with a

custom-built LabView (National Instruments) software for automation purposes. An exposure

time of 5 s and laser excitation with band width of 10 nm and relative power of 100% was used

for all measurements, unless stated otherwise. Fluorescence emission spectra were collected

at wavelengths between 900 nm and 1400 nm using a dispersive grating of 75 lines mm−1.

All experiments were performed in 384-well plates (Clear Flat-Bottom Immuno Nonsterile

384-Well Plates, MaxiSorp, Life Technologies) which were sealed (Empore Sealing Tape Pad,

3M) prior to each fluorescence measurement to prevent evaporation.

Photoluminescence measurements

50 µL aliquots of DNA-SWCNT solutions (∼ 33 mg/L) were added to a 384-well plate and

photoluminescence excitation (PLE) maps were acquired between 500 nm and 800 nm using

a 5 nm step and 5 s exposure time. Additional samples were used to acquire on a resonance

fluorescence emission spectra for the (6,5) chirality (at 575 ± 5 nm) and (7,5) chirality (at 660 ±
5 nm). Absorbance values at 575, 632, 660, 739, and 808 nm were collected immediately prior

to measurement using a Varioskan LUX microplate reader to ensure that the concentrations of

the nanotubes were comparable. All spectra were normalised to the concentration determined

at Abs739nm. Results were analysed using a custom Matlab code (Matlab R2017b, Mathworks)

for the PLE maps and custom Python codes for the on-resonance spectra.

Dopamine detection assay

10 mM solutions of dopamine (dopamine hydrochloride) were freshly prepared in DI water

immediately prior to measurement. Fluorescence spectra were initially acquired for all DNA-

SWCNT solutions (49.5 µL, ∼ 33 mg/L) in a 384-well plate using a laser excitation of 575 ± 5

nm. Following the initial measurement, 0.5 µL of dopamine solution (10 mM) was added to

the SWCNT suspension. Solutions were mixed by pipetting up and down several times. The

suspensions were incubated for 10 min at room temperature in the dark prior to recording the

second fluorescence spectrum.
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Surfactant replacement assay

Surfactant replacement of the DNA-SWCNT solutions was performed using 1% (w/v) SDOC.

5 µL of SDOC was mixed with 45 µL aliquots of the DNA-SWCNT solutions (∼ 33 mg/L) and

incubated at room temperature for 10 min. Fluorescence spectra were acquired before and

after SDOC addition using an excitation of 575 ± 5 nm.

pH and DTT assay

Baseline fluorescence spectra were acquired for all DNA-SWCNT solutions (49.5µL, ∼ 33 mg/L)

in a 384-well plate using an excitation of 575 ± 5 nm. Following this, 0.5 µL of either NaOH

0.02 M, NaOH 0.1 M, or DTT was added to the SWCNT suspension. Solutions were mixed by

pipetting up and down several times. Prior to recording the second spectrum, suspensions

were incubated for 10 min at room temperature.

Confocal Raman microscopy

Samples were prepared for Raman microscopy by drop casting 10 µL of DNA-SWCNT solution

(10 mg/L) onto cleaned glass slides (Coverslip 24×55×0.15mm, Fisher Scientific). Raman

spectra were recorded at an excitation wavelength of 532 nm at 100% relative power with 5

s exposure time. The spectrometer was calibrated before measurements using an internal

standard. Spectra were collected between 100 – 2750 cm−1 using a water-immersion 100×L

objective on a confocal spectroscope (inVia Raman Microscope, Renishaw) with a grating of

1,800 lines mm−1.

Gel electrophoresis

Unbound DNA was removed from DNA-SWCNT samples prepared by direct sonication and

MeOH-assisted surfactant exchange by rinsing with Amicon centrifugal ultra-filtration devices

(Amicon Ultra-2, Sigma Aldrich, 100 kDa membrane, Merck), as detailed above. Samples

were diluted to a concentration of 1 mg/L (extinction coefficient ε739nm = 0.0253 L mg−1 cm−1

[226]) and DNA was extracted using phenol-chloroform isoamyl (PCI). Equal volumes of DNA-

SWCNT suspension and PCI solution (Sigma-Aldrich 25:24:1) were combined and vortexed for

30 s. The solution was centrifuged at 16,000 × g for 5 min (at room temperature). The aqueous

top phase was collected and DNA was subsequently precipitated by ethanol precipitation in

the presence of sodium acetate and glycogen (Carl Roth, final concentration of 1 g/L) [251].

The DNA pellet was washed with 70% ethanol to remove salts and finally resuspended in 10

µL of DI water.

Extracted DNA was mixed with equal volumes of 2 × formamide loading buffer. The samples

were denatured by incubating the mixture at 95◦C for 5 min and immediately quenching it

on ice before loading the solution onto the gel. The samples were run on a denaturing 15%
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urea-polyacrylamide gel in 1 × Tris/Borate/EDTA (TBE) buffer at 200 V for 1 h. Three dilutions

(1 ×, 0.5 ×, and 0.2 ×) were run for each DNA sequence. SYBR Gold dye (0.2 ×, Thermo

Fisher) as used to stain the DNA. Fluorescence was recorded following 30 min of staining

on a blue-light gel image (E-Gel, Thermo Fisher). In order to compare the size of the DNA

fragments, a ssDNA ladder (10 – 100 nucleotides) was run in the last lane of the gel.
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4 XNA-Nanosensors for Enhanced Sta-
bility Against Ion-Induced Fluores-
cence Perturbations

But if I’m not the same, the next question

is, Who in the world am I?

Ah, that’s the great puzzle!

Lewis Carroll, Alice’s Adventures in

Wonderland

Portions of this chapter are reproduced with permission from [35]: Gillen, A.J.; Kupis-Rozmyslowicz,

J.; Gigli, C.; Schuergers, N.; Boghossian, A.A. Xeno Nucleic Acid Nanosensors for Enhanced

Stability Against Ion-Induced Perturbations, Journal of Physical Chemistry Letters (2018).

4.1 Abstract

The omnipresence of salts in biofluids creates a pervasive challenge in designing sensors

suitable for in vivo applications. Fluctuations in ion concentrations have been shown to affect

the sensitivity and selectivity of optical sensors based on single-walled carbon nanotubes

wrapped with single-stranded DNA (DNA-SWCNTs). We herein observe fluorescence wave-

length shifting for DNA-SWCNT-based optical sensors in the presence of divalent cations at

concentrations above 3.5 mM. In contrast, no shifting was observed for concentrations up to

350 mM for sensors bioengineered with increased rigidity using xeno nucleic acids (XNAs).

Transient fluorescence measurements reveal distinct optical transitions for DNA- and XNA-

based wrappings during ion-induced conformation changes, with XNA-based sensors showing

increased permanence in conformational and signal stability. This demonstration introduces

synthetic biology as a complementary means for enhancing nanotube optoelectronic behavior,

unlocking previously unexplored possibilities for developing nano-bioengineered sensors

with augmented capabilities.
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4.2 Introduction

The near-infrared (NIR) emission of single-walled carbon nanotubes (SWCNTs) lies within

the optical transparency window of biological materials [9], where water, blood, and tissue

absorption are minimal. The increased tissue penetration of SWCNT NIR fluorescence, com-

bined with their indefinite photo-stability [40], makes optical SWCNT-based sensors attractive

for continuous monitoring applications in biological samples and even for use in vivo. Optical

SWCNT sensors have already been successfully used for miRNA detection in urine and serum

[10], real-time deep-tissue brain imaging [252, 253], and glucose detection in both whole

blood and in vivo [215]. Single-stranded DNA (ssDNA)-wrapped SWCNTs (DNA-SWCNTs)

are among the most widely used SWCNT-based conjugates for optical biosensing [10, 90,

133]. The non-covalent functionalisation of SWCNTs with DNA is based on π-stacking of the

aromatic nucleotide bases with the hydrophobic side-wall of carbon nanotubes [130]. This

functionalisation preserves the optoelectronic properties and enhances biocompatibility in

addition to greatly improving nanotube solubility in aqueous solutions. In contrast to other

wrapping polymers, DNA allows for nearly limitless sequence variation, with DNA-suspended

SWCNTs showing sequence-dependent fluorescence intensity and wavelength responses [14,

36, 124]. These favorable attributes have motivated numerous studies on the behavior of

various oligonucleotide wrapping sequences, both in how they suspend and interact with

different SWCNT chiralities and how they can be used to detect various analytes of interest

[10, 40, 130, 134, 147, 215].

The majority of studies on oligonucleotide-suspended SWCNTs, including applications in

biosensing and bio-imaging, have focused on bio-analyte detection in deionized (DI) water

or in buffered solutions containing standardised salt concentrations. Several studies have

previously explored the effects of metal ions and counterions on both surfactant-suspended

[254–256] and bio-functionalised [80, 131, 257–259] nanotubes [260–262]. In both types

of SWCNT suspensions, the presence of certain ions was shown to induce aggregation of

the nanotubes in solution. Brege et al. demonstrated fluorescence quenching of sodium

dodecylbenzenesulfonate (SDBS)-suspended nanotubes in the presence of low amounts

(< 0.5 mM) of certain metal ions, particularly group II and XII cations such as Mg2+, Ca2+,

and Zn2+. Recently, Salem et al. reported that DNA undergoes a conformation change on

the surface of the SWCNT, identifiable via a fluorescence intensity increase that is triggered

by varying the concentration of NaCl present in the system [80]. In addition, the varying

monovalent salt concentration was shown to affect the fluorescence response of the DNA-

SWCNT complex to both pH changes and the molecular recognition of riboflavin. Since the

majority of optical SWCNT sensors rely on increases or decreases in fluorescence intensity

across different chiralities for analyte detection [14, 36, 37, 80, 215, 263], these findings suggest

that inherent variation in bio-fluid salt concentrations may alter the fluorescence intensity

and sensing capabilities of these oligonucleotide-based sensors [264].

In this study, we performed a systematic investigation on the effects of multivalent salts on

the fluorescence emission of DNA-wrapped nanotubes by exploring varying ion concentra-
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tions covering the physiological ranges found in common biofluids. Through concomitant

monitoring of both fluorescence intensity and wavelength shifting, we identified the transient

formation of intermediate DNA-SWCNT optical states within our system. This study further

introduces the use of xeno nucleic acid (XNA) based wrappings, synthetic oligonucleotides

with tailored mechanochemical properties, designed to limit ion-induced fluorescence drift

in unprocessed biological samples, offering a new basis for improving sensor performance.

4.3 Results and Discussion

Semiconducting HiPco SWCNTs were individually dispersed using known sequences of DNA,

including (GT)15, (GT)23, and DNA155 (detailed sequence information is provided in Appendix

Table C.1). Since the (7,6) and (7,5) chiralities were the most dominant species within the

samples, we focused on monitoring the responses of these chiralities in the presence of the

metal cations. SWCNT solutions were encapsulated into a gel matrix to eliminate aggregation

in the presence of metal cations [131, 257, 261] (assembly information provided in Methods

and Preparation, Figure 4.6). As shown in Figure 4.1 (A), the addition of divalent cations (0.5

M CaCl2) induces a shift in the wavelength position of certain SWCNT chiralities. Contrary to

this, no shift in peak position was observed upon addition of < 0.5 M of NaCl, in agreement

with the recent study by Salem et al. [80], which showed a dependence of fluorescence

intensity on the ionic strength of monovalent salts due to changes in oxygen accessibility. We

therefore focus the remainder of this study on the behavior of DNA-SWCNT in the presence of

divalent cations, where red-shifts (> 4 nm) in the fluorescence peak wavelength position were

observed.

Fluorescence emission spectra were collected for DNA155-SWCNT (Figure 4.1 (B)), DNA(GT)15-

SWCNT (Appendix Figure C.1 (B), C.1 (D)), and DNA(GT)23-SWCNT (Appendix Figure C.1

(C), C.1 (E)) over a range of CaCl2 and MgCl2 concentrations to investigate the dependence of

the divalent cation-induced wavelength shift on DNA sequence and length. Concentration-

dependent shifting is seen across multiple SWCNT chiralities (Figure 4.1 (B)), with pro-

nounced changes observed for the (7,5) chirality. In addition, the introduction of Ca2+ and

Mg2+ cations is shown to trigger a comparable response, irrespective of the DNA sequence,

demonstrating an overall increase in the degree of shifting with increasing cation concentra-

tion. These results suggest that the response is independent of both sequence length and

nucleotide composition for the sequences studied.

Additional measurements were carried out in the presence of a wider selection of salts for the

DNA155 sequence, given the particular interest of this sequence in possible applications for
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Figure 4.1 – (A) Monovalent vs. divalent salt effects on DNA-SWCNT fluorescence. Representative
photoluminescence map illustrating DNA-SWCNT fluorescence response of (7,5) and (7,6) chirality
peaks for DNA155 upon addition of (i) 0.5 M NaCl and (ii) 0.5 M CaCl2. All peaks were normalised
to the maximum fluorescence emission intensity, corresponding in both instances to the (7,6) chi-
rality emission. The vertical dashed lines at 1049.5 nm and 1142.9 nm are shown to highlight the
corresponding (7,5) and (7,6) peaks, respectively. (B) Response of SWCNTs in the presence of varying
CaCl2 concentrations. Representative normalised fluorescence emission spectra show the wavelength
response of DNA155-suspended SWCNTs (excitation: 660 nm. Inset: response of the (7,5) chirality peak).
(C) Comparison of the wavelength shift of the (7,5) chirality peak for DNA155-SWCNT, (GT)15-SWCNT,
and (GT)23-SWCNT following the addition of various concentrations of (i) CaCl2 or (ii) MgCl2. All error
bars represent 1σ standard deviation (n = 3 technical replicates, excitation: 660 nm, emission: 1045
nm).
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miRNA detection [10]. Salts commonly found in biological fluids, such as Ca2+ and Mg2+,

which can range between 5 – 12 mM, or Fe2+, which can range between 9 – 30 mM in blood

[265–268], vary widely not only across different patients, but also over time within the same

patient. As such, we examined a wide range of concentrations (Table 4.1) within the solubility

limits of each salt. Spectra were collected over a period of 30 minutes for the predominant (7,5)

and (7,6) peaks at 660 nm excitation. A concentration-dependent red-shift in the fluorescence

peak position of the (7,5) (Figure 4.2) and (7,6) (Appendix Figure C.3) chiralities was observed,

with maximum recorded shifts exceeding 4 nm. Similar behavior was observed for both

chiralities in the presence of a range of divalent ions, irrespective of the counteranion species

(individual ion measurements are presented in Appendix Figure C.5 and C.6). Comparable

shifting occurred in mixed solutions of CaCl2 and MgCl2, where the total ion concentration

equalled that of the pure solutions, suggesting that total ionic strength, rather than cation

identity, is responsible for the observed fluorescence shifting.

Table 4.1 – Summary of metal ion complexes and the corresponding range of concentrations studied in
the presence of DNA-SWCNTs. Varying salt concentrations were added to gel-encapsulated SWCNTs to
eliminate effects of dilution or potential aggregation. An asterisk indicates solutions where a narrower
concentration range was analysed due to limited solubility of the salt in DI water at room temperature.

Metal Cation Counterion Concentration Range

Na+ Cl− 0.4 mM - 1.1 M
K+ Cl− 0.4 mM - 0.9 M*

Mg2+ Cl− 0.4 mM - 1.1 M
Br− 0.4 mM - 0.6 M*

SO2−
4 0.4 mM - 0.6 M*

Ca2+ Cl− 0.4 mM - 1.1 M
Br− 0.4 mM - 1.1 M

Mn2+ Cl− 0.4 mM - 1.1 M
Fe2+ Cl− 0.4 mM - 1.1 M

Variations in the fluorescence emission of DNA-SWCNTs have been previously linked to

DNA conformational changes on the surface [10, 131, 257], suggesting that changes in DNA

conformation may also account for the wavelength shifting observed in this study (Figure 4.3

(A)). Phenomena such as solvatochromism (solvent Stark effect) have been shown to induce

wavelength shifting in the fluorescence spectra of DNA-SWCNTs. This effect is caused by

a change in the dipole moment upon photoexcitation, which results in the rearrangement

of the surrounding solvent molecules. In turn, this rearrangement induces a difference in

the solvation energy of the molecule between the ground and excited states for different

micro-environments and solvents, stabilising the latter [29, 233]. Solvatochromic shifts, ∆E,

can be understood in terms of dipolar interactions between the polarised SWCNT and the

solvent, and they are found to vary with the polarity or, more specifically, the local dielectric

constant of the solvent. Since the SWCNT is more strongly polarised in the excited state, the

excited state enjoys greater stabilisation with increased access to polar solvents such as water,

resulting in a diminished energy gap and red-shifting of the fluorescence emission [233, 264].
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Choi et al. proposed a proportional relationship between the dielectric constant of the solvent,

ε, and the Ei i transitions [29],

(Ei i )2∆Ei i ∝ ε−1

2ε+1
(4.1)

where Ei i is measured in vacuum. Since the local dielectric constant is a function of the

adsorbed wrapping and intercalating solvent molecules [29, 40], this relationship suggests that

the observed fluorescence red-shifting on addition of the metal cations is due to an increase

in the dielectric constant of the local SWCNT environment. This change is believed to be a

result of alterations to wrapping conformation that affect solvent accessibility, which, in turn,

modulates the transition energy.

Figure 4.2 – Concentration-dependent shift in the wavelength position of the (7,5) peak upon the
addition of various M2+ ions (excitation: 660 nm). The dashed line represents the average wavelength
shift for the maximum emission peak upon addition of M2+ ions or water only, with the shaded
regions representing 1σ standard deviation (n = 3 technical replicates). These measurements were
performed using SWCNTs wrapped with DNA155. A 1:1 molar ratio of MgCl2 and CaCl2 was used for
the MgCl2/CaCl2 mixture.

To study the DNA conformation changes, we continuously monitored DNA-SWCNT fluo-

rescence upon addition of various metal cations using the gel-based system (Figure 4.6).

Compared to solution, the gel matrix is expected to decrease the diffusion of the analyte and

consequently slow the rate of the kinetics of the DNA conformational changes. As shown in

Figure 4.3 (B) (and Appendix Figure C.13), the DNA-SWCNTs undergo a comparable, though
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more attenuated and gradual, fluorescence response when encapsulated within an agarose gel

matrix compared to the response in aqueous solution. The slower kinetics in the gel system

allowed us to capture a transient spike in fluorescence intensity (Figure 4.3 (C)), suggesting

the formation of a metastable intermediate state between the two equilibrium DNA conforma-

tions on the SWCNT surface. The increased fluorescence intensity of this intermediate state,

schematically shown in the center panel of Figure 4.3 (A), overlaps with the maximum rate of

fluorescence shifting. Similar intermediate states have been reported for free dsDNA, which

is believed to adapt a stretched transient state during a salt-induced conformational change

[269].

Several factors have been reported to contribute to fluorescence intensity increases, including

oxygen exclusion, charge-transfer, and electronic interactions [124, 138, 270]. Increased

oxygen exclusion can occur with increased DNA surface coverage, which has been shown to

concomitantly alter the accessibility of water molecules. As discussed by Choi et al. and Salem

et al., dielectric and charge screening effects of salts have been shown to reversibly modulate

fluorescence intensity, with fluorescence increasing with salt concentrations [29, 80, 138, 271,

272]. These studies suggest that cation accumulation in the surrounding microenvironment

of the SWCNT (center panel of Figure 4.3 (A)) can give rise to increased SWCNT coverage in

the intermediate state by screening the negatively charged phosphate groups of the DNA. The

resulting intensity peak in this model would thus be attributed to either increased water and

oxygen shielding due to the tighter wrapping conformation or altered electronic interactions

between the DNA and SWCNT [124, 138]. The simultaneous red-shifting of the SWCNT

fluorescence, which has been linked to decreased water shielding [10, 264], suggests that the

latter mechanism based on altered electronic interactions may dominate. This tightly-bound

transient conformation is hypothesised to relax with time to adjust for cation-cation repulsion

at higher local ionic concentrations. Furthermore, the observed fluorescence recovery and

transitional dip in fluorescence intensity upon salt removal through EDTA chelation (Figure

4.3 (C)) shows that this process is reversible.

The solution-phase conformational changes of DNA in the presence of divalent salts were

directly studied using circular dichroism (CD) measurements. Salt-induced conformation

changes have been firmly established for free dsDNA solutions [269], including the B-to-Z

transformation that is observed in the presence of high salt concentrations [273–276]. In-

creased cation concentrations increase the screening of the negative phosphate group along

the DNA backbone [277], enabling a tighter wrapping conformation around the SWCNT [257].

Conformational changes for DNA155-SWCNT, DNA(GT)15-SWCNT, and DNA(GT)23-SWCNT

in the presence of divalent salts were confirmed via changes in the ellipticity upon addition

of either 0.5 M Ca2+ or 0.5 M Mg2+ (Figure C.7). Immediate changes in the CD spectra were

observed for all DNA strands, with only marginal differences in the spectra detected with

respect to time, indicating that the new steady-state equilibrium was reached in a matter of

seconds. This behavior is in agreement with that reported for dsDNA [269] and the kinetics

obtained from the fluorescence measurements collected in solution (Figure 4.3 (B)).
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Figure 4.3 – Reaction kinetics and proposed mechanism. (A) Schematic of the proposed reversible
conformational change of DNA on a SWCNT in the presence of M2+. The light blue ribbon represents
the suspending DNA wrapped around the SWCNT in one conformation and the dark blue ribbon
represents DNA in another conformation. Metal cations are represented by red dots. (B) Fluorescence
response of the (7,6) peak of DNA155-SWCNTs upon addition of 0.5 M MgCl2 in solution (solid line) and
the agarose gel matrix (dotted line) (excitation: 660 nm). (C) Kinetic measurements of the fluorescence
response in terms of both wavelength (red) and intensity (blue) of the (7,6) chirality peak for (GT)15

DNA-wrapped SWCNTs upon addition of 0.5 M CaCl2 (excitation: 660 nm). The fluorescence intensity
is normalised by the maximum recorded intensity. The arrows show the addition times of CaCl2 and
EDTA.

The proposed mechanism would suggest that oligonucleotides with increased conformational

rigidity, such as certain synthetic organic polymers or XNAs, should be more resistant to salt-

induced fluorescence shifting. An advantage of choosing XNAs over other synthetic polymers

is that increased steric restriction is achieved without compromising the biocompatibility or

sequence variability offered by oligonucleotide wrappings. To explore the effect of rigidity on

shifting, SWCNTs were suspended with locked nucleic acid (LNA), which is a synthetic nucleic

acid analogue of ribonucleic acid (RNA) containing a methyl bridge within the sugar groups

along the polymer backbone. The presence of these bridges restricts the movement of the

nucleotides and locks the strand into the 3’-endo (North) conformation that is often found in

A-form DNA duplexes [278–282]. LNA155, which shares sequence identity with DNA155 except

for having all thiamine bases locked (25% of the sequence), showed a diminished fluorescence

response to divalent metal cations compared to DNA155 (Figure 4.4). In contrast to DNA, the

CD measurements of LNA (Figure 4.4 (A)) show no change in ellipticity
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Figure 4.4 – Response of LNA-SWCNT complexes in the presence of Ca2+ ions. (A) Circular dichroism
measurements of DNA155 and LNA155 before and after addition of CaCl2. (B) Wavelength shifting of the
(7,5) chirality peak for the DNA155- and LNA155-wrapped SWCNTs upon addition of Ca2+ ions. All error
bars represent the standard deviation (n = 3 technical replicates, excitation: 660 nm, emission: 1045
nm). (C) Time-lapse fluorescence emission response of the (7,6) chirality peak for DNA155-SWCNTs
and LNA155-SWCNTs in the presence of CaCl2.

at equivalent concentrations of CaCl2 (0.5 M). Compared to DNA155, over two orders of magni-

tude higher concentrations of M2+ ions are needed to induce a fluorescence response (Figure

4.4 (B)). Moreover, even at high concentrations, the magnitude of the peak shifts is reduced

by approximately 30% for the (7,5) (Figure 4.4 (B)) and 15% for the (7,6) peaks (Appendix
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Figure C.12), indicative of greater LNA conformational-stability in the presence of high salt

concentrations.

A comparison of the time-lapse measurements (Figure 4.4 (C)) shows a local minimum in

the intensity response for the LNA sequence with increasing salt concentrations, instead of

the characteristic intensity spike seen for the DNA intermediate. This drop in intensity is

hypothesised to be caused by a weakening of the interaction between the LNA and the surface

of the SWCNT in its intermediate state, a mechanism that is consistent with the electronic

interactions that are proposed to dominate the DNA-SWCNT intensity change. Whereas

DNA can freely re-orientate along the surface of the nanotube to maximise the π-stacking

interaction, the presence of the methyl bridges restricts the movement of the LNA, forcing

the LNA to withdraw from the surface of the nanotube during the intermediate state of the

conformational change.

4.4 Conclusions

The results presented in this study show a reversible, concentration-dependent wavelength

shift of DNA-SWCNT fluorescence in the presence of divalent cations. This fluorescence shift-

ing occurs in the presence of divalent cations and is distinct from the fluorescence response

towards monovalent ions where only intensity changes have been reported [80]. Although the

nature of this multivalent-specificity remains an ongoing area of research, comparisons of

concentration thresholds and the time-lapse fluorescence response offer several key insights

into the underlying mechanism of salt-induced conformational and optoelectronic responses.

Monovalent cations induce no measurable shifting, even when exceeding twice the concentra-

tion that prompts fluorescence shifting by divalent ions, suggesting that the increased ionic

strength of divalent salts is not solely responsible for the recorded shifting. Instead, we suggest

that the differences in the response behavior upon addition of monovalent and divalent ions is

due to an inability of monovalent ions to interact with more than one phosphate group in the

DNA backbone, resulting in a reduced screening effect at equivalent ion concentrations [273].

A transient fluorescence intensity spike, which occurs when the rate of fluorescence shifting is

maximum, suggests the formation of a metastable intermediate state as the DNA undergoes

a conformational change. Based on previous reports in the literature [29, 80, 124, 138, 271,

272] and our own observations, this suggests that cation accumulation in the surrounding

microenvironment affects the interaction of the DNA with the SWCNT surface. This change

affects the arrangement of the DNA, resulting in an intensity peak, which we attribute to

heightened π-stacking interactions between the DNA bases and SWCNT. In agreement with

this hypothesis, a decrease in the fluorescence intensity of LNA-SWCNTs was observed during

the intermediate state of the conformational changes due to weaker base stacking interactions

as a result of the increased conformational restrictions.
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Figure 4.5 – Comparison of the proposed conformational changes of DNA and LNA on a SWCNT in
the presence of M2+. The pink and blue ribbons represent the suspending LNA and DNA, respectively,
wrapped around the SWCNT, and the purple stars the locked bases. Metal cations are represented by
red dots.

The salt-induced conformational changes, which were corroborated using CD measurements,

are in agreement with observations in literature for free dsDNA [257, 273–275, 277]. LNA-

SWCNTs, which are rigid biopolymers with locked conformations, show no measurable confor-

mational changes and a diminished fluorescence shift in the presence of equivalent salt con-

centrations. Instead, salt concentrations above the physiological range [267, 268] are required

to induce a fluorescence response with LNA-based complexes. These nano-bioengineered

hybrids therefore contribute a previously unexplored approach to addressing the pervasive

challenge of ion-induced fluorescence drift in optical biosensing. Given the variability of salts

in electrolyte-rich biofluids such as urine and blood, the additional stability these hybrids

confer is essential for accurate trend analysis used for continuous in vivo monitoring. This

stability is especially crucial for monitoring patients suffering from hyperparathyroidism,

electrolyte imbalances, or recovering from recent surgery, which show elevated calcium and

magnesium concentrations. The permanence of LNA to salt-induced fluorescence pertur-

bations can thus be used as a general basis for designing sensors with improved diagnostic

capabilities.

4.5 Materials and Methods

4.5.1 DNA-suspension of SWCNTs

Purified HiPco SWCNTs (1 mg, NanoIntegris Lot. No. HP26-019 and HP29-064) were sus-

pended in 1 mL of oligonucleotide solution (100 µM dissolved in DI water, Microsynth (DNA)

and Exiqon (LNA)). The mixture was sonicated using a Cup Horn sonicator (140 mm, Qsonica)

for 90 min (power = 40 W) in an ice-bath, followed by a centrifugation step (Eppendorf

Centrifuge 5424R) for 4 h at 16,750 × g and 4◦C to remove SWCNT aggregates. The subsequent
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supernatant was dialysed for 12 h in 2 L of DI water using a 14,000 Da MWCO cellulose mem-

brane (Sigma Aldrich). The DNA sequences used for suspension included a sequence referred

to as DNA155, as well as (GT)15 and (GT)23. The XNA used in this investigation was LNA155,

which is equivalent in sequence to DNA155 with all the T bases in the sequence locked via a

methyl bridge, and it was purchased from Exiqon (Denmark). Detailed sequence information

is provided in Appendix Table C.1. Absorbance spectra were acquired using a UV-Vis-NIR

scanning spectrometer (Shimadzu 3600 Plus). The concentrations for HiPco samples were

calculated using an extinction coefficient Abs632nm = 0.036 L mg−1 cm−1 and all samples were

diluted to a final SWCNT concentration of 50 mg/L.

4.5.2 Gel sensor construction

35 µL of DNA-SWCNTs in DI water (50 mg/L) were concentrated using a 10 µL silica bead

suspension and 500 µL PE buffer (QIAEX II Preparation Kit, QIAGEN). The DNA wrapped

around the SWCNT is electrostatically adsorbed to the silica beads, and hence the complex

can be extracted from solution using this technique, while the ethanol-containing PE buffer

efficiently removes salt contaminants. This mixture was incubated at room temperature for 10

– 30 min. The samples were centrifuged for 90 s at 21,130 × g (Eppendorf Centrifuge 5424R).

The supernatant was discarded and the remaining pellet of DNA-SWCNTs and silica beads

was allowed to dry briefly before being re-suspended in 10 µL of PE buffer. 40 µL of 2% agarose

gel (Ultrapure Agarose, Invitrogen) was added to a well of a 96-well plate and gels were allowed

to solidify for 1 – 3 minutes). The silica-bound DNA-SWCNT hybrids were added to the top

of the gel. Once the beads are added to the gel, the DNA-SWCNT complex diffuses from the

surface of the bead to give locally high concentrations of sensor complexes. The DNA-SWCNT

complexes are assumed to have detached from the beads on contact with the agarose gel

due to the disrupted electrostatic interaction. As a result, the silica beads are not limiting the

movement of DNA on the SWCNT surface nor affecting the behavior of the sensor, which is

corroborated by the similar response observed in the absence of beads (Figure 4.3 (B)). An

additional layer of 2% agarose (40 µL) was added on top to create the concentrated SWCNT

‘sandwich gel’.

Figure 4.6 – Schematic of the gel preparation process in a 96-well plate set-up.
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4.5.3 Fluorescence spectroscopy measurements

Fluorescence emission spectra were acquired from gel-based sensor systems in a 96-well

plate setup using a custom-built optical setup with an inverted Nikon Eclipse Ti-E micro-

scope (Nikon AG Instruments) as described previously [37]. Briefly, sandwich gel sensors

were prepared using 2% agarose gel (Ultrapure Agarose, Invitrogen) in a 96-well plate (as

described above) and excited at 660 ± 5 nm (HiPco SWCNT). Emission spectra were collected

at wavelengths between 900 nm and 1400 nm and spectral data were fitted using custom

Lorentzian fitting functions in MATLAB. For measurements shown in (Figure 4.2), spectra

were collected over a period of 30 min for the predominant (7,5) and (7,6) peaks at 660 nm

excitation.
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5 XNA-Nanosensors for Improved Neu-
rochemical Sensing

Curiouser and curiouser!

Lewis Carroll, Alice’s Adventures in

Wonderland

5.1 Abstract

To date, the engineering of single-stranded DNA-SWCNT (DNA-SWCNT) optical biosensors

have largely focused on creating sensors for new applications with little focus on optimising

existing sensors for in vitro and in vivo conditions. As previously described in Chapter 4,

recent studies have shown that nanotube fluorescence can be severely impacted by changes

in local cation concentrations. This is particularly problematic for neurotransmitter sensing

applications as spatial and temporal fluctuations in the concentration of cations, such as

Na+, K+, or Ca2+, play a central role in neuromodulation. This can lead to inaccuracies in the

determination of neurotransmitter concentrations using DNA-SWCNT sensors, which limits

their use for detecting and treating neurological diseases.

In this chapter, we present new approaches using locked nucleic acid (LNA) to engineer

SWCNT sensors with improved stability towards cation-induced fluorescence changes. By

incorporating LNA bases into the (GT)15-DNA sequence, we create sensors that are not only

more resistant towards undesirable fluorescence modulation in the presence of Ca2+ but

that also retain their capabilities for the label-free detection of dopamine. The synthetic

biology approach presented in this work therefore serves as a complementary means for

enhancing nanotube optoelectronic behavior, unlocking previously unexplored possibilities

for developing nano-bioengineered sensors with augmented capabilities.

5.2 Introduction

Neurotransmitters play a central role in a variety of biological functions that rely on chemical

communication [55, 283]. Imbalances or signalling problems of key neurotransmitters, such
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as dopamine, serotonin, and γ-aminobutyric acid (GABA) [283–286], are often linked to the

pathology of many neurological diseases, including Alzheimer’s and Parkinson’s disease. The

prevalence of these diseases is unfortunately expected to increase as the global population ages

[287], contributing to not only greater mortality, but also a severely compromised quality of life.

State-of-the-art treatments could be improved by real-time measurements of neurotransmitter

concentrations, however the current lack of selective, responsive, and minimally invasive

technologies limits personalized treatment options and patient comfort.

Several of these limitations have been overcome with the development of optical biosensors

based on single-walled carbon nanotubes (SWCNTs). SWCNTs can be conceptualised as

cylindrically rolled sheets of graphene whose optoelectronic properties vary with diameter

and chirality. The semiconducting chiralities show distinct intrinsic fluorescence emissions

that enable multimodal sensing in mixed chirality samples. Furthermore, these emissions

span the second near-infrared optical window, which overlaps with the optical transparency

window for biological tissue. This optical overlap, along with the SWCNT’s resistance to

photobleaching, makes SWCNTs suitable for deep-tissue, long-term, and continuous in vitro

and in vivo imaging [30]. SWCNTs have also shown high spatial and temporal resolution, which

is particularly important for the real-time, spatiotemporal monitoring of neurotransmitters

[15, 62]. The selectivity preferences of these SWCNT-based optical sensors toward neuro-

transmitters, such as dopamine [14, 17, 62, 78] and serotonin [61, 288] can be modulated by

non-covalently functionalizing the SWCNT surface with specific sequences of single-stranded

DNA (DNA). Following either direct sonication or dialysis exchange, the DNA has been shown

to self-assemble onto the SWCNT surface through π-π stacking of the bases. In addition to

solubilizing the nanotubes, the DNA can alter the nanotube fluorescence response towards

specific analytes in a sequence- and length-dependent manner, thus enabling preferential

selectivity towards analytes of interest. Such optical SWCNT sensors have been used for in

vivo brain imaging and in vitro spatiotemporal dopamine mapping of neurons [17, 59, 62, 252,

289].

As discussed in Chapter 4, nanotube fluorescence can be severely impacted by changes in

local cation concentrations [35, 80]. This sensitivity to fluctuating cation concentrations is

particularly detrimental to neurotransmitter sensing applications, where cells communicate

via changes in concentrations of neurotransmitters and neuromodulators that are often

triggered by fluxes of cations such as Ca2+ [55, 290–293]. In fact, the competitive responsivity

of many existing DNA-SWCNT dopamine sensors to such cations limits the application of

these sensors in efforts to untangle the complex signalling dynamics of the brain [17, 35, 80].

Consequently, the real-time, selective detection of physiological concentrations of dopamine

in the absence of ionic or salt interference remains an ongoing challenge.

In this chapter, we build upon our previous observations in Chapter 4 and present a SWCNT-

based sensor capable of detecting dopamine with suppressed cation responsivity. We bioengi-

neer a DNA(GT)15
1, which has previously been shown to respond to both dopamine [14] and

1DNA(GT)15 represents a DNA sequence that is 30 bases long consisting of 15 repeating GT units.
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various cations [35], by incorporating locked nucleic acid (LNA) bases at various positions

throughout the sequence. We characterized the different LNA wrappings, examining their

suspension quality, morphologies, and optoelectronic effects. We identified certain LNA se-

quences that showed increased conformational resilience to fluctuating cation concentrations

[35]. In addition, all the LNA sensors sustained their selective dopamine responsivity, allowing

us to demonstrate dopamine detection in the presence of cationic species. Furthermore, via

concomitant monitoring of multiple chiralities, we showed that certain LNA sequences enable,

for the first time, the selective detection of both Ca2+ and dopamine simultaneously.

5.3 Results and Discussion

We compared the solubilisation and fluorescence properties of the original (GT)15 to those of

seven distinct single-stranded LNA-based derivatives (Figure 5.1). As summarized in Figure

5.1, the designed LNA sequences differed in terms of the percentage of locking, the type of

base locked (either T or G), and the location and distribution of locking (detailed sequence

information is provided in Appendix Table D.1. All tested LNA sequences were able to suspend

the SWCNTs to varying extents, as evidenced by the dark solutions obtained post dialysis

(Appendix Figure D.1) as well as from the bright fluorescence peaks and distinct bands in the

absorption spectrum for each of the solutions (Figure 5.2 (A) and (B), Appendix Figure D.2).

Figure 5.1 – Schematic of all single-stranded LNA(GT)15 sequences tested in this study. Locked bases
are indicated by a shaded red box.

As shown in the photoluminescence excitation/emission (PLE) maps (Figure 5.2 (A)), the

LNA-SWCNTs showed preferential, chirality-specific fluorescence emissions, depending on

the locking positions of the sequence. The (GT)15 SWCNTs showed the highest fluorescence

emissions for the (7,5) nanotube chirality with 660 nm excitation, as expected for HiPco

SWCNT samples. In contrast, LNA sequences that contained blocks of consecutively locked

bases (LNA20mid, LNA20end, and LNA33mid) showed higher fluorescence emissions from the
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larger diameter chiralities that appear at longer excitation and emissions wavelengths. On the

other hand, the fluorescence was more pronounced for small diameter nanotubes, such as the

(6,5) chirality, for sequences with an increased locking periodicity (LNAevery6T, LNAevery5, and

LNAevery3).

Figure 5.2 – Suspension quality and chirality specificity of LNA sequences. (A) PLE maps of the
original (GT)15- and all LNA-SWCNT solutions. (B) Absorbance spectra for all DNA- and LNA-SWCNT
samples examined in this study. All spectra are normalized to concentration as determined using an
extinction coefficient of 0.036 mg/L at Abs632nm. (C) Absorbance spectra of all sequences following
SDOC replacement of original solutions collected following 16 h of incubation. Spectra were normalized
to nanotube concentration as determined using an extinction coefficient of 0.036 mg/L at Abs632nm

and subsequently normalized to the (GT)15 spectrum (red) for comparison.

To determine whether the chirality-specific differences in fluorescence emissions were due

to selective increases in quantum yield or chirality enrichment, we compared the chirality

distribution of the nanotubes using absorption spectroscopy (Figure 5.2 (B)). Although all

LNA-SWCNT suspensions were synthesized from the same initial distribution of SWCNT

chiralities, differences in the absorption peak ratios for the different LNA sequences suggests

that the LNA preferentially enriches certain chiralities. Chirality enrichment was further
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confirmed by displacing all LNA and DNA wrappings with the same wrapping, sodium de-

oxycholate (SDOC) [138]. Following equilibration with the preferentially adsorbed SDOC

(Appendix Figure D.3, D.4, D.5), we observed that none of the SDOC-suspended SWCNTs had

overlapping absorbance spectra (Figure 5.2 (C)). These observations confirm that the LNA

is not simply altering the quantum yield in a chiral-dependent manner but rather that the

different LNA sequences exhibit preferences for suspending certain nanotube chiralities.

The wrapping morphology of the different oligonucleotide sequences was subsequently char-

acterized using atomic force microscopy (AFM) (Figure 5.3, Appendix Figure D.7 – D.10).

Because of the increased vertical (compared to lateral) resolution of AFM measurements, we

examined the differences between the wrappings by comparing coated (peaks, Figure 5.3

(center)) and uncoated (valleys,Figure 5.3 (right)) regions along the nanotube. This enabled

us to examine the wrapping homogeneity along the nanotube for the different sequences by

comparing the variance in the height distribution of the peaks (Figure 5.3 (left)). We could

also qualitatively assess the periodicity of the wrappings by counting the number of peaks

observed per unit length along the nanotube.

The (GT)15 exhibited an overall regularized wrapping along the nanotube length (Figure

5.3 (A)). This consistency is in agreement with previous reports that have suggested helical

wrapping of DNA onto the SWCNT surface [139, 245]. Similarly, all LNA sequences with peri-

odic lockings (LNAevery5, LNAevery6T, LNAevery6G, and LNAevery3) displayed regular wrapping

heights along the surface of the nanotube (Figure 5.3 (B – E)). In addition, we note that the

SWCNTs suspended using the periodic LNA sequences were smaller in height (LNAevery3 - 1.17

± 0.12 nm, LNAevery5 - 1.09 ± 0.09 nm, LNAevery6T - 1.02 ± 0.25 nm, LNAevery6G - 0.82 ± 0.22

nm)2 compared to (GT)15-SWCNTs (1.48 ± 0.16 nm). Conversely, SWCNTs suspended using

LNA sequences with blocks of locked bases (Figure 5.3 (F – G)) appeared to preferentially

suspend larger diameter SWCNTs (LNA33mid - 2.16 ± 0.03 nm, LNA20mid - 1.47 ± 0.20 nm). We

attribute these differences to the relative increase of certain chiralities (such as the (6,5) for

periodic lockings and the (10,2) or (9,4) for blocks of locked bases) in the LNA suspensions, in

agreement with our observations from the PLE maps and absorbance spectra (Figure 5.2).

Examining the regularity of the wrapping for the different sequences, we observed a distinct

difference between periodically locked sequences and the sequences with a block of continu-

ous locking. Whereas the former showed frequent peaks regularly dispersed along the length

of the nanotube, similar to (GT)15, LNA33mid and LNA20mid exhibited a more sporadic coverage.

Rather than periodic peaks, LNA33mid showed longer coated sections along the nanotubes. In

addition, there were larger spacings between wrapped regions (Appendix Figure D.8). Similar

trends were observed for the LNA20mid (Appendix Figure D.9).

2Due to the presence of an additional layer of material on the substrate of the LNAevery6G-SWCNTs, the
heights estimated by the cross-section analysis shown in Figure 5.3 were slightly underestimated. Additional
measurements, taken across the nanotubes into exposed parts of the substrate show the true height of the
nanotubes, which is used for comparison to the other wrappings Appendix Figure D.10.
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Figure 5.3 – AFM characterization was performed to examine differences in the wrapping behavior of
(A) (GT)15, (B) LNAevery3, (C) LNAevery5, (D) LNAevery6G, (E) LNAevery6T, (F) LNA33mid, and (G) LNA20mid.
Average height profiles were extracted from coated (peaks) and uncoated (valleys) cross sections along
the nanotube. A minimum of three positions were selected along the nanotube to extract the height
profiles (indicated by the white lines in AFM height images). Solid lines in the height profiles represent
the average height and shaded regions represent 1σ standard deviation (n = 3 – 5 profiles).

Subsequent analysis of the coated regions of LNA33mid qualitatively demonstrated the consis-

tency of the wrapping over these sections (Appendix Figure D.8, D.9). In addition, we observed

that the wrapping heights of LNA with blocks of locked bases were much greater than both

the periodically locked sequences and (GT)15. We attribute the distinct wrapping pattern of

LNA33mid and LNA20mid to the bundled locking of bases in the middle of the sequence. The

presence of locked bases limits the ability of this sequence to reconfigure on the nanotube

surface, which may, in turn, limit the ability of these sequences to tightly wrap around the

nanotube resulting in the higher wrapping heights observed.

While the free rotation of natural DNA enables a majority of bases in a wrapping sequence to

π-stack onto the nanotube [139, 245], steric restrictions of LNA sequences at locked positions

into the 3’-endo north conformation (Appendix Figure D.11) may result in only a fraction of

these bases being able to stack onto the SWCNT surface. Other bases may either self-stack

onto each other or protrude from the nanotube surface disrupting any helical wrapping [245,

294] and lead to differences in the wrapping heights. The variability in wrapping behavior can

also affect the amount of DNA/LNA that can stack onto the nanotube surface per unit area.

To further investigate differences in the wrapping behavior, we characterized all SWCNT solu-

tions using ζ-potential (ZP) (Figure 5.4 (A)), which measures a nanoparticle’s surface charge.

Due to a lack of salt in the DNA- and LNA-SWCNT solutions, we assume that only a single layer

of DNA or LNA can adsorb onto the nanotube surface as the electrostatic repulsion between

the phosphate groups along the backbone should prevent multilayer adsorption. Hence, we

can use ZP values as a proxy for the relative amount of negatively charged oligonucleotides

adsorbed onto the surface [245, 295]. The ZP measurements showed only slight variations for

the majority of LNA-SWCNTs compared to (GT)15-SWCNTs. Two exceptions were LNA33mid,

which showed a notably lower ZP, and LNAevery3, which showed the most negative ZP of

all complexes. Both of these sequences had the same percentage of locking, however as

was shown in the AFM images (Figure 5.3, Appendix Figure D.7, D.8) due to differences in

the locking periodicity, these sequences adopted very different wrapping structures on the

nanotube surface. While LNA33mid had certain areas with a dense coverage, a majority of the

nanotube surface remained uncoated (indicated by the lower height profile extracted from the

AFM images). We hypothesize that these areas of uncoated SWCNT reduce the overall charge

density of the complex, resulting in a lower than expected ZP value. Conversely, LNAevery3 had

a very dense wrapping, with almost the entirety of the nanotube surface covered by frequent

and tightly packed peaks, which could result in a higher charge density and hence the more

negative ZP value observed.
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Figure 5.4 – Wrapping behavior of DNA and LNA sequences. (A) ζ-potential of SWCNTs functionalized
with (GT)15 and LNA analogues in DI water. Measurements were performed in triplicates with error bars
representing 1σ standard deviation, as calculated from individual data shown in Appendix Table D.2.
(B) The relative surface coverage of the different DNA and LNA polymer wrappings calculated relative to
N-Methyl-2-pyrrolidone (NMP) [29]. (C) Modulation of the fluorescence emission wavelength position
of the (7,6) and (7,5) chirality peaks of all sequences parameters as a function of time following SDOC
addition. Shaded regions represent the standard deviation (3σ) of the peak fit used at each time point.

In order to further probe differences in surface coverage between the wrappings, the relative

surface coverage, α, was estimated based on the effective dielectric constant, εeff [16, 29]

(Figure 5.4 (B))

α= εeff −εwater

εP −εwater
(5.1)

where εwater and εP are the contributions to the dielectric constant from the surrounding water

and wrapping polymer, respectively. For both LNA and DNA sequences, εP=4 was used [131].

εeff is obtained from the slope of the linear fit of the solvatochromic shift, (E11)2∆E11, versus

the diameter of the nanotube to the power of negative 4, d−4, for the various chiralities present

in each suspension (Appendix Figure D.12). The experimental solvatochromic shifts were de-
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termined by extracting the peak positions for the different chiralities in the PLE plots obtained

(Figure 5.2). All data used to calculate the values of εeff and α are included in Appendix Table

D.2 and energy shift values are included in Appendix Table D.3. All LNA sequences had similar

calculated surface coverage values to nanotubes suspended using (GT)15 with the exception of

LNAevery3 (Figure 5.4 (B)). As this approach considers all nanotube chiralities to approximate

an average surface coverage independent of chirality, it is not capable of capturing chirality

specific effects. This is particularly problematic for the LNAevery3, which exhibits a strong

preference towards the (6,5) chirality. We note that while the energy shift values were the same

for LNAevery3 and all other sequences when examining the (6,5) chirality, large deviations were

observed for the larger diameter nanotubes, such as the (10,2), suspended using the LNAevery3

(Appendix Table D.3). Furthermore, as a result of the selectivity of LNAevery3 towards the (6,5)

chirality, the fluorescence intensity of the other chirality peaks was significantly lower. This

in turn leads to a poorer fit of the data (indicated by the lower Adj. R2 value Appendix Table

D.2), which can result in a significant underestimation of α. More generally, we believe that

this method of approximating surface coverage can lead to discrepancies if strong chirality

preference is displayed by the different wrappings. However, it does provide information on

the relative accessibility of the nanotube surface to water by comparing the experimentally

determined solvatochromic shifts for a given chirality (Appendix Table D.3).

The effective binding affinities of the different wrappings were characterized by examining

surfactant displacements kinetics, as done previously [138]. In this method, surfactants (such

as SDOC) added to the solution competitively bind to the nanotube surface and displace the

DNA wrapping. This displacement results in blue-shifting of the fluorescence peak positions

at a rate that depends on the DNA binding affinity [138]. The relative binding affinities of the

various oligonucleotide wrappings can therefore be inferred by continuously monitoring the

positions of the (7,6) and (7,5) fluorescence emission peaks following SDOC addition (final

concentration 0.1%). As shown in Figure 5.4 (C) and Appendix Figure D.6, the LNAevery6T,

LNAevery6G, and LNAevery5 showed slower displacement kinetics compared to (GT)15 for both

the (7,5) and (7,6) peaks, implying stronger binding affinity for these engineered wrappings to

both of these chiralities.

We further examined the fluorescence stability of the different wrappings in the presence of

CaCl2 (Figure 5.5 (A), Appendix Figure D.13, D.14). As shown in Chapter 4, the fluorescence

of (GT)15-SWCNT sensors undergoes changes in the presence of varying cation concentrations

[35]. In agreement with these observations, we observe both quenching (-22.6 ± 2.7% and

-12.4 ± 2.7%) and wavelength red-shifting (1.6 ± 0.0 nm and 2.3 ± 0.2 nm) for the (7,5) and

(7,6) (GT)15-SWCNT chirality peaks following the addition of CaCl2 (Figure 5.5 (A)). Similarly,

certain LNA-SWCNTs, including LNA20end, LNA33mid, and LNAevery3, exhibited large fluores-

cence changes upon addition of CaCl2 (Appendix Figure D.13, D.14). We attribute this to an

instability of these wrappings on the (7,5) and (7,6) chiralities, in line with our observations

from the SDOC replacement experiments (Figure 5.4 (C)).
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Figure 5.5 – Response of DNA- and LNA- sensors to CaCl2. Representative spectra of the response of
(i) (GT)15, (B) LNAevery5, (C) LNAevery6T, and (D) LNAevery6G sensors following the addition of 0.5 M
CaCl2 (final concentration: 5 mM, excitation: 660 nm). Graphs include the spectra before (red) and
after addition of CaCl2 (yellow). The solid line represents the average wavelength shift with the shaded
regions representing 1σ standard deviation (n = 3 technical replicates). All samples were incubated for
30 min. Spectra for all other LNA sequences are included in Appendix Figure D.13.

Conversely, LNA-SWCNT complexes with more spaced locking demonstrated superior stability

in the presence of the divalent cations. For example, the LNAevery5-SWCNT (Figure 5.5 (B))

showed only minor changes in the fluorescence intensity of both the (7,5) or (7,6) peaks (-6.5

± 1.0% and +4.6 ± 1.0%, respectively) and the shifting of the (7,5) was reduced by approxi-

mately 44% (Appendix Figure D.14). Interestingly, despite the same periodicity of locking for

both the LNAevery6T (Figure 5.5 (C)) and LNAevery6G (Figure 5.5 (D)) sequences, we observed

pronounced differences in the behavior of these sensors. Whereas the LNAevery6T-SWCNT

exhibited only a minor increase in the fluorescence intensity of the (7,5) chirality (+0.3 ±
3.2%), the LNAevery6G-SWCNT had pronounced quenching (-24.5 ± 3.4%). This suggests that

the base itself, and not only the periodicity of locking, can greatly impact the stability of the

LNA-SWCNT sensors. Moreover, the differences in the response of the (7,5) and (7,6) peaks
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implies that the fluorescence changes are dependent on the interaction of a particular LNA

sequence with a specific chirality and not simply a direct function of the percentage locking.

This observed chirality specificity further supports our previous observations of different

fluorescence behaviors for certain LNA sequences in the PLE plots (Figure 5.2 (A)). Chirality

specific responses are also observed for the LNA20mid-SWCNT (Appendix Figure D.13), where

the changes in intensity and wavelength position of the (7,5) chirality (+19.3 ± 16.3% and 0.9

± 0.2 nm) were much lower than for the (7,6) peak (+55.6 ± 20.4% and 3.2 ± 0.2 nm).

Current dopamine sensors based on (GT)x -SWCNTs are ‘turn-on’ sensors, exhibiting strong

relative fluorescence intensity changes on recognition of the neurotransmitter [15, 62]. As a

result, any competing changes in the fluorescence intensity could result in inaccurate concen-

tration measurements. Given the variability of Ca2+ concentrations in different biofluids and

the fluctuations of Ca2+ involved in neurotransmission, large intensity responses of SWCNT-

based sensors to this cation could be detrimental to their applicability in vitro and in vivo.

At high Ca2+ concentrations, we show that the (GT)15-SWCNTs exhibit the largest intensity

decrease for both the (7,5) and (7,6) chiralities. Furthermore, as we have shown in Chapter 5,

absolute cation concentration is more important than the nature of the individual cations

[35]. Therefore, in ionically complex solutions the (GT)15-SWCNT would lead to a significant

underestimation of dopamine concentration. Conversely, the LNA33mid-, LNA20mid-, and

LNAevery3-SWCNTs showed large intensity increases after the addition of CaCl2, which would

lead to overestimation of the dopamine concentration. To overcome the problems associated

with significant underestimation or overestimation, an ideal sensor would exhibit minimal

intensity changes, if any, in the presence of the Ca2+.

Additional measurements were carried out across a wider range of CaCl2 concentrations

(0.05 mM – 50 mM) to further probe the stability of these sequences. Spectra were col-

lected following an incubation period of 30 min and peak wavelength shifts and intensity

changes were calculated for the predominant (7,5) and (7,6) chiralities (Appendix Figure

D.14). Concentration-dependent wavelength red-shifting was observed for the (7,5) and (7,6)

chiralities for all sequences, with maximum recorded shifts exceeding 6 nm for the LNA33mid.

At the highest Ca2+ concentration tested, five of the LNA sequences (LNA20end, LNA20mid,

LNAevery6G, LNAevery5, and LNAevery6T) showed lower shifting than (GT)15-SWCNTs for the

(7,5) chirality peak. Moreover, compared to (GT)15, over one-order-of-magnitude higher

concentration of Ca2+ was required to induce any wavelength response for the (7,5) peak

for four of these sequences (LNA20end, LNA20mid, LNAevery6G, and LNAevery6T). Although the

magnitude of shifting for the (7,6) peak compared to (7,5) peak was greater for all sensors at

higher Ca2+ concentrations, several LNA-SWCNTs again exhibited superior stability towards

cation-induced wavelength changes, indicative of greater LNA conformational stability [35].

For example, the magnitude of shifting for the LNAevery6T-SWCNTs (1.8 ± 0.5 nm) was 38%

lower than for the (GT)15-SWCNTs (3.0 ± 0.3 nm). It is also worth noting that at the highest

Ca2+ concentration, the red-shift of the LNA20mid and LNA20end sensors was 4.4 ± 0.7 nm

and 2.3 ± 0.2 nm, respectively, compared to the 2.9 ± 0.3 nm shift of the (GT)15, despite their

shifting response being significantly lower than the (GT)15-SWCNT for the (7,5) peak. This
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large disparity in the (7,5) and (7,6) shifting response again highlights the chirality specific

behavior of the different LNA sequences.

These observations further emphasize the importance of considering locking position, in

addition to total locking percentage, when designing LNA-SWCNT sensors. Furthermore, these

results prove that for LNA, increasing the percentage of locked bases does not always equate

to a more stable LNA sensor as is clearly shown by comparing the LNAevery6T (16.6% locked)

sensor to LNA33mid and LNAevery3 (33.3% locked). These findings enabled us to identify several

LNA-SWCNTs that exhibit superior signal stability in varying Ca2+ concentrations compared

to (GT)15-SWCNTs. Amongst the sequences studied, LNAevery6T- and LNAevery5-SWCNTs were

found to provide the greatest stability against undesirable intensity changes across the range

of calcium concentrations for both the (7,5) and (7,6) peaks. At high Ca2+ concentrations, the

LNAevery6G- and LNA20end-SWCNTs also demonstrated improved stability compared to the

(GT)15-SWCNT complex (Appendix Figure D.14).

Figure 5.6 – Concentration-dependent intensity response of DNA- and LNA-SWCNTs to dopamine in
the absence of CaCl2 (excitation: 660 nm). Relative intensity change of the (A) (7,5) peak and (B) (7,6)
peak following the addition of Dopamine. All samples were incubated for 30 min. Error bars represent
1σ standard deviation (n = 3 technical replicates). Both graphs are plotted on the same axis scales for
comparison.

The increased resistance of certain LNA sequences towards ion-induced fluorescence changes

has been attributed to the increased conformational rigidity of these sequences [35]. Ow-

ing to this, it was uncertain whether these sensors would retain the ability to interact with

other bioanalytes, especially those such as dopamine which are thought to modulate DNA-

SWCNT fluorescence by also inducing DNA conformational changes [35, 62]. In order to

determine the validity of this concern, we examined the response of our DNA- and LNA-

SWCNT sensors to a range of dopamine concentrations in the absence of CaCl2 (Figure 5.6,

Appendix Figure D.15, D.16). Concentration-dependent intensity changes were seen across

multiple SWCNT chiralities (Figure 5.6), with pronounced increases observed for both the

(7,5) and (7,6) chiralities. Although some LNA-SWCNTs have reduced turn-on responses

86



5.3. Results and Discussion

compared to (GT)15-SWCNTs, all LNA sensors retained their ability to interact with dopamine

(Appendix Figure D.15) despite the changes in their sensitivity to Ca2+. As shown in Figure

5.6 (and Appendix Figure D.17), the limit of detection for the LNA sensors matched the

(GT)15-SWCNTs at 10 nM dopamine. We also note that the turn-on response of LNAevery3-

SWCNTs was significantly greater than for (GT)15-SWCNTs for the (7,5) peak (15.5× versus

7.7×). Similarly, the LNAevery5-SWCNTs had comparable responses to the (GT)15-SWCNTs

for the (7,5) peak and marginally higher turn-on responses for the (7,6) peak, especially at

intermediate dopamine concentrations (7.7× versus 5.7× in 1 µM dopamine and 16.0× versus

14.7× in 10 µM dopamine).

Figure 5.7 – Deconvoluting the response of LNA sensors to dopamine and CaCl2. (A-D) Spectral
response of (GT)15 and representative LNA sensors following the addition of 0.5 M CaCl2 (final concen-
tration: 5 mM) and 10 mM dopamine (final concentration: 100 µM, excitation: 660 nm). Graphs include
the spectra before addition (red), following the addition of CaCl2 (yellow) and following subsequent
addition of dopamine (purple). All samples were incubated for 30 min post-addition. The solid line
represents the average wavelength shift with the shaded regions representing 1σ standard deviation (n
= 3 technical replicates).
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The resilience of LNA-sensors to salt-induced fluorescence perturbations [35], coupled with

their retained ability to interact with dopamine, can thus provide a general basis for designing

sensors with improved diagnostic capabilities. To this end, we tested the ability of the DNA-

and LNA-SWCNTs to detect dopamine (100 µM) in the presence of CaCl2 (5 mM) (Figure 5.7,

Appendix Figure D.18). Sensors were first incubated with CaCl2 and spectra were recorded

after 30 min. Freshly prepared dopamine solution was subsequently added to the sensor

solution and spectra were again acquired following an additional incubation period. In line

with our previous observations, following the addition of CaCl2 the fluorescence intensity of

the (GT)15-SWCNTs decreased for both the (7,5) and (7,6) chiralities. As expected, the addition

of dopamine increased the fluorescence of the sensor, however, due to the lower starting

fluorescence in the presence of Ca2+, the (7,5) peak only marginally increased versus the initial

spectrum (Figure 5.7 (A)).

The undesirable fluorescence modulation was further exacerbated at higher Ca2+ concen-

trations for the (GT)15-SWCNTs, to the point where in the presence of 50 mM CaCl2 the (7,5)

peak in the final spectrum (post dopamine addition) even appeared to quench compared to

the original intensity (Appendix Figure D.19). Contrary to this, the LNAevery6T- (Figure 5.7

(B)), LNAevery5- (Figure 5.7 (C)), and LNA20mid-SWCNTs (Appendix Figure D.18) showed only

minor changes in the fluorescence intensity of both the (7,5) and (7,6) peaks in the presence

of 5 mM Ca2+. Furthermore, the presence of the cations did not interfere with the ability of

these sensors to interact with dopamine, with significant turn-on responses observed for each

of these LNA-SWCNTs.

Although the fluorescence of the LNAevery6G-SWCNT (7,5) peak quenched following the addi-

tion of Ca2+, the (7,6) peak intensity was unchanged within error. In line with the observations

for (GT)15-SWCNTs, the addition of dopamine recovered the fluorescence of the (7,5) peak,

although final intensity increases were marginal versus the original spectrum. Despite not

reacting to the Ca2+ cations, the (7,6) peak fluorescence intensity was significantly enhanced

by the addition of dopamine. In fact, the final intensity of the LNAevery6G-SWCNTs was higher

(normalized to sensor concentration) than the (GT)15-SWCNTs, implying that these sensors

would additionally benefit from increased penetration depth in biological samples [78, 249].

Furthermore, the distinct responses of the (7,5) and (7,6) peaks to CaCl2 and dopamine enabled

simultaneous multi-modal sensing of these two analytes. By exciting the sensors at 660 nm

and monitoring the fluorescence intensity of the two peaks over time, information on the

concentration of both calcium (via the (7,5) peak) and dopamine (via the (7,6) peak) could be

inferred. This is, to the best of our knowledge, the first optical sensor that can simultaneously

detect calcium and dopamine, opening the door to a plethora of new and improved biosensing

opportunities.
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5.4 Conclusions

SWCNTs provide a platform that can overcome many of the restrictions currently facing

biosensing technologies as they enable real-time continuous monitoring [17, 37] and provide a

means of increasing spatiotemporal resolution [17, 62]. Research into DNA-SWCNTs has thus

far largely focused on expanding biochemical detection capabilities, and many sensors are

now capable of long-term imaging for a wide variety of analytes [10, 15, 16, 73, 225]. Despite

this every growing library of DNA-SWCNT sensors, little work has been done to optimise

existing sensors for in vitro and in vivo conditions.

In this work, we took the (GT)15-SWCNT sensors, known for their ability to detect dopamine

[14, 15, 36] and introduced locked bases along the sequence in order to examine the effect

of ‘locking’ on their sensing behavior. Initial characterization of the sensors showed that

both locking periodicity and percentage affects the relative affinity of the sequences towards

certain chiralities. Further experiments sought to examine the differences between the optical

response of the sensors to increasing concentrations of Ca2+ cations [35]. Optical fluctuations

caused by the presence of calcium may lead to inaccuracies in concentration readouts and,

owing the central role of Ca2+ cations in the neurotransmission [293], could limit the use of

these sensors for in vitro and in vivo applications. By incorporating certain LNA bases we

improved the stability of (GT)15-SWCNTs towards undesirable fluorescence modulation in the

presence of Ca2+. This stability appeared to depend strongly on the nature of the base that is

locked, with no systematic dependence observed to the percentage of locking. Furthermore,

we observed a strong chirality specificity where depending on the periodicity of locking and

nature of bases (G or T) locked, only certain nanotube chiralities exhibited improved resilience

towards salt induced fluorescence changes.

In addition to studying the optical behavior of these sensors in the presence of Ca2+, we also

probed their response to dopamine. The presence of locked bases did not destroy the ability

of the sensors to interact with dopamine nor did it reduce the limit of detection. In fact,

for LNAevery3-SWCNTs and LNAevery5-SWCNTs, an improved turn-on response rate versus

(GT)15-SWCNTs was obtained for the (7,5) and (7,6) chiralities, respectively. Moreover, not

only did the LNA sensors show superior sensing capabilities to dopamine in the presence

of Ca2+ cations, but the nanobioengineered hybrid LNAevery6G-SWCNT also provided an

unprecedented sensing capability to monitor both Ca2+ and dopamine simultaneously. This

is, to the best of our knowledge, the first optical sensor that is capable of detecting these two

analytes concurrently, a differentiation that could be used to push forward our understanding

of the intricate mechanisms of neuronal signalling.

Based on these findings, we believe that this methodology can be used to generate a new

class of SWCNT sensors, which could be more promising for in vitro and in vivo applications.

The use of LNA provides a solution for the limitations currently faced by DNA-SWCNTs in

ionically complex solutions while enabling more rational design of SWCNT based sensors for

a wider range of biological applications and conditions. Furthermore, it does not reduce the
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biocompatibility or sequence space offered by DNA-SWCNTs. Specifically, the ability of our

sensors to identify and measure dopamine with higher selectivity provides a powerful tool for

use in the clinical diagnostics of diseases such as Parkinson’s Disease.

5.5 Materials and Methods

5.5.1 Materials

All chemicals and materials were purchased from Sigma-Aldrich, unless specified otherwise.

Purified HiPco-SWCNTs were purchased from NanoIntegris (Lot. No. HP29-064). All DNA and

LNA sequences were purchased from Microsynth.

5.5.2 Preparation of SWCNT solutions

Purified HiPco-SWCNTs (∼0.5 mg) were suspended in 500 µL of either DNA or LNA solution

(100 µM dissolved in DI water). The mixture was sonicated in an ice bath for 90 min (power =

40 W) using a Cup Horn sonicator (140 mm, Qsonica). Following sonication, the samples were

centrifuged (Eppendorf Centrifuge 5424R) for 4 h at 21,130 × g and 4 ◦C to remove SWCNT

aggregates. The supernatant was collected and dialysed for 23 h in 2 L of DI water (14,000

Da MWCO cellulose membrane). Post-dialysis, all samples were centrifuged again for 4 h

(21,130 × g and 4◦C) to remove any additional aggregates that may have formed.

Absorbance spectra of all samples were acquired using a UV-Vis-NIR scanning spectrometer

(Shimadzu 3600 Plus) with a quartz cuvette (Suprasil quartz, path length 3 mm, Hellma). The

concentrations for all samples were calculated using an extinction coefficient Abs632nm = 0.036

L mg−1 cm−1 and diluted to 10 mg/L for all measurements, unless otherwise stated. All DNA-

and LNA-SWCNT solutions were stored at 4◦C in order mitigate aggregation of the SWCNTs

[225].

5.5.3 Fluorescence spectroscopy measurements

Fluorescence emission spectra were collected using a custom built NIR optical setup on an

inverted Nikon Eclipse Ti-E microscope (Nikon AG Instruments), as described previously [37,

78]. Measurements were recorded with LightField (Princeton Instruments) in combination

with a custom-built LabView (National Instruments) software for automation purposes. An

exposure time of 10 s and laser excitation with band width of 10 nm and relative power of

100% was used for all measurements, unless stated otherwise.

Sample preparation was carried out in 384-well plates (MaxiSorp, Nunc). For all sensor

response experiments, 49 µL of DNA- or LNA-SWCNT solution (10 mg/L) was added to a

well and excited at 660 ± 5 nm. Following the acquisition of the initial spectrum, 0.5 µL of

either CaCl2 solution (varying concentrations, dissolved in DI water) or DI water (for control
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experiments) was added, and the wells were sealed (Empore, 3M). Samples were incubated

for 10 – 30 min (at room temperature) prior to recording the final spectrum. Following the

acquisition of the spectra post the first addition, 0.5 µL of freshly prepared analyte solution

(varying concentrations, dissolved in DI) was added. The mixture was incubated for an

additional 10 – 30 min prior to acquiring the final spectra. A grating of 75 mm−1 was used to

collect the nanotube emission between 900 – 1400 nm. Spectral fitting was performed using

custom Python codes.

Photoluminescence excitation (PLE) maps were acquired between 525 nm and 800 nm with a

5 nm step. 50 µL aliquots of DNA- and LNA-SWCNT solutions (10 mg/L) were added to a 384-

well plate, which was then sealed (Empore, 3M) to avoid evaporation during the measurement.

The results were analysed using a custom Matlab code (Matlab R2017b, Mathworks).

5.5.4 Surfactant replacement

Surfactant replacement of the DNA- and LNA-SWCNT solutions was performed using 1%

(w/v) sodium deoxycholate (SDOC). All fluorescence experiments involving the real-time

addition of SDOC were performed in a 384-well plate (MaxiSorp, Nunc). Following an initial

time period of ∼ 60 s to collect sufficient DNA/LNA-SWCNT control data, 2.5 µL of 1% SDOC

was added to 22.5 µL of SWCNT solution (10 mg/L) to give a final SDOC concentration of 0.1%.

Spectra were then collected continuously for 1 h with a constant exposure time of 10 s.

Samples for absorbance experiments were prepared by mixing 63 µL of SWCNT solution (10

mg/L) with 7 µL of SDOC 1%. Spectra for the samples were collected prior to addition and

at various time points post-addition. All measurements were carried out using a UV-Vis-NIR

scanning spectrometer (Shimadzu 3600 Plus) with a quartz cuvette (Suprasil quartz, path

length 3 mm, Hellma).

5.5.5 AFM imaging and sample preparation

DNA- and LNA-SWCNT solutions (20 µL) were drop-casted onto freshly cleaved mica sub-

strates and dried at room temperature. Morphological characterization of the samples was

performed using a commercial AFM setup (Cypher, Asylum Research) equipped with a com-

mercial Si cantilever (AC240TS-R3, Asylum Research). Topography, phase, and amplitude

images were acquired in standard tapping mode. Images were analysed with standard tools

(e.g. plane subtraction and profile extraction) featured in the AFM data analysis software

(Gwyddion 2.52).

5.5.6 ζ-potential measurements

ζ-potential measurements were carried out with a Zetasizer Nano ZS analyzer (Malvern), using

folded capillary cells. All DNA- and LNA-SWCNT solutions were diluted in DI water to yield a
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final concentration of 2 mg/L.

5.5.7 Circular dichroism measurements

Samples were analysed in a circular dichroism spectrometer across a wavelength range 200 –

300 nm in 0.2 nm intervals, using a quartz cuvette (Suprasil quartz, path length 1 mm, Hellma).

DNA and LNA samples were diluted to a final concentration of 7.5 µM in either DI water or

0.25 M CaCl2 and a volume of 300 µL was used for all experiments.
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6 Outlook on Potential Applications of
XNA-SWCNTs for Improved Optical
Biosensing

‘Would you tell me, please, which way I

ought to walk from here?’

‘That depends a good deal on where you

want to get to’.

Lewis Carroll, Alice’s Adventures in

Wonderland

6.1 Abstract

The enhanced stability of the fluorescence signal from LNA-SWCNTs in ionically complex

solutions demonstrated in previous chapters of this thesis suggests that these sensors could

provide an alternative to DNA-SWCNTs for improved in vitro and in vivo sensing. In this

chapter, we present findings on the use of LNA-SWCNTs in more complex solutions. Building

upon our observations in Chapter 4 and Chapter 5, we expand our study to examine the

impact of proteins, antibiotics, and whole neuronal cell cultures on the fluorescence properties

and sensing abilities of LNA-SWCNTs. We examine how both incubation time and medium

composition can impact the fluorescence intensity of sensor films and furthermore confirm

that our LNA-SWCNT sensors retain the ability to detect dopamine in whole cell cultures.

In addition, we present preliminary findings on a new class of XNA-SWCNT sensors, a family

of PNA-DNA-SWCNT sensors designed for miRNA detection. We present a novel stepwise

methodology for preparing PNA-DNA-SWCNTs, which provides a proof-of-concept for the

modular design and assembly of multiple miRNA sensors. We examine the impact of the

length of the PNA-DNA hybrid section on the sensing capabilities of the final complex and

verify that our sensors exhibit selectivity for complementary miRNA. We further demonstrate

that these sensors can be used for the rapid optical detection of several miRNA sequences

using either absorbance (< 15 min) or fluorescence spectroscopy (< 1 h).
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6.2 Using XNA-SWCNTs for In Vitro Sensing Applications

Despite the remarkable developments in SWCNT-based optical biosensors in recent years,

their application into in vivo and in vitro sensing applications is still relatively limited [10, 17,

240, 296, 297]. This is in part due to the difficulties associated with translating non-covalently

functionalized SWCNTs from buffered conditions to complex biological media without los-

ing the sensing capabilities of the sensors. By its nature, non-covalent functionalization of

SWCNTs is a dynamic process [298]. As such, the corona phase on the surface of the nanotube

is in constant flux with molecules exchanging between the bulk and surface regions. This

process can lead to complications when nanotube sensors are taken from carefully controlled

buffer solutions and placed into biological fluids. When a nanotube, or any nanoparticle, is

introduced into complex biological fluids or media, different proteins and small molecules

(including various salt and cationic species) can associate to the SWCNT surface creating a

new, more complex corona [296, 298]. The binding of these proteins and small molecules

can disrupt the conformation of the original wrapping on the nanotube surface, which in

turn effects the biological and optical behavior of the SWCNTs [15, 296, 298]. In turn, this can

reduce the optical response of the nanotube to target analytes creating the illusion of a loss

of previously validated results from under buffered conditions, and ultimately hindering the

efficacy and functionality of the SWCNT in vivo or in vitro [10, 15, 299]. Understanding the

key components of this process, such as interaction strength and exchange kinetics of differ-

ent molecules, is critically important for the future success of SWCNT sensors in biological

environments.

Recent work by Pinals et al. demonstrated that protein adsorption onto the nanotube surface

can attenuate the optical response of (GT)6-SWCNT sensors to dopamine [298]. The dopamine

turn-on response was diminished by 52.2% or 78.2% for sensors that were incubated with hu-

man serum albumin or fibrinogen solutions, respectively [298]. This decrease was attributed

to protein adsorption on the nanotube surface, which resulted in both an increase of the

baseline fluorescence and decrease of the final fluorescence intensity post-dopamine addition.

Furthermore, this study found that higher affinity wrappings, which in this instance were

longer DNA sequences, had reduced protein adsorption. Gravely et al. similarly observed

that SWCNTs suspended with longer DNA sequences had greater physical and optical sta-

bility following internalization into murine macrophages [300]. These findings suggest that

higher affinity wrappings could address many of the limitations currently facing DNA-SWCNT

sensors. Moreover, this indicates that increased wrapping affinity can be used as a guideline

for rationally engineering SWCNTs with improved functionality and performance in more

complex in vitro and in vivo conditions.

Our previous studies have shown that LNA-SWCNTs can be used to mitigate unwanted fluo-

rescence fluctuations in the presence of different divalent cation species. Furthermore, we

have observed that our LNA sensors exhibit a higher wrapping affinity compared to their DNA

counterparts. In this chapter we build upon our previous observations and examine whether

the LNA sensors presented in Chapter 5 can also retain their superior sensing capabilities
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in more complex media, specifically supplemented Schneider’s medium, which we selected

due to its use for Drosophila melanogaser (Drosophila) neuron culturing [301]. LNAevery5-

SWCNTs were selected as they simultaneously demonstrated a greater resistance fluorescence

changes in the presence of Ca2+ cations while also retaining similar turn-on responses fol-

lowing dopamine addition compared to the (GT)15-SWCNTs. Our results show that while

(GT)15-SWCNTs have significantly reduced turn-on responses in both deionized (DI) water

and supplemented Schneider’s medium when immobilized in films, LNAevery5-SWCNTs retain

a significant turn-on response of 90.1% and 63.7%, respectively. Furthermore, we showed

that the LNAevery5 sensors retain their ability to sense dopamine in the presence of cultured

neurons and also following cellular incubation periods of up to 24 hours.

6.2.1 Results and Discussion

Experiments were performed on surface immobilized SWCNTs to demonstrate the dopamine

response of individual SWCNTs using a custom-built NIR confocal microscope [302]. Given

the additional complexity of biofluids, we sought to compare the sensing capability of the

LNA-SWCNTs and DNA-SWCNTs in DI water (Figure 6.1 (A)) versus in a complex medium,

supplemented Schneider’s medium (10% FBS, 1% Pen/Strep) (Figure 6.1 (B)). Supplemented

Schneider’s medium was chosen due to its widespread use in culturing Drosophila neurons

[301]. We freshly prepared nanotube films using either (GT)15-SWCNTs or LNAevery5-SWCNTs.

Nanotube films were subsequently covered with 200 µL of DI water or supplemented Schnei-

der’s medium and left to incubate for 5 min prior to acquiring any images. Both (GT)15-

and LNAevery5-SWCNTs had lower starting fluorescence in DI water than in supplemented

Schneider’s medium, in agreement with previous observations for other protein-rich solutions

[298]. Moreover, in all preparations LNAevery5-SWCNTs produced denser films leading to

higher fluorescence compared to (GT)15 (Figure 6.1 (A-B), Appendix Figure E.1 – E.4) under

the 780 nm excitation. This was in part attributed to differences in the surface binding affinity

of the LNA- and DNA-SWCNTs [139], but also to differences in the relative fluorescence of

these sensors using a 780 nm excitation (Figure 5.2 (A)).

The addition of dopamine resulted in an intensity increase of all sensor films in both DI

water and supplemented Schneider’s medium. The relative intensity increase (Figure 6.1 (C))

normalized to the initial intensity was determined using the mean intensity values from the

wide-field images collected (Appendix Figure E.1 – E.4). Although both sensors possessed

the ability to interact with dopamine in DI water, the turn-on response of the LNAevery5-

SWCNTs (+90.9 ± 25.2%) was significantly higher than for (GT)15-SWCNTs (+6.4 ± 1.9%).

In supplemented Schneider’s medium, the ability of (GT)15-SWCNTs to detect dopamine

via intensity changes decreased, and no significant increase in fluorescence intensity of the

film was detected (+4.5 ± 6.0%). While the extent of the turn-on response also reduced for

LNAevery5-SWCNTs, a substantial increase was still recorded (+63.7 ± 8.1%) following the

addition of dopamine. Furthermore, the overall intensity of the LNAevery5-SWCNT films both

pre- and post-dopamine was greater in supplemented Schneider’s medium than in DI water.
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Figure 6.1 – Comparison of DNA- and LNA-SWCNT sensors for dopamine sensing in complex media.
(A) NIR fluorescence images of sensors that were immobilized onto a glass surface and incubated
in DI water before (left) and after (right) addition of dopamine (final concentration: 100 µM). (B)
NIR fluorescence images of sensors that were immobilized onto a glass surface and incubated in
supplemented Schneider’s medium (10% FBS, 1% Pen/Strep) before (left) and after (right) addition of
dopamine (final concentration: 100 µM). (C) Comparison of the intensity increase of (GT)15- (red) and
LNAevery5-SWCNTs (green) following addition of dopamine (100 µM) in DI water and supplemented
Schneider’s medium. Intensity changes were calculated from the mean intensity of the wide-field
images obtained before and after addition of dopamine (Appendix Figure E.1 – E.4, excitation: 780
nm, emission filter: 980 nm LP). All films were incubated in DI water or medium for 15 min prior to
measurement. Error bars represent 1σ standard deviation (n = 3 technical replicates). Backgrounds
were subtracted using a Gaussian blur filter (sigma = 50).

In order to use our sensor films for in vitro measurements of dopamine release from neurons,

it would be necessary grow cell cultures on top of the nanotube films. This would require

incubation periods of 24 – 48 h for the Drosophila cell cultures in order to provide sufficient

time for neurite formation in the culture [301]. Given the recent findings by Pinals et al., we

sought to investigate whether longer incubation periods in complex media would affect the

ability of the LNAevery5-SWCNTs to detect dopamine.

With respect to the envisioned application to image Drosophila neurons in vitro, we tested

four media compositions to examine the affect of the various components in supplemented

Schneider’s medium. We prepared nanotube sensor films using LNAevery5 and covered the

films with 250 µL of the desired medium (either DPBS, DPBS with 1% Pen/Strep (also known
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as Rinaldini’s solution), DPBS with 10% FBS, or supplemented Schneider’s medium). Covered

films were left to incubate at room temperature for 24 h (Figure 6.2 (A)). DPBS, a pH balanced

salt solution with no Ca2+ or Mg2+ ions, was used as a negative control to account for changes

in the fluorescence properties of nanotube films stored at room temperature for extended

periods of time. By comparing the fluorescence turn-on response following dopamine addition

for films incubated in DPBS to those incubated in a more complex medium, we could examine

the impact of additives such as proteins (FBS) or antibiotics (Pen/Strep).

Figure 6.2 – Effect of media composition on the fluorescence response of SWCNT films to dopamine
addition. (A) Schematic detailing the experimental procedure used to prepare nanotube films to study
the effect of medium composition on nanotube fluorescence. All nanotube films were incubated in
medium for 24 h prior to measurement. (B) Fluorescence intensity increase of the LNAevery5 films
incubated media with different composition following the addition of dopamine (final concentration:
100 µM). Intensity changes were calculated from the mean intensity of the wide-field images obtained
(Appendix Figure E.5, E.6, E.7, and E.8). Central line represents the average turn-on response. Dots
represent the turn-on response of individual replicates (n = 3 – 4 technical replicates). (C) Represen-
tative NIR fluorescence images of sensors that were immobilized onto a glass surface and incubated
with the desired medium ((i) DPBS, (i) 1% Pen/Strep in DPBS, (iii) 10% FBS in DPBS, and (iv) supple-
mented Schneider’s medium) before (left) and after (right) addition of dopamine (final concentration:
100 µM, excitation: 780 nm, emission filter: 980 nm LP). Backgrounds were subtracted using a Gaussian
blur filter (sigma = 20). Additional replicates are presented in Appendix Figure E.5 – E.8.
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All sensor films retained an ability to interact with dopamine, however we note that the fluo-

rescence turn-on response was significantly reduced for films incubated in a more complex

medium compared to those incubated in DPBS (Figure 6.2 (B)). In addition, we observed

a significant decrease in the mean fluorescence intensity of films (prior to dopamine addi-

tion) incubated in any medium containing FBS (Figure 6.2 (C), Appendix Figure E.5 – E.8),

although this did not significantly impact the ability of these sensors to interact with dopamine

compared to sensors incubated with only antibiotics. Despite this relative decrease, by in-

creasing the density of the nanotube sensor films, we could improve the average turn-on

response of the sensors incubated in supplemented Schneider’s medium following dopamine

addition from +4.0 ± 2.4% to +7.9 ± 0.3% (Appendix Figure E.9). Further increases in film

density enabled even greater enhancement, with the ultrahigh density films incubated in

10% FBS exhibiting a dopamine turn-on response of +61.7 ± 17.8% (Appendix Figure E.10).

These findings suggest that although extended incubation periods can impact the ability of

the nanotube sensor films to interact with dopamine, the extent by which reactivity is reduced

can be tuned by adjusting the sensor density [62].

To ensure that the immobilization of the nanotube sensors did not impact their responsivity

to dopamine in complex media, we also tested the fluorescence response of the LNAevery5-

SWCNTs in solution (Figure 6.3 (A)). LNAevery5-SWCNT solutions were mixed at a 4:1 ratio with

either DI water, supplemented Schneider’s medium, or supplemented Schneider’s medium

with dopamine (100 µM, 10 µM, or 1 µM) and imaged immediately. Although serum media

are known to induce nanotube aggregate formation [303], no visible aggregation was observed

in any of the samples over the time course of our experiments (< 10 min). We observed a

significant fluorescence enhancement following the addition of supplemented Schneider’s

medium, in line with previous observations for protein-rich solutions [298]. Importantly, this

increase in the baseline fluorescence did not destroy the sensors ability to detect dopamine,

with significant turn-on responses observed even at low dopamine concentrations (0.2 µM).

Furthermore, the sensors retained their ability to exhibit concentration dependent fluores-

cence intensity increases, although we note that the intensity increase appeared to saturate

around 2 µM of dopamine with only a marginally larger fluorescence enhancement recorded

for 20 µM of dopamine.

Based on these observations, we subsequently sought to examine whether the presence of

neuron cells would impact the response behavior of the LNAevery5-SWCNTs to dopamine.

Drosophila neurons were extracted from the brains of L3 larvae and re-suspended post-

digestion in supplemented Schneider’s medium. The neuron solution was added into an

LNAevery5-SWCNT covered, poly-L-lysine coated well on a 96-well plate and incubated overnight.

Immediately prior to measurement, an additional 50 µL of LNAevery5-SWCNT solution was

added to the well. Kinetic measurements were collected following the addition of exogenous

dopamine (final concentration: 100 µM) for both the (7,5) and (7,6) chirality (Figure 6.3 (B)).

Significant turn-on responses were recorded for both peaks with final intensity increases of

31.5% and 36.4% for the (7,5) and (7,6) chirality peaks, respectively. This indicates that our

sensors remain capable of detecting dopamine even in the presence of cells and suggests that
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these sensors could be used for in vitro sensing applications.

Figure 6.3 – Comparison of the NIR spectral response of LNAevery5-SWCNTs to dopamine in complex
solutions. (A) Fluorescence response of LNAevery5 following the addition of supplemented Schneider’s
medium both with and without dopamine (excitation: 660 nm, exposure time: 10 s). Included are the
spectra before (green) and following addition of DI water (yellow), supplemented Schneider’s medium
(purple line), or supplemented Schneider’s medium spiked with dopamine (blues, final dopamine
concentrations of 20 µM, 2 µM, or 0.2 µM). The solid line represents the average wavelength shift
and all shaded regions represent 1σ standard deviation (n = 3 technical replicates). (B) Fluorescence
intensity response of the (7,5) (top) and (7,6) (bottom) chirality of LNAevery5 sensors following the
addition of exogenous of dopamine (final concentration: 100 µM) in a Drosophila neuronal cell culture.
Drosophila neurons were extracted from the brains of L3 larvae and re-suspended post-digestion in
supplemented Schneider’s medium. Neuronal cell cultures contained transgenic dopamine neurons
induced to express CsChrimson (representing approximately 1% of the sample). Cells were grown for
24 h at room temperature in 96-well plates prior to measurement (excitation: 660 nm, exposure time:
10 s).

Finally, we examined the impact of LNA-SWCNTs on cell growth and the impact the cells had

on the fluorescence behavior of the sensor films. Transgenic dopamine neurons (representing

approximately 1% of the sample) were induced to express either GFP (DA-GFP) or CsChrimson

(DA-CsChrimson), a light activated Ca2+ Channelrhodopsin (light activation 590 nm) [304],

via the Gal4-UAS system [305]. Neurons were incubated on poly-L-lysine glass-bottomed petri

dishes overnight, both in the presence and absence of SWCNTs.

Although films incubated with DA-GFP neurons showed higher baseline fluorescence fol-

lowing 48 h of incubation (Figure 6.4 (A)), subsequent analysis of extracted medium from

these cultures indicates that it is unlikely that this increase was due to increased dopamine

concentrations in the medium but rather an artefact of film heterogeneity. No significant

differences were observed between the optical responses following either DA-GFP or DA-

CsChrimson medium additions compared to additions of supplemented Schneider’s medium,
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indicating negligible changes in the medium composition that could effect nanotube fluo-

rescence (Appendix Figure E.28, E.18). The overall similarity in the baseline fluorescence of

sensors incubated with neuron cell cultures to those incubated in medium supports our previ-

ous observations that the presence of neurons does not negatively impact the fluorescence

behavior of the LNAevery5-SWCNTs. This further highlights the suitability of these sensors for

use in in vitro sensing applications.

Figure 6.4 – Nanotube films for in vitro cell imaging. (A) (Top) NIR fluorescence images of LNAevery5

sensors that were immobilized onto a glass surface and incubated with either Drosophila neuronal
cell culture or supplemented Schneider’s medium (excitation: 780 nm, emission filter: 980 nm LP). All
films were incubated for a period of 48 h at room temperature. Neuronal cultures contained transgenic
dopamine neurons (DA) (representing approximately 1% of the sample) induced to express either GFP
(left) or CsChrimson (center)). All backgrounds were subtracted using a Gaussian blur filter (sigma =
20). (Bottom) Fluorescence intensity of the LNAevery5 films following 48 h incubation. Average intensity
values were calculated from the mean intensity of the wide-field images obtained (Appendix Figure
E.11). Central line represents the average turn-on response. Dots represent the turn-on response of
individual replicates (n = 3 technical replicates). (B) White light visible widefield images of neurons
following 48 h of growth on poly-L-lysine coated glass (top) or LNAevery5-SWCNT covered poly-L-lysine
coated glass (bottom) for both neuronal cell cultures (additional replicates are included in Appendix
Figure E.12).

For all samples, cells tended to form clusters and aggregates, however isolated cells were also

observed. While cells grown on nanotube films were predominately round, those grown in the

absence of nanotubes exhibited greater neurite outgrowth (Figure 6.4, Appendix Figure E.12).

In addition, we observed larger amounts of debris in the samples grown on nanotube films.

Previous reports in the literature suggest that this debris could consist of nanotube-protein

aggregates [300, 303], although further characterisation is required to determine the exact

composition.

Although we have demonstrated that our LNA-SWCNTs exhibit superior sensing capabilities

in complex media compared to DNA-SWCNTs, further optimization and characterization of

sensor behavior in the presence of isolated neurons is required before single-neuron mea-
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surements can be performed. This includes studying the statistical fluctuations of nanotube

intensity with time as well as improving cell adhesion to the nanotube films. Promising

approaches for future research on LNA-SWCNTs also include incorporating these sensors into

ex vivo brain slices to study dopamine release and other cation-dependent processes without

competing fluorescence responses.

6.3 XNA-SWCNTs for miRNA Detection

Over the past few decades, microRNAs (miRNAs) have emerged as promising biomarkers for

a range of diseases [158, 159, 306]. miRNAs are short strands of non-coding RNA, typically

15 – 25 nucleotides [67], which are involved in the regulation of many cellular processes

including differentiation, cell growth and cell death [68]. These molecules play an important

regulatory role in gene expression by triggering degradation, affecting translation, or regulating

transcription of target messenger RNAs (mRNAs) [63]. Deregulated expression of different

miRNAs is associated with a range of diseases, including numerous types of cancers [64–69]

and as such circulating miRNA and exosomal miRNA has immense potential to serve as

noninvasive diagnostic biomarkers [67].

Despite growing interest in the detection of miRNA, clinical implementation has been limited

by the trade-offs typically encountered between accuracy/sensitivity and cost/time for the

detection methods currently available [67, 307]. For example, RNA-sequencing provides

the most sensitive quantification and detection of miRNA, however this technique requires

extensive processing and evaluation steps that increase both the time and cost of analysis. As

a result, this technique is typically reserved for use in the discovery of novel miRNA rather

than clinical detection. Conversely, the most common method of miRNA detection in di-

agnostics, reverse-transcription polymerase chain reaction (RT-PCR) [308, 309], relies on

relatively standard equipment and the processing can be more or less automated leading

to much faster processing times. However, an undeniable bias from unreliable background

corrections/normalizations, a reliance on error-prone reverse-transcription reactions, and

a lack of standardization for pre-processing steps can lead to sub-optimal specificity and

problems with reproducibility when using this approach.

To address aspects of these shortcomings, Kappel et al. designed a new form of immunoassay,

miRNA enzyme immunoassay (miREIA), for miRNA quantification [310]. In miREIA, miRNA is

hybridized with complementary biotinylated DNA oligonucleotides and these duplexes are

subsequently detected using a monoclonal antibody. The miREIA workflow is similar to the

ELISA methodology used for antigen detection and can be run on standard immunoassay

analyzers increasing its applicability and convenience in clinical settings. In addition, this

approach circumvents any need for reverse-transcription or amplification/pre-amplification

steps thereby increasing reproducibility. However, as this approach requires miRNA pu-

rification from blood samples it has limited use in both unprocessed samples and in vivo

applications [310].
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Owing to the many advantages of SWCNTs, recent works have looked to engineer SWCNT-

based optical sensors for the detection of short DNA sequences or miRNA that transduce DNA

hybridization into spectral changes in the emission spectrum of the SWCNT. Optical modula-

tion of SWCNT fluorescence was first used to detect DNA hybridization by Jeng et al. [87]. In

this study, a hypsochromic shift of 2 meV was observed following the addition of complemen-

tary DNA, with no significant wavelength shift observed on addition of a non-complementary

strand [87]. The wavelength shifting observed on recognition of the complementary sequence

was attributed to an increase in the surface coverage of the SWCNT following hybridization.

Later work by Jeng et al. went on to demonstrate how these DNA-SWCNTs were also capable

of detecting single nucleotide polymorphisms (SNPs) [157]. More recent work by Harvey et al.

presented a DNA-SWCNT sensor for the optical detection of different miRNA sequences [10].

In this work, spectral changes following hybridization were attributed to the displacement of

both electrostatic charge and water from the nanotube surface. Following hybridization, the

newly formed duplex was hypothesized to desorb from the surface of the nanotube leaving

only the nanotube-binding domain in contact, resulting in an increase of the exposed surface

area. Subsequent addition of surfactant molecules led to increased water shielding and a

markedly enhanced spectral response as the moieties underwent a triggered assembly on the

nanotube surface. These sensors were subsequently used for the direct detection of miRNA in

urine and serum and also for the first in vivo optical detection of target DNA and miRNA using

SWCNT NIR fluorescence.
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Figure 6.5 – Structures of (A) DNA, (B) LNA, and (C) PNA. LNA is an unnatural nucleic acid where the
ribose ring has an additional methyl bridge between the 2’ oxygen and 4’ carbon. The presence of the
bridge ‘locks’ the LNA into the 3’-endo (North) conformation, the ideal conformation for Watson-Crick
binding [278]. PNA is an artificially synthesized polymer similar to DNA where the sugar-phosphate
backbone has been replaced by N-(2-aminoethyl)-glycine units linked by peptide bonds [311].

The previous chapters of this thesis have highlighted several advantages of XNA-SWCNTs

over conventional DNA-SWCNTs for different sensing applications. XNAs have also been

extensively studied for miRNA detection, most notably LNA [184, 312–317] and peptide nucleic

acid (PNA) [311, 318–322] owing to their improved efficiency compared to DNA probes (Figure

6.5). PNA is of particular interest due to its uncharged backbone which enables stronger
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DNA hybridization due to the absence of electrostatic repulsion [323, 324]. An additional

consequence of the lack of electrostatic repulsion is that PNA can hybridize with DNA virtually

independently of the salt concentration [322]. PNA also demonstrates increased specificity

compared to DNA or RNA, as any base pair mismatch results in greater destabilization for PNA

than natural oligonucleotides [319], however the destabilisation of the mismatch is strongly

impacted by its position along the sequence [325].

In this section we seek to combine the advantages of SWCNT-based sensors with those of

synthetic biology oligomers, specifically PNA, and present preliminary findings on the use

of PNA-DNA-SWCNT hybrids to create a platform for the label-free detection of miRNA.

Our findings show that it is possible to form stable PNA-DNA-SWCNTs, which demonstrate

optically distinct spectra compared to their DNA-SWNCT counterparts. In addition, our PNA-

DNA-SWCNT sensors demonstrate rapid miRNA detection capabilities without a need for

additional surfactant molecules during the detection process [10], making the sensors more

applicable for in vivo sensing applications. We show that the length of the PNA-DNA hybrid

section effects the performance of the sensor, indicating that the mechanism of response

is not simply non-specific adsorption of the PNA/miRNA onto the DNA-SWCNT surface.

Furthermore, the modular approach for designing PNA-DNA-SWCNT sensors presented in

this chapter provides a proof-of-concept for a platform that can be readily adapted for a

variety of different miRNA sequences. Future studies will further investigate the mechanisms

of interaction for the DNA-PNA-miRNA and expand upon the library and concentration ranges

of miRNA that can be detected.

6.3.1 Results and Discussion

The uncharged backbone of PNA means that this polymer cannot be used to obtain stable

dispersions of isolated SWCNTs [30]. To overcome this limitation, we designed a modular

assembly for PNA-DNA-SWCNTs, where DNA scaffolds were used to attach PNA to the SWCNT

surface. Initial experiments used a DNA sequence containing a (GT)10 anchor section and an

eight base long hybrid section, whose sequence was reverse complementary to the hybrid

portion for all PNA sequences (5’-GTC TCT TC-3’), hence forth referred to as DNA8bp-rev.

DNA8bp-rev was used to prepare nanotube dispersions via MeOH-assisted surfactant exchange.

In order to maximise the interaction of PNA with the DNA that was adsorbed onto the nanotube

surface, free DNA was removed from the suspension using ultrafiltration devices. PNA-DNA-

SWCNTs were constructed by mixing PNA solution together with the DNA-SWCNT suspension.

A schematic of the assembly process for the PNA-DNA-SWCNTs is shown in Figure 6.6 (A).

The optical response of DNA8bp-rev-SWCNTs following the addition of PNA or PNA with miRNA

was examined using fluorescence spectroscopy. All samples were incubated for a period of 1

– 2 h following addition of miRNA and PNA prior to acquiring any spectra. As shown in the

photoluminescence excitation/emission (PLE) maps (Figure 6.6 (B), Appendix Figure E.21),

distinct differences were observed following the addition of PNA and following the subsequent
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addition of complementary miRNA for all PNA-DNA-SWCNTs. Line plots were extracted from

the PLE maps to more easily compare the fluorescence changes on addition of PNA or miRNA

(Figure 6.6 (C), Appendix Figure E.22).
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Figure 6.6 – Detection of miRNA using PNA-DNA-SWCNT hybrids. (A) Schematic of PNA-DNA8bp-rev

configuration used to create the sensor for miRNA detection. The DNA wrapping sequence consisted
of a (GT)10 anchor and eight bases designed to hybridize with the PNA sequence. (B) PLE maps of
the original DNA8bp-rev-SWCNT solution (left), the DNA8bp-rev-SWCNT solution mixed with PNA202

(PNA-DNA-SWCNT, center), and the PNA-DNA8bp-rev-SWCNT solution mixed with complementary
miRNA (miR202, right). The predominate chiralities are labelled in white. All fluorescence intensities
were normalized to the maximum intensity in each plot (final concentration: PNA = 9.5 µM, miRNA
= 4.8 µM). (C) Spectra extracted from PLE maps to compare the intensity and wavelength positions
of the DNA8bp-rev-SWCNTs (green), the PNA-DNA8bp-rev-SWCNTs (orange), and the PNA-DNA8bp-rev-
SWCNTs following the addition of complementary miRNA (blue). The wavelength of the excitation
laser used is indicated in the lower right corner (final concentration: PNA = 9.5 µM, miRNA = 4.8 µM).
(D) Comparison of the chirality dependent wavelength shifts following addition of miRNA (orange),
PNA (green), and PNA with complementary miRNA (red) (final concentration: PNA = 9 µM, miRNA = 1
µM). All wavelength shifts were calculated versus the wavelength positions for DNA8bp-rev-SWCNTs.
For DNA8bp-rev-SWCNTs, error bars represent 1σ standard error (n = 5 technical replicates). For all
other samples error bars represent the error on the fit of the peak (3σ from one technical replicate).
(E) Fluorescence wavelength responses of PNA-DNA8bp-rev-SWCNTs following the addition of com-
plementary and non-complementary miRNA (final concentration: PNA = 9 µM, miRNA = 1 µM).
Complementary miRNA was added to PNA202-, PNA195-, PNA184-, and PNA155-DNA8bp-rev-SWCNTs.
Non-complementary miRNA was added to PNA10b-DNA8bp-rev-SWCNTs. All wavelength shifts were
calculated versus the wavelength position of each chirality for the PNA-DNA8bp-rev-SWCNTs prior to
miRNA addition. Red indicates a red-shift in the wavelength position of the chirality peak, and blue
represents a blue-shift in the wavelength position.

In general, the addition of PNA (final concentration: PNA = 9 µM) resulted in a red-shift in the

wavelength position corresponding to the peak fluorescence of the predominate chiralities.

Despite this, the extent of the red-shift was sequence dependent; PNA202 resulted in the largest

shift (5.3 ± 0.5 nm) and PNA195 the smallest shift (0.6 ± 0.5 nm) both for the (8,6) chirality (all

other wavelength shifts are listed in Table 6.1).

Table 6.1 – Wavelength shift following the addition of PNA sequences to DNA8bp-rev-SWCNTs

PNA sequence
Wavelength shift (nm)

(7,5) (7,6) (10,2) (9,4) (8,6)

PNA10b 1.6 ± 0.8 0.8 ± 0.2 1.6 ± 0.9 1.6 ± 0.4 1.4 ± 0.5
PNA155 2.4 ± 0.8 1.6 ± 0.2 1.6 ± 0.9 1.6 ± 0.4 2.2 ± 0.5
PNA184 2.4 ± 0.8 2.4 ± 0.2 1.6 ± 0.9 1.6 ± 0.3 3.0 ± 0.5
PNA195 0.0 ± 0.8 0.0 ± 0.2 0.0 ± 0.8 0.0 ± 0.3 0.6 ± 0.6
PNA202 3.9 ± 0.6 3.9 ± 0.2 3.1 ± 0.9 3.1 ± 0.3 5.3 ± 0.5

The addition of PNA202 resulted in the largest red-shift of any of the PNA sequences for

all chiralities. Increased water accessibility or increased anionic charge is known to result

in red-shifting of nanotube emission wavelengths, while decreases in local anionic charge

density or water density at the nanotube surface can cause blue-shifting [10, 35]. As PNA is

uncharged, we attribute this red-shifting to an increase in the accessible surface area (decrease

of surface coverage), which results in increased water accessibility to the nanotube surface.

We hypothesize that this increase in surface area is a result of the dissociation of the partial

duplex formed from the nanotube surface [10]. The larger increase relative to the other PNA
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sequences may result from the shorter sequence length of PNA202.

For PNA202-DNA8bp-rev-SWCNTs, subsequent addition of complementary miRNA (miR202,

final concentration: 1 µM) resulted in blue-shifting of the fluorescence back towards the

original positions of the DNA8bp-rev-SWCNTs. Importantly, the addition of miR202 in the

absence of PNA202 did not result in any significant shifting of the wavelength position for any

of the chirality peaks measured (Figure 6.6 (D)) indicating that the response observed was due

to the interaction of the PNA and complementary miRNA sequence. While it is possible that

PNA preferentially binds with miRNA before fully hybridizing with the DNA-SWCNT or that

post-hybridization the PNA complex detaches from the DNA8bp-rev-SWCNT, the strong stability

of PNA-DNA complexes means this is unlikely even accounting for the increased stability of

the PNA-RNA complex [319]. Instead, we attribute the blue-shift of PNA202 following miR202

addition to increased surface coverage following hybridization, which we believe is due to the

PNA-miRNA duplex adsorbing onto the nanotube surface [89]. Although decreases in the local

anionic charge density can also result in blue-shifting, due to the neutral charge of the PNA,

we do not believe that there would be a significant change even if the hybridized sequence

was partially desorbed from the nanotube surface [10].

Conversely, for PNA195, PNA184, and PNA155 the addition of complementary miRNA resulted

in increased red-shifting (Figure 6.6 (E), Appendix Figure E.24, E.25). This response contin-

ued to be statistically distinct from the optical response following miRNA addition in the

absence of PNA for all sequences. Differences in the directionality of the shift may result

from fundamentally different interaction mechanisms that result in unique structural changes

depending on the PNA and miRNA combination. The enhanced red-shift may be the result

of increases in the local anionic charge density either due to non-specific adsorption of the

miRNA or from the phosphate backbone from the miRNA being brought into close proximity

of the nanotube surface following hybridization. However, we discount the possibility that

the red-shift is due to non-specific adsorption of the miRNA onto the nanotube due to a

lack of significant shifting following miRNA addition in the absence of PNA (Appendix Figure

E.24). Alternatively, the red-shift may result from increasing water accessibility due to partial

desorption of the hybridized PNA-miRNA from the nanotube surface. However, in order to

determine which of these effects has the largest impact, additional experiments such as molec-

ular dynamics simulations, AFM, or FRET assays to test duplex desorption from the nanotube

surface are required [10]. The addition of non-complementary miRNA (miR92a) to PNA10b

did not result in any significant wavelength shifts for any chirality measured, indicating that

the interaction of the PNA and miRNA was sequence specific and providing further evidence

that the red-shifts observed for the other PNA sequences were not a result on non-specific

adsorption.

Following our initial observations using DNA8bp-rev-SWCNTs, we sought to examine the impact

of the length of the hybrid portion, as well as the directionality of the PNA-DNA hybridization

(parallel or anti-parallel), on the sensing capabilities of the PNA-DNA constructs.
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Figure 6.7 – Schematic of the PNA-DNA-SWCNT configurations differing in length of the hybrid
portion (8, 10, 15, or 20 bases) and directionality of the hybridization (anti-parallel (rev) or parallel).
PNA hybridizes with DNA in a sequence-dependent manner, according to the Watson-Crick hydrogen
bonding scheme [322]. However, contrary to DNA, PNA can bind to complementary nucleic acids in
both parallel and anti-parallel orientation, although the later is preferred and results in a more stable
complex [319, 322].

107



Chapter 6. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

In contrast to DNA, PNA can bind in either a parallel or anti-parallel fashion as a result of its

more flexible backbone [319, 322]. However, kinetic studies have shown that, in general, PNA

demonstrates a preference towards the antiparallel binding orientation with lower affinity

observed for duplexes formed with parallel orientation [319]. As we want to maximise the

extent by which PNA preferentially binds with the target miRNA sequence over the DNA,

we predominately tested constructs that consistent of a DNA-PNA hybrid section with a

parallel orientation for miRNA binding on recognition in an anti-paralllel fashion. This should

enable significantly faster duplex formation for the PNA-miRNA duplex [319] and ideally

result in a more reactive complex. A schematic illustrating the different configurations of

PNA-DNA-SWCNTs tested is provided in Figure 6.7.

Figure 6.8 – Dependency of the wavelength shifting response of PNA-DNA-SWCNTs on the length of
the DNA hybrid portion. Comparison of the wavelength shift following addition of complementary
(left) and non-complementary (right) miRNA to PNA-DNA-SWCNTs (final concentration: PNA = 9
µM, miRNA = 1 µM). PNA-DNA-SWCNTs were formed using different lengths for the hybrid portion
in the DNA sequence (8, 10, 15, or 20 bases) as well as different directionalities for the hybidization
(anti-parallel (rev) or parallel). All wavelength shifts were calculated versus the wavelength position
of each chirality for the PNA-DNA-SWCNTs prior to miRNA addition. Red indicates a red-shift in the
wavelength position of the chirality peak, and blue represents a blue-shift in the wavelength position.

In line with expectations, the PNA202 complexes formed using DNA8bp-SWCNTs (parallel

binding) had a larger blueshift in the wavelength peak positions of all chiralities following

the addition of complementary miRNA compared to when using DNA8bp-rev-SWCNTs (anti-

parallel binding) (Figure 6.8, Appendix Figure E.25, E.26). Moreover, we observed a notable

decrease in the wavelength shifting response for PNA202-DNA-SWCNTs as the length of the

hybrid section was increased. Interestingly, whereas PNA155, PNA184, and PNA195 exhibited a

red-shift in response to complementary miRNA for complexes using the DNA8bp-rev sequence,

complexes formed using the parallel binding sequence, DNA8bp, exhibited a blue-shifting

response for certain chiralities depending on the PNA sequence. Furthermore, as the length of

the hybrid section was increased, we observed that all PNA-DNA-SWCNTs began to exhibit a

blue-shift in the wavelength position of all chiralities following the addition of complementary
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miRNA (Appendix Figure E.25 – E.30). On the contrary, PNA10b-DNA-SWCNTs, which are

used as a negative control with non-complementary miRNA, showed no significant shifting

following miRNA addition for any PNA-DNA complexes with a hybrid section length of 10 or

more bases (Figure 6.8).

We note however that a redshift in the peak positions of all chiralities was observed following

the addition of non-complementary miRNA (miR92a) for the PNA10b-DNA8bp-SWCNTs. Al-

though the exact reason for this observed wavelength shift remains an ongoing area of study,

we rule out the possibility that it is due to non-specific adsorption of the miRNA onto the

nanotube surface as no significant changes were observed following miRNA addition in the

absence of PNA (Appendix Figure E.26).

Figure 6.9 – Fluorescence wavelength shift response of PNA-DNA15bp-SWCNTs to complementary and
non-complementary miRNA (final concentration: PNA = 9.4 µM, miRNA = 5.7 µM). complementary
miRNA was added to PNA202-, PNA195-, PNA184-, and PNA155-DNA15bp-SWCNTs, as well as the non-
complementary miR25 for comparison. Two different non-complementary miRNAs (miR25 and
miR92a) were added to PNA10b-DNA15bp-SWCNTs. All wavelength shifts were calculated versus the
wavelength position of the chiralities for the respective PNA-DNA15bp-SWCNT solution prior to miRNA
addition. Red and blue indicate a red-shift or blue-shift in the wavelength position, respectively.

In order to examine whether a fluorescence wavelength shift response could be engineered for

the PNA-DNA-SWCNTs with longer hybrid sections, we increased the concentration of miRNA

relative to the PNA. We hypothesized that in order to see significant fluorescence responses a

majority of the PNA-DNA-SWCNTs would need to react with miRNA. Based on this assumption,

we believed that the response to miRNA could be recovered (or enhanced) by increasing the

relative concentration of the miRNA to at least 50% of the PNA concentration in solution.

To test this hypothesis we examined the spectral responses for constructs made using a 15
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base hybrid section following the addition of higher concentrations of either complementary

or non-complementary miRNA (Figure 6.9, Appendix Figure E.31, E.32). As expected, no

significant wavelength shift was observed for PNA10b-DNA15bp-SWCNTs following the addition

of either non-complementary miRNA sequence. Although PNA184 had strong blue-shifting

responses following the addition of miR184 for both the (7,6) and (8,6) chiralities, this complex

also strongly reacted with the non-complementary sequence indicating that this was not a

sequence specific detection mechanism. Significant blue-shifts were also observed for all

chiralities for PNA202, PNA195, and PNA155 constructs on addition of complementary miRNA.

Moreover, the addition of non-complementary miRNA induced red-shifting for all PNA202

chiralities or a minor blue-shift for most PNA195 and PNA155 chiralities, indicating that the

blue-shifting response to complementary miRNA was a sequence specific interaction. We

also observed a red-shift of the peak position in the absorbance spectrum (Appendix Figure

E.33) of DNA15bp-SWCNTs (1136.5 nm) on addition of PNA155 (1139.5 nm) and subsequently a

blue-shift on addition of miR155 (1137.5 nm) following only 15 min of incubation (Appendix

Figure E.33). No shift was observed on addition of non-complementary miRNA (Appendix

Figure E.33, E.34). Additional experiments using hybrid sections with a length of 10 or 20

bases (Appendix Figure E.35, E.36, E.42) also demonstrated strong blue-shifting on addition

of complementary miRNA and a lack of response for non-complementary miRNA.

These findings provided a proof-of-concept that PNA-DNA-SWCNTs can be used for the rapid

and selective optical detection of miRNA. Future work will examine the abilities of these

sensors to work in biological solutions, such as blood, serum, or urine. Additionally, further

optimization of the ratio of PNA:miRNA will be required to improve the limit of detection

of the sensors. Finally, to maximise the potential of these sensors, multiplexed detection

for several miRNA sequences can be designed using nanotube preparations enriched with

different chiralities and different PNA-DNA constructs. This would enable the creation of a

versatile platform that could be customized for a plethora of different miRNA combinations,

enabling rapid biomarker detection for a range of diseases.

6.4 Conclusions

The preliminary results presented in this chapter demonstrate the potential application of

LNA-SWCNTs for neurosensing applications in complex media and PNA-DNA-SWCNTs for

the rapid detection of miRNA.

Nanotube films made using LNA-SWCNTs exhibited superior optical sensing capabilities

towards dopamine compared to their DNA-SWCNT counterparts with more than a 14-fold

increase in the turn-on response observed in both DI water and supplemented Schneider’s

medium. Furthermore, LNA-SWCNTs films retained their dopamine sensing ability even

following extended incubation periods (24 – 48 h) at room temperature in the presence

of proteins, antibiotics, and whole cell cultures. Moreover, we observed that the turn-on

response to dopamine following extended incubation periods could be tuned by controlling
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the density of the nanotube films used. Although these findings present LNA-SWCNTs as a

promising alternative to DNA-SWCNTs for in vitro sensing applications, further optimization

is required for single-cell measurements. Specifically, cell adhesion to the nanotube films

must be improved and extended studies on the fluctuations of nanotube intensity pre- and

post-dopamine stimulation needs to be performed. These LNA-SWCNT sensors could also

be implemented in ex vivo brain slices to study dopamine release or other cation-dependent

processes.

The novel process introduced for the assembly of PNA-DNA-SWCNTs presents a flexible

platform that can be used to design sensors for many different miRNA sequences. For all con-

structs studied, we observed a strong red-shift in the fluorescence of DNA-SWCNTs following

the addition of PNA, up to 5.5 nm depending on the DNA and PNA sequence and the nanotube

chirality. On subsequent addition of miRNA, the PNA-DNA-SWCNTs underwent either blue-

or red-shifting. The extent and direction of shifting was strongly dependent on the PNA

sequence used but also on the length of the PNA-DNA hybrid section and directionality of the

hybridization. Highest shifts were observed for DNA8bp and DNA8bp-rev at low concentrations

of miRNA. We also noted a strong dependency of our sensors on the concentration ratio

of PNA:miRNA, with improved shifting responses observed as the relative concentration of

miRNA was increased. Furthermore, several of the sensors examined showed strong sequence

specificity, with little to no response detected on addition of non-complementary miRNA.

Based on these observations we conclude that it may be possible to tune the sensor response

for lower concentrations of miRNA by adjusting the relative amounts of PNA added. Using

our PNA-DNA-SWCNTs we could detect complementary miRNA additions by monitoring

wavelength shifts in both absorbance and fluorescence with detection speeds of < 15 min and

< 1 h, respectively.

These findings provide a proof-of-concept that PNA-DNA-SWCNTs can be used as a promising

method for the rapid optical detection of miRNA. Future work will examine the ability of

these sensors to work in biological solutions (such as blood, serum, or urine), determine

whether these sensors are capable of detecting single nucleotide polymorphisms, and expand

on the library of miRNAs that can be detected. Ultimately this platform will be expanded

for multiplexed detection of several miRNA sequences by customizing specific chiralities

with different PNA-DNA constructs, providing a technology that can be used for detecting a

plethora of different diseases and miRNA combinations.

6.5 Materials and Methods

6.5.1 Using XNA-SWCNTs for In Vitro Sensing Applications

Drosophila growth and neuron extraction

The following flies were obtained from the Bloomington Drosophila Stock Center: Tyrosine

hydroxylase-GAL4 (Stock #8848, full genotype: w[*]; P{w[+mC]=ple-GAL4.F}3), UAS-GFP (Stock
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#35839, full genotype: y[1] w[*]; P{w[+mC]=UAS-CD4-tdGFP}8M2), and UAS-CsChrimson

(stock #55135, full genotype: w[1118]; P{y[+t7.7] w[+mC]=20XUAS-IVS-CsChrimson.mVenus}attP40).

Parental flies were raised at 25◦C and 50% relative humidity in 12h:12h dark:light cycles. Larval

progeny of the above lines was raised in the dark, on food supplemented with all-trans retinal

(∼0.2 mM).

Drosophila neuronal cell culture was prepared as described by Egger et al. [301]. Briefly,

L3 larvae were picked from food vials, washed in 70% ethanol and placed in petri dishes

containing supplemented Schneider’s medium (Schneider’s medium (Gibco, cat. no. 21720-

024) supplemented with 1% (v/v) penicillin-streptomycin (1% Pen/Strep, Life Technologies,

cat. no. 15070063) and 10% (v/v) heat-inactivated fetal bovine serum (10% FBS, Sigma)). Brains

were dissected out and immediately rinsed with Rinaldini solution (DPBS (Life Technologies)

with 1% Pen/Strep) prior to being processed for dissociation. Tissue was digested for 1 hr at

RT with collagenase I (0.5 mg/mL) (Sigma, cat. no. C9697). Digested tissue was rinsed with

supplemented Schneider’s medium and finally resuspended in supplemented Schneider’s

medium. Tissue was subsequently physically triturated by pipetting up and down at least 200

times.

NIR widefield imaging

Samples were imaged using a custom-built optical setup consisting of an inverted microscope

(Eclipse Ti-E, Nikon AG Instruments) with either an oil-immersion TIRF 100 × objective (N.A.

1.49, Nikon) coupled to either an InGaAs camera (NIRvana 640 ST, Princeton Instruments) or

Shamrock 303i spectrometer (Andor) or EMCCD visible camera (iXon Ultra 888, Andor). For

NIR images, samples were illuminated using a TriLine LaserBank system (Cairn Research) at

780 nm and fluorescence was collected using a 980 nm long-pass (LP) filter (Semrock). For

visible images, samples were illuminated using LED excitation at either 395 nm (emission

filter: 417 – 477 nm) or 470 nm (emission filter: 502 – 538 nm). Images were acquired using the

Nikon NIS-Elements software (Nikon Instruments).

Nanotube films were prepared on poly-L-lysine coated glass petri dishes by incubating 10 µL

of SWCNT solution (10 mg/L) and 40 µL DI water for 30 – 60 min, followed by washing with DI

water. More dense nanotube films were prepared by incubating 20 µL of SWCNT solution (10

mg/L) and 30 µL DI water for 60 min, followed by washing with DI water.

For single molecule images of nanotube film responses to dopamine addition, films were

initially imaged in the absence of any medium or buffer. 200 µL of either DI water or Supple-

mented Schneider’s medium (10% FBS, 1% Pen/Strep) (200 µL) was added to the petri dish

and the samples were imaged immediately, as well as following an incubation period of 5 min.

Following this, 2.2 µL of freshly prepared dopamine solution (10 mM) was added. The samples

were again imaged immediately and following 5 min of incubation. All imaging was performed

using the TIRF 100 × objective, the 780 nm laser, and the 980 nm LP emission filter with an

exposure time of 1 s (relative power of 100%). All collected images were analysed using ImageJ
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Fiji software. Background subtractions were performed for all NIR images using a Gaussian

blur filter with sigma radius = 50.

To examine the impact of different buffers on the nanotube fluorescence and responsivity,

nanotube films were incubated with 250 µL of either DPBS, 10% FBS in DPBS, Rinaldini

solution, or Supplemented Schneider’s Medium and incubated at room temperature overnight.

Samples we imaged using the TIRF 100 × objective, 780 nm laser, and 980 nm LP emission filter

with an exposure time of 1 s unless specified otherwise (relative power of 100%). A baseline

measurement of the fluorescence of the films prior to any additions was acquired for 15 min.

Following this, 2.5 µL of freshly prepared dopamine solution (10 mM) was added. Samples

were imaged immediately and following the 15 min of incubation.

For cell culturing experiments, 150 µL – 200 µL of supplemented Schneider’s medium was

added to the poly-L-lysine coated petri dishes (either with or without nanotube coatings).

Drosophila neurons were prepared for culturing as detailed above and 50 µL of re-suspended

brain solution (∼50,000 neurons) was added to each petri dish and pipetted 2 – 3 times to mix.

Cells were incubated at room temperature under ambient conditions for 24 – 48 h. Imaging of

the samples was performed in both the visible and NIR.

Media response tests were performed on films wetted with 100 µL DI water. 10 µL of medium

was taken from a cell culture of Drosophila neurons that had been plated onto poly-L-lysine

coated petri dishes (with or without nanotubes) and left to incubate at room temperature

under ambient conditions for 72 h. Additional supplemented Schneider’s medium was added

as required to the samples over the 72 h to prevent the plates from drying out. Samples were

analysed both immediately following addition and after 5 min of incubation and no significant

differences were observed. Fresh supplemented Schneider’s medium was used as the negative

control and supplemented Schneider’s medium spiked with 100 µM dopamine was used as

the positive control.

Fluorescence spectroscopy measurements

A custom-built optical set-up with an inverted Nikon Eclipse Ti-E microscope (Nikon AG

Instruments) [37] was used to acquire all fluorescence emission spectra. A pulsed super-

continuum laser coupled with a tuneable band-pass filter unit (SuperK Extreme EXR-15 and

Super K VARIA, NKT Photonics) was used to excite the samples at 660 ± 5 nm. The fluorescence

signal was detected using an IsoPlane SCT-320 spectrometer (Princeton Instruments) coupled

to an InGaAs NIR camera (NIRvana 640 ST, Princeton Instruments). LightField software

(Princeton Instruments) was used to collect fluorescence spectra at wavelengths between 900

nm and 1400 nm using a dispersive grating of 75 lines mm−1.

Media response experiments were performed in 384-well plates (Clear Flat-Bottom Immuno

Nonsterile 384-Well Plates, MaxiSorp, Life Technologies) which were sealed (Empore Sealing

Tape Pad, 3M) prior to each measurement to prevent evaporation. 20 µL aliquots of SWCNT
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solution (10 mg/L) were added to individual wells in the 384-well plate and a baseline flu-

orescence spectrum was acquired (10 s exposure time, 100% relative laser power). 5 µL of

media was removed from the cultured neuron plates and added to the nanotube solution. The

solution was mixed by pipetting up and down several times. Positive control measurements

were performed using supplemented Schneider’s medium that had dopamine added to a final

concentration: of 100 µM, 10 µM, or 1 µM. Negative control measurements were performed

using supplemented Schneider’s medium without any dopamine present.

Samples to examine the ability of LNAevery5-SWCNTs to detect dopamine in the presence of

cells were prepared in 96-well plates (Corning). Fluorescence spectra were collected using the

custom built NIR optical setup detailed above. An exposure time of 10 s and laser excitation at

660 nm with band width of 10 nm and relative power of 100% was used for all measurements.

Nanotubes were coated onto poly-L-lysine coated 96-well plates (Corning) by incubating 20

µL of SWCNT solution (5 mg/L) and 30 µL DI water per well for 30 min followed by washing

with DI water. For cell culturing, supplemented Schneider’s medium, 75 µL, was added to a

nanotube-coated well, and 75 µL of dissociated neurons (extracted as detailed above, ∼75,000

cells) were mixed in by pipetting up and down three times. Cells were incubated at room

temperature under ambient conditions overnight. Immediately prior to measurement, an

additional 50 µL of SWCNT solution (5 mg/L) was added to the well. Following the acquisition

of initial baseline fluorescence measurements, 2.22 µL of 10 mM dopamine was added to the

sample (volume 200 µL) to achieve a final dopamine concentration of 100 µM in solution.

Spectra were collected over a period of 15 min for the predominant (7,5) and (7,6) peaks at 660

nm excitation. Spectral data was fitted using custom Python codes [61].

6.5.2 XNA-SWCNTs for miRNA Detection

All DNA and RNA oligomers were purchased from Microsynth. PNA oligomers were purchased

from PANAGENE. Chemicals were purchased from Sigma-Aldrich, unless otherwise specified.

Purified HiPco-SWCNTs were purchased from NanoIntegris (Lot. No. HP34-032). Nuclease

free water was purchased from QIAGEN.

Preparation of DNA-SWCNT solutions

DNA-SWCNTs were prepared using a modified surfactant exchange protocol as described

previously [61, 78]. This process involved the use of 2% SC-suspended SWCNTs, which were

prepared according to the procedure outlined in Gillen et al. [61]. Briefly, 25 mg of purified

HiPco-SWCNTs were added to 25 mL of SC 2% (w/v) solution. The mixture was homogenized

for 20 min at 5,000 rpm (Polytron PT 1300 D, Kinematica) immediately prior to performing

probe-tip sonication (1/4 in. tip, Q700 Sonicator, Qsonica) for 1 h (10% amplitude) in an ice

bath. The solution was centrifuged at 164,000 × g for 4 h at 20◦C (Optima XPN-80 Ultracen-

trifuge, Beckman) to remove any nanotube aggregates. The top 80% of the supernatant was

collected and the remaining solution and pellet was discarded.
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400µL of DNA solution (33µM in nuclease free water (QIAGEN)) was added to 400µL of 2% SC-

SWCNTs (40 mg/L) (detailed information about all the sequences used is included in Appendix

Table E.1). DNA concentrations were measured and adjusted using absorbance measurements

(Nanodrop 2000, Thermo Scientific). To maintain similar starting distributions of nanotube

chirality and length, the same SC-SWCNT stock was used for all suspensions. Methanol (1.2

mL) was added to the mixture to reach a final solvent percentage of 60% (v/v). The solution was

vortexed briefly to mix prior incubation for at least 2 h at room temperature. Post-incubation,

the DNA-SWCNTs were purified to remove all unbound DNA, displaced surfactant, and MeOH

using Amicon centrifugal ultra-filtration devices (Amicon Ultra-2, Sigma Aldrich, 100 kDa

membrane, Merck). Amicon devices were washed 2 × as per the manufacturers instructions

prior to use with nuclease free water (4,000 × g, 2 min, 20◦C). SWCNT solutions were rinsed 6

times using 1 mL of nuclease free water for each wash (4,000 × g, 2 min). All rinsed samples

were centrifuged for 30 min at 21,130 × g and 4◦C to remove any aggregates that may have

formed during the surfactant exchange protocol or washing. The top 80% of the supernatant

was collected and used for subsequent experiments. All DNA-SWCNT solutions were stored at

4◦C between measurements in order mitigate aggregation of the SWCNTs [225].

Preparation of PNA and miRNA solutions

PNA solutions were prepared by dissolving 50 nmoles of PNA in 500 µL of nuclease free water.

Lyophilized RNA oligomers were suspended in 500 µL saline-sodium citrate (SSC) buffer (2 ×,

stock diluted using nuclease free water). All samples were vortexed for ∼ 30 s to ensure the

solution was homogenous. Absorbance measurements (Nanodrop 2000, Thermo Scientific)

were used to adjust the concentrations of the miRNA samples to 100 µM. All miRNA solutions

were subsequently divided into 25 µL aliquots and stored at -20◦C. Detailed information for

the miRNA and PNA sequences used in this study are presented in Table 6.2 and Table 6.3.

Table 6.2 – List of miRNA sequences that were used in this study.

Name Sequence (5’ to 3’) Length GC content

miR92a UAC CCU GUA GAA CCG AAU UUG UG 23 bases 44 %
miR155 UUA AUG CUA AUC GUG AUA GGG GUU 24 bases 38 %
miR184 UGG ACG GAG AAC UGA UAA GGG U 22 bases 50 %
miR195 UAG CAG CAC AGA AAU AUU GGC 21 bases 43 %
miR202 AGA GGU AUA GGG CAU GGG AA 20 bases 50 %

Table 6.3 – List of PNA sequences used in this study.

Name Sequence (N-terminus to C-terminus) Length GC content

PNA10b GTC TCT TCC ACA AAT TCG GTT CTA CAG GGT A 31 bases 45%
PNA155 GTC TCT TCA ACC CCT ATC ACG ATT AGC ATT AA 32 bases 41%
PNA184 GTC TCT TCA CCC TTA TCA GTT CTC CGT CCA 30 bases 50%
PNA195 GTC TCT TCG CCA ATA TTT CTG TGC TGC TA 29 bases 45%
PNA202 GTC TCT TCT TCC CAT GCC CTA TAC CTC T 28 bases 50%
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Absorbance spectroscopy

Absorbance spectra were acquired using a UV-Vis-NIR scanning spectrometer (UV-3600 Plus,

Shimadzu) with samples contained in a quartz cuvette (Suprasil quartz, path length 3 mm,

Hellma). All absorption spectra were collected using a 0.5 nm step size and medium scan speed.

Baseline spectra were acquired with nuclease free water prior to measurement of the DNA-

SWCNT samples. Concentrations were calculated using an extinction coefficient Abs632nm

= 0.036 L mg−1 cm−1. All DNA-SWCNT solutions were diluted to 10 mg/L, corresponding to

Abs632nm = 0.108, unless otherwise specified.

Kinetic absorption measurements were also performed on mixtures of PNA, miRNA, and

DNA-SWCNTs. A spectrum was initially collected for the DNA-SWCNT solution (67.5 µL). PNA

solution (7.5 µL) was then added directly into the quartz cuvette and mixed by pipetting up

and down several times. Spectra were collected immediately and then after 15, 30, 60, 90,

and 120 min of incubation. miRNA solution (4.5 µL) was subsequently added and mixed by

pipetting up and down. Again spectra were collected immediately and then after 15, 30, 60, 90,

and 120 min of incubation.

Fluorescence spectroscopy measurements

A custom-built optical set-up with an inverted Nikon Eclipse Ti-E microscope (Nikon AG

Instruments) [37] was used to acquire all fluorescence emission spectra as detailed above.

Experiments were performed in 384-well plates (Clear Flat-Bottom Immuno Nonsterile 384-

Well Plates, MaxiSorp, Life Technologies) which were sealed (Empore Sealing Tape Pad, 3M)

prior to each fluorescence measurement to prevent evaporation. Fluorescence spectra were

required using a 575, 660, and 745 nm laser excitation source with 10 s exposure time and

100% relative power. Spectral fitting was performed on all collected fluorescence spectra using

custom Python codes as detailed previously in Chapter 2 [61]. The following ratios were used

for preparing the solutions prior to fluorescence measurements (nuclease free water and SSC

2 × solution was added in place of PNA and miRNA for the respective controls):

• 45 µL of DNA-SWCNT solution (10 mg/L) + 4.5 µL PNA (or nuclease free water) 100 µM

+ 0.5 µL miRNA 100 µM (or SSC 2 × solution)

• 45 µL of DNA-SWCNT solution (10 mg/L) + 5 µL PNA (or nuclease free water) 100 µM +

3 µL miRNA 100 µM (or SSC 2 × solution)

Photoluminescence excitation/emission (PLE) maps were acquired between 525 nm and 800

nm using a 5 nm step and 10 s exposure time. Results were analysed using a custom Matlab

code (Matlab R2017b, Mathworks).
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General Conclusion

She began to believe that very few things

are indeed impossible.

Lewis Carroll, Alice’s Adventures in

Wonderland

Despite intense, global focus biosensing technologies continue to be restricted by their sen-

sitivity, selectivity, and scalability, which in turn constrains their ability to aid in the early

detection and intervention of various life-altering complications. This is further complicated

for neurochemical sensing, as limitations in the spatiotemporal resolution achievable has

hindered our ability to study the complex nature of neurotransmitter molecules and accurately

elucidate their role in the pathology of diseases such as of Parkinson’s or Alzheimer’s disease.

Therefore, it has remained difficult to achieve accurate real-time measurements of neuro-

modulator concentrations, reducing the success of treatments for patients and negatively

impacting patient prognosis.

To overcome the limitations of existing biosensing technologies, we require a new genera-

tion of biosensors that offer (i) scalable methods of preparation, (ii) improved sensitivity,

(iii) increased sensor stability, and (iv) rapid response times. Extended work is especially

needed to further understand the competing interactions that can lead to signal fluctuations

when sensors are moved from buffered solutions to biological environments, which in many

instances can compromise the overall sensor efficiency.

In this dissertation, focus was directed towards establishing new approaches for the non-

covalent functionalisation of SWCNTs with the aim of creating optical sensors for improved

neurochemical sensing. SWCNTs were selected owing to their unique optoelectronic proper-

ties, specifically their photostable NIR fluorescence emission that enables increased signal

penetration in biological tissue and media. We addressed several limitations faced by existing

SWCNT technologies using surfactant, DNA, and XNA wrappings, to gain fundamental insights

into the sensing behavior of these complexes. This improved understanding enabled us to

design sensors that demonstrated improved sensing capabilities and stability in complex

media compared to current state-of-the-art SWCNT optical sensors.
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We began by reviewing the different approaches used to non-covalently functionalize SWCNTs

for sensing applications in Chapter 1, comparing the advantages and disadvantages associ-

ated with different methods. In particular, this work focused on examining the trade-offs that

typically exist between selectivity and brightness for different wrapping molecules such as sur-

factants or biomolecules like ssDNA. We further introduced new synthetic biopolymers, such

as LNA, as a means of overcoming certain limitations faced by DNA-SWCNTs and highlighted

their capabilities to selectively engineer SWCNT-based sensors with improved capabilities.

In Chapter 2, we introduced a new method for controlling the selectivity of surfactant-

suspended optical SWCNT sensors through colloidal templating of the exposed surface area.

Changes in the bulk surfactant concentration were used to modulate the exposed surface

area of SC-SWCNTs. Our surfactant-SWCNTs exhibited an intensity response to dopamine

and serotonin at all concentrations, however for sub-critical colloidal suspensions of SC-

SWCNTs (1.5 mM and 0.5 mM SC) we further observed a selective wavelength red-shifting

response to serotonin. Not only did these sensors exhibit superior selectively compared to

DNA-SWCNTs, but moreover this approach did not compromise on the increased brightness

of surfactant-SWCNTs nor their colloidal stability.

The increased biocompatibility and large sequence space that is available for DNA-SWCNT

has encouraged work that aims to increase the performance of DNA-SWCNTs, specifically the

intensity of their fluorescence emission. In Chapter 3, we outlined how chemically modified

DNA could be used to alter the fluorescence behavior of DNA-SWCNTs, both in terms of

fluorescence intensity and responsivity. Focusing on (GT)15-SWCNTs, we examined the impact

of the type, position, and number of modifications on the fluorescence properties of the

resulting complex. Moreover, we examined how the method of preparing SWCNTs impacted

the fluorescence behavior of the resulting complex. Notably, SWCNTs prepared via MeOH

assisted surfactant exchange typically exhibit superior fluorescence intensities but typically

lack the same sensor response compared to sonicated samples. This implies that depending

on the preparation method, we obtain fundamentally different wrapping configurations of the

DNA on the surface of the nanotube, in agreement with recent observations in the literature.

Based on these findings, we concluded that careful selection of the appropriate preparation

method for SWCNT solutions is necessary in order prevent any unwanted deterioration in

sensor performance. In addition, we found that modified DNA-sequences could increase

the fluorescence intensity of SWCNTs prepared via direct sonication. Moreover, the relative

increases were retained post-dopamine addition. The enhanced optical properties of the

modified DNA-SWCNTs benefit from significantly increased theoretical penetration depths,

making these sensors more attractive for in vivo applications. Furthermore, this approach

circumvents the need for any exogenous additives and does not rely on making changes to

the base sequence, meaning it can be applied to nearly any DNA sequence to increase the

brightness without compromising on sensor biocompatibility or selectivity.

118



6.5. Materials and Methods

Much of the research creating optical biosensors based on DNA-SWCNTs has focused on

optimizing these sensors in buffered solutions, which can lead to problems when these sensors

are transferred into more biologically relevant conditions. In Chapter 4, we examined the

affect that changes in the concentration of multivalent cation species had on the fluorescence

emission of DNA-SWCNTs. These salts are commonly found in biofluids and are of central

importance in cellular signalling within the body. We observed a species-independent red-

shift of the nanotube fluorescence that was also found to be independent of the DNA length

and base composition. Through concomitant monitoring of both fluorescence intensity

and wavelength shifting, we identified the transient formation of intermediate DNA-SWCNT

optical states within our system. These findings enabled us to uncover important information

on the impact of fluctuating cation concentrations on SWCNT fluorescence and further

elucidate that the optical response was due to conformational reorganization of the DNA on

the surface of the nanotube. By introducing XNAs, specifically LNA, into the DNA sequence

we increased the conformational stability of the biopolymer on the SWCNT and demonstrated

that this limited the ion-induced fluorescence drift. Our LNA-SWCNTs could withstand cation

concentrations more than two orders of magnitude higher than pure DNA-SWCNTs with

increased permanence in both conformational and fluorescence-signal stability. In addition,

this increase in stability was achieved without compensating on the unique advantages of

DNA, including biocompatibility and sequence space.

Chapter 5 builds upon our findings that LNA-SWCNTs offer improved resistance to cation-

induced fluorescence changes and extends their use to neurochemical sensing applications.

We show that improvements in stability can be sustained without limiting the sensors ability

to detect dopamine. However, the improvements in sensors performance were shown to

be highly dependent on the position and percentage of LNA bases in the sequence. We

identified several locking patterns that not only demonstrated improved stability compared

to (GT)15-SWCNTs towards undesirable fluorescence modulation in the presence of Ca2+,

but also demonstrated improved label-free imaging of dopamine. Furthermore, we showed

that by concomitant monitoring of the (7,5) and (7,6) chirality peaks we could simultaneously

detect Ca2+ and dopamine signal responses. Additional research in this area could look at

incorporating LNA bases into other DNA sequences used to create DNA-SWCNT sensors to

impart increased stability in ionically complex environments without negatively affecting the

DNA-SWCNT’s recognition capabilities.

Extending the use of LNA-SWCNTs, in Chapter 6 we explored how our sensors could be used

for improved sensing in complex biological media and realistic biological preparations even

following extended incubation times. The LNA-SWCNTs developed exhibited superior sensing

performance towards dopamine in both buffered solutions and more complex media, and

showed promise for use in vitro or ex vivo. While further optimization is required to study

neuromodulation at the level of individual synapses, we demonstrated that these sensors

retained their ability to respond to exogenous dopamine in the presence of cells, even following

extended incubation periods at room temperature. Finally, we showed that XNA-SWCNTs
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are not limited to neurochemical sensing applications and presented preliminary findings

on using a modular PNA-DNA-SWCNT platform for the detection of another clinically rel-

evant biomarker, miRNA. Our observations indicated that this technology was capable of

specific miRNA detection at unprecedented speeds using either absorbance or fluorescence

spectroscopy. Furthermore, the customizability of the platform is particularly advantageous

for miRNA detection where diverse combinations of miRNAs fingerprint different diseases

requiring a technology that can create an equally diverse range of sensors.

In conclusion, the results presented in this thesis expanded our knowledge of non-covalent

methods of nanotube functionalization and demonstrated several new experimental method-

ologies for preparing surfactant-, DNA-, and XNA-SWCNT complexes with improved capa-

bilities for neurochemical sensing. The XNA-SWCNT technology introduced is promising

not only for neurochemical sensing, but also as a versatile platform for miRNA detection

as demonstrated by the PNA-DNA-SWCNT sensor presented. These findings unveil several

avenues for future research using XNA-SWCNT complexes and show promise for achieving pre-

viously unattainable sensitivities and capabilities that we anticipate will lead to transformative

technologies in the nanotube sensing community.
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A The Impact of Surface Area on the
Response of SWCNT Optical Sensors

Preparation of analyte solutions

The analyte suspensions were prepared with a final concentration of 100 mM, with the excep-

tion of tyrosine (3 mM) and tryptophan (56 mM) due to solubility limitations. The neurotrans-

mitters and amino acids were suspended in HEPES buffer (1 mM, pH 7.4, Sigma), and sugars

were suspended using PBS (1 ×, pH 7.4, Gibco, Life Technologies). All solutions were prepared

freshly prior to use and stored at 4◦C in between measurements.
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Figure A.1 – Chemical structures of target molecules tested using SC-SWCNTs. Molecules were drawn
using ChemDraw Prime 17.0.
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Table A.1 – List of Chemicals and Suppliers.

Abbreviated name Full name Supplier Purity

Acetylcholine Acetylcholine Chloride Merck 99%
(Ace) (Sigma Aldrich)

Cysteine L-cysteine Merck >99%
(Cys) (Sigma Aldrich)

Dopamine Dopamine hydrochloride Merck <= 100%
(Dop) (Sigma Aldrich)

Fructose D(-)-Fructose TCI Chemicals >99%
(Fruc)

GABA γ-Aminobutyric acid Merck 99%
(Gaba) (Sigma Aldrich)

Galactose D(+)-Galactose ABCR 98%
(Gal)

Glucose b-D-Glucose ABCR 80%
(Gluc) (contains a-D-Glucose)

Glutamate L-Glutamic acid monosodium Merck 98%
(Gluta) salt monohydrate (Sigma Aldrich)

Glycine Glycine Carl Roth min. 99%
(Gly)

Histidine L-Histidine Carl Roth min. 99%
(His)

Maltose D(+)-Maltose monohydrate Merck >99%
(Mal) (Sigma Aldrich)

Mannose D(+)-Mannose ABCR 99%
(Man)

Methionine L-Methionine Carl Roth min. 99%
(Met)

Phenylalanine L-Phenylalanine Carl Roth min. 99%
(Phen)

Serotonin Serotonin hydrochloride Carl Roth 98%
(Sero)

Sucrose D(+)-Sucrose Acros Organics 99+%
(Suc)

Tryptophan L-Tryptophan Carl Roth min. 99%
(Try)

Tyrosine L-Tyrosine Carl Roth min. 99%
(Tyr)

Xylose D(+)-Xylose TCI Chemicals >98%
(Xyl)
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Figure A.2 – A comparison of the normalized absorbance spectra collected for the (6,5) chirality E11

peak of SC-SWCNT solutions diluted to varying concentrations of SC. All spectra were normalized to
the maximum absorbance recorded over the studied range.
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Figure A.3 – A comparison of the concentration-normalized (6,5) fluorescence peak for SC-SWCNT
solutions diluted to varying concentrations of SC. All spectra were normalized by SWCNT concentration
using an extinction coefficient of ε739 nm = 0.0253 L mg−1 cm−1 (excitation: 575 nm).
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Figure A.4 – A comparison of the (6,5) fluorescence intensity change in the presence of 1 mM serotonin
for SC-SWCNT solutions diluted to varying concentrations of SC. Fluorescence intensity changes were
calculated by comparing the maximum intensity of the (6,5) chirality emission peak before and after
the addition of serotonin. The intensity change is defined as (I f - I0)/I0, where I f corresponds to the
maximum of the emission peak after addition and I0 is the maximum of the peak before addition. The
spectra after addition were recorded following 15 min of incubation (excitation: 575 nm).
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Figure A.5 – Concentration calibration curves for the intensity change of the (6,5) chirality peak for 0.5
mM and 1.5 mM SC-SWCNT solutions following the addition of serotonin. All spectra after addition
were recorded following 15 min of incubation (excitation: 575 nm).
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Figure A.6 – Concentration calibration curves for the wavelength shift of the (6,5) chirality peak for 0.5
mM and 1.5 mM SC-SWCNT solutions following the addition of serotonin. All spectra after addition
were recorded following 15 min of incubation (excitation: 575 nm).
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Figure A.7 – Concentration calibration curves for the intensity change of the (6,5) chirality peak for 0.5
mM and 1.5 mM SC-SWCNT solutions following the addition of dopamine. All spectra after addition
were recorded following 15 min of incubation (excitation: 575 nm).
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Figure A.8 – Concentration calibration curves for the wavelength shift of the (6,5) chirality peak for 0.5
mM and 1.5 mM SC-SWCNT solutions following the addition of dopamine. All spectra after addition
were recorded following 15 min of incubation (excitation: 575 nm).
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Figure A.9 – Fluorescence response of (A) 1.5 mM SC-SWCNT, (B) 5 mM SC-SWCNT, and (C) 10 mM SC-
SWCNT following the addition of dopamine (orange) and serotonin (blue). Representative normalized
fluorescence emission spectra show the wavelength response of the SWCNTs to the addition of 100
mM target solution (final concentration 1 mM) (excitation: 575 nm). All shaded regions represent 1σ
standard deviation (n = 3 technical replicates). All peaks were normalized to the maximum fluorescence
emission intensity prior to addition of any target molecule, corresponding to the (6,5) chirality emission.
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Figure A.10 – Reversibility of the fluorescence peak response of 1.5 mM SC-SWCNT on addition of
serotonin (final concentration: 1 mM, excitation: 575 nm). The red dashed line represents the starting
wavelength position of the sensor. Error bars represent 1σ standard deviation (n = 3 three technical
replicates).
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Figure A.11 – Reversibility of the fluorescence response of 1.5 mM SC-SWCNT on addition of serotonin
(final concentration 1 mM) (excitation: 575 nm). Blue lines represent the spectra of the initial sensor
before (dark) and after serotonin addition (light). Red lines represent the spectra of the sensor after
washing before (dark) and following serotonin addition (light). The shaded regions represent 1σ
standard deviation (n = 3 technical replicates).
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Appendix A. The Impact of Surface Area on the Response of SWCNT Optical Sensors
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B Modifying DNA-SWCNT Sensors for
Improved Dopamine Detection

DNA-dimer formation of thiol-modified DNA

Over time, thiol-modified DNA oxidizes, resulting in the formation of disulfide bonds between
two thiol groups on the sequences. Polyacrylamide gel electrophoresis (PAGE) analysis of
DNA-sequences removed from DNA-SWCNTs post-suspension showed that thiol-modified
DNA formed DNA dimers during the suspension process (Figure B.1), resulting in an effective
sequence length of 60 bases (compared to the 30 bases for the amino-, azide-, and unmodified
sequences). Although reduction steps can be used to break the disulfide bonds and separate
oligo dimers, reducing agents (such as dithiothreitol (DTT)) can significantly affect the fluo-
rescence properties of DNA-SWCNTs. As a result, in order to ensure accurate comparisons
between the functionalizations, thiol-modified DNA sequences were excluded from this study.

Figure B.1 – Denaturing 15% polyacrylamide gels of DNA extracted from (A) sonicated and (B) MeOH
assisted surfactant exchanged DNA-SWCNT samples. The DNA samples were extracted by phenol-
chloroform isoamyl (PCI) extraction and subsequently precipitated through glycogen-assisted ethanol
precipitation. DNA samples were run at three concentrations for each sequence: 1 ×, 0.5 ×, and 0.2 ×
in the first, second, and third lanes, respectively. Both gels were stained using a SYBR Gold dye staining.
A band around 30 nucleotides is observed as expected for every sequence. An additional band at ∼ 60
nucleotides is also present for the thiol-modified DNA sequence, indicating the presence of dimers.
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Table B.1 – Additional DNA sequences, functional groups, and modification positions tested for im-
proved fluorescence intensity of nanotube suspensions prepared using the MeOH assisted surfactant
exchange protocol.

Functional group [Linker] [Modification Positions]

(AT)15
Amino (-NH2) [C6] [Unmodified] [5’] [3’] [5’ + 3’]

Azide (-N3) [NHS Ester] [5’] [3’]

(N)30
Amino (-NH2) [C6] [Unmodified] [5’] [5’ + 3’]

Azide (-N3) [NHS Ester] [5’]

Figure B.2 – Chemical structure of amino-dT base used for internal modification of DNA sequences
with an amino functional group drawn using ChemDraw Prime 17.0.

Figure B.3 – Maps of electron distribution for guanine (G) modelled as electrostatic potential on
electronic density for (i) unmodified, (ii) amino-, (iii) thiol-, and (iv) azide-modified bases. All maps
were generated using SCiGRESS. Areas with high relative electron density are indicated as red and low
electron density regions are blue.

Figure B.4 – Comparison of the concentration normalized absorbance spectra for the (6,5) chirality
E11 peak of unmodified and modified (GT)15-SWCNTs prepared via (left) direct sonication and (right)
MeOH assisted surfactant exchange. All spectra were normalized to concentration using an extinction
coefficient of 0.0253 mg/L at Abs739nm.
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Figure B.5 – Absorbance spectra for Azide5’- and Azide3’-(GT)15-SWCNTs prepared using MeOH
assisted surfactant exchange. Replicate preparation of unmodified, Azide5’-, and Azide3’-(GT)15-
SWCNTs confirm the much lower dispersion capabilities of Azide5’-(GT)15 when the MeOH assisted
surfactant exchange protocol is used. All spectra were normalized to concentration using an extinction
coefficient of 0.0253 mg/L at Abs739nm.

Azide-modified (GT)15

We observed a significant difference between (GT)15 Azide5’-SWCNTs and (GT)15 Azide3’-
SWCNTs for suspensions prepared using MeOH-assisted surfactant exchange. While (GT)15

Azide3’ continued to produce well dispersed, high-yield solutions of SWCNTs with peak-to-
background ratios similar to unmodified (GT)15, (GT)15 Azide5’ was not able to effectively
suspend the nanotubes. The yield of (GT)15 Azide5’-SWCNTs was more than sixty times lower
in concentration compared to the (GT)15 Azide3’-SWCNTs and had the highest FWHM and
lowest relative absorbance of all solutions. Subsequent preparations of (GT)15 Azide5’-(GT)15-
SWCNTs using the surfactant exchange protocol resulted in equally low-yields (Appendix
Figure B.5). Similarly, decreases in the yield and absorbance of the (6,5) peak were observed
for nanotube suspensions prepared via surfactant exchange with (AT)15 Azide5’ but not (AT)15

Azide3’ (Appendix Figure B.6). The difference in suspension quality of Azide5’ and Azide3’
modifications highlights the impact of the linker molecules as well as the functional group on
the dispersion capabilities of a sequence.
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.6 – Differences in the suspension quality and chirality distribution of modified and unmodified
(AT)15- and (N)30-SWCNTs prepared using MeOH assisted surfactant exchange. (A) Modified and
unmodified (AT)15-SWCNT samples. (i) Absorbance spectra and (ii) relative peak position of the E11

transition for the (6,5) chirality for all (AT)15 sequences. All spectra are normalized to concentration
using extinction coefficient of 0.0253 mg/L at Abs739nm. (B) Modified and unmodified (N)30-SWCNT
samples. (i) Absorbance spectra and (ii) relative peak position of the E11 transition for the (6,5) chirality
for all (N)30 sequences examined in this study. (C) Characterisation of the quality of suspension for
all SWCNT solutions prepared using MeOH assisted surfactant exchange. (i) FWHM and (ii) peak-to-
background ratio for the (6,5) absorbance peaks of each suspension.
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Figure B.7 – Fluorescence emission spectra for Am5’3’Int-(GT)15-SWCNTs (left) and Azide5’-(GT)15-
SWCNTs (right) samples prepared by (A) direct sonication and (B) MeOH assisted surfactant exchange.
All fluorescence spectra were normalized to nanotube concentration measured in the 384-well plate
immediately prior to measurement to account for any minor variations. For all spectra, the central line
represents the average spectrum with the shaded regions representing 1σ standard deviation (n = 3
technical replicates) (excitation: 575 nm (top) and 660 nm (bottom)).
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.8 – (A) Integrated fluorescence intensity under 575 nm excitation of modified and unmodified
(GT)15-SWCNTs prepared by direct sonication and MeOH assisted surfactant exchange. The integrated
intensity was calculated from the additive emissions for wavelengths 900 – 1400 nm. Error bars
represent 1σ standard deviation (n = 3 technical replicates). (B) Fluorescence peak positions for the
(6,5) chirality (excitation: 575 nm) for all modified and unmodified (GT)15-SWCNTs. (C) Shift in the
peak positions for the (6,5) peak compared to the respective (GT)15-SWCNT suspension (λ(GT)15 ). Error
bars represent 1σ standard deviation (n = 3 technical replicates). Red dashed lines represent the limit
of resolution for the spectrometer.
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Figure B.9 – Comparison of the absolute peak intensity of the (7,5) chirality (excitation: 660 nm) for
SWCNTs suspended with both modified- and unmodified-(GT)15 by direct sonication and MeOH
assisted surfactant exchange. Error bars represent 1σ standard deviation (n = 3 technical replicates).
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.10 – Photoluminescence excitation (PLE) maps of the modified and unmodified (GT)15-
SWCNT solutions prepared via direct sonication. The (6,5) and (7,5) chirality peaks are indicated in
white. All fluorescence intensities were normalized to the maximum intensity in each plot.
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Figure B.11 – Photoluminescence excitation (PLE) maps of the modified and unmodified (GT)15-
SWCNT solutions prepared using MeOH assisted surfactant exchange. The (6,5) and (7,5) chirality
peaks are indicated in white. All fluorescence intensities were normalized to the maximum intensity in
each plot.
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.12 – Raman characterisation of modified and unmodified DNA-SWCNTs prepared by direct
sonication and MeOH assisted surfactant exchange. Nanotube surface defects provide the necessary
symmetry breaking to give rise to the D-band in Raman spectra [326, 327]. As a result, comparisons of
the D/G’ or D/G intensity ratios provide relative measures of defect density. The similarity of all Raman
modes, specifically the D, G, and G’ bands, for unmodified (GT)15 samples prepared by both methods
implies a common degree of disorder, suggesting that changes in the fluorescence intensity were not
a result of increasing defect density on the sonicated samples. (A) Raman spectra for modified and
unmodified (GT)15-SWCNTs prepared by (left) direct sonication and (right) MeOH assisted surfactant
exchange. Spectra were normalized to the G-band intensity and off-set for comparison. (B) Comparison
of the (left) D/G’ and (right) D/G peak ratio for the (GT)15-SWCNT suspensions. (C) Comparison of the
(left) D/G’ and (right) D/G peak ratio for all DNA-SWCNT suspensions prepared using MeOH assisted
surfactant exchange.

140



Figure B.13 – SYBR gold assay performed in order to calculate the amount of DNA adsorbed onto the
surface of the nanotube for modified and unmodified (A) (GT)15-SWCNTs prepared by direct sonication
or MeOH assisted surfactant exchange and (B) DNA-SWCNTs prepared via MeOH assisted surfactant
exchange. DNA was removed from the surface of the nanotube by phenol-chloroform isoamyl (PCI)
extraction and subsequently precipitated by glycogen-assisted ethanol precipitation. Prior to DNA
extraction, all DNA-SWCNT samples were rinsed using Amicon ultrafiltration devices to remove any
unbound DNA that may be present in the solution. Higher integrated SYBR Gold emission values
indicate higher concentrations of DNA. Error bars represent 1σ standard deviation (n = 3 technical
replicates).
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.14 – Fluorescence spectra of (A) (AT)15- and (B) (N)30-SWCNTs prepared using MeOH assisted
surfactant exchange using both unmodified DNA (red line) and modified DNA sequences. For all
spectra, the central line represents the average spectrum with the shaded regions representing 1σ
standard deviation (n = 3 technical replicates) (excitation: 575 nm (left) and 660 nm (right). (C)
Comparison of the absolute peak intensity of the (6,5) (excitation: 575 nm, (left)) and (7,5) chiralities
(excitation: 660 nm, (right)) for modified and unmodified DNA-SWCNTs prepared using MeOH assisted
surfactant exchange. Error bars represent 1σ standard deviation (n = 3 technical replicates). (D) Peak
position of the (6,5) (excitation: 575 nm, (left)) and (7,5) chiralities (excitation: 660 nm, (right)) for
modified and unmodified DNA-SWCNTs prepared using MeOH assisted surfactant exchange. Error
bars represent 1σ standard deviation (n = 3 technical replicates).
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Figure B.15 – Photoluminescence excitation (PLE) maps of modified and unmodified (AT)15- and
(N)30-SWCNTs prepared using MeOH assisted surfactant exchange. The (6,5) and (7,5) chirality peaks
are indicated in white. All fluorescence intensities were normalized to the maximum intensity in each
plot.
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.16 – Fluorescence spectra of modified- and unmodified-(GT)15-SWCNTs prepared via direct
sonication before (solid light line) and after (dashed dark line) addition of SDOC (final concentra-
tion: 0.1%, excitation: 575 nm, incubation time: 10 min). For all spectra, the central line represents
the average spectrum with the shaded regions representing 1σ standard deviation (n = 3 technical
replicates).
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Figure B.17 – Fluorescence spectra of modified- and unmodified-(GT)15-SWCNTs prepared using
MeOH assisted surfactant exchange before (solid light line) and after (dashed dark line) addition
of SDOC (final concentration: 0.1%, excitation: 575 nm, incubation time: 10 min). For all spectra,
the central line represents the average spectrum with the shaded regions representing 1σ standard
deviation (n = 3 technical replicates).
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.18 – Absorbance spectra of modified and unmodified (A) (GT)15-, (B) (AT)15-, and (C) (N)30-
SWCNTs prepared using MeOH assisted surfactant exchange following the addition of SDOC (final
concentration: 0.1%). Spectra on the right are a zoom-in of the absorbance for the (6,5) chirality peak
highlighting that even post SDOC replacement the absorbance did not overlap indicating that there
were differences in the relative abundance of this chirality in the different suspensions. All spectra were
normalized to the Abs739nm value to account for any differences in nanotube concentration.
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Figure B.19 – Fluorescence spectra of modified- and unmodified-(AT)15-SWCNTs (left) and (N)30-
SWCNTs (right) prepared using MeOH assisted surfactant exchange before (solid light line) and after
(dashed dark line) addition of SDOC (final concentration: 0.1%, excitation: 575 nm, incubation period:
10 min). For all spectra, the central line represents the average spectrum with the shaded regions
representing 1σ standard deviation (n = 3 technical replicates).
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.20 – Fluorescence spectra of modified and unmodified (GT)15-SWCNTs prepared via direct
sonication before (solid light line) and after (dashed dark line) addition of dopamine (final concentra-
tion: 100 µM, excitation: 575 nm, incubation period: 10 min). For all spectra, the central line represents
the average spectrum with the shaded regions representing 1σ standard deviation (n = 3 technical
replicates).
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Figure B.21 – Fluorescence spectra of modified and unmodified (GT)15-SWCNTs prepared using MeOH
assisted surfactant exchange before (solid light line) and after (dashed dark line) addition of dopamine
(final concentration: 100µM, excitation: 575 nm, incubation period: 10 min). For all spectra, the central
line represents the average spectrum with the shaded regions representing 1σ standard deviation (n =
3 technical replicates).
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Table B.2 – Fluorescence intensity increase for modified and unmodified (GT)15-SWCNTs following
the addition of dopamine. Maximal fluorescence changes (I f -I0/I0), % change, are presented alongside
the absolute magnitude of the fluorescence increase (I f -I0) for comparison.

Direct Sonication

DNA Sequence % Change Absolute Increase
(GT)15-SWCNT 69.1 ± 11.7 2.02 E+06 ± 0.48 E+06

Amino3’-(GT)15-SWCNT 44.4 ± 7.2 2.30 E+06 ± 0.52 E+06

Amino5’-(GT)15-SWCNT 49.4 ± 9.9 2.73 E+06 ± 0.76 E+06

Amino5’3’-(GT)15-SWCNT 40.8 ± 7.1 1.71 E+06 ± 0.41 E+06

Amino5’Int-(GT)15-SWCNT 39.7 ± 10.9 1.90 E+06 ± 0.70 E+06

Azide3’-(GT)15-SWCNT 51.6 ± 1.7 2.85 E+06 ± 0.12 E+06

MeOH-assisted Surfactant Exchange

DNA Sequence % Change Magnitude of Increase
(GT)15-SWCNT 30.1 ± 11.4 1.75 E+06 ± 0.86 E+06

Amino3’-(GT)15-SWCNT 18.3 ± 7.4 9.18 E+05 ± 4.27 E+05

Amino5’-(GT)15-SWCNT 14.5 ± 10.3 7.14 E+05 ± 5.82 E+05

Amino5’3’-(GT)15-SWCNT 14.9 ± 8.5 7.57 E+05 ± 4.80 E+05

Amino5’Int-(GT)15-SWCNT 8.4 ± 3.1 4.02 E+05 ± 1.57 E+05

Azide3’-(GT)15-SWCNT 21.7 ± 9.5 1.37 E+06 ± 0.67 E+06
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Figure B.22 – Fluorescence spectra of modified and unmodified (AT)15-SWCNTs prepared using MeOH
assisted surfactant exchange before (solid light line) and after (dashed dark line) addition of dopamine
(final concentration: 100µM, excitation: 575 nm, incubation period: 10 min). For all spectra, the central
line represents the average spectrum with the shaded regions representing 1σ standard deviation (n =
3 technical replicates).
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.23 – Fluorescence spectra of modified and unmodified (N)30-SWCNTs prepared using MeOH
assisted surfactant exchange before (solid light line) and after (dashed dark line) addition of dopamine
(final concentration: 100µM, excitation: 575 nm, incubation period: 10 min). For all spectra, the central
line represents the average spectrum with the shaded regions representing 1σ standard deviation (n =
3 technical replicates).
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Figure B.24 – Intensity response following the addition of DTT. Comparison of the response for modi-
fied and unmodified (A) (GT)15-SWCNTs prepared by direct sonication and MeOH assisted surfactant
exchange and (B) DNA-SWCNTs prepared using MeOH assisted surfactant exchange towards DTT.
Intensity changes were calculated as I f -I0/I0 for the (6,5) chirality peak (final concentration: 10 mM,
excitation: 575 nm, incubation period: 10 min). Error bars represent 1σ standard deviation (n = 3
technical replicates).
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.25 – Fluorescence spectra of modified and unmodified (GT)15-SWCNTs prepared by direct
sonication before (solid light line) and after (dashed dark line) addition of DTT (final concentration:
10 mM, excitation: 575 nm, incubation period: 10 min). For all spectra, the central line represents
the average spectrum with the shaded regions representing 1σ standard deviation (n = 3 technical
replicates).
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Figure B.26 – Fluorescence spectra of modified and unmodified (GT)15-SWCNTs prepared using MeOH
assisted surfactant exchange before (solid light line) and after (dashed dark line) addition of DTT (final
concentration: 10 mM, excitation: 575 nm, incubation period: 10 min). For all spectra, the central line
represents the average spectrum with the shaded regions representing 1σ standard deviation (n = 3
technical replicates).
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.27 – Fluorescence spectra of modified and unmodified (AT)15-SWCNTs prepared using MeOH
assisted surfactant exchange before (solid light line) and after (dashed dark line) addition of DTT (final
concentration: 10 mM, excitation: 575 nm, incubation period: 10 min). For all spectra, the central line
represents the average spectrum with the shaded regions representing 1σ standard deviation (n = 3
technical replicates).
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Figure B.28 – Fluorescence spectra of modified and unmodified (N)30-SWCNTs prepared using MeOH
assisted surfactant exchange before (solid light line) and after (dashed dark line) addition of DTT (final
concentration: 10 mM, excitation: 575 nm, incubation period: 10 min). For all spectra, the central line
represents the average spectrum with the shaded regions representing 1σ standard deviation (n = 3
technical replicates).
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Appendix B. Modifying DNA-SWCNT Sensors for Improved Dopamine Detection

Figure B.29 – Intensity response following the addition of NaOH 0.02 M to increase the pH of the
solution to pH 7. Comparison of the response for modified and unmodified (A) (GT)15-SWCNTs
prepared by direct sonication and MeOH assisted surfactant exchange and (B) DNA-SWCNTs prepared
using MeOH assisted surfactant exchange. Intensity changes were calculated as I f -I0/I0 for the (6,5)
chirality peak (final pH: 7, excitation: 575 nm, incubation period: 10 min). Error bars represent 1σ
standard deviation (n = 3 technical replicates).
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Figure B.30 – Fluorescence spectra of modified and unmodified (GT)15-SWCNTs prepared by direct
sonication before (solid light line) and after (dashed dark line) addition of NaOH 0.02 M (final pH: 7,
excitation: 575 nm, incubation period: 10 min). For all spectra, the central line represents the average
spectrum with the shaded regions representing 1σ standard deviation (n = 3 technical replicates).
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Figure B.31 – Fluorescence spectra of modified and unmodified (GT)15-SWCNTs prepared using MeOH
assisted surfactant exchange before (solid light line) and after (dashed dark line) addition of NaOH
0.02 M (final pH: 7, excitation: 575 nm, incubation period: 10 min). For all spectra, the central line
represents the average spectrum with the shaded regions representing 1σ standard deviation (n = 3
technical replicates).
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Figure B.32 – Fluorescence spectra of modified and unmodified (GT)15-SWCNTs prepared using MeOH
assisted surfactant exchange before (solid light line) and after (dashed dark line) addition of NaOH
0.1 M (final pH: 9, excitation: 575 nm, incubation period: 10 min). For all spectra, the central line
represents the average spectrum with the shaded regions representing 1σ standard deviation (n = 3
technical replicates).
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Figure B.33 – Fluorescence spectra of modified and unmodified (AT)15-SWCNTs prepared using MeOH
assisted surfactant exchange before (solid light line) and after (dashed dark line) addition of (left)
NaOH 0.02 M (final pH: 7) and (right) NaOH 0.1 M (final pH: 9) (excitation: 575 nm, incubation period:
10 min). For all spectra, the central line represents the average spectrum with the shaded regions
representing 1σ standard deviation (n = 3 technical replicates).
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Figure B.34 – Fluorescence spectra of modified and unmodified (N)30-SWCNTs prepared using MeOH
assisted surfactant exchange before (solid light line) and after (dashed dark line) addition of (left)
NaOH 0.02 M (final pH: 7) and (right) NaOH 0.1 M (final pH: 9) (excitation: 575 nm, incubation period:
10 min). For all spectra, the central line represents the average spectrum with the shaded regions
representing 1σ standard deviation (n = 3 technical replicates).
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Figure B.35 – Intensity response following the addition of NaOH 0.1 M to increase the pH of the solution
to pH 9. Comparison of the response for modified and unmodified DNA-SWCNTs prepared using
MeOH assisted surfactant exchange. Intensity changes were calculated as I f -I0/I0 for the (6,5) chirality
peak (final pH: 9, excitation: 575 nm, incubation period: 10 min). Error bars represent 1σ standard
deviation (n = 3 technical replicates).

Figure B.36 – Difference between absorbance in the presence of free DNA and in the absence of
free (unbound) DNA. Removing free DNA increased the relative absorbance for each sequence and
decreased the FWHM of the peaks indicating improved suspension quality.
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Figure B.37 – Effect of starting DNA concentration on the dispersion quality for MeOH-assisted sur-
factant exchanged SWCNT suspensions. The surfactant exchange protocol was carried out on the
same batch of SC-SWCNTs using four different concentrations of both (GT)15 and (AT)15 to give final
DNA concentrations of 100 µM, 25 µM, 15 µM, and 10 µM. Although a significant decrease in the
dispersion yield and quality was observed for both suspensions prepared using 10 µM final DNA
concentration, no significant increases were observed as the concentration was increased above 15
µM final concentration. For this reason 15 µM was selected as the final concentration of DNA used in
the MeOH surfactant exchange protocol for this study as it enabled good dispersion of the SWCNTs
while reducing any waste of DNA by minimising the excess that remains unbound in the solution.
Concentrations below 10 µM were also tested (7.5 µM and 5 µM) however no stable DNA-SWCNT
solutions were obtained.
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Table B.3 – Estimated relative increase in penetration depths for modified (GT)15-SWCNTs compared
to unmodified (GT)15-SWCNTs. All samples were prepared via direct sonication. Calculations were
based on the findings of Lee et al. [249] using the equations presented by Lambert et al. [78] and an
extinction coefficient, γem, of 10 cm−1. The increase in penetration depths are shown for the (6,5)
(excitation: 575 nm), (7,5) (excitation: 660 nm) and the integrated fluorescence intensity under the 575
nm excitation.

(6,5)

DNA Sequence α ∆ penetration depth
Am3’-(GT)15-SWCNT 1.55 191.5 µm

Am5’-(GT)15-SWCNT 1.80 254.4 µm

Am5’3’-(GT)15-SWCNT 1.29 109.6 µm

Am5’Int-(GT)15-SWCNT 1.59 200.6 µm

Am5’3’Int-(GT)15-SWCNT 3.07 487.4 µm

Azide3’-(GT)15-SWCNT 1.68 225.1 µm

Azide5’-(GT)15-SWCNT 1.87 270.7 µm

(7,5)

DNA Sequence α ∆ penetration depth
Am3’-(GT)15-SWCNT 2.37 373.9 µm

Am5’-(GT)15-SWCNT 2.32 365.7 µm

Am5’3’-(GT)15-SWCNT 1.91 280.2 µm

Am5’Int-(GT)15-SWCNT 1.89 276.6 µm

Am5’3’Int-(GT)15-SWCNT 3.53 547.8 µm

Azide3’-(GT)15-SWCNT 1.77 248.8 µm

Azide5’-(GT)15-SWCNT 2.28 357.1 µm

Integrated Intensity (ex. 575nm)

DNA Sequence α ∆ penetration depth
Am3’-(GT)15-SWCNT 1.71 232.2 µm

Am5’-(GT)15-SWCNT 1.87 272.2 µm

Am5’3’-(GT)15-SWCNT 1.44 158.6 µm

Am5’Int-(GT)15-SWCNT 1.62 209.5 µm

Am5’3’Int-(GT)15-SWCNT 2.72 434.1 µm

Azide3’-(GT)15-SWCNT 1.64 213.8 µm

Azide5’-(GT)15-SWCNT 1.88 274.8 µm
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C Xeno Nucleic Acid Nanosensors
for Enhanced Stability Against Ion-
Induced Perturbations

Table C.1 – List of oligonucleotide sequences used in this study. T* indicates a ribose moiety of the
tyrosine nucleotide that has been ‘locked’ through the addition of a methyl bridge connecting the 2’
oxygen and 4’ carbon

Name Sequence (5’ to 3’)

DNA155 ACC CCT ATC ACG ATT AGC ATT AA ACC CCT ATC ACG ATT AGC ATT AA

DNA(GT )15 GTG TGT GTG TGT GTG TGT GTG TGT GTG TGT

DNA(GT )23 GTG TGT GTG TGT GTG TGT GTG TGT GTG TGT GTG TGT GTG TGT GTG T

LNA155 ACC CCT* AT*C ACG AT*T* AGC AT*T* AA ACC CCT* AT*C ACG AT*T* AGC AT*T* AA
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Perturbations

Figure C.1 – Effect of MgCl2 (A-C) and CaCl2 (D-E) on DNA-SWCNT fluorescence. normalized fluores-
cence response of (A) DNA155, (B,D) (GT)15, and (C,E) (GT)23 -suspended SWCNT. (Inset: response
of the (7,5) chirality peak). Fluorescence intensity is normalized to the maximum intensity value,
corresponding to the maximum of the (7,6) peak.
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Figure C.2 – A comparison of the (7,6) peak response following the addition of (A) CaCl2 and (B) MgCl2

for DNA155-SWCNT, (GT)15-SWCNT, and (GT)23-SWCNT. All error bars represent 1σ standard deviation
(n = 3 technical replicates).
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Perturbations

Figure C.3 – Fluorescence response of DNA155-SWCNTs on addition of various metal cations. Change
in the wavelength position of the (7,6) chirality emission peaks with respect to increasing cationic
concentration. Dashed line represents the average wavelength shift for the maximum emission on
addition of M2+ ions, with the shaded regions representing 1σ standard deviation (n = 3 technical
replicates).
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Figure C.4 – Fluorescence response of DNA155-SWCNTs on addition of NaCl and KCl. Change in the
wavelength position of the (A) (7,5) and (B) (7,6) chirality emission peaks with respect to increasing
cationic concentration. Dashed line represents the average wavelength shift for the maximum emission
on addition of both M+ ions, with the shaded regions representing 1σ standard deviation (n = 3
technical replicates).
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Perturbations

Figure C.5 – Fluorescence response of DNA155-SWCNTs on addition of various divalent metal cation
containing solutions. Change in the wavelength position of the (7,5) chirality emission peaks with re-
spect to increasing cationic concentration. Error bars represent 1σ standard deviation over a minimum
of three measurements. DI water data shown represents control measurements performed under the
same conditions as a reference for each ion concentration addition.
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Figure C.6 – Fluorescence response of DNA155-SWCNTs on addition of various divalent metal cation
containing solutions. Change in the wavelength position of the (7,6) chirality emission peaks with re-
spect to increasing cationic concentration. Error bars represent 1σ standard deviation over a minimum
of three measurements. DI water data shown represents control measurements performed under the
same conditions as a reference for each ion concentration addition.
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Perturbations

Figure C.7 – Circular dichroism measurements for (A) DNA155, (B) (GT)15 and (C) (GT)23 before (black)
and after (red) the addition of either 0.5 M CaCl2 or 0.5 M MgCl2
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Figure C.8 – Kinetic responses of the intensity and wavelength position of the (7,6) peak of DNA155-
SWCNTs on addition of (A) MgCl2, (B) CaCl2, (C) MnCl2, and (D) FeCl2. The red lines indicate the
change in wavelength position of the (7,6) peak with respect to time and the navy line indicates the
change in the fluorescence intensity of the sensor. The fluorescence intensity is normalized against the
initial intensity I0 at time = 0.
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Figure C.9 – Reversibility of the fluorescence response of the (7,6) chirality peak for DNA-SWCNTs.
Fluorescence response of (A) DNA155- and (B) (GT)15-wrapped SWCNTs on addition of M2+ ions.
Reversibility of the sensor demonstrated on addition of EDTA. The red lines indicate the change in
wavelength position of the (7,6) peak with respect to time and the navy line indicates the change in
the fluorescence intensity of the sensor. The fluorescence intensity is normalized against the initial
intensity I0 at time = 0.
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Figure C.10 – Fluorescence response of PVA (10%)-suspended SWCNTs following the addition of M2+
ions. No effective change in the wavelength position of the (A) (7,5) nor (B) (7,6) chirality peaks on
addition of 0.5 M MgCl2. Due to the fact that it was not possible to concentrate PVA-suspended SWCNTs
using silica beads, as was done with DNA-SWCNTs, lower signal-to-noise ratios were obtained from the
peaks, leading to increased number of apparent fluctuations in wavelength position with time.
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Perturbations

Figure C.11 – Fluorescence response of the LNA-SWCNTs on addition of (A) CaCl2 and (B) MgCl2, with
a focus on the (7,5) chirality peak (inset).
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Figure C.12 – A comparison of the fluorescence wavelength response following the addition of (A)
CaCl2 to the (7,6) chirality and (B-C) MgCl2 to (7,5) and (7,6) chirality peaks for DNA155-SWCNTs and
LNA155-SWCNTs. All error bars represent 1σ standard deviation (n = 3 technical replicates).
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Perturbations

Table C.2 – Slopes of the transition curves for the wavelength shifts observed for (GT)15-SWCNTs
following the addition of MgCl2 as a function of gel percentage.

Chirality Gel Slope Chirality Gel Slope

Peak Type (nm/s) Peak Type (nm/s)

(7,6) Agarose 0.5% 1.8 (7,5) Agarose 0.5% 2.7

Agarose 1.0% 2.1 Agarose 1.0% 3.1

Agarose 2.0% 2.3 Agarose 2.0% 3.4

Agarose 3.0% 4.1 Agarose 3.0% 5.3

Figure C.13 – Effect of gel percentage on the response kinetics of DNA-SWCNTs encapsulated in agarose
gel following the addition of MgCl2. A comparison of the response curves show the wavelength shift of
the peak position of the (A) (7,5) and (B) (7,6) chirality peaks for (GT)15-SWCNTs following the addition
of MgCl2.
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D XNA-Nanosensors for Improved Neu-

rochemical Sensing

The sequences used in this study are detailed in the table below where an asterisk indicates a

locked base.

Table D.1 – List of DNA and LNA sequences.

Name Sequence

(GT)15 GTG TGT GTG TGT GTG TGT GTG TGT GTG TGT

LNAevery6T GT?G TGT GT?G TGT GT?G TGT GT?G TGT GT?G TGT

LNAevery6G G?TG TGT G?TG TGT G?TG TGT G?TG TGT G?TG TGT

LNAevery5 GTG TG?T GTG T?GT GTG? TGT GT?G TGT G?TG TGT?

LNA20mid GTG TGT GTG TGT G?T?G? T?G?T? GTG TGT GTG TGT

LNA20end G?T?G? TGT GTG TGT GTG TGT GTG TGT GTG T?G?T?

LNAevery3 GTG? TGT? GTG? TGT? GTG? TGT? GTG? TGT? GTG? TGT?

LNA33mid GTG TGT GTG TG?T? G?T?G? T?G?T? G?T?G TGT GTG TGT
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Figure D.1 – Max concentration solutions of DNA- and LNA-SWCNT suspension post sonication,
dialysis, and centrifugation.

Figure D.2 – Absorbance spectra for all DNA- and LNA-SWCNT samples examined in this study. All
spectra are normalized to concentration as determined using an extinction coefficient of 0.036 mg/L at
Abs632nm.
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Figure D.3 – Absorbance spectra of all sequences used in this study (A) before, (B) immediately follow-
ing the addition of SDOC (0.1% final concentration), and (C) following 15 min incubation post-addition.
All spectra are normalized to concentration as determined using an extinction coefficient of 0.036 mg/L
at Abs632nm and subsequently normalized to the (GT)15 spectrum for comparison.
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Appendix D. XNA-Nanosensors for Improved Neurochemical Sensing

Figure D.4 – Absorbance spectra for all DNA- and LNA-SWCNT samples following addition of SDOC
(0.1% final concentration) at various timepoints: immediately after addition, following 15 min of
incubation, and following 16 h of incubation. All spectra are normalized to concentration as determined
using an extinction coefficient of 0.036 mg/L at Abs632nm.

184



Figure D.5 – Wavelength position of the absorbance peaks at (A) ∼ 990 nm, (B) ∼ 1040 nm, and (C) ∼
1135 nm before SDOC addition and at three time points following SDOC addition (0.1% final SDOC
concentration). 185
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Figure D.6 – Wavelength shift of the fluorescence emission wavelength position of the (A) (7,5) and (B)
(7,6) chirality peaks of all sequences parameters as a function of time following SDOC addition (0.1%
final SDOC concentration).

186



Figure D.7 – Additional AFM images collected for (GT)15-, LNAevery3-, LNAevery5-, LNAevery6G-,
LNAevery6T-, LNA33mid-, and LNA20mid-SWCNTs.
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Appendix D. XNA-Nanosensors for Improved Neurochemical Sensing

Figure D.8 – AFM height images (top) and extracted profiles (bottom) for LNA33mid-SWCNTs. White
lines indicate where height profiles were extracted from. The peak height extracted from cross-sectional
and longitudinal profiles show good agreement. Areas of dense continuous coverage are indicated by
the continuously higher peak values extracted in the profiles along the nanotube.

Figure D.9 – AFM height images (top) and extracted profiles (bottom) for LNA20mid-SWCNTs. White
lines indicate where height profiles were extracted from. The peak height extracted from cross-sectional
and longitudinal profiles show good agreement. Areas of dense continuous coverage are indicated by
the continuously higher peak values extracted in the profiles along the nanotube.
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Figure D.10 – Due to the presence of an additional layer of material on the substrate of the LNAevery6G-
SWCNTs, the heights estimated by the cross-section analysis shown in Figure 5.3 were slightly underes-
timated. Additional measurements, taken from clear parts of the substrate show the true height of the
nanotubes, which is used for comparison to the other wrappings. Average height profiles were extracted
from three positions selected along the nanotube that overlapped with bare substrate (indicated by the
white lines in AFM height images). Solid lines in the height profile represent the average height and
shaded region represents 1σ standard deviation (n = 3 profiles)

Figure D.11 – Circular dichroism measurements of DNA(GT)15 and LNA(GT)15 sequences on addition
of CaCl2.
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Table D.2 – Fit parameters for the solvatochromism shift model. The slope, Adjusted R-squared,
effective dielectric constant (εeff), and the relative surface coverage (α).

Sequence Slope Adj. R2 εeff α

(GT)15 0.05886 ± 0.00622 0.93647 9.44792178 0.935221

LNAevery6T 0.05888 ± 0.00625 0.93601 9.459323006 0.935085

LNAevery6G 0.0589 ± 0.00636 0.93392 9.470750395 0.934949

LNAevery5 0.05969 ± 0.00627 0.93728 9.944103765 0.929321

LNAevery3 0.06574 ± 0.01069 0.88053 15.91040576 0.858378

LNA33mid 0.05797 ± 0.00427 0.97347 8.965713056 0.940955

LNA20mid 0.05815 ± 0.00547 0.94922 9.059429799 0.93984

LNA20end 0.05886 ± 0.00622 0.93647 9.44792178 0.935221

Figure D.12 – The solvatochromic shift as a function of the SWCNT diameter to the power of negative 4
(d−4), dots) and corresponding linear fit (solid line).
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Appendix D. XNA-Nanosensors for Improved Neurochemical Sensing

Figure D.13 – Spectral response of DNA and LNA sensors following the addition of 0.5 M CaCl2 (final
concentration: 5 mM, excitation: 660 nm). Graphs include the spectra before addition (red) and
following either 10 min (blue) or 30 min (yellow) of incubation post addition. As no significant
difference was observed between 10 min and 30 min incubation, 30 min incubations were used for
all comparisons of wavelength shifting and intensity changes. The solid line represents the average
wavelength shift with the shaded regions representing 1σ standard deviation (n = 3 technical replicates).
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Figure D.14 – Response of DNA- and LNA- sensors to CaCl2. Concentration-dependent (top) wave-
length shift and (bottom) intensity change of the (7,5) peak (left) and (7,6) peak (right) following the
addition of CaCl2 (excitation: 660 nm). All samples were incubated for 30 min. Error bars represent 1σ
standard deviation (n = 3 – 9 technical replicates).
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Figure D.15 – Spectral response of LNA sensors following the addition of 10 mM dopamine (final
concentration: 100 µM, excitation: 660 nm). Graphs include the spectra before addition (red) and
following either 10 min (blue) or 30 min (yellow) of incubation post addition. The solid line represents
the average wavelength shift with the shaded regions representing 1σ standard deviation (n = 3 technical
replicates).

Figure D.16 – Concentration-dependent wavelength shifting response of DNA- and LNA-SWCNTs
towards dopamine in the absence of CaCl2 (excitation: 660 nm). Shift in the wavelength position of the
(A) (7,5) and (B) (7,6) peak following the addition of dopamine. All samples were incubated for 30 min.
Error bars represent 1σ standard deviation (n = 3 technical replicates).
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Figure D.17 – Concentration-dependent intensity response of DNA- and LNA-SWCNTs towards
dopamine in the absence of CaCl2 (excitation: 660 nm) at low concentration. Intensity change of
the (A) (7,5) and (B) (7,6) peak following the addition of dopamine. All samples were incubated for 30
min. Error bars represent 1σ standard deviation (n = 3 technical replicates).
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Figure D.18 – Spectral response of LNA sensors following the addition of 0.5 M CaCl2 (final concentra-
tion: 5 µM) and 10 mM dopamine (final concentration: 100 µM, excitation: 660 nm). Graphs include
the spectra before addition (red) and following the addition of CaCl2 after 10 min (blue) and 30 min
(yellow) of incubation and following subsequent addition of dopamine at 10 min (green) and 30 min
(purple) post addition. The solid line represents the average wavelength shift with the shaded regions
representing 1σ standard deviation (n = 3 technical replicates).
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Figure D.19 – Fluorescence response of (GT)15- and LNA-SWCNT sensors following the addition of
10 mM dopamine (final concentration: 100 µM) in the presence of various concentrations of CaCl2

(excitation: 660 nm). Intensity (top) and wavelength (bottom) response of the (7,5) peak following
dopamine addition were calculated versus (A) the initial spectrum (before CaCl2 addition) and (B) the
spectrum following incubation with the CaCl2 solutions highlighting the bias that can be introduced
to the sensor response in the presence of CaCl2. All samples were incubated for 30 min following
dopamine addition. Error bars represent 1σ standard deviation (n = 3 technical replicates).
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Figure D.20 – Fluorescence response of (GT)15- and LNA-SWCNT sensors following the addition of
10 mM dopamine (final concentration: 100 µM) in the presence of various concentrations of CaCl2

(excitation: 660 nm). Intensity (top) and wavelength (bottom) response of the (7,6) peak following
dopamine addition were calculated versus (A) the initial spectrum (before CaCl2 addition) and (B) the
spectrum following incubation with the CaCl2 solutions highlighting the bias that can be introduced
to the sensor response in the presence of CaCl2. All samples were incubated for 30 min following
dopamine addition. Error bars represent 1σ standard deviation (n = 3 technical replicates).
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Figure D.21 – Comparison of the fluorescence response of (GT)15- and LNA-SWCNTs for the (A) (7,5)
and (B) (7,6) peaks following the addition of 0.5 M CaCl2 (final concentration: 5 mM) and 10 mM
dopamine (final concentration: 100 µM, excitation: 660 nm). Wavelength (top) and intensity (bottom)
response of the (7,5) and (7,6) peaks following dopamine addition were calculated versus the initial
spectrum (before initial CaCl2 addition) for both time points. Error bars represent 1σ standard deviation
(n = 3 technical replicates)
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Figure D.22 – Effect of ageing on the absorbance spectra of all samples examined in this study. Ab-
sorbance spectra were collected immediately following suspension (solid line) and following 180 days
incubation at 4◦C (dashed line). All spectra are normalized to concentration using an extinction
coefficient of 0.036 mg/L at Abs632nm.

Figure D.23 – Effect of ageing on the fluorescence properties of all samples examined in this study. PLE
maps of the original (GT)15- and all LNA-SWCNT solutions following 180 days incubation at 4◦C. All
PLE maps were normalized to the maximum fluorescence intensity for comparison.
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Figure D.24 – Modulation of fluorescence emission wavelength position of the (A) (7,5) and (B) (7,6)
chirality peaks for all sequences as a function of time following SDOC addition. All SWCNT suspensions
were prepared via the surfactant exchange method. The shaded region represents the error (3σ) of the
peak fit at each time point.

Figure D.25 – Data correlation matrix for the (GT)15- and LNA-SWCNT for several different parameters
measured. Blue hue indicates positive correlation and red hues indicate negative correlation.
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Figure D.26 – Comparison of the fluorescence response of (GT)15- and LNA-SWCNTs prepared via
either (A) sonication or (B) via a surfactant exchange protocol following the addition of 0.5 M CaCl2

(final concentration: 5 mM) and 10 mM dopamine (final concentration: 100 µM, excitation: 660 nm).
Intensity (top) and wavelength (bottom) response of the (7,5) peak following dopamine addition were
calculated versus the initial spectrum (before initial CaCl2 addition) for all time points. Error bars
represent 1σ standard deviation (n = 3 technical replicates).
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Figure D.27 – Comparison of the fluorescence response of (GT)15- and LNA-SWCNTs prepared by
either (A) sonication or (B) MeOH assisted surfactant exchange following the addition of 0.5 M CaCl2

(final concentration: 5 mM) and 10 mM dopamine (final concentration: 100 µM, excitation: 660 nm).
Intensity (top) and wavelength (bottom) response of the (7,6) peak following dopamine addition were
calculated versus the initial spectrum (before initial CaCl2 addition) for all time points. Error bars
represent 1σ standard deviation (n = 3 technical replicates).
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E Outlook on Potential Applications of

XNA-SWCNTs for Improved Optical

Biosensing

E.1 Using XNA-SWCNTs for In Vitro Sensing Applications

Figure E.1 – Single molecule response behavior of DNA-SWCNT sensor films towards dopamine (final
concentration: 100 µM) in DI water. Three representative images of bare (GT)15 sensor films (left),
films coated with DI water (middle), and following the addition of dopamine (right). All samples were
incubated for 5 min prior to acquiring the images (excitation: 780 nm, emission filter: 980 nm LP,
exposure time: 1 s). Backgrounds were subtracted using a Gaussian blur filter (sigma = 50).
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Biosensing

Figure E.2 – Single molecule response behavior of LNAevery5-SWCNT sensor films towards dopamine
(final concentration: 100 uM) in DI water. Three representative images of bare LNAevery5 sensor films
(left), films coated with DI water (middle), and following the addition of dopamine (right). All samples
were incubated for 5 min prior to acquiring the images (excitation: 780 nm, emission filter: 980 nm LP,
exposure time: 1 s). Backgrounds were subtracted using a Gaussian blur filter (sigma = 50).
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E.1. Using XNA-SWCNTs for In Vitro Sensing Applications

Figure E.3 – Single molecule response behavior of DNA-SWCNT sensor films towards dopamine
(final concentration: 100 µM) in supplemented Schneider’s medium (10% FBS, 1% Pen/Strep). Three
representative images of bare (GT)15 sensor films (left), films coated with supplemented Schneider’s
medium (middle), and following the addition of dopamine (right). All samples were incubated for 5
min prior to acquiring the images (excitation: 780 nm, emission filter: 980 nm LP, exposure time: 1 s).
Backgrounds were subtracted using a Gaussian blur filter (sigma = 50).
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Figure E.4 – Single molecule response behavior of LNAevery5-SWCNT sensor films towards dopamine
(final concentration: 100 µM) in supplemented Schneider’s medium (10% FBS, 1% Pen/Strep). Three
representative images of bare LNAevery5 sensor films (left), films coated with supplemented Schneider’s
medium (middle), and following the addition of dopamine (right). All samples were incubated for 5
min prior to acquiring the images (excitation: 780 nm, emission filter: 980 nm LP, exposure time: 1 s).
Backgrounds were subtracted using a Gaussian blur filter (sigma = 50).

208



E.1. Using XNA-SWCNTs for In Vitro Sensing Applications

Figure E.5 – Single molecule response behavior of LNAevery5-SWCNT sensor films in DPBS towards
dopamine (final concentration: 100 µM). All films were incubated for 24 h at room temperature prior
to measurement. Three representative images of LNAevery5 sensor films before (left) and after (right)
the addition of dopamine. All samples were incubated for 15 min post-dopamine addition prior to
acquiring the images (excitation: 780 nm, emission filter: 980 nm LP, exposure time: 1 s). Backgrounds
were subtracted using a Gaussian blur filter (sigma = 25).
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Biosensing

Figure E.6 – Single molecule response behavior of LNAevery5-SWCNT sensor films in 1% Pen/Strep in
DPBS (Rinaldini solution) towards dopamine (final concentration: 100 µM). All films were incubated
for 24 h at room temperature prior to measurement. Three representative images of LNAevery5 sensor
films before (left) and after (right) the addition of dopamine. All samples were incubated for 15 min
post-dopamine addition prior to acquiring the images (excitation: 780 nm, emission filter: 980 nm LP,
exposure time: 1 s). Backgrounds were subtracted using a Gaussian blur filter (sigma = 25).
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E.1. Using XNA-SWCNTs for In Vitro Sensing Applications

Figure E.7 – Single molecule response behavior of LNAevery5-SWCNT sensor films in supplemented
Schneider’s medium towards dopamine (final concentration: 100 µM). All films were incubated for
24 h at room temperature prior to measurement. Three representative images of LNAevery5 sensor
films before (left) and after (right) the addition of dopamine. All samples were incubated for 15 min
post-dopamine addition prior to acquiring the images (excitation: 780 nm, emission filter: 980 nm LP,
exposure time: 1 s). Backgrounds were subtracted using a Gaussian blur filter (sigma = 25).
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Figure E.8 – Single molecule response behavior of LNAevery5-SWCNT sensor films in 10% FBS (v/v)
towards dopamine (final concentration: 100 µM). All films were incubated for 24 h at room temperature
prior to measurement. Three representative images of LNAevery5 sensor films before (left) and after
(right) the addition of dopamine. All samples were incubated for 15 min post-dopamine addition
prior to acquiring the images (excitation: 780 nm, emission filter: 980 nm LP, exposure time: 1 s).
Backgrounds were subtracted using a Gaussian blur filter (sigma = 25).
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E.1. Using XNA-SWCNTs for In Vitro Sensing Applications

Figure E.9 – Single molecule response behavior of more dense LNAevery5-SWCNT sensor films in
supplemented Schneider’s medium towards dopamine (final concentration: 100 µM). All films were
incubated for 24 h at room temperature prior to measurement. Three representative images of LNAevery5

sensor films before (left) and after (right) the addition of dopamine. All samples were incubated for 15
min post-dopamine addition prior to acquiring the images (excitation: 780 nm, emission filter: 980 nm
LP, exposure time: 1 s). Backgrounds were subtracted using a Gaussian blur filter (sigma = 25).
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Figure E.10 – Single molecule response behavior of more ultrahigh density LNAevery5-SWCNT sensor
films in 10% FBS (v/v) towards dopamine (final concentration: 100 µM). All films were incubated for
24 h at room temperature prior to measurement. Three representative images of LNAevery5 sensor
films before (left) and after (right) the addition of dopamine. All samples were incubated for 15 min
post-dopamine addition prior to acquiring the images (excitation: 780 nm, emission filter: 980 nm LP,
exposure time: 1 s). Backgrounds were subtracted using a Gaussian blur filter (sigma = 25).
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E.1. Using XNA-SWCNTs for In Vitro Sensing Applications

Figure E.11 – Comparison of LNAevery5-SWCNT sensor films following 48 h of incubation in supple-
mented Schneider’s medium both with and without cells (excitation: 780 nm, emission filter: 980 nm
LP, exposure time: 1 s). Drosophila neuronal cell cultures containing transgenic dopamine neurons
(representing approximately 1% of the sample) induced to express either GFP (DA-GFP) or CsChrimson
(DA-CsChrimson) were grown on the nanotube films for 48 h at room temperature in supplemented
Schneider’s medium. Films incubated in supplemented Schneider’s medium at room temperature
for 48 h without cells were used for comparison to examine whether there was any change in the
fluorescence properties of the nanotubes due to the presence of cells. Backgrounds were subtracted
using a Gaussian blur filter (sigma = 25).
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Figure E.12 – Drosophila neuronal cell cultures containing transgenic dopamine neurons (representing
approximately 1% of the sample) were induced to express either GFP (DA-GFP) or CsChrimson (DA-
CsChrimson). White light visible widefield images of the neurons were acquired following 48h of growth
on poly-L-lysine coated glass petri dishes (no CNT) or LNAevery5-SWCNT covered poly-L-lysine coated
glass petri dishes (with CNT) to examine the effect of nanotubes on cell growth.
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E.1. Using XNA-SWCNTs for In Vitro Sensing Applications

Figure E.13 – Fluorescence intensity increase of LNAevery5 films in DI water following the addition
of different media samples. Media was extracted from Drosophila neuronal cell cultures containing
transgenic dopamine neurons (representing approximately 1% of the sample) induced to express GFP
(DA-GFP) or CsChrimson (DA-CsChrimson). Cells were grown on poly-L-lysine coated glass bottom
petri dishes for 72 h at room temperature in supplemented Schneider’s medium. Supplemented
Schneider’s medium (SSM) was used as a negative control and SSM spiked with 100 µM dopamine was
used as a positive control. Intensity changes were calculated from the mean intensity of the widefield
images obtained (Appendix Figure E.14 – E.17). The central line represents the average turn-on
response. Dots represent the turn-on response of individual replicates (n = 3 technical replicates).
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Figure E.14 – Single molecule response of LNAevery5-SWCNT sensor films in DI water to the addition of
supplemented Schneider’s medium. Films were initially wetted with 100µL of DI water and incubated
for 15 min prior to adding 10 µL of supplemented Schneider’s medium. Three representative images of
LNAevery5 sensor films before (left) and after (right) the addition of medium were acquired. All samples
were incubated for 15 min post medium addition prior to acquiring the images (excitation: 780 nm,
emission filter: 980 nm LP, exposure time: 1 s). Backgrounds were subtracted using a Gaussian blur
filter (sigma = 25).
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Figure E.15 – Single molecule response of LNAevery5-SWCNT sensor films in DI water to the addition
of supplemented Schneider’s medium spiked with 100 µM dopamine (final concentration: = 9.1 µM).
Films were initially wetted with 100µL of DI water and incubated for 15 min prior to adding 10 µL of
supplemented Schneider’s medium freshly prepared with 100 µM dopamine. Three representative
images of LNAevery5 sensor films before (left) and after (right) the addition of medium were acquired.
All samples were incubated for 15 min post medium addition prior to acquiring the images (excitation:
780 nm, emission filter: 980 nm LP, exposure time: 1 s). Backgrounds were subtracted using a Gaussian
blur filter (sigma = 25).
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Figure E.16 – Single molecule response of LNAevery5-SWCNT sensor films in DI water to the addition of
medium extracted from a neuronal cell culture containing contained transgenic dopamine neurons
induced to express CsChrimson (DA-CsChrimson). Cells were grown on poly-L-lysine coated glass
bottom petri dishes for 72 h at room temperature in supplemented Schneider’s medium, which was
replenished as necessary to prevent the culture from drying out. Films were initially wetted with
100µL of DI water and incubated for 15 min prior to adding 10 µL of the extracted medium. Three
representative images of LNAevery5 sensor films before (left) and after (right) the addition of medium
were acquired. All samples were incubated for 15 min post medium addition prior to acquiring
the images (excitation: 780 nm, emission filter: 980 nm LP, exposure time: 1 s). Backgrounds were
subtracted using a Gaussian blur filter (sigma = 25).
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Figure E.17 – Single molecule response of LNAevery5-SWCNT sensor films in DI water to the addition of
medium extracted from a neuronal cell culture containing transgenic dopamine neurons induced to
express GFP (DA-GFP). Cells were grown on poly-L-lysine coated glass bottom petri dishes for 72 h
at room temperature in supplemented Schneider’s medium, which was replenished as necessary to
prevent the culture from drying out. Films were initially wetted with 100µL of DI water and incubated
for 15 min prior to adding 10 µL of the extracted medium. Three representative images of LNAevery5

sensor films before (left) and after (right) the addition of medium were acquired. All samples were
incubated for 15 min post medium addition prior to acquiring the images (excitation: 780 nm, emission
filter: 980 nm LP, exposure time: 1 s). Backgrounds were subtracted using a Gaussian blur filter (sigma
= 25).
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Figure E.18 – Fluorescence response of LNAevery5-SWCNTs towards the addition of medium extracted
from Drosophila neuronal cell cultures (excitation: 660 nm, exposure time: 10 s). Included are the
spectra before (green) and following addition supplemented Schneider’s medium (lilac), or medium
extracted from the cell culture. The solid line represents the average wavelength shift and all shaded re-
gions represent 1σ standard deviation (n = 3 technical replicates). All cell cultures contained transgenic
dopamine neurons induced to either express GFP (DA-GFP) or CsChrimson (DA-CsChrimson). Cells
were grown for 48 h on poly-L-lysine coated glass bottom well plates either with (w/ CNT) or without
(w/o CNT) nanotubes present.

Figure E.19 – Schematic of the protocol used to extract Drosophila neurons from adult or larvae brains.
Neurons resuspended in supplemented Schneider’s medium could then be plated in either 96-well
plates or glass-bottom petri dishes.
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E.2. XNA-SWCNTs for miRNA Detection

E.2 XNA-SWCNTs for miRNA Detection

Figure E.20 – Normalized absorbance spectra for all DNA-SWCNT suspensions used in this study. All
DNA-SWCNT suspensions were prepared using MeOH assisted surfactant exchange. DNA sequences
used are detailed in Appendix Table E.1. All spectra were normalized to concentration using an
extinction coefficient of 0.036 mg/L at Abs632nm.
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.21 – PLE maps of the PNA-DNA8bp-rev-SWCNT solutions (PNA195, PNA184, and PNA155) before
(top) and after (bottom) addition of complementary miRNA (final concentration: PNA = 9.5 µM,
miRNA = 4.8 µM). The predominate chiralities are labelled in white. All fluorescence intensities were
normalized to the maximum intensity in each plot.
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E.2. XNA-SWCNTs for miRNA Detection
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.22 – Spectra extracted from PLE maps to compare the intensity and wavelength positions
of the DNA8bp-rev-SWCNTs (green), the PNA-DNA8bp-rev-SWCNTs (orange), and the PNA-DNA8bp-rev-
SWCNTs following the addition of complementary miRNA (blue) for hybrids formed using PNA155

(left), PNA184 (center), or PNA195 (right) (final concentration: PNA = 9.5 µM, miRNA = 4.8 µM). The
wavelength of the excitation laser used is indicated in the lower right corner.
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E.2. XNA-SWCNTs for miRNA Detection

Figure E.23 – Spectra extracted from PLE maps to compare the intensity and wavelength positions of
the DNA8bp-rev-SWCNTs (green), the PNA-DNA8bp-rev-SWCNTs (orange), and the PNA-8bp-rev-SWCNTs
following the addition of complementary miRNA (blue) for hybrids formed using PNA155, PNA184,
PNA195, or PNA202 (final concentration: PNA = 9.5 µM, miRNA = 4.8 µM). All samples were incubated
overnight (16 h) prior to acquiring the PLE maps. The wavelength of the excitation laser used is
indicated in the lower right corner.
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.24 – Fluorescence wavelength shift of the (7,5), (7,6), (10,2), (9,4), and (8,6) peaks following the
addition of PNA, miRNA, or PNA + miRNA to DNA8bp-rev-SWCNTs (final concentration: PNA = 9 µM,
miRNA = 1 µM). All wavelength shifts were calculated versus the peak positions for DNA8bp-rev-SWCNTs.
Red indicates a redshift in the wavelength position of the chirality peak and blue represents a blueshift
in the wavelength position.
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E.2. XNA-SWCNTs for miRNA Detection

Figure E.25 – Comparison of the chirality dependent wavelength shifts (left) and intensity changes
(right) for DNA8bp-rev-SWCNTs following addition of miRNA (orange), PNA (green), and PNA with
miRNA (red) (final concentration: PNA = 9 µM, miRNA = 1 µM). All wavelength shifts were calculated
versus the wavelength positions for DNA8bp-rev-SWCNTs. For DNA8bp-rev-SWCNTs, error bars represent
1σ standard deviation (n = 5 technical replicates). For all other samples error bars represent the error
on the fit of the peak (3σ from one technical replicate). For PNA10b (top) non-complementary miRNA
(miR92a) was added while for all other samples the respective complementary miRNA was added.
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.26 – Comparison of the chirality dependent wavelength shifts (left) and intensity changes
(right) for DNA8bp-SWCNTs following addition of miRNA (orange), PNA (green), and PNA with miRNA
(red) (final concentration: PNA = 9 µM, miRNA = 1 µM). All wavelength shifts were calculated versus
the wavelength positions for DNA8bp-SWCNTs. For DNA8bp-SWCNTs, error bars represent 1σ standard
deviation (n = 5 technical replicates). For all PNA samples with and without miRNA, error bars represent
1σ standard deviation (n = 2 technical replicates). For miRNA additions in the absence of PNA error
bars represent the error on the fit of the peak (3σ from one technical replicate). For PNA10b (top) non-
complementary miRNA (miR92a) was added while for all other samples the respective complementary
miRNA was added.
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E.2. XNA-SWCNTs for miRNA Detection

Figure E.27 – Comparison of the chirality dependent wavelength shifts (left) and intensity changes
(right) for DNA10bp-SWCNTs following addition of miRNA (orange), PNA (green), and PNA with miRNA
(red) (final concentration: PNA = 9 µM, miRNA = 1 µM). All wavelength shifts were calculated versus
the wavelength positions for DNA10bp-SWCNTs. For DNA10bp-SWCNTs and miRNA additions in the
absence of PNA, error bars represent 1σ standard deviation (n = 2 technical replicates). For all other
samples, error bars represent 1σ standard deviation (n = 3 technical replicates). For PNA10b (top) non-
complementary miRNA (miR92a) was added while for all other samples the respective complementary
miRNA was added.
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.28 – Comparison of the chirality dependent wavelength shifts (left) and intensity changes
(right) for DNA15bp-SWCNTs following addition of miRNA (orange), PNA (green), and PNA with miRNA
(red) (final concentration: PNA = 9 µM, miRNA = 1 µM). All wavelength shifts were calculated versus
the wavelength positions for DNA15bp-SWCNTs. For DNA15bp-SWCNTs and miRNA additions in the
absence of PNA, error bars represent 1σ standard deviation (n = 2 technical replicates). For all other
samples, error bars represent 1σ standard deviation (n = 3 technical replicates). For PNA10b (top) non-
complementary miRNA (miR92a) was added while for all other samples the respective complementary
miRNA was added.
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E.2. XNA-SWCNTs for miRNA Detection

Figure E.29 – Comparison of the chirality dependent wavelength shifts (left) and intensity changes
(right) for DNA15bp-SWCNTs following addition of miRNA (orange), PNA (green), and PNA with miRNA
(red) (final concentration: PNA = 9 µM, miRNA = 1 µM). All wavelength shifts were calculated versus
the wavelength positions for DNA20bp-SWCNTs. For DNA20bp-SWCNTs and miRNA additions in the
absence of PNA, error bars represent 1σ standard deviation (n = 2 technical replicates). For all other
samples, error bars represent 1σ standard deviation (n = 3 technical replicates). For PNA10b (top) non-
complementary miRNA (miR92a) was added while for all other samples the respective complementary
miRNA was added.
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.30 – Dependency of the wavelength shifting response of PNA155, PNA184- and PNA195-DNA-
SWCNTs on the length of the DNA hybrid portion. Comparison of the wavelength shift following
addition of complementary miRNA to PNA-DNA-SWCNTs (final concentration: PNA = 9 µM, miRNA =
1 µM). PNA-DNA-SWCNTs were formed using different lengths for the hybrid portion in the DNA se-
quence (8, 10, 15, or 20 bases) as well as different directionalities for the hybidization (anti-parallel (rev)
or parallel). All wavelength shifts were calculated versus the wavelength position of each chirality for
the respective PNA-DNA-SWCNTs prior to miRNA addition. Red indicates a redshift in the wavelength
position of the chirality peak, and blue represents a blueshift in the wavelength position.
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E.2. XNA-SWCNTs for miRNA Detection

Figure E.31 – Comparison of the chirality dependent wavelength shifts (left) and intensity changes
(right) for DNA15bp-SWCNTs following addition of miRNA (orange), PNA (green), and PNA with ei-
ther complementary (red) or non-complementary (purple) miRNA. Higher relative concentrations of
miRNA were added to increase the ration of miRNA:PNA (final concentration: PNA = 9.4 µM, miRNA
= 5.7 µM). Complementary miRNA was added to PNA202-, PNA195-, PNA184-, and PNA155-DNA15bp-
SWCNTs, as well as the non-complementary miR25 for comparison. Two different non-complementary
miRNAs (miR25 and miR92a) were added to PNA10b-DNA15bp-SWCNTs. All wavelength shifts were
calculated versus the wavelength position of the chiralities for the respective DNA15bp-SWCNT solution
prior to any addition. For complementary miRNA additions error bars represent 1σ standard deviation
(n = 3 technical replicates), for all other samples error bars represent 1σ standard deviation (n = 2
technical replicates).
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.32 – PLE maps of the PNA-15bp-SWCNT solutions (PNA10b, PNA155, PNA184, PNA195, and
PNA202) before (left) and after addition of complementary (center) and non-complementary (miR25,
right) miRNA (final concentration: PNA = 9.4 µM, miRNA = 5.7 µM). For the PNA10b-DNA15bp-SWCNT
solution two non-complementary miRNAs were added (miR92a - center, miR25 - right). The predom-
inate chiralities are labelled in white. All fluorescence intensities were normalized to the maximum
intensity in each plot.
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E.2. XNA-SWCNTs for miRNA Detection

Figure E.33 – Comparison of the normalized absorbance spectra for DNA15bp-SWCNTs (red), PNA155-
DNA15bp-SWCNTs or PNA10b-DNA15bp-SWCNTs before (green) and after the addition of either comple-
mentary or non-complementary miRNA (purple). Samples were incubated for 15 min following the
addition of miRNA prior to acquiring the spectrum. PNA-DNA samples were incubated for 120 min
prior to addition of the miRNA sequence (final concentrations: PNA = 9.4 µM, miRNA = 5.7 µM).

Figure E.34 – Comparison of the normalized absorbance spectra for DNA15bp-SWCNTs (red), PNA155-
DNA15bp-SWCNTs (green), and PNA155-DNA15bp-SWCNTs following the addition of either complemen-
tary (miR155, left) or non-complementary (miR25, right) miRNA (purple). Samples were incubated
for 30 min following the addition of PNA prior to acquiring the spectrum. PNA-DNA samples used for
miRNA detection were incubated for 2 h prior to addition of the miRNA sequence (final concentrations:
PNA = 9.4 µM, miRNA = 5.7 µM).
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.35 – PLE maps of the PNA-10bp-SWCNT solutions (PNA10b, PNA155, PNA184, PNA195, and
PNA202) before (left) and after addition of complementary (center) and non-complementary (miR25,
right) miRNA (final concentration: PNA = 9.4 µM, miRNA = 5.7 µM). For the PNA10b-DNA10bp-SWCNT
solution two non-complementary miRNAs were added (miR92a - center, miR25 - right). The predom-
inate chiralities are labelled in white. All fluorescence intensities were normalized to the maximum
intensity in each plot.
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E.2. XNA-SWCNTs for miRNA Detection

Figure E.36 – PLE maps of the PNA-20bp-SWCNT solutions (PNA10b, PNA155, PNA184, PNA195, and
PNA202) before (left) and after addition of complementary (center) and non-complementary (miR25,
right) miRNA (final concentration: PNA = 9.4 µM, miRNA = 5.7 µM). For the PNA10b-DNA20bp-SWCNT
solution two non-complementary miRNAs were added (miR92a - center, miR25 - right). The predom-
inate chiralities are labelled in white. All fluorescence intensities were normalized to the maximum
intensity in each plot.
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.37 – Spectra extracted from PLE maps to compare the intensity and wavelength positions of
the PNA10b-DNA-SWCNTs with different hybrid section lengths ((A)10, (B) 15, or (C) 20 bases) following
the addition of non-complementary miRNA (miR92a - blue, miR25 - orange) (final concentration: PNA
= 9.4 µM, miRNA = 5.7 µM). Spectra for the respective DNA-SWCNTs (purple), PNA-DNA-SWCNTs
(green), and DNA-SWCNTs following miRNA addition in the absence of PNA (red) are also included for
comparison. The wavelength of the excitation laser used is indicated in the lower right corner.
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E.2. XNA-SWCNTs for miRNA Detection

Figure E.38 – Spectra extracted from PLE maps to compare the intensity and wavelength positions
of the PNA155-DNA-SWCNTs with different hybrid section lengths ((A)10, (B) 15, or (C) 20 bases)
following the addition of complementary (blue) and non-complementary miRNA (miR25 - orange)
(final concentration: PNA = 9.4µM, miRNA = 5.7µM). Spectra for the respective DNA-SWCNTs (purple),
PNA-DNA-SWCNTs (green), and DNA-SWCNTs following miRNA addition in the absence of PNA (red)
are also included for comparison. The wavelength of the excitation laser used is indicated in the lower
right corner.
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.39 – Spectra extracted from PLE maps to compare the intensity and wavelength positions
of the PNA184-DNA-SWCNTs with different hybrid section lengths ((A)10, (B) 15, or (C) 20 bases)
following the addition of complementary (blue) and non-complementary miRNA (miR25 - orange)
(final concentration: PNA = 9.4µM, miRNA = 5.7µM). Spectra for the respective DNA-SWCNTs (purple),
PNA-DNA-SWCNTs (green), and DNA-SWCNTs following miRNA addition in the absence of PNA (red)
are also included for comparison. The wavelength of the excitation laser used is indicated in the lower
right corner.
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E.2. XNA-SWCNTs for miRNA Detection

Figure E.40 – Spectra extracted from PLE maps to compare the intensity and wavelength positions
of the PNA195-DNA-SWCNTs with different hybrid section lengths ((A)10, (B) 15, or (C) 20 bases)
following the addition of complementary (blue) and non-complementary miRNA (miR25 - orange)
(final concentration: PNA = 9.4µM, miRNA = 5.7µM). Spectra for the respective DNA-SWCNTs (purple),
PNA-DNA-SWCNTs (green), and DNA-SWCNTs following miRNA addition in the absence of PNA (red)
are also included for comparison. The wavelength of the excitation laser used is indicated in the lower
right corner.
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Appendix E. Outlook on Potential Applications of XNA-SWCNTs for Improved Optical
Biosensing

Figure E.41 – Spectra extracted from PLE maps to compare the intensity and wavelength positions
of the PNA195-DNA-SWCNTs with different hybrid section lengths ((A)10, (B) 15, or (C) 20 bases)
following the addition of complementary (blue) and non-complementary miRNA (miR25 - orange)
(final concentration: PNA = 9.4µM, miRNA = 5.7µM). Spectra for the respective DNA-SWCNTs (purple),
PNA-DNA-SWCNTs (green), and DNA-SWCNTs following miRNA addition in the absence of PNA (red)
are also included for comparison. The wavelength of the excitation laser used is indicated in the lower
right corner.
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E.2. XNA-SWCNTs for miRNA Detection

Figure E.42 – Fluorescence wavelength shift response of PNA-DNA10bp-SWCNTs and PNA-DNA20bp-
SWCNTs to complementary and non-complementary miRNA (final concentration: PNA = 9.4 µM,
miRNA = 5.7 µM). complementary miRNA was added to PNA202-, PNA195-, PNA184-, and PNA155-
DNA15bp-SWCNTs. Non-complementary miRNAs (miR92a) were added to PNA10b-DNA15bp-SWCNTs.
All wavelength shifts were calculated versus the wavelength position of the chiralities for the respective
PNA-DNA10bp-SWCNT or PNA-DNA20bp-SWCNT solution prior to miRNA addition. Red and blue
indicate a redshift or blueshift in the wavelength position, respectively.
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