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Abstract - English

Cells release biomolecules that provide information about cell physiology and diseases.
Detection of these molecules is difficult due to their complex release patterns and chemi-
cal diversity. Optical sensors made of single-wall carbon nanotubes (SWCNTS) offer high
precision in imaging these dynamics. Depending on their chirality, they fluoresce in the
near-infrared (NIR, 850 — 1700 nm) biological transparency window and through a surface
modification they detect target molecules by altering their fluorescence. Few scientists out-
side the ’'SWCNT community’ have yet exploited the potential of SWCNT sensors. This
is due to the requirement of expensive NIR cameras and the lack of integration in materi-
als/devices. In this Ph.D. thesis, an efficient phase separation process for the isolation of
monochiral (6,4)-SWCNTSs (880 nm emission) from mixed SWCNT samples is developed.
It enables the detection of SWCNTs using high-resolution silicon (Si) cameras, which
are broadly accessible to biologists and neuroscientists. A simulation also confirms that
(6,4)-SWCNTs are ideal for biological imaging with Si cameras. Functionalization of (6,4)-
SWCNTs with (GT);g single-stranded DNA (ssDNA) renders them sensitive to dopamine,
an important neurotransmitter. These new SWCN'T sensors exhibit 1.7x brighter fluores-
cence and 7.5x higher sensitivity compared to sensors based on mixed SWCNT samples.
Fast (< 50 ms) and high-resolution imaging (> 50x more pixels) as well as imaging of
cellular dopamine release with Si cameras are achieved. Furthermore, SWCNT coatings on
glass are optimized. Homogeneous coatings are obtained by spin coating and varied in sen-
sor density to maximize sensitivity. The resulting ’'Smart Slides’ can be sterilized with UV
light and remain functional for at least 6 weeks, both in dry conditions or buffer. Finally,
measurements of altered dopaminergic cell responses in response to various psychotropic
substances are demonstrated. In summary, this work demonstrates SWCNT-based sens-
ing to monitor cellular release events. Advances in (6,4)-SWCNT separation, sensitivity
improvement, and integration into common laboratory instruments provide an easy ac-
cessible tool with high-resolution imaging capability for optical monitoring of biochemical

processes in cells.






Abstract - Deutsch

Zellen setzen Biomolekiile frei, die Informationen tiber Zellphysiologie und Krankheiten
liefern. Der Nachweis dieser Molekiile ist aufgrund ihrer komplexen Freisetzungsmuster
und chemischen Vielfalt schwierig. Optische Sensoren aus einwandigen Kohlenstoff-
nanoréhren (SWCNTs) bieten eine hohe Prazision zur Abbildung dieser Dynamik. Je
nach Chiralitdt fluoreszieren sie im nahinfraroten (NIR, 850 — 1700 nm) biologischen
Transparenzfenster und durch eine Oberflichenmodifikation erkennen sie Zielmolekiile, in-
dem sie ihre Fluoreszenz verdndern. Nur wenige Wissenschaftler auflerhalb der 'SWCNT-
Gemeinschaft’ haben bisher das Potenzial von SWCNT-Sensoren genutzt. Dies ist be-
dingt durch die Erforderlichkeit teurer NIR-Kameras und die mangelnde Integration
in Materialien/Geréte. In dieser Dissertation wird ein effizienter Separationsprozess zur
Isolierung monochiraler (6,4)-SWCNTs (880 nm Emission) aus SWCNT-Mischproben ent-
wickelt. Es ermoglicht den Nachweis von SWCNTs mit hochauflésenden Silizium (Si)-
Kameras, die fiir Biologen und Neurowissenschaftler allgemein zugénglich sind. Eine Si-
mulation bestétigt zudem, dass (6,4)-SWCNTs ideal fiir die biologische Bildgebung mit Si-
Kameras sind. Die Funktionalisierung von (6,4)-SWCNTs mit (GT);-Einzelstrang DNA
(ssDNA) macht sie empfindlich fiir Dopamin, einen wichtigen Neurotransmitter. Diese
neuen SWCNT-Sensoren zeigen eine 1,7x hellere Fluoreszenz und 7,5x hohere Empfind-
lichkeit im Vergleich zu Sensoren, die auf SWCNT-Mischproben basieren. Es werden eine
schnelle (< 50 ms) und hochauflésende Bildgebung (> 50x mehr Pixel) sowie die Bildge-
bung zellulédrer Dopaminfreisetzung mit Si-Kameras erreicht. Aulerdem werden SWCNT-
Beschichtungen auf Glas optimiert. Es werden homogene Beschichtungen durch Spin Coat-
ing erzielt und in ihrer Sensordichte variiert, um die Sensitivitat zu maximieren. Die resul-
tierenden 'Smart Slides’ kénnen mit UV-Licht sterilisiert werden und bleiben mindestens
6 Wochen sowohl unter trockenen als auch Puffer-Bedingungen funktionsfahig. Schliefilich
werden Messungen veranderter dopaminerger Zellreaktionen als Reaktion auf verschiedene
psychotrope Substanzen durchgefithrt. Zusammenfassend demonstriert diese Arbeit die
SWCNT-basierte Sensorik zur Uberwachung zelluldrer Freisetzungsereignisse. Fortschritte
bei der (6,4)-SWCNT-Separation, der Verbesserung der Sensitivitdt und der Integration
in gangige Laborgerédte bieten ein einfach zugéngliches Werkzeug mit hochauflosender

Bildgebungsfahigkeit zur optischen Beobachtung biochemischer Prozesse in Zellen.
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Chapter 1

Introduction

1.1 Motivation

Neurological and mental health disorders impose a significant burden on global society,
affecting hundreds of millions of people worldwide [WHO22]. The prevalence of these
disorders is expected to rise even further due to population growth and aging [Fei20].
Despite their substantial impact, many of these disorders lack well-defined diagnostic
protocols and available medications often only alleviate symptoms or proof ineffective,

leaving many disorders incurable [Ou 19, Dal20, Gan23|.

Neurotransmitters play a critical role in the proper functioning of the brain, and their
dysfunction can thus lead to various neurological diseases, including Huntington’s [Tyel7],
Parkinson’s [Per16], Alzheimer’s disease [Che21], as well as serious mental health diseases
such as depression [Pan18] or schizophrenia [Ben15]. However, detecting neurotransmitters
poses a challenge due to their presence in very low concentrations within the nervous
system and other biological samples, along with a mix of numerous other biochemical
molecules and minerals [Niy19]. In addition, their release processes in response to specific

stimuli occur fast and highly localized, further complicating precise detection [Ou 19].

To date, several methods for neurotransmitter detection exist, ranging from in vivo tech-
niques such as tomographic imaging [Gho22|, microdialysis [Zes17], and electrochemical
methods [Buclb], to in vitro optical methods based on fluorescence [Gub09], chemilumi-
nescence (CL) [Ma 20], or colorimetry [Jaf17]. To achieve higher resolution, a combina-
tion of methods is often used, which already indicates that each detection method has its
strengths and weaknesses [Niy19]. Consequently, in order to develop more effective treat-
ment options for neurotransmitter-related disorders the development of more accurate

detection methods in neuroscience are necessary.
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In recent years, biosensors based on nanomaterials have seen vast improvements [Swal§].
They appear in various forms, such as nanoparticles, nanorods, nanowires, and nanotubes,
and the material systems range from gold nanoparticles over transition metal dichalco-
genides to carbon-based nanomaterials such as graphene, graphene quantum dots, and
carbon nanotubes (CNTs) [Bau02, How14, Chel7, Y0020].

In particular, single-wall carbon nanotubes (SWCNTs) have emerged as versatile and
promising building blocks for SWCNT-based sensing [Far17, Sch19]. These are 1D hollow
tubes consisting of atomically thick graphene-like structures with typical diameters below
one nanometer and lengths in the 1 pm range [Bau02, Yan20a]. Their nanoscale size
combined with a large surface-to-volume ratio allows them to penetrate and interact with
the biological environment. SWCNT's possess exceptional electrical and optical properties,
making them suitable for use as both electrical and optical sensors [Sch19, Far17]. While
electrical sensors are mainly suitable for easier on-chip integration, optical SWCN'T sensors

offer the advantage of non-contact and spatially resolved detection.

SWCNTs fluoresce in the near-infrared (NIR, 850 nm — 1700 nm), a region known as the
tissue transparency window [O’C02]. Their fluorescence is stable and shows no blinking
or bleaching, which sets them apart from many other fluorophores [Hon15]. SWCNTs can
be functionalized with a wide range of typically amphiphilic molecules [Zhe03, Wan03,
Fuj15, Ant17], allowing them to specifically detect various targets ranging from small
molecules [Krul4, Har19, Won17], proteins [Bis16, Ehr21, Will8a], sugars [Yum12, Zub22]
and enzymes [Aga22] to bacteria [Nis20] and viruses [Met23]. At the single SWCNT level,
they exhibit single molecule sensitivity [Jinl0, Zhall, Krul7], making them versatile

candidates for various biomedical sensor applications.

In 2014, a screening method known as corona phase molecular recognition identified spe-
cific single-stranded DNA (ssDNA) sequences for neurotransmitter detection [Krul4].
These sequences do not intrinsically have an affinity for neurotransmitters, but their
adsorption to the SWCNT surface results in a conformational structure with specific
binding sites. Since then, SWCNT-based sensors have demonstrated their remarkable
ability for high-resolution detection of the essential neurotransmitters dopamine [Krul?,
Bey19, Eli22] and serotonin [Dinl19] in cellular release processes. It has been shown that
dopamine release can be detected with 100 ms time resolution while maintaining high
spatial resolution in the nanomolar regime, exceeding 20,000 sensors per cell [Krul7]. The
potential of SWCNT-based sensors for detecting dynamic biological processes with high
spatiotemporal resolution is therefore unprecedented compared to current state-of-the-art
methods [Eli22].
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However, despite these impressive achievements, SWCNT-based sensing has remained
relatively confined within the 'SWCNT community’, most likely due to the requirement
of specialized equipment (laser and NIR camera for fluorescence excitation and detection)
and necessary sample preparation, which hinder easy experimentation [Yan21|. To fully
exploit the power of this technology and expand its accessibility, it is necessary to simplify

the experimental setup and facilitate integration with standard laboratory equipment.

1.2 Research Aim and Objectives

The overall research goal of this work is to enhance the accessibility and sensitivity of

SWCNT sensing for the detection of dynamic processes such as neurotransmitter release.

One specific research objective to reach this goal is to increase the detection sensitiv-
ity of fluorescent SWCN'T sensors using conventional microscopes. Standard microscope
equipment relies on light-emitting diodes (LEDs), which are not as powerful as lasers, and
Silicon (Si) cameras, which have a reduced quantum efficiency for detection in the NIR
(max. 1000 nm). The aim is to find an optimal balance for the detection of fluorescence
emission between the quantum efficiency of Si cameras and the advantages of NIR (e.g.,
reduced scattering and autofluorescence of biological samples). This investigation seeks to
determine if the sensitivity achieved is sufficient for imaging dynamic biological processes,

such as neurotransmitter release from cells.

Another research objective is to further increase the sensitivity of fluorescent SWCNT
sensors for high-resolution detection of dynamic release processes by optimizing the sensor
coating. Given their nanoscale dimensions, SWCNTs possess the ability to build highly
functional dense surfaces, at which each sensor can effectively act as a 'pixel’ to report
the dynamic processes. To ensure sensitivity over a wide area, a uniform surface coating is
essential. The goal is to explore the optimal coating density that enables highly sensitive

measurements and assess its robustness for standard integration in materials.

1.3 Outline

The dissertation follows a cumulative structure, building on the manuscripts published as

part of the doctoral thesis. The organization is as follows:

o Chapter 2 presents an overview of the scientific fundamentals of neurotransmit-
ters and current approaches used for their detection. It provides a comprehensive

understanding of SWCNTSs from photophysical principles to SWCNT sensing (mech-
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anisms) and measurement methods in the form of a review manuscript. The advan-
tages and challenges of using optical SWCNT sensors for neurotransmitter detection

are highlighted in detail.

o In Chapter 3 the most important results obtained during the doctoral thesis are
presented. It comprises two research manuscripts that focus on different aspects of
increasing the sensitivity and addressing the accessibility of SWCNT-based sensing
for neurotransmitter detection. The manuscripts are embedded between an intro-
duction that defines the underlying research questions that motivated each work,
and a publication synopsis that summarizes the key findings and implications of

each work.

o Chapter 4 follows with a more detailed discussion of the main findings with a com-
parison to the literature. It offers potential solutions to overcome existing challenges

and suggests possible future research directions.

o Chapter 5 concludes with a summary of the major findings of the thesis.



Chapter 2

Neurotransmitters

This chapter provides an overview of the scientific fundamentals of neurotransmitters as
well as current approaches used for their detection. The first section begins by discussing
neurotransmitters as chemical messengers and their role in neural communication. The
second section highlights the importance of detecting neurotransmitters for accurate di-
agnoses and effective treatment of associated disorders. The third section continues with
a short review of the state-of-the-art in neurotransmitter detection techniques, highlight-
ing the challenges and limitations associated with current methods. In the final section,
the potential of SWCNTSs as a novel approach for the optical detection of a variety of

biomolecules, including neurotransmitters, is addressed.

2.1 Chemical Messengers of the Nervous System: An

Introduction to Neurotransmitters

Since the discovery of the first known neurotransmitter - acetylcholine - by German phar-
macologist Otto Loewi and British physiologist/biochemist Henry Dale in 1921, the un-
derstanding of neurotransmitters has expanded significantly [Loe21, Si 18]. To date, over
100 neurotransmitters have been identified in the nervous system, present in nanomolar
concentrations alongside various other biochemical molecules and minerals [Niy19]. For
example, dopamine has many analogues, and some potential interferents with a simi-
lar chemical structure (Figure 2.1), which makes selective detection challenging [Liu21].
These neurotransmitters can be categorized into different classes based on their chemical
structure, including amino acids, monoamines, neuropeptides, purines, gasotransmitters,
and others [Niy19].
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Figure 2.1: Molecular structures. The structures of a) dopamine and its analogs,
and b) some interferents in biological samples. Adapted with permission from [Liu21].
Copyright © 2020, John Wiley & Sons, Ltd.

Neurotransmitters are endogenous electrochemical signaling molecules that act as mes-
sengers in the synaptic transmission process between neurons. They play a crucial role
in the proper functioning of the brain and are closely linked to numerous bodily func-
tions and cognitive behaviors, including motor control, sleep, perception, appetite, mem-
ory/learning, and emotions [Niy19, Tav19]. As such, they are a key factor in both physi-
ological and psychological health. While all neurotransmitters contribute to the intricate
interplay within the nervous system, a small group has emerged that is particularly in-
volved in peripheral nervous system disorders [Niy19]. For instance, dopamine, which
along with norepinephrine (noradrenaline) and epinephrine (adrenaline) is one of the
catecholamines derived from the amino acid L-tyrosine, has been associated with these
disorders. These catecholamines belong to the group of monoamine neurotransmitters,
that are characterized by an amino group connected to an aromatic ring through a two-
carbon chain. Dopaminergic neurons, localized in the substantia nigra pars compacta and
the wventral tegmental area, play a central role in motivation and motor functions. How-
ever, there are other neurons that primarily contain other specific neurotransmitters, and
are localized in different brain regions. They are all linked to specific brain functions. For
example, norepinephrine and epinephrine can act as both neurotransmitters and stress
hormones. In their role as neurotransmitters, they function in the autonomic nervous
system, often referred to as the 'fight or flight’ system, while serotonin, also known as 5-
hydroxytryptamine (5-HT'), is involved in a variety of behavioral functions, such as sleep,

appetite, nausea, headaches or mood swings [Niy19].
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A synapse consists of a presynaptic neuron and a postsynaptic neuron [Ou 19]. Neurons
consist of a cell body and projections through which signals are supplied (dendrites)
or transmitted (neurite, axon, Figure 2.2 a) [Hail8|. Axons are typically long and un-
branched, sometimes surrounded by medullary sheaths interrupted by Ranvier nodes.
These medullary sheaths are composed of lipid- and protein-rich myelin, which, together

with the nodes, influence the speed of signal conduction [Hail§].
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m Dopamine transporter
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/
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S o
L

Figure 2.2: Neural communication. a) Structure of a neuron, b) dopamine
metabolism in dopaminergic neurons. Adapted with permission from [Xu 22]. Copy-
right © 2022, Springer Nature.

The signal transduction process consists of several steps and is illustrated in the following

on the basis of the signal transduction of dopamine (Figure 2.2 b).

1. Synthesis and Storage: For dopamine to function as an electrochemical signal-
ing molecule in the synaptic transmission process between neurons, it must first
be synthesized wvia presynaptic processes in dopaminergic neurons. The primary
metabolic pathway involves a two-step synthesis in which tyrosine is first con-
verted to levodopa (L-DOPA) by the enzyme tyrosine hydroxylase (TH), while
L-DOPA is further converted to dopamine (DA) by aromatic amino acid decarboxy-
lase (AADC) [Klel9, Xu 22]. Through vesicular monoamine transporters (VMAT2),
the dopamine molecules are stored in synaptic vesicles. In norepinephrine and
adrenergic neurons, dopamine can be further converted into norepinephrine and

epinephrine [Kle19].

2. Dopamine Release: The release of neurotransmitters from the presynaptic cell
into the synaptic cleft occurs through calcium ion (Ca?*t)-initiated exocytosis [Hail8,
Kle19, Dol20]. Here, Ca*" channels are opened by an action potential in the neurite’s

cell membrane, allowing Ca?* to enter and causing a change in membrane potential.
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Ca?" triggers fusion between the dopamine-containing vesicles and the presynaptic
neuron membrane, leading to the release of dopamine into the synaptic cleft through
exocytosis. In this process, dopamine acts by ’'volume transfer’, similar to other
neuromodulators like serotonin, norepinephrine, and histamine. This means that
dopamine molecules diffuse over a larger area, affecting multiple cells in a broader

region.

3. Receptor Binding: Dopamine molecules diffuse across the synaptic cleft and bind
to dopamine receptors on the postsynaptic cell or autoreceptors on the presynaptic
cell [Klel9]. Dopamine receptors have several subtypes, including D1-like recep-
tors (D1 and D5) and D2-like receptors (D2, D3, and D4) [Xu 22]. The binding
of dopamine to its receptors can have different effects depending on the recep-
tor subtype and the brain region involved. This process, known as neurotransmis-
sion or signal transmission, occurs within milliseconds. The remaining dopamine
molecules in the synaptic cleft are taken back into the presynaptic cell with the
help of dopamine transporters (DAT) and can be re-packaged into vesicles or de-
graded by enzymes such as monoamine oxidase (MAO). MAO cleaves dopamine to
3,4-dihydroxy-phenylacetaldehyde (DOPAL) and hydrogen peroxide (H2O3), while
DOPAL is, in turn, degraded to 3,4-dihydroxy-phenylacetic acid (DOPAC) by the
enzyme aldehyde dehydrogenase (ADH) [Xu 22].

4. Equilibration: The resting potential is restored by ion balance between the outer
and inner cell membrane. Within this refractory period, a new stimulation is not
possible [Pfa22].

For the described stimulation of neurons, a certain threshold value must be overcome.
Prior to stimulation, the cell has a resting potential, where the cell interior is about
60 — 75 mV more negative than the cell exterior [Pfa22]. This difference arises because
the cell membrane is roughly a hundred times more permeable to potassium ions (KT)
than to sodium ions (Na't), allowing K* to diffuse out of the cell while anions remain
inside. In the cell experiments within this thesis, in both research manuscripts potassium
chloride (KCl) is used to stimulate dopamine release from cells surrounded by phosphate-
buffered saline (PBS) supplemented with calcium chloride (CaCly). The addition of KCI
elevates the concentration of K™ in the external medium, enabling K to enter the neurons.
Due to their size difference, chloride ions (C17) have limited diffusion. As a result, the
negative charge within the membrane increases, leading to cell depolarization. This, in
turn, triggers the opening of voltage-gated Ca?* channels in the membrane, facilitating
the release of dopamine into the synaptic cleft, as described earlier. The addition of CaCl,

to PBS ensures an adequate supply of Ca?* for exocytosis.
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2.2 Analyzing Neurotransmitters: A Critical Tool for
Understanding, Diagnosing, and Treating
Neurological and Mental Health Disorders

Based on the previous Section 2.1, it becomes evident that neurotransmitters play a
critical role in brain function. Consequently, disruption of these chemical messengers can
lead to neurological disorders such as dementia, epilepsy, Parkinson’s, Huntington’s, and
Alzheimer’s disease, as well as severe mental health disorders like anxiety, depression,
addiction, and schizophrenia [Niy19]. This affects numerous people in this world. The
number of people suffering from neurological disorders has increased significantly in the
last 30 years. Neurological disorders are the leading cause of disability and the second
leading cause of death [Fei20]. The incidence of mental illness has increased by 13 %
from 2007 to 2017, primarily due to demographic change, with every 5 child/adolescent

worldwide also suffering from a mental illness [WHO22].

However, despite the substantial impact of these disorders, many of them lack well-defined
diagnostic protocols and quantifiable chemical biomarkers [Ou 19]. This poses a major
challenge to the accurate diagnosis and treatment of these disorders. Unlike physical
diseases, for which measurable biomarkers often exist, the diagnosis of mental disorders
relies heavily on subjective assessments and patient-reported symptoms, which can be
influenced by a variety of factors. For example, antidepressants are ineffective in many
patients [Henl17]. Moreover, while medications can help manage symptoms, most neu-
rological disorders remain incurable, highlighting the need for more effective treatment
options. For instance, even after more than 50 years, the gold standard treatment for
Parkinson’s disease, L-DOPA, has not been surpassed, despite it is known that movement

disorders, initially well relieved by L-DOPA, return after some time [Paol9].

Consequently, addressing these challenges necessitates the development of precise detec-
tion methods in neuroscience. The availability of sensitive and selective measurement
techniques capable of assessing the release of neurotransmitters from neurons in real time
and quantifying the concentrations of neurotransmitters in various body fluids would have
significant benefits. It would help to tackle these diseases at the root of their emergence,
slow their progression, as well as develop effective drugs that ideally address the disease
itself and not just the symptoms. In particular, simultaneous, specific detection of dif-
ferent compounds and neurotransmitters would be of enormous benefit in observing and
understanding the complex metabolism and interplay of different neurotransmitters in-
volved in these disorders. Thus, accurate detection of neurotransmitters is important for

the following reasons:
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1. Research Advancements: Detection of neurotransmitters in real-time can im-
prove understanding of cellular communication and the underlying mechanisms of

mental and neurological diseases [Leol9].

2. Improved Drug Development: Drug discovery involves the use of compounds
that target different pathways of neurotransmitter metabolism to modulate their
levels. Accurate neurotransmitter detection can help to identify specific neurotrans-
mitter receptors or pathways and develop drugs that specifically target these ar-
eas [Hual9, Whi21].

3. Early Intervention: Monitoring neurotransmitter concentrations in urine or other
body fluids allows early detection of imbalances before the onset of significant symp-
toms [Marl1].

4. Personalized Treatment and Monitoring of Treatment Efficacy: Personal-
ized monitoring of neurotransmitter concentrations in urine or other body fluids can
provide insight into the effectiveness of treatment interventions or whether dosage
adjustments of medications or alternative strategies are needed to rebalance neuro-

transmitter concentrations over time [Yu 22].

2.3 State-of-the-Art and Current Restrictions in

Neurotransmitter Detection

As previously mentioned in Section 2.1, neurotransmitters are present in the nervous
system and other biological samples in very low concentrations, mixed with numerous
other biochemical molecules and minerals. Moreover, neurotransmission occurs on short
temporal (ms) and small spatial (nm) scales [Ou 19]. These factors present significant
challenges in their detection, which is why neurotransmitter detection is the subject of
ongoing research [Niy19]. Different detection methods exist, which are optimized for ei-
ther in vivo or in wvitro monitoring of neurotransmitters. Furthermore, these methods are
typically tailored for specific neurotransmitters (monoamine and amino-acid groups and
others such as acetylcholine), which have been identified as important candidates in neu-
rological and mental health disorders [Niy19]. The objective of this section is to provide
an overview of the commonly used detection methods that have already been established
and to compare their strengths and weaknesses. In practice, however, two techniques are

sometimes combined in order to obtain a better detection accuracy [Niy19].

Typical detection methods for neurotransmitters can be divided into five categories (Fig-

ure 2.3) and are as follows [Niy19]:
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1. Nuclear medicine 2. Optical sensing 3. Electrochemical 4. Analytical 5. Microdialysis
tomographic imaging techniques detection chemistry techniques

Figure 2.3: State-of-the-art in neurotransmitter detection. The images under
no. 1, 2, and 4 taken from [Togl6]. Copyright © 2016, DBCLS TogoTV.

1. Nuclear Medicine Tomographic Imaging, including positron emission tomog-

raphy (PET) and single photon emission computed tomography (SPECT)

2. Optical Sensing, including surface-enhanced Raman spectroscopy (SERS), fluo-

rescence, CL, fiber optic biosensors, and colorimetry

3. Electrochemical Detection, including fast-scan cyclic voltammetry (FSCV) and

amperometry

4. Analytical Chemistry Techniques, including high-performance liquid chro-
matography (HPLC) and mass spectrometry

5. Microdialysis

2.3.1 Nuclear Medicine Tomographic Imaging

Nuclear medical tomography, which includes both PET and SPECT, is a non-invasive
in vivo neuroimaging technique [Niy19]. It indirectly measures brain activity and neu-
rotransmitter release by employing short-lived radioactive tracers intravenously injected
into the patient. The tracer competes with neurotransmitters for receptor binding, whose
decay leads to the emission of radiation captured by a ring-shaped detector surrounding
the patient. However, PET and SPECT differ in the radioactive product and detector
setup [Niy19].

In PET, the decay of the isotope generates a positron (beta radiation) [Niy19]. The
positron interacts with electrons in the body, leading to its annihilation and the produc-
tion of two photons with an energy of 411 keV (gamma radiation), emitted in opposite
directions. The detector captures these photons, and the position of annihilation is de-
termined by measuring their time of flight before they reach the detector. The temporal
and spatial distribution of these events is used to reconstruct a series of cross-sectional
images with resolutions of about 4 — 6 mm [Unil9] and 5 — 10 s [Wan19].
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Conversely, SPECT employs a tracer emitting single gamma photons, detected by a rotat-
ing gamma camera equipped with a collimator [Niy19]. Reconstruction algorithms create
3D images of the radiopharmaceutical’s position, offering lower spatial resolution and two
to three orders of magnitude lower sensitivity compared to PET. However, it is also less

expensive due to its simpler setup [Niy19].

Both methods detect tracers indirectly rather than neurotransmitters directly [Niy19]. De-
spite their complexity and expertise demands, nuclear tomography is a standard method
for in vivo neurotransmitter detection and is considered safe. One limitation is the com-
plexity involved in developing new radioligands. In the clinical setting, PET is often
combined with computed tomography (CT) to provide additional information on the ap-

pearance and shape of tissues and organs, improving spatial resolution [Unil9).

2.3.2 Optical Sensing Techniques

Various optical methods are employed for neurotransmitter detection, including SERS,
where enhanced Raman scattering of molecules (up to 10, but very rare) is achieved
through their interaction with metal nanostructures that support localized surface plas-
mon resonances [Sch14]|. Molecules of interest can be adsorbed onto patterned metal sur-
faces made of noble metals such as gold/silver nanorods or particles. The amplification
is based on two effects, electromagnetic amplification by surface plasmons and chemical
amplification by the formation of charge transfer complexes. Due to its amplification ca-
pabilities, SERS offers high sensitivity (up to the femtomolar range) [Tan15]. However,
detecting neurotransmitters in mixtures with interfering species can be challenging. This
is because there can be an overlap of Raman signals and changes in bands due to in-
termolecular interactions, as illustrated in Figure 2.4 a) for a mixture of dopamine and

ascorbic acid (AA) and their respective spectra alone [Fig20)].

Fluorescence-based methods often combine a fluorescent nanomaterial with en-
zymes [Tanl19], or aptamers [Ten22| for target recognition, which, for example, changes
fluorescence through an electron transfer mechanism. Aptamers consist of ssDNA or RNA
sequences that have high specificity for a particular target molecule due to their 3D
folded shape [Dunl7|. They are developed in iterative steps using a systematic evolution
of ligands by exponential enrichment (SELEX) process in which a library of randomly
generated aptamer sequences is synthesized and the sequences with the highest binding
affinity to the target molecule are progressively separated and amplified. Their smaller size
compared to antibodies allows them to detect smaller molecules. They can be produced
synthetically and are cheaper and more stable than antibodies, making them a popular

detection unit for biosensors.
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Figure 2.4: Experimental results for discrimination of different neurotrans-
mitters/interfering molecules using optical methods. a) SERS based on silver
nanoparticles for detection of dopamine (DA), ascorbic acid (AA), and their mixture.
Adapted from [Fig20]. Copyright © 2020, with permission from Elsevier. b) HPLC
in combination with chemiluminescence (CL) for detection of different neurotransmit-
ters in a mixture (norepinephrine (NE), epinephrine (EP), DA, and serotonin (5-HT)).
Reprinted with permission from [Wu 16]. Copyright © 2016, with permission from John
Wiley & Sons, Ltd.

In addition, fluorescent false neurotransmitters’ offer a unique approach as optical trac-
ers, enabling the visualization of neurotransmitter release at individual presynaptic ter-
minals [Gub09]. It is important to note, however, that this method is indirect and does
not directly image the neurotransmitters themselves or their dynamics. Fluorescence res-
onance energy transfer (FRET) involves the radiation-free transfer of energy from an
excited donor fluorophore to an acceptor fluorophore in close proximity. This leads to
the quenching of the donor fluorophore, while the acceptor fluorophore emission inten-
sity is increased. The quenchers are normally organic dyes, quantum dots, nanoparticles,
or biological molecules with an absorption spectrum close to the emission spectrum of
the donor [Niy19, Ten22|. They can specifically target certain molecules or biomolecules,

making them highly selective.

CL methods are based on the emission of radiation due to a chemical reaction where a
donor molecule in the excited state transfers its energy to an acceptor, which recombines
under the emission of a photon. This is often combined with HPLC for the separation of
biological samples [Rag00, Wu 16, Ma 20]. For example, Wu et al. achieved separation of
the neurotransmitters norepinephrine (NE), epinephrine (EP), dopamine, and serotonin
with HPLC within 11 min and the neurotransmitters showed an enhancing effect on the
CL reaction between the Ag(III) complex [Ag(HIOg)2)>~ and luminol in alkaline solution
with a limit of detection in a low nanomolar regime (Figure 2.4 b [Wu 16]). Detection in
combination with HPLC can thus be very specific, but is also more time-consuming and

costly, while multiplexed detection without separation is challenging [Li 19a, Li 20].
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Fiber optic biosensors exploit changes in refractive index [San21, Zha22] by, for example,
an aptamer changing its conformation by binding, resulting in signal transduction [Zib16].

They can measure over longer distances or multiple measurements simultaneously.

Colorimetric methods, which are suitable for rapid, low-cost screening tests, rely on ob-
servable color changes caused by a color reaction between the target molecule and other
compounds. They provide semi-quantitative information without additional equipment,
since color and intensity may depend on the light conditions and the observer’s perception,
respectively [Jafl7, God18|.

Overall, methods based on optical nanomaterials are particularly suitable for miniaturized
assemblies. However, the biocompatibility and long-term effects of many nanomaterials
used in optical methods remain largely unexplored or may even be toxic, rendering them
unsuitable for in vivo applications at present [Niyl9]. Furthermore, several fluorophores
are not suitable for long-term imaging due to bleaching [Tyn12]. Additionally, autoflu-
orescence and scattering from biological samples and tissues can impose limitations on
the sensitivity of optical measurements [Honl7]. This is where NIR fluorescent SWCNTs

exhibit advantages, which will be discussed in detail in the subsequent Section 2.4.

2.3.3 Electrochemical Detection

Neurotransmitter detection using electrochemical methods such as FSCV and amperome-
try is a powerful and widely used approach in the field of neuroscience, which relies on the
measurement of electrical quantities such as current or potential with electrodes inserted

into the samples [Niy19].

In FSCV, rapid voltage changes oxidize or reduce neurotransmitters located near the
working electrode, revealing distinctive peak shapes and positions in current-voltage
curves for identification. Distinguishing between different neurotransmitters and inter-
fering molecules is a challenge, since the redox potential and thus the voltammograms are
very similar. An enhanced distinction is achieved with optimized electrode materials like
CNT yarn (Figure 2.5) [Sch13]. Amperometry, unlike FSCV, maintains a constant poten-
tial yielding superior temporal resolution for the dynamic detection of neurotransmitters
that does not depend on the passage of a scan cycle as in FSCV. However, it does not

provide current-voltage curves for the differentiation of neurotransmitters.

Overall, these methods offer high sensitivity and concentration measurements, but elec-
trode fouling due to the adsorption of reactive species can occur which affects the sen-
sitivity and thus results in necessary calibrations. Microelectrode arrays enhance spatial

resolution for quantifying neurotransmitter release in cells [Che08, Whi21], although res-
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Figure 2.5: Experimental results for discrimination of different neurotrans-
mitters/interfering molecules using electrochemical methods. Optimized elec-
trochemical detection to discriminate different analytes by using CNT yarn compared
to conventional carbon-fiber electrodes. Adapted with permission from [Sch13]. Copy-
right © 2013 American Chemical Society.

olution is limited by the number and size of electrodes. Despite optimized electrode ma-
terials, the key challenge is selectivity to interfering molecules such as ascorbic acid and

discrimination of structurally similar neurotransmitters in mixtures.

2.3.4 Analytical Chemistry Techniques

HPLC separates molecules within a mixture by pumping them along with a mobile phase
(a running medium) through a stationary phase composed of porous particles under high
pressure [Niy19]. The molecules in the mixture interact differently with the stationary
phase, causing them to separate based on the varying time spent in the column. The right
choice of the mobile phase can improve separation [Wu 16|. HPLC is often coupled with
techniques such as mass spectrometry, CL, or fluorescence for the simultaneous detection
of multiple neurotransmitters, providing excellent selectivity and sensitivity. However,

HPLC is not suitable for real-time detection, and the equipment can be costly.

2.3.5 Microdialysis

Microdialysis, an established in vivo technique for neurotransmitter detection, has been
used for over 30 years [Niy19]. A probe consisting of a semipermeable membrane is inserted
into the brain outside the synaptic cleft, which is continuously perfused with artificial cere-
brospinal fluid. Molecules diffuse across the membrane driven by concentration gradients

and are collected in vials or directed into an analytical system like HPLC and mass spec-
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trometry for further analysis. The temporal resolution depends on offline (5 - 10 min) or
online (less than 1 min) analysis [Liul4], offering an average value of molecules released
into and removed from the extracellular space [Niy19]. The spatial resolution is thus low.

It is an invasive technique that requires tissue healing after probe insertion [Liul4].

2.3.6 Comparative Analysis of All Methods

Table 2.1 contains a comparison of the various neurotransmitter detection methods dis-
cussed above to provide an overview with a qualitative ranking (green — good, yel-
low — medium, red — poor) for direct evaluation of their strengths and weaknesses. The
values reported for individual parameters are intended as guidelines, were mostly obtained
in buffer environments, implying that sensitivity values should be lower in more complex

media such as serum, and are part of an individual publication/sub-method.

Overall, it is clear that there is no method yet that is strong in all areas, especially
in the combination of high spatial and temporal resolution. Some of the given values
in combination with the ranking may be surprising at first sight in direct comparison
with other methods. For example, PET is ranked as ’green’ with a spatial resolution
of 4 — 6 mm, while FSCV and amperometry are ranked as ’yellow’ with 220 pm and
30 pm, respectively. This is due to the overall resolution in terms of ’pixels’/area that
contributes to imaging. While in PET the images are composed of the individual detected
emissions of the radioactive tracers, which can be high in absolute numbers, the spatial
resolution in electrochemical detection is limited by the number of electrodes. Resolu-
tion has already been increased here by the use of microelectrode arrays. For example,
White et al. achieved a 32 x 32 array with a 30 nm electrode size by using complementary
metal-oxide—semiconductor (CMOS) on-chip array technology [Whi21]. However, this still
leaves the spatial resolution in terms of 1024 ’'pixels’ behind those based on nanomate-
rials that can be densely coated onto surfaces. Furthermore, certain methods marked as
'yvellow’ in the table may have toxicity concerns for in vivo applications. And even though
selectivity was ranked as ’green’, distinguishing different neurotransmitters in complex

mixtures with interfering molecules remains a challenge to be solved in general.

While tomographic imaging will remain a standard in vivo method for a long time, other
methods based on fluorescence or CL have the potential to advance in vitro diagnostics
with improved detection time, sensitivity, selectivity, and cost-effectiveness. The adoption
of these novel methods as a standard for in vivo diagnostics may be limited (initially) due
to material compatibility concerns, making it important to ensure their biocompatibility
and rapid degradation in the body for non-invasive applications. This would provide a

significant advantage over electrochemical methods and microdialysis, which are invasive
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Table 2.1: Comparative analysis of all neurotransmitter detection methods. Ranking:

green — good, yellow — medium, red — poor. The values given are from individual publications

and can be seen as guide values. Sensitivity data refer to the detection of dopamine.

Spatial T 1 Equi t In Vi
Method patia crpora Sensitivity Selectivity dtpHen oo
Resolution  Resolution Costs Suitability
[ o o o [
PET 1.8 Mio. €
4 — 6 mm 5—-10s 200 nM for PET/CT
[Unil19] [Wan19] [Cecl2] system [For08]
o o o
SPECT a factor of
8 mm 10 s 102 — 10° lower 460,000 €
[Her05] [Lin09] than PET [Niy19] [For08]
o [ ®
SERS 10 pm 1-10s 6 fM >11,000 €
[Plo21] [Lee21] [Tanl15] [Emm21]
® o o o
Fluorescence 130 nm 20 pM
— 400 nm* [Wanl5h]
o o o
CL seconds 1.87 nM
[Li 19a] [Lan19)]
Optical ® o ® o o
Fiber <1 mm 0.1 pM
Sensing [Gru04] [Hu 18]
® o o
Colorimetric 30 nh with
analyzation
device [Jafl7]
o o
FSCV 220 pm 100 ms 10 nM 8,400 €
[Che08] [Put20] [Put20] [Fos14]
o ® ®
Amperometry 30 pm <1 ms 25 nM 1,700 €
[Whi21] [Put20] [Put20] [Sci23]
[ o o [
Microdialysis . 1 mi 45.000 €
+ HPLC mm region min ,
[Liul4] HPLC [DeP21]

*For nanomaterials limited by the Rayleigh criterion as a function of the fluorescence wavelength.
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techniques, as well as tomography methods, which are very expensive and bulky. However,
there are additional challenges to overcome, such as achieving sufficient signal intensity in
tissue and bleaching of fluorescent dyes. These factors should be taken into consideration

when exploring the feasibility of such methods for neurotransmitter detection.

2.4 Single-Wall Carbon Nanotubes (SWCNTs) for

Neurotransmitter Detection

In the previous Sections 2.2 and 2.3, it was highlighted that there is a significant need
for new methods to detect neurotransmitters. In particular, biosensing approaches using
nanomaterials have shown great potential. In this context, sensors based on fluorescent
SWCNTs have emerged as promising candidates for the detection of various biomolecules,
including neurotransmitters, based on their fluorescence in the NIR tissue transparency
window. As the optimization of SWCNT sensors for the detection of rapid release processes
such as neurotransmitters is the focus of this thesis, the current chapter aims to provide

the scientific background of this technology.

Since the first synthesis of CNTs in 1991 by lijima using arc-discharge evaporation [lij91],
the discovery of structure-dependent NIR fluorescence in 2002 [O’C02, Bac02], and the
first observations of stepwise quenching of SWCNTs by single-molecule reactions in
2007 [Cog07], it has become clear that these building blocks offer multiple applications as
optical sensors. A biosensor consists of a recognition unit that allows selective interaction
with the analyte of interest and a transduction unit that converts a recognition event
into a signal. In this context, SWCNTSs serve as the transduction unit by altering their
NIR fluorescence, and they can be functionalized with recognition units such as ssDNA
sequences [Zhe03, Krul4, Nis20], aptamers [Din19, Nis20], or antibodies [Zhal4, Wil18b].

SWCNT-based sensing has been a rapidly evolving research field for many years, and
significant progress has been made. To provide an overview of the various developments
in recent years and to capture the existing research gaps, challenges, and future trends,
a comprehensive review manuscript was written under joint co-authorship at the begin-
ning of the doctoral studies. This Review Manuscript, which is presented in the following
Section 2.4.1, covers a wide range of topics and has gained considerable attention with a
reasonably high number of citations (58 in 1.5 years). It begins with an introduction to the
importance of biosensing in the biomedical context and discusses the unique features of
SWCNT-based sensing (Chapter 1). The Review Manuscript then deals with a descrip-
tion of the structure and associated photophysical properties, surface functionalization

approaches, and biocompatibility of SWCNTs (Chapter 2). It further explores chemical
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design strategies and provides detailed insights into the development of sensors for vari-
ous analyte classes, discussing parameters such as sensitivity, selectivity, spatiotemporal
resolution, and reversibility of different sensor approaches. Underlying sensor mechanisms
leading to fluorescence modulation, considerations of imaging and kinetics, their effects on
temporal resolution, and various measurement variations like approaches to ratiometric
and hyperspectral measurement are also covered (Chapter 3 and the extensive Tables in
the Appendiz). Finally, the Review concludes with an outlook and perspectives (Chapter
4). Following the Review, the main points are summarized and discussed as a publication

synopsis in Section 2.4.2.

Given the extensive scope of the Review Manuscript, the following chapters are particu-

larly recommended to provide the scientific background within the context of this thesis:

e 1. Introduction

2.1 SWCNT Structure and Photophysics

e 2.2.1 Noncovalent Functionalization

o 2.3 Biocompatibility

o 3.2.2. Neurotransmitters in combination with Table 2 in the Appendiz
o 3.3.2. Impact of Conformational Changes and Solvation

e 3.4.1 Kinetics of Sensors and Impact of Spatiotemporal Resolution

e 4. Outlook and Perspectives

2.4.1 Biosensing with Fluorescent Carbon Nanotubes (Review

Manuscript)
Graphical Abstract

Optical biosensors are important tools for basic
research and non-invasive diagnostics. Carbon
nanotubes are versatile near-infrared fluorescent

and non-bleaching materials that can be chemi-

cally functionalized to detect a broad variety of t = 9 Eg/w
biomolecules. This Review highlights chemical B é§ L
. . . Ee . Iy o ®\ *®i
design strategies and provides a comprehensive ®' .\\/’
overview of the recent developments in this dy- Cy\‘
i \_/

namic field.
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Biosensors are powerful tools for modern basic research and biomedical diagnostics. Their develop-
ment requires substantial input from the chemical sciences. Sensors or probes with an optical readout,
such as fluorescence, offer rapid, minimally invasive sensing of analytes with high spatial and temporal
resolution. The near-infrared (NIR) region is beneficial because of the reduced background and
scattering of biological samples (tissue transparency window) in this range. In this context, single-
walled carbon nanotubes (SWCNTs) have emerged as versatile NIR fluorescent building blocks for
biosensors. Here, we provide an overview of advances in SWCNT-based NIR fluorescent molecular
sensors. We focus on chemical design strategies for diverse analytes and summarize insights into the
photophysics and molecular recognition. Furthermore, different application areas are discussed— from
chemical imaging of cellular systems and diagnostics to in vivo applications and perspectives for the

future.

1. Introduction

Future challenges in medicine such as early disease
detection, point-of-care diagnostics, and tailored therapies
require novel methods of biosensing. Additionally, biosensors
can provide insights into the complex dynamics of biological
and chemical systems. Consequently, they are essential tools
for both fundamental research and biomedicine. In particular,
optical sensing approaches possess a great potential for
contactless real-time readouts that are required in biomedical
research, as well as industrial healthcare and agriculture
applications.!'”) During the last decade, the field of biosensors
based on nanomaterials has seen vast improvements.*!
These materials include carbon-based nanomaterials such as
graphene, graphene quantum dots, and carbon nanotubes
(CNTs).*¥  Here, single-walled carbon nanotubes
(SWCNTs) are of particular interest. Their optoelectronic
properties are sensitive to the surrounding environment,
which makes them suitable for highly selective biosensing.!*¢!
When dispersed in aqueous solutions, SWCNTs fluoresce
without bleaching in the near-infrared region (NIR, around
2. =870-2400 nm).'"”"¥ This region of the electromagnetic
spectrum is beneficial for detection and imaging as it offers an
ultralow background and high penetration depths in biolog-
ical tissues (tissue transparency window).">*12! Fluores-
cence methods using common visible fluorophores often
suffer from high scattering, absorption, and autofluorescence,
which limits the penetration depth and signal to noise ratios.!"
Additionally, phototoxicity is increased by excitation of
common fluorophores with visible (Vis) or ultraviolet (UV)
light. Consequently, SWCNTs offer an advantage as they
combine the biocompatibility and photostability required for
optical sensing and imaging with emission in the NIR
region.'"*?%! Furthermore, the structural diversity of
SWCNTs promises tunable emission wavelengths.*!?!
SWCNTs are highly sensitive to environmental changes,
which is the basis for molecular recognition and was
pioneered by optical sensors for glucose detection and
DNA polymorphism.***! Both covalent or noncovalent
functionalization approaches play an essential role in tailor-
ing molecular interactions close to the SWCNT sur-
face. 11417232 By ysing such concepts, SWCNT-based bio-
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sensors for many highly important biomolecules have been
developed.

More recently, this allowed chemical signaling to be
mapped in a completely new manner, for example, release
patterns of neurotransmitters from cells with high spatial and
temporal resolution, which provides unique insights into
fundamental biological questions.””*! Moreover, recent
advances have been made in remote invivo biosensing
applications by the multimodal optical detection of several
analytes. By combining multiple nanosensor elements and
integrating them into functional arrays, analytes can be
identified and distinguished on the basis of their characteristic
image signatures.”” Such a combination of optical nano-
sensors could pave the way for the next generation of fast and
reliable insitu diagnostics. In addition, these approaches
provide completely new opportunities for standoff process
controlling, for example, fabrication of antibodies or mon-
itoring in food and agriculture industries (smart plant
sensors).1>: 13033

In this Review we focus on optical biosensing with
SWCNTs to give an update on this fast-evolving field. We
evaluate in detail the specificity, sensitivity, spatial resolution,
and biocompatibility of different SWCNT-based biosensors.
This Review follows on from previous reviews,?!%1423:343]
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and discusses new chemical strategies developed in the last
few years. SWCNTs can also serve as NIR labels. However,
this is not discussed here and we refer to other excellent
reviews.["?

In Section 2, the basic structural properties and photo-
physics of SWCNTSs as well as functionalization strategies are
described. To conclude this section, we touch on the most
important aspects of SWCNT biocompatibility. Section 3
contains an overview of general chemical recognition strat-
egies. We provide a detailed and up-to-date summary of all
currently accessible biomolecular target groups, including
reactive oxygen species (ROS), neurotransmitters, proteins,
antibodies, lipids, and sugars. This overview is complemented
with mechanistic insights into how these sensors work. Finally,
we provide a perspective on the field (Sections 3 and 4) and
discuss possible future directions. This includes novel biolog-
ical topics such as plants, advanced chemical tools (defects),
methods for improved (hyperspectral) imaging, novel screen-
ing approaches, and multiplexing.

2. Functionalization Concepts

Since the report of their structure, CNTs have attracted
wide interest within the scientific community and beyond.
Their remarkable mechanical, electrical, and photophysical
properties have paved the way for applications in the fields of
advanced materials, microelectronics, biosensing, imaging,
drug delivery, and many more.®*! Here, we will briefly
describe the structure and photophysics of SWCNTSs, followed
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by approaches to tailor their surface chemistry and biocom-
patibility.

2.1. SWCNT Structure and Photophysics

CNTs can be conceptualized as rolled-up cylinders of
graphene.’” Their properties are determined by the exact sp*
hybridized carbon lattice as well as by the number of cylinders
that are stacked into each other”” CNTs derived from
a single graphene cylinder are called single-walled carbon
nanotubes (SWCNTs),® whereas tubes consisting of multiple
layers are called multiwalled carbon nanotubes
(MWCNTs)." SWCNTs are commonly labeled using the
chiral index (n,m), where n and m are integers that describe
the carbon lattice structure (Figure 1a).*”*! In this notation,
the SWCNT is conceptually rolled up along the vector
c=na,;+ma, (a, and a, are the graphene lattice vectors).
Consequently, the roll-up vector also determines the diame-
ter. For SWCNTs, the reported diameters range from 0.4 nm
to 10 nm.®!

The roll-up vector affects the density and energy of the
electronic states of SWCNTs and consequently the optoelec-
tronic properties are directly related to chirality. As a result,
for n—m =0 (armchair configuration), SWCNTs are metallic,
for n—m=3j (j € N\{0}), semimetallic, and semiconducting
for all other (n,m) chiralities."” When SWCNTs are excited
with light, an electron-hole pair (exciton) can be created and
diffuses along the SWCNT axis.*!!' For semiconducting
SWCNTs,'¥ the absorption of photons with energies corre-
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Figure 1. Structure and properties of single-walled carbon nanotubes
(SWCNTs). a) The structure of SWCNTs can be rationalized by rolling
a sheet of graphene along its roll-up vector, for example, c=6a, + 5a,.
b) The band gap structure gives rise to fluorescence emission in the
near-infrared (NIR) region. c) The E;; transition of SWCNTs"*! overlaps
with the tissue transparency window, thus offering the advantage of
reduced light absorption,®” scattering (e.g. Rayleigh), and background
fluorescence. Here, the emission spectrum of SWCNTs of (6,5)-
chirality is shown, but the emission wavelength for other chiralities
span the whole NIR region.

sponding to the visible spectrum of light typically leads to
excitation to the second conducting band (Figure 1b).!?

Fast decay (femtosecond time scale) to the first conduc-
tion band followed by radiative recombination, then causes
fluorescent emission in the NIR region (>870 nm),!'s*!
a region that is particularly interesting for biological imaging
(Figure 1c¢). Quantum chemical considerations predict 4
singlet and 12 triplet excitonic states.[**! However, only the
transition from the singlet state is optically allowed.[** As
the energy of this state is higher than the majority of other
singlet and triplet states,*>*! a variety of dark exciton decay
pathways exist.*’ For (6,5)-SWCNTs, the size of an exciton is
approximately 2 nm.*’! During their lifetimes they diffuse in
the range of 100 nm along the SWCNT axis.“”*! As all carbon
atoms are located on the surface of the SWCNT, excitons are
affected by the nanotube corona (i.e. the organic phase
around the SWCNTs). Consequently, the photophysics of
SWCNTs are highly influenced by chemical processes around
their surfaces. This renders them ideal building blocks and
transducers for chemical and biological sensing.

2.2. Surface Functionalization

The extended m-system makes SWCNTSs hydrophobic and
consequently they easily aggregate in solvents like water.
Therefore, an important step in the preparation of SWCNT-

based sensors is their functionalization to isolate, solubilize
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and colloidally stabilize single SWCNTSs. The functionaliza-
tion also serves the purpose to a) interact (specifically) with
other molecules and b) translate this interaction into a fluo-
rescence change.

In the past years, different covalent and noncovalent
modification strategies (Figure 2) have been developed. For
a complete overview, we refer the reader to several excellent
reviews and discuss only concepts relevant for sensing
here-[26451—53]

On a more abstract level, two strategies to assemble
selective SWCNT-based sensors have been used, namely
screening and rational design (Figures 3 and 5). The first one
relies on permutations of the organic corona around the
SWCNT (e.g. deoxyribonucleic acid (DNA) sequence)
whereas the second one uses known recognition motifs (e.g.
antibodies).

2.2.1. Noncovalent Functionalization

Noncovalent functionalization in aqueous solution is
achieved by sonication with surfactants that form micellar
structures around the SWCNT or through strong m-7 inter-
actions with the SWCNT surface (Figure2). Prominent
examples of surfactants are sodium dodecylsulfonate (SDS),
sodium dodecylbenzenesulfonate (SDBS), sodium cholate
(SC), sodium deoxycholate (DOC), lithium dodecyl sulfate,
Triton X-100, and pluronic F127.1"-*! Additionally, functional
surfactants—for example, with a perylene core together with
a hydrophilic dendron—adsorb through m-m stacking and
enable energy transfer.’¥ In general, a surfactant concen-
tration above the critical micelle concentration is required to
stabilize dispersed SWCNTs in solution.'”! Thus, these
approaches are limited with regards to experiments in
complex (biological) systems.

In contrast, functionalization with larger biopolymers
enables the formation of stable conjugates. Here, DNA and
ribonucleic acid (RNA) form strong ni-stacking interactions
between the nucleobases and the SWCNT surface, thereby
exposing their negatively charged phosphate backbones and
solvating the SWCNT-nucleic acid complex (Figure 2).%>>
As the conformation of the SWCNT-nucleic acid complex is
affected by changes in the local ion concentration,?%-7]
locked nucleic acids have been used as more rigid synthetic
derivatives at higher salt concentrations.””!

As alternative to nucleic acids/®! certain polycyclic
aromatic compounds carrying hydrophilic moieties have
effectively solubilized SWCNTSs. Similar to the n-stacking!™-**!
of those compounds, the functionalization of SWCNTs with
peptides,” ) proteins, ! and other polymers!®®! has been
widely demonstrated (Figure 2). SWCNT-based biosensors
have been rationally designed by the attachment of antibodies
(or analogues; Figure 4a,b,d)*%! and peptides (Fig-
ure 4€)l to polymers or by the adsorption of boronic
acids (Figure 4¢)/®® and aptamers (Figure 4 f) on SWCNTs.””!
In cases when sonication would destroy the structural
integrity of the (bio-)polymers, primary suspension of the
SWCNTs in a surfactant, followed by subsequent exchange to
the polymer by dialysis has been employed.’**%! An
alternative to this rational design is the screening/search for
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Figure 3. Chemical concepts for the design of SWCNT-based NIR fluorescent sensors. a) Screening of different organic phases identifies
biopolymer/SWCNT conjugates with the desired analyte response. b) Rational concepts use known recognition motifs and assemble them on the
SWCNT surface. Note that for both concepts colloidal stability in aqueous solution determines the usable reactions.

novel organic phases. This concept was named corona-phase
molecular recognition (CoPhMoRe).”! Here, a heteropoly-
mer adsorbs onto the carbon nanotube surface and forms
a new structure (corona) that serves as a molecular recog-
nition site for interaction with an analyte. The biomolecules
used are typically amphiphilic with hydrophobic domains that
enable SWCNT adsorption and hydrophilic domains to be
responsible for the entropic stabilization of the SWCNT in
suspension and formation of a binding site for the analyte.™

Angew. Chem. Int. Ed. 2022, 61, €202112372 (5 of 50)

It is important to note that the biomolecules/polymers alone
do not necessarily need to interact selectively with the analyte
of interest.**™ As such, the formation of these recognition
sites cannot be predicted and are typically found by screening
or high-throughput approaches. Prominent examples of
CoPhMoRe screenings are the identification of SWCNT-
based neurotransmitter sensors!"”! as well as the adaptation of
the CoPhMoRe concept to proteins’! (Figure 5).
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Figure 4. Rational molecular recognition concepts in SWCNT-based biosensors. a) Conjugation of His-tagged troponin antibodies to SWCNTs
wrapped with Ni**-chelating chitosan for the detection of the cardiac biomarker troponin. Adapted from Ref. [64] with permission. Copyright 2014
John Wiley and Sons. b) Attachment of a nanobody against the green fluorescent protein (GFP) to DNA-functionalized SWCNTs to target GFP-
tagged proteins in vivo. Adapted from Ref. [47] with permission. Copyright 2019 John Wiley and Sons. c) Adsorbed aryl boronic acids react with
sugars, which modulates the SWCNT fluorescence. Adapted from Ref. [68] with permission. Copyright 2012 American Chemical Society.

d) Antibody-DNA-SWCNT complex for the detection of the ovarian cancer biomarker human epididymis protein 4 (HE4). Adapted from Ref. [65]
with permission. e) Short peptides conjugated to DNA adsorbed on SWCNTs enable the binding of cell adhesion receptors. Adapted from

Ref. [66] with permission. Copyright 2018 American Chemical Society. f) Serotonin-binding aptamers on SWCNTs enable the detection of serotonin
release from cells. Adapted from Ref. [27] with permission. Copyright 2019 American Chemical Society.
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Figure 5. Screening approaches based on corona phase molecular recognition (CoPhMoRe). a) The screening of SWCNT—polymer conjugates (x
axis, N1-N13: nucleic acids; PL1-PL12: phospholipids; P1-P5: amphiphilic polymers) identifies SWCNT-based sensor candidates with a strong
fluorescence in response to different neurotransmitters (y axis). Reprinted from Ref. [15] with permission. Copyright 2014 American Chemical
Society. b) CoPhMoRe screening procedure of SWCNT—polymer conjugates (x axis) for the detection of proteins (y axis). Reprinted from Ref. [71]
with permission.
2.2.2. Covalent Functionalization red-shifted emission features that are capable of single

photon emission.’>”7 Therefore, these defects are also
The covalent functionalization of SWCNTs introduces  called quantum defects or quantum color centers.”!

new o-bonds into the sp*hybridized SWCNT structure. In These sp® defects have, at low densities, been shown to
contrast to noncovalent functionalization methods, the con-  increase the fluorescence of SWCNTSs.* 747 Incorporation of
jugates promise higher stability.'”’ However, the uncontrolled  these defects at low concentrations leads to the trapping of
introduction of covalent sp® bonds (defects) destroys the  excitons and an alternative decay pathway (E,;") that results
electronic and optical properties and diminishes the intrinsic ~ in a new red-shifted fluorescence feature (Figure 6a).“7 A
NIR fluorescence.'” One strategy to overcome this problem  wide range of sp® defects has been incorporated into SWCNTs
preserves the sp*-hybridized structure of SWCNTs during to increase the fluorescent properties by using diazo ether,
their covalent functionalization.””! In contrast, a certain  aryl halide, (bis-)diazonium, as well as Billup-Birch and alkyl
number of sp> defects give rise to novel properties, such as  halide reductions.*>! Additionally, O-doping approaches using
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Figure 6. Covalent functionalization of SWCNTs. a) The controlled introduction of sp® defects creates an alternative decay pathway that brightens
dark excitons without destroying the normal E;; NIR fluorescence. Reprinted from Ref. [74] with permission. Copyright 2013 Nature Publishing
Group. b) Introduction of certain aryl defects as generic handles to functionalize SWCNTs with biomolecules. Adapted from Ref. [79] with
permission. c) The protonation of covalently attached aminobenzene groups modifies the energy level of the sp® defect state and changes the
photoluminescence. Adapted from Ref. [85] with permission. Copyright 2015 American Chemical Society. d) Quantum defects change the
fluorescence response of DNA-functionalized SWCNTs to the important biomolecule and neurotransmitter dopamine. (GT),,-functionalized
pristine SWCNTs (pSWCNT) increase their fluorescence in response to dopamine. The same SWCNTs with sp® defects (dSWCNT) decrease their
fluorescence, which shows the strong impact of defects on the sensing mechanism. Adapted from Ref. [87] with permission. Copyright 2021

American Chemical Society.

[75] [77]

ozone and light,'"” sodium hypochlorite,"”” as well as hydro-
peroxides of polyunsaturated fatty acids”® have been
reported to increase the red-shifted emission of SWCNTs at
low defect concentrations (Figure 2).

Covalent functionalization approaches also offer oppor-
tunities beyond changes in the photophysics. Defects that can
be further functionalized enable the conjugation of important
biomolecules. Recently, maleimide defects were used to link
proteins such as nanobodies and phenylalanine defects to
grow peptides directly on the SWCNT surface, similar to
a solid-phase peptide synthesis™ (Figure 6b). The covalent
conjugation approach with dichlorotriazine allows subse-
quent nucleophilic aromatic substitution of the chlorides
using amine-containing linkers*® (Figure 2). Another
example are defects that are already able to interact with
other biomolecules, such as phenyl boronic acids that interact

Angew. Chem. Int. Ed. 2022, 61, €202112372 (7 of 50)

with saccharides, and change the E;;" (S;;") and E;; (S;)
emissions.®!

It is interesting to note that the resulting bathochromic
shifts (E,;") caused by sp® defects can be tuned using the
electronic properties of the incorporated moieties."*’* That
said, defects provide a rich chemical playground and inter-
ested readers are referred to several excellent reviews.’**
With regards to SWCNTs with aryl defects, electron-with-
drawing substituents generally introduce red-shifts to the E;;"
emission that can be correlated to the Hammet constants (o)
of the substituents.”*} Furthermore, the E,," red-shift shows
a 1/d* dependence on the diameter (d) of the SWCNT.™ The
protonation of diethylamino-substituted aryl defects
(Oprony =+ 0.82 vs. 0oy = —0.66) is a good example of
the effect caused by the inductive effects of substituents.
Furthermore, this type of defects allows a precise sensing of
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the pH value down to 0.2 units through the changes in the E,;”
emission (Figure 6¢).*) Apart from the introduction of
defects for sensing, the covalent functionalization of
SWCNTs can be used for site assembly using different (bio-
)polymers and linkers.[!

Defects also change the exciton decay pathways and,
therefore, affect the photophysics and sensing mechanism of
SWCNT-based sensors. This approach was recently used to
perturb the sensing and elucidate the rate constants that are
involved®™ (Figure 6d).

In this study it was also found that a small number of
defects can inverse the sensing response from a strong
increase to a strong decrease in fluorescence.

2.3. SWCNT Biocompatibility

Biocompatibility is highly important for materials in
direct contact to biological matter. Even though many
biocompatibility studies exist, the conclusions are difficult
to compare.® The main reason is that different materials,
surface reactions, and biological systems are compared, which
leads to a noncoherent view. Moreover, the SWCNT field has
evolved dramatically over the years and well-defined chirality
pure SWCNTs-based sensors with ultrahigh purity are
available today, whereas older studies used less well-defined
materials.*’! In addition, the application itself determines the
perspective.[®)) As a research tool, SWCNTs should not affect
the biological system in such a way that the results are biased.
For long-term in vivo studies and applications in humans, the
fate of SWCNTs in biological systems is highly relevant for
their biocompatibility. SWCNTSs have been shown to be
susceptible to degradation by oxidative processes introduced
by neutrophils® and macrophages.”!! Furthermore, the
functionalization changes the surface properties of the nano-
tubes and, thus, ultimately the way SWCNTSs interact with the
molecules in a (biological) system. !

For example, endocytosis experiments have shown that
the DNA sequence length plays an important role in
endocytosis and retention time scales of DNA-functionalized
SWCNTs within mammalian cells.”® Additionally, experi-
ments using a combination of NIR fluorescence spectroscopy
and resonance Raman scattering have been used to analyze
the fate of DNA-functionalized SWCNTSs through the endo-
somal process.” Based on the experimental findings, the
authors propose that DNA-SWCNTs enter the cell, where
they are transported into early endosomes. Maturation of the
endosome begins with a decrease in the luminal pH value,
which is followed by a series of physicochemical processes
that transform the endosome into a lysosome, where the
SWCNTs finally aggregate.”!

As correct functionalization has been shown to alleviate
the pathogenicity of SWCNTSs,™! stable functionalization is
one possible way to safeguard the future design of SWCNT-
based sensors in environments where long-term stability is of
the highest importance. Adequately functionalized SWCNTs
have been shown to possess excellent biocompatible proper-
ties. A good example is the recently published long-term
biodistribution and compatibility assessment of DNA-encap-
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sulated SWCNTs after intravenous administration in mice."

After an initial increase in the SWCNT fluorescence in the
liver, the SWCNT fluorescence decreased rapidly over the
course of 14 days.” The same trend is also seen in the long-
term SWCNT biodistribution in different organs. By using
hyperspectral microscopy, low levels of SWCNTs were
detected in murine hearts, lungs, livers, kidney, and spleen
tissues one month after injection. Assessment of these tissues
after three and five months showed no SWCNT fluorescence
in lung tissue, or in heart and lung tissues.” Moreover, no
abnormalities were found in chronically exposed tissues after
hematoxylin and eosin (H&E) staining at all observed time
points and the assessed biomarkers showed negligible
changes up to four months, and minor changes after five
months.**!

The aforementioned studies suggest remarkable oppor-
tunities for SWCNTs in biomedical applications. As a con-
sequence of the interplay between different materials, surface
reactions, and biological systems it becomes evident that
biofunctionalized SWCNTs represent a class of different
materials. As for all new materials, the biocompatibility
should be evaluated for every type of chirality, purity,
functionalization, and route of administration.”® The scien-
tific community is well-aware of this problem and it has been
pointed out that an assessment of these parameters in the
context of biocompatibility depends on the context of the
experiment, timescale, and the application of the nanomate-
rial.®71 As a consequence, it is fundamentally important to
place experimental data in the right context.®

An important requirement for a biocompatible design of
SWCNT-based sensors is an in-depth understanding of the
composition of the protein corona in biological media. In this
regard, a recent study characterized the enrichment of certain
proteins in the SWCNT corona.™

In the future, long-term studies comparing the biocom-
patibility of different SWCNT subclasses (purity, chirality,
surface chemistry) would be desirable to safeguard the
development of biocompatible sensors. A foundation for the
standardization of protocols could be the MIRIBEL (Mini-
mum Information Reporting in Bio-Nano Experimental
Literature) reporting standard.” As the functionalization
of the SWCNT plays a critical role in the biocompatibility of
SWCNT-based sensors, the design of stable SWCNT func-
tionalizations needs to be carefully ensured for long-term
applications. In particular, the recent advances in covalent
functionalization strategies might, therefore, offer interesting
starting points for future development.”

3. SWCNT-Based Sensors
3.1. Development of Chemical Design Strategies

The discovery of band gap fluorescence from SWCNTs
and their structure-dependent NIR emission wavelength
marks the starting point for SWCNT-based sensors.!'>!¥]
Given the high surface to volume ratio of SWCNTs, it was
quickly anticipated that SWCNT fluorescence would be
sensitive to the chemical environment.? The first generation
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of sensors targeted mainly smaller molecules including
protons and reactive oxygen/nitrogen species (ROS/RNS).
In these cases, the fluorescence changes were most likely
caused by direct quenching. At the same time, it was
discovered that different surface reactions with biopolymers
lead to molecular interactions that are surprisingly specific
even without using a standard approach with antibodies. This
idea was conceptualized as corona-phase molecular recog-
nition (CoPhMoRe)."” During the last few years, great
progress has been made in the chemical design of sensors for
both biomedical and environmental applications. In the next
sections we will give an overview on different sensing
strategies, organized according to the molecular target.
Here, sensing of the target molecule has partly environmental
as well as biomedical applications. We focus on the advances
in the last few years but also report previous studies (see
Tables 1-9 in the Appendix).

3.2. Biosensing of Target Analytes

The ongoing advances in the development of recognition
strategies have led to powerful biosensors based on SWCNTs.
Various targets can be detected with high selectivity and
sensitivity by combining a recognition unit with the SWCNTs.
Recognition strategies (Figure 3) can mainly be categorized
into a screening (Figure 5) and a rational approach (Figure 4).
The first approach is in principle achieved with a library of
synthetic organic phases (coronas) consisting of different
amphiphilic polymers wrapped around SWCNTs and
screened against a panel of various analytes to find a selective
interaction.!'>7*7:1%10 The Jatter approach is mostly applied
for the detection of larger molecules such as proteins!®>102-1%]
or sugars!'" 191 by conjugating a known binding partner of
the target analyte to the SWCNT surface. Several approaches
are based on the use of SWCNTSs wrapped by single-stranded
DNA (ssDNA), whereby different lengths of the (GT),
sequence is probably the most used sequence up to now.

It has shown its versatility in the detection of divalent
ions,?1% genotoxins,"'” NO,? H,0,,"3 10112 ribofla-
vin, #1314 doxorubicin, ! ﬁ—carotene,[“ﬁ] endolysosomal
lipids,*"! arsenite,**! and neurotransmitters, especially dop-
amine 1546380871211 This section highlights the major
advances from the last few years for different categories of
biomolecules. A detailed overview of most of the known
fluorescent SWCNT-based sensors, subdivided into the target
categories, can be found in Tables 1-9 in the Appendix.

3.2.1. ROS/RNS

ROS/RNS are important signaling molecules in many
organisms,'??! but their detection is challenging because they
diffuse fast and have short lifetimes due to their high
reactivity with O, and other molecules.'"'?! Since the finding
of the first NO sensor based on SWCNTs!'*! the performance
of SWCNT-based ROS sensors has grown from the first
selective detection of NO and H,O, at the single molecule
level 3121261 and first invivo applications™” to a new
approach to study NO generation and spatiotemporal imag-

Angew. Chem. Int. Ed. 2022, 61, €202112372 (9 of 50)

Reviews

An dte
nternati Chemie

ing of intracellular NO signaling.!'”*! Recently, a mathematical
model that calculated the NO concentration based on the
change in the SWCNT fluorescence was derived.['” This was
previously not possible due to a nonlinear fluorescence
quenching rate in response to NO.['?!

ROS play a mediating role in the cell-to-cell communi-
cation of plants to activate defence mechanisms,'??! whereby
it has become clear that H,O, is the primary mediator that
responds to different stresses in plants.'*” This has led to
novel SWCNT sensor approaches to study ROS within
plants.'”2%332l Wy et al. demonstrated remote H,0, mon-
itoring of plant health with sensitivity in the plant physio-
logical range by using fluorescent SWCNT-based sensors.”!
Their rational approach was based on a DNA aptamer that
specifically binds to the porphyrin hemin (HeAptDNA-
SWCNT). Hemin binds ferric ions, which undergo a Fenton-
like reaction with H,O, to produce hydroxyl radicals (Fig-
ure 7a) that directly quench the SWCNT fluorescence. For
spatiotemporal in vivo monitoring, SWCNTSs were embedded
in leaves of plants and the plants exposed to different stresses
such as UV-B, high light intensities, and a pathogen-associ-
ated peptide (flg22; Figure 7b). The decrease in fluorescence
reported remotely different aspects of the stress. These
differences in fluorescence intensity quenching offer the
possibility to interpret stress patterns in plants.

Similar to this approach, Lew et al. developed a platform
for H,O, detection in leaves of different plant species.*” This
sensor platform used a ratiometric approach, with (GT);s-
SWCNTs (G-SWNT) that respond to H,O, by quenching,
possibly as a result of a charge-transfer phenomenon, and
(AT),5-(6,5)-SWCNTs (A-SWNT) as an invariant reference
(Figure 7¢). They infiltrated both G-SWNT and A-SWNT
into spinach leaves and monitored the H,O, signal with
a standoff detection platform in real time (Figure 7d). In the
presence of different stresses, for example, tissue wounding,
distinct waveform characteristics were observed (Figure 7¢),
whereby the wave speeds in different plant species post-
wounding differed in the range of 0.44 to 3.10 cmmin .

In the same manner, Lew et al. developed a SWCNT-
based sensor system for the specific detection of arsenite in
plants to monitor the uptake of the toxic heavy-metal
pollutant arsenic by using a self-powered microfluidic
system in real time.® For this purpose, they infiltrated the
sensors and the invariant reference into leaves of spinach, rice
plants, and hyperaccumulating fern, which is able to precon-
centrate and extract arsenic from soil (Figure 8a). The
intensity of the sensors increased steadily over several days,
with the sensor response of the hyperaccumulating plant
being significantly higher than those of the rice and spinach
plants (Figure 8b). Based on a kinetic model, the arsenite
concentration in the leaf and the limit of detection (LOD)
were calculated to be 4.7 nM and 1.6 nM as a function of the
root fresh weight and uptake solution volume after 7 and
14 days (Figure 8c). These examples show that SWCNT-
based H,O, sensors are able to report plant stress on
a microscopic and macroscopic level with potential applica-
tions in smart agriculture.

Another macroscopic situation in which H,O, plays an
important role is wound healing. Saface etal. developed

[128
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Figure 7. In vivo monitoring of plant health. a) SWCNTs functionalized with a DNA aptamer for hemin (HeAptDNA-SWCNT) serve as a sensor for
H,O,, which is an important signaling molecule for plant stress. Hemin catalyzes the reaction of H,O, to hydroxyl radicals, which quench the
fluorescence of the SWCNT. Spatial and temporal changes in the NIR fluorescence intensity in leaves embedded with HeAptDNA-SWCNT sensors
are remotely recorded by a NIR camera to assess plant health. b) The sensor’s NIR fluorescence decreases reversibly in the presence of the
peptide flg22, which mimics a pathogen attack. Reprinted from Ref. [31]. Copyright 2020 American Chemical Society. ¢) SWCNTs functionalized
with (GT);5-ssDNA (G-SWNT) respond to H,0,. d) Bright-field image of a spinach leaf infiltrated with G-SWNT (left) and nonresponsive A-SWNT
(right) in combination with a false color plot after wounding shows that only the G-SWNT spot decreases in intensity. €) Ratiometric sensor
response after application of different types of stress. Reprinted from Ref. [32] with permission. Copyright 2020 Springer Nature.

a wearable optical microfibrous material with encapsulated
SWCNT-based sensors (Figure 8d) to monitor the H,O,
concentration in wounds."'” Their approach was based on
the ratiometric signal of (8,7)/(9,4)-SWCNT chiralities, which
differed in their response to H,O, (Figure 8e). The fluores-
cence signal was invariant to the excitation source distance,
and exposure time, which enabled detection within commer-
cial wound bandages with a wireless readout (Figure 8 f).
These microfibers encapsulated the SWCNTs for at least
21 days without structural changes.

Furthermore, Zheng et al. reported the selective inter-
actions of SWCNTs coated with ten different ssDNA
sequences in response to dissolved oxygen.'*!) The SWCNT
emission intensity was quenched between 9 to 40 % depend-
ing on both the ssDNA sequence and SWCNT chirality in
response to 1 atm O, compared to samples purged with 1 atm
argon, thus indicating that stronger coating interactions lead
to reduced O, access to the SWCNT surface. Since the
quenching reversed completely after the removal of dissolved
oxygen, it is probably based on physisorption on the SWCNT.
Thus, the screening for fluorescence quenching by dissolved
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oxygen provides a simple approach to explore the structure-
selective interactions of ssDNA with SWCNTs.

ROS can also be generated by enzymes and SWCNTs.
Yaari et al. demonstrated the first SWCNT-based sensor that
reports the degree of enzymatic suicide inactivation.’ The
approach was based on enzyme-bound SWCNTs, which
report fluorescence modulations by quenching and red-
shifting selectively in response to substrate-mediated suicide
inactivation of tyrosinase. Mechanistic insights revealed that
the red-shifted response is most likely a result of the
generation of singlet oxygen during the enzymatic reaction,
which leads to the binding of ssDNA on the SWCNT
surface.*

3.2.2. Neurotransmitters

Neurotransmitters are an important class of signaling
molecules. To understand neuronal networks and linked
neurological diseases, imaging with high selectivity and
spatiotemporal resolution is necessary, which existing meth-
ods are currently not able to provide.'* In the last few years
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Figure 8. Macroscopic detection of small molecules. a) Bright-field image of leaf (arsenic hyperaccumulator plant Pteris cretica) infiltrated with
(GT)s-SWCNT sensors and a C,,-SWCNT reference. b) Fluorescence intensity change in response to 10 um arsenite uptake through the roots of
a hyperaccumulator, spinach, and rice plants. c) Theoretical LOD as a function of root fresh weight and uptake solution volume after 7 days.
Reprinted from Ref. [33] with permission. Copyright 2020 John Wiley and Sons. d) Wireless monitoring of oxidative stress. Schematic
representation of fabricated core—shell NIR fluorescent microfibers. e) Fluorescence spectra of the microfibrous material in response to different
peroxide concentrations. f) Optical fibrous sample integrated into a commercial wound bandage for real-time wireless sensing. Adapted from

Ref. [112] with permission. Copyright 2021 John Wiley and Sons.

several SWCNT-based sensors based on functionalization
with DNA have been explored and it has been shown that
sensitivity and selectivity depend on the exact DNA
Sequence'[l(l().l]&]l‘)]

The first SWCNT-based sensors for the detection of
neurotransmitters were reported by Kruss et al.'”! By using
a screening approach, it was found that certain ssDNA-
SWCNTs change their fluorescence in the presence of
catecholamine neurotransmitters such as dopamine. These
sensors were reversible and showed sensitivities in the
nanomolar range. Similar sensors were used for the high-
resolution imaging of cellular dopamine efflux from stimu-
lated neuroprogenitor cells."® Here, the sensors were
immobilized on a collagen-coated glass substrate to increase
cell adhesion, and dopamine-releasing neuroprogenitor
(PC12) cells were cultured on top. In response to a stimulation
event, the fluorescence intensity of the sensor layer image
consisting of up to 20000 pixels increased (Figure 9a,b). This
allowed both the spatial and temporal dynamics of dopamine
release events to be studied with extraordinary high reso-
lution and to identify hotspots (Figure 9¢,d).

This approach of imaging many nanosensors under cells is
also applicable to other neurotransmitters. Dinarvand et al.
imaged the release of serotonin from human blood platelets in
real time,””! as most of the serotonin is stored in blood
platelets and not in the brain of humans. This serotonin sensor
(NIRSer) consisted of a serotonin-binding aptamer on
a SWCNT, which exhibited an increased fluorescence emis-
sion of up to 80% in response to serotonin (Figure 10a).
High-resolution images of serotonin release patterns from
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single cells were obtained by placing the sensors below and
around serotonin-releasing cells (Figure 10b,c). This
approach allows serotonin release to be studied with unpre-
cedented resolution and the time delay between stimulation
and release to be resolved.

In a similar fashion, artificially added serotonin was
detected in acute brain slices by Jeong et al.l'*¥ In this case,
a DNA sequence was found by an expanded screening
approach from a library of around 6.9 x 10" different ssDNA-
SWCNTs. These ssDNA-SWCNTs exhibited a selective
response to serotonin over serotonin analogues, metabolites,
and receptor-targeting drugs.

The high spatiotemporal resolution of SWCNT-based
neurotransmitter sensors is especially useful when it comes to
resolving parallel processes on the subcellular to cell-network
length scale. However, placing the sensors below cells can be
a drawback, especially with cells that need to differentiate on
this layer for several weeks. Elizarova et al. developed a new
sensor paint approach (AndromeDA) to use sensors and
study the dopaminergic signaling in primary neurons.*! In
this case, the sensors were adsorbed (‘painted’) onto the
complex cell networks, which included different cell types.
This approach allowed the heterogeneity of dopamine release
events to be quantified from up to 100 release sites
(varicosities), which is highly important to understand the
information processing and plasticity of neurons.

An effect that has to be accounted for in these studies is
that SWCNT fluorescence is affected by changes in the local
cation concentration, which is also a hallmark of neuronal
activity.”*>! To circumvent this problem, Gillen et al. used
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Figure 9. High-resolution imaging of dopamine using SWCNT-based sensor arrays. a) Specific ssDNA-functionalized fluorescent SWCNTs respond
selectively to dopamine. Sensors are immobilized on a glass substrate and dopamine-releasing neuroprogenitor cells are cultivated on top. The
SWCNT fluorescence changes in response to stimulation of the cells. b) Fluorescence intensity change of a single sensor in response to
dopamine. c) Three-dimensional release profiles for dopamine along the border of neuroprogenitor (PC12) cells at different time points relative to
the stimulation at t,. The height and color indicate the relative fluorescence change normalized to the maximum fluorescence change. d) Bright-
field image of the cell stimulated on top of the nanosensor array and corresponding hotspots (blue circles) along the cell border. Arrows indicate
positions belonging to the hotspots in the response profile. Reprinted from Ref. [100] with permission.
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Figure 10. High-resolution imaging of serotonin (5HT) release from cells. a) NIRSer sensor: SWCNTs functionalized with a serotonin aptamer
respond selectively to serotonin. b) NIRSer increases its fluorescence in response to serotonin. c) Sensors are immobilized on a surface and
serotonin-releasing cells are cultured on top. Here, blood platelets are used, which contain most of the body’s serotonin. d) Color-coded image of
serotonin release from a single platelet at three time points (before, during, and after serotonin release). e) Fluorescence response from a region
of interest (ROI, green circle in (d)). The activation and delay time of the onset of serotonin release are marked with arrows. Reprinted from

Ref. [27] with permission. Copyright 2020 American Chemical Society.
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locked nucleic acids to develop sensors with improved
stability to cation-induced fluctuations of the fluorescence
intensity.** By systematically introducing locked bases along
the (GT);s-DNA sequence they found that the fluorescence
stability in the presence of Ca*" ions depends on the type of
the locked bases. Certain SWCNT chiralities exhibited
improved stability against Ca’" ions and retained their ability
to detect dopamine in the presence of Ca** ions, thus
highlighting the importance of the exact conformation of
the nucleic acid sequence. Moreover, the detection of both
Ca’" and dopamine was possible by monitoring multiple
chiralities simultaneous.

Interestingly, the fluorescence responses of SWCNTs
suspended in sodium cholate to dopamine and serotonin
can be altered by modulating the exposed area by the
surfactant concentration. However, such surfactants would
not be compatible with cellular systems.!">”)

A central challenge in biomedicine is the controlled
delivery (uptake, transport, and release) of (nano)materials
such as sensors and pharmaceuticals. Even whole cells can
serve as vehicles to take up such materials. Certain immune
cells (neutrophils) have been shown to be suitable for cargo
delivery by hijacking a process known as neutrophil extra-
cellular trap formation (NETosis). During NETosis, cells lyse
after rupture of the cellular membrane by chromatin swel-
ling."* Meyer et al. showed that human immune cells take up
ssDNA-SWCNT-based sensors and can be triggered to
release the cargo after a certain time by using NETosis.['*!
Moreover, the sensors maintained their functionality to
detect dopamine and H,O,, which offers opportunities for
in vivo delivery.

All these discussed neurotransmitter sensors responded
by a fluorescence increase. Interestingly, the introduction of
a small number of aryl defects into ssDNA-functionalized
SWCNTs completely reversed the sensing response (Fig-
ure 6d).*”l The E,, emission slightly decreased and strongly
decreased the red-shifted E;;" emission. Apart from new
insights into the sensing, this approach enables ratiometric
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detection schemes. For a more detailed overview on the
biological relevance of catecholamine neurotransmitters and
alternative detection methods (e.g. electrochemical) readers
are referred to the literature .’ !4

3.2.3. Other Small Molecules

Beyond neurotransmitters, recognition strategies for
other small molecules have been developed, for example,
adenosine 5'-triphosphate,™! nitroaromatics,**'*!l" ribofla-
vin, 714 1 _thyroxine,” oestradiol,™ doxorubicin,!'*!#]
and steroids."*]

Finding a specific molecular recognition element is
difficult for many of these biomolecules, such as hormones,
due to their chemical similarity. Therefore, Lee et al. used
a polymer self-templating synthetic approach, which is based
on the attachment of a chemical appendage similar in
molecular weight and structure to the target analyte to
create a binding pocket within the corona. This approach
reduced the library size for screening and led to implantable
SWCNT-based sensors for the selective detection of the
human steroid hormones cortisol and progesterone.!'*l

Recently, the first reversible fluorescent SWCNT-based
sensor for volatile organic compounds was also reported,
which has potential for the detection of wine spoilage.!'"*) For
this, Shumeiko et al. used peptide-encapsulated SWCNTSs,
which were adsorbed onto a polystyrene cuvette to detect low
concentrations of acetic acid (down to 0.05% (v/v)) in air.
Using (6,5)-SWCNTs, which fluoresce below 1000 nm they
demonstrated the detection with a low-cost Si-based camera
(Figure 11a). The sensor was exposed to different concen-
trations of acetic acid, which quenched the fluorescence but
was reversible when switching to clean air (Figure 11b). The
ability to identify wine spoilage was investigated by using two
wine types with and without the addition of acetic acid to
simulate an undesirably high acetic acid concentration (Fig-
ure 11c).
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Figure 11. Detection of volatile compounds in the gas phase. a) Air with analyte (acetic acid) flows to the SWCNT-based sensors, which produces
an optical readout. b) Dynamic response of the sensor to rising acetic acid concentrations. c¢) Dynamic response of the sensor to wine spiked
with acetic acid. Reprinted from Ref. [145] with permission. Copyright 2021, Elsevier.
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In an extension of this study, this system was expanded to
an array of five different peptide-encapsulated SWCNTs on
a nitrocellulose paper. The optical patterns enabled the
distinction of volatile molecules such as ethanol, methanol,
and 2-propanol as well as the aromas of red wine, beer, and
vodka by linear discriminant analysis and machine learn-
ing. 114!

One way to detect or study small molecules is to mimic
parts of larger biomolecules, such as enzymes. Dong et al.
screened a library of 24 amphiphilic polymers to find a corona
phase which demonstrates a binding specificity very similar to
the enzyme phosphodiesterase type 5 (PDES5), which cata-
lyzes the hydrolysis of secondary messengers.'”! The
SWCNT-based sensor consisted of a poly(methacrylic acid-
co-styrene) motif. This synthetic corona mimics the H loop of
the native enzyme and is, thus, able to bind to Vardenafil,
a PDES inhibitor, and its molecular variant as a result of the
unique corona phase configuration. It is selective over other
off-target inhibitors, but not completely over the chemically
similar inhibitor Sildenafil.

One of the challenges in SWCNT-based sensing is the
heterogeneous material that is used for most sensors. Even
though purification has made tremendous progress, getting
access to chirality-pure SWCNTs with a tailored surface
chemistry has been a challenge. Nif3ler et al. showed sensing
of small molecules such as riboflavin and ascorbic acid as well
as pH value with chirality-pure SWCNTs by using aqueous
two-phase extraction and a subsequent surface functionaliza-
tion exchange process.*! The chirality-pure sensors were up
to ten-times brighter than mixtures of SWCNT chiralities, and
enabled insights into the impact of chirality and handedness
of SWNCTs and the sensing mechanism. Additionally, long-
time stability over 14 days was demonstrated as well as
ratiometric and multiplexed sensing based on the non-over-
lapping fluorescence spectra (Figure 22b,c).

On a macroscopic level, monochiral SWCNTs were used
by Nifler et al. to detect polyphenols in and around plants,!**!
Polyphenols are secondary metabolites and messenger mol-
ecules that are released from leaves and roots as a chemical
defence against pathogens and herbivores (Figure 12a).
Certain polyethylene glycol phospholipids (PEG-PL) were
identified for the selective detection of different polyphenols
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over interfering molecules such as sugars or H,O,. The
SWCNT-based sensors responded through quenching and
red-shifting of up to 20 nm, for example, to tannic acid (TaA,
Figure 12b). To image the plant polyphenol release over time,
the sensors were embedded in agar, soybean seedlings were
plated on top, and polyphenol secretion was triggered with
a pathogen-derived elicitor, which resulted in a decrease in
the NIR fluorescence over time (Figure 12¢). These sensors
help to understand this plant defence mechanism and could
improve the breeding of stress-resistant plants for precision
agriculture.

3.2.4. Lipids

The investigation of lipid-linked diseases is challenging
because methods for accurate in vivo monitoring of lipid
accumulation have been missing. The Heller group was the
first to address this issue by developing a SWCNT-based
optical sensor, which non-invasively detects the lipid flux
within the lumen of endolysosomal vesicles in vitro and
in vivo.""1¥! In a first approach, they used (GT)-function-
alized (8,6)-SWCNTs, which fluoresce at 1200 nm and
responded through a wavelength shift to biological lipids
and water-soluble lipid analogues.!”)

By incubating the sensors with fibroblasts from a lysoso-
mal storage disorder Niemann-Pick-type C patient in vitro,
the sensors localized in the lumen of endolysosomal organ-
elles without affecting their properties and resolved the lipid
accumulation down to the subcellular level in real time. The
authors proved the reversibility of this sensor by administer-
ing a drug which reverses the disease phenotype.

The second approach was based on the screening of
several ssSDNA-SWCNT chirality combinations to identify
CTTC;TTC-(9,4)-SWCNTs with the greatest wavelength shift
of up to 8nm in response to lipid accumulations."*! The
emission wavelength at 1125 nm is spectrally separated from
the lipid absorption band at 1210 nm, thus facilitating
promising in vivo applications. Molecular dynamics calcula-
tions led to the assumption that the lipid molecules sphingo-
myelin and cholesterol bind to the SWCNT surface by
hydrophobic interactions, thereby decreasing the water
density in the SWCNT environment and leading to the

10h
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Figure 12. Detection and imaging of plant polyphenols. a) Polyphenols from leaves and roots are released in the immediate vicinity in response
to pathogens or herbivores as a defence mechanism. b) SWCNTs functionalized with polyethylene glycol phospholipids (PEG-PL) respond
selectively to polyphenols such as tannic acid (TaA) through a red-shift and decrease in the fluorescence emission. c) Visible and NIR images of
a soybean root plated on top of the sensors (embedded in agar). The plant is challenged with a pathogen elicitor and the NIR fluorescence
intensity decreases over time in response to the release of polyphenols in the immediate vicinity of the root. Reprinted from Ref. [148] with

permission.
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Figure 13. In vivo detection of lipid accumulation. a) Molecular dynamics simulations of ssCTTC,;TTC-(9,4)-SWCNTs that serve as a sensor for the
lipids cholesterol and sphingomyelin through a change in the SWCNT emission wavelength. b) Bright-field images overlaid with hyperspectral NIR
images of the sensors in RAW 264.7 macrophages with or without the chemical inhibitors U18666A, Lalistat 3a2, and Imipramine that change the
intracellular lipid levels. c) Hyperspectral NIR images of the sensor before and after injection of oxLDL in mice report the in vivo lipid status.

Reprinted from Ref. [149] with permission.

observed blue shift (Figure 13a). To validate the sensor
functionality in live cells, endolysosomal lipid accumulation
was induced in macrophage cells with chemical inhibitors to
mimic different lipid phenotypes. After sensor incubation,
a blue-shift was observed for all sensors within the drug-
treated cells compared to the control (Figure 13b). For in vivo
applications, two mouse models were used with lipid accu-
mulation within the organelles of many cell types, for
example, in Kupffer cells. By intravenously injecting the
SWCNT-based sensors, a rapid decrease of the SWCNT
fluorescence and consequently removal of SWCNTSs from all
parts of the mice except for the liver were observed. The
sensors were also able to report uptake and endolysosomal
lipid accumulation of oxidized low-density lipoprotein
(oxLDL; Figure 13c). Therefore, these types of sensors
provide novel insights into the complexity of lipid metabolism
and related health states.

3.2.5. Proteins

Proteins are one of the major biomacromolecules. Con-
sequently, the study of protein—protein interactions helps to
understand the function of proteins or to find novel drugs.!*"
As discussed above, the detection of proteins with SWCNTs is
either based on attaching a known natural recognition
element!1:6463:107106.1511 1 5 qynthetic heteropolymer to the
SWCNT surface (Figure 3).7"1011521531 §ych studies go beyond
detecting the presence of a whole protein.

Williams et al. developed the first label-free optical sensor
for the detection of glutathione-S-transferase (GST) fusion
proteins based on glutathione-(TAT),-SWCNTs (GSH-DNA-
SWCNTs; Figure 14a)."*! The system used distinct differ-
ences in the emission wavelength and intensity of SWCNT
chiralities in response to GST and, consequently, the ratio-
metric intensity of two chiralities (8,0)/(9,1) (Figure 14b). The
functionality of this sensor in response to four different GST
fusion proteins was tested, which all showed a similar
ratiometric response and a LOD in the low nanomolar
regime. This approach has potential for the tracking of
protein expressions in real time.

Angew. Chem. Int. Ed. 2022, 61, €202112372 (15 of 50)

The detection of insulin is essential for diabetes as it
controls the glucose levels in blood. The first optical SWCNT-
based sensor approach for detecting insulin was realized in
2010 by Cha et al."! They used an insulin-binding aptamer,
which showed a highly specific and sensitive decrease in the
fluorescence intensity on forming a guanine quadruplex.
Furthermore, they incorporated these sensors in a collagen
extracellular matrix and demonstrated sensor reversibility
with enzymatic proteolysis and the detection of insulin
secreted by pancreatic p-cells.!'")

Recently, insulin detection was enabled by screening
a library of PEG-conjugated lipids. It was found that the C,4-
PEG(2000 Da)-Ceramide-SWCNT complex causes a signifi-
cant decrease in the fluorescence intensity in the presence of
insulin compared to other relevant proteins present in human
whole blood."™ Additionally, nonspecific recognition mech-
anisms such as hydrophobicity or molecular weight were
ruled out. For example, the sensor response to shorter insulin
fragments was measured, however no correlation to the
molecular weight was observed (Figure 14¢). The analysis of
insulin fragments was further supported by enthalpy meas-
urements that showed no affinity of the PEG-conjugated lipid
itself, which highlights that the exact CoPhMoRe phase
bound to the SWCNT is responsible for the insulin binding. In
more complex environments, such as serum, the sensor
affinity was lower but still sensitive enough (Figure 14d).

The application of sensors in complex biological samples
is often challenging. The spontaneous adsorption of proteins
onto all kind of materials changes the actual corona structure
and might affect sensing. To improve the performance of
sensors in those protein-rich environments, a fundamental
understanding of the interaction between sensors and their
biological environment is necessary. Pinals et al. addressed
this issue by studying the protein corona formation on (GT),s-
SWCNTs in cerebrospinal fluid and blood plasma by mass
spectroscopy.*!

Their results showed strong binding to fibrinogen and
other proteins involved in blood clotting, lipid transport, and
complement activation. The identification of interactions
responsible for the formation of protein corona revealed that
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Figure 14. Detection of proteins. a) SWCNT-based sensor design for the detection of glutathione-S-transferase (GST) fusion proteins.

b) Monotonic intensity changes of (8,6) and (9,1) sensors with increasing GST concentration. Reprinted from Ref. [154] with permission. Copyright
2020 American Chemical Society. c) Detection of insulin by SWCNTs functionalized with a PEG-conjugated lipid. Intensity change of the sensor in
response to insulin and shorter insulin fragments. d) Insulin calibration curve in serum. Reprinted from Ref. [101] with permission. Copyright
2018 American Chemical Society. e) Detection of the SARS-CoV-2 spike protein. ACE2-(GT),-SWCNTs interact with the SARS-CoV-2 spike protein
receptor-binding domain (S RBD). f) Time-dependent change in the relative fluorescence intensity of the sensor in response to the viral protein

S RBD. Reprinted from Ref. [157] with permission. Copyright 2021 American Chemical Society.

the outer corona formation can be reduced by optimizing the
electrostatic interactions through the sensor design and
dynamic flow conditions (e.g. with lateral flow assays or
microfluidic systems), while entropic calculations must be
considered for the inner corona. This study highlights the
urgent need to investigate sensors not only in simple buffers
but biologically complex environments. Most recently, Ehr-
lich et al. developed a complementary approach using an
insulin aptamer (found within the natural insulin gene
promoter) functionalized to the SWCNT surface through
a (AT);s ssDNA anchor sequence.’*® In contrast to the
synthetic PEGylated-lipid, which has no prior affinity to
insulin, this aptamer possesses a known affinity to insulin.
However, the observed sensitivity was lower than the
previous approach.

Most of the SWCNT-based sensors that have been
discussed so far were measured in solution. The immobiliza-
tion of SWCNTs on different porous paper matrices, for
example, nitrocellulose, has several advantages for a robust
assay.''* Paper-based immobilization enabled analyte detec-
tion within non-aqueous solvents such as edible oil, which was
previously not possible. To further extend this system the
authors used wax to pattern hydrophobic regions onto the
paper to create a multiplexed one-dimensional sensor bar-
code consisting of different ssDNA-wrapped SWCNTs.

Another important class in biomedical diagnostics are
antibodies. The detection of immunoglobulin G (IgG) with
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SWCNTs was realized by using chitosan-wrapped SWCNT
noncovalently modified with immunoglobulin-binding pro-
teins.'** 911 Recently, Kozawa et al. designed a flexible fiber
optic interface coupled to nanosensors that was capable of
detecting the aggregation status of human IgG by reporting
the relative fraction of monomers and dimer aggregates with
sizes of 5.6 and 9.6 nm.["*! For this purpose, the SWCNT-
based sensors were incorporated into a hydrogel (HG) and
attached to the end of a fiber waveguide. Proteins are also
part of pathogens and consequently disease markers. Pinals
et al. developed a SWCNT-based sensor which is functional-
ized with the angiotensin-converting enzyme 2 (ACE2), a host
protein which shows a high binding affinity for the SARS-
CoV-2 spike protein (Figure 14¢).®” A twofold NIR fluo-
rescence increase was detected 90 min after the addition of
the purified spike protein (Figure 14f). Passivation with
a hydrophilic polymer was used to enable detection of the
spike protein in saliva and viral transport medium.
However, antibodies are not always available for all
targets. In addition, the development of new recognition units
can be expensive and tedious, which is why new approaches
are directed to the development of multiplexed sensor
arrays"“*! to overcome the limited selectivity of existing
single sensors. Recently, Yaari et al. developed a SWCNT
solution-based sensor platform to detect multiple gynecologic
cancer biomarkers in uterine lavage samples."®) The array
consisted of eleven different ssDNA-SWCNT sensors, and the
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optical change in the intensity and wavelength was extracted
for twelve chiralities present in the sample, which resulted in
132 individual ssDNA-SWCNT complexes. With machine
learning algorithms a classification accuracy (F1 score) of 0.95
was achieved. With retraining, this sensor platform may not
be limited to the detection of cancer biomarkers. The large
variety of possible SWCNT chiralities in combination with
unlimited SWCNT wrappings opens possibilities to meet the
rising demand of new recognition strategies.

3.2.6. Sugars

Sugars are important building blocks and metabolites.
Glucose, in particular, is a major target, for which continuous
monitoring of the glucose level in blood is desired. SWCNT-
based sensing ranges from the use of glucose-specific
enzymes?* 012 or proteins!'® to the first affinity sensor
based on the competitive binding between glucose and its
polymer dextran."!! Although improvements were made, the
first approaches suffered from limited reversibility and/or
physiological detection range. One sensor that meets the
requirements is based on the functionalization of SWCNTs
with glucose oxidase (GOX), a glucose-specific enzyme.!'*!
The addition of glucose causes an increase in fluorescence
emission. The proposed mechanism is based on SWCNT
fluorescence being quenched by defect sites on the SWCNT
surface, which are hole-doped through oxygen adsorption.
The addition of glucose causes an oxidation of the GOX
wrapping, which behaves as an electron donor and passivates
the oxygenated sites of the SWCNT, thereby resulting in
a fluorescence increase. This effect is reversible by removing
the glucose. The sensor showed responses to five other tested
saccharides, but with the highest response to glucose.

Another recognition element for saccharides is phenyl-
boronic acids, which have been used to functionalize
SWCNTs noncovalently for the detection of sugars.*
Recently, covalent aryl-boronic acid defects were also incor-
porated in SWCNTSs.®!! Upon interaction with fructose and
glucose, these sensors decreased in fluorescence intensity and
the E,," signal shifted, which can be used for spectrally
encoded sensing.
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One of the most abundant and important types of
biomacromolecules are nucleic acids that store and process
genetic information. Using a construct of a complementary
capture sequence connected to a (GT),s-sequence serving as
an anchor, thus providing colloidal stability, SWCNTSs were
recently used to detect hybridization events of microRNA
and other oligonucleotides directly in serum, urine, and in
mice in vivo."®®! Upon the addition of complementary nucleic
acids, a specific blue-shift for different chiralities upon
hybridization was observed. Additionally, the sensor response
was reversible through toehold-mediated strand displacement
and the sensors possessed a LOD in the picomolar range.

Further development of this sensor led to the first
SWCNT-based sensor for the detection of HIV in serum.!'*¥
Harvey et al. discovered that SDS-denaturized serum pro-
teins lead to an enhanced optical response of the SWCNTs in
response to DNA hybridizations. They hypothesized that the
addition of SDS ensured both the liberation of the viral RNA
genome and the denaturation of the proteins which compet-
itively bind to the freed surface of the sensor. The interaction
leads to a blue-shift in the SWCNT emission (Figure 15a).
This was first shown for hybridization with complementary
target miR-19 DNA compared to control R23 DNA (Fig-
ure 15b). A dose-dependent enhancement of the blue-shift
occurred in the region of the critical micelle concentration of
SDS; thus, the denaturation of proteins by SDS is considered
to involve an unfolding process of the tertiary structure of the
protein to complete denaturation. As the SDS concentration
was increased, the amount of denatured protein absorbed
onto the SWCNT surface after hybridization of the DNA
increased and saturated at 2% SDS. For HIV detection, the
recognition strategy was based on a sensor consisting of
(GT)5-T;s-SWCNTSs, which hybridize with the polyadenyla-
tion elements of HIV RNA (Figure 15¢). In a similar way,
a control sensor with the noncomplementary capture
sequence, namely (GT);5-A;s-DNA, was constructed. The
wavelength shifts of both the sensor and negative control in
the presence of HIV particles treated with 1% SDS were
recorded over time and and the sensor displaying the
complementary capture sequence showed a blue-shift of
around 3 nm after 180 min.

3.2.7. DNA/RNA
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Figure 15. Detection of viral (HIV) RNA. a) Detection of viral RNA using a HIV lentivirus model. The virus is denatured by SDS, which liberates
the RNA genome. It hybridizes to the complementary ssDNA on the SWCNT-based sensor and increases the free surface area, which is then
occupied by serum proteins and causes a blue-shift of the spectrum. b) Wavelength shift in response to the target miR-19 DNA or control R23
DNA in bovine serum albumin with various SDS concentrations. c) Kinetics of the response of sensors with complementary ((GT);5T;s) and
negative control ((GT);sA;5) ssDNA in the presence of HIV particles, FBS, and 2% SDS. Reprinted from Ref. [164] with permission. Copyright 2019

American Chemical Society.
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A completely different application of DNA chemistry on
SWCNTs was established by Cha etal. Based on the
consumption of chemical energy delivered by the RNA
molecules, they developed a synthetic motor that transports
nanoparticles through the mechanical motion of DNA con-
formation changes along the SWCNTs.'®] Movements of the
motor of over 3 um with a speed of 1 nmmin~' were observed.

3.2.8. Enzymes

So far, the detection of enzymes with SWCNTs has been
shown for the characterization of proteases and DNases as
well as cellulases and pectinases. The hydrolytic enzyme
activity was measured by Kallmyer et al., who used hydrolytic
enzyme wrapped SWCNTs that respond to the target enzyme
with a fluorescent intensity quenching because of the
degradation of the enzyme-wrapping.['*! Different polymer
wrappings consisting of polysaccharides and polypeptides
were used to study cellulase, pectinase, and bacterial protease.
Most recently, they used this approach to evaluate the enzyme
activity in soil using a low-cost multiplexed and portable
fluorimeter able to perform the measurement outside the
laboratory only minutes after extraction from the field.l”! As
a consequence of the fresh nature of the soil sample, field tests
indicated activities an order of magnitude larger than those
obtained in benchtop experiments.

Enzymes are also released by microorganisms, which can
be used to fingerprint them. NiBler et al. chemically tailored
SWCNTs to detect enzymes such as DNases and proteases.”*”!
For targeting extracellular proteases, SWCNTs were modified
with bovine serum albumin (BSA), which serves as an
enzymatic substrate, while SWCNTs were functionalized
with calf thymus (CT) DNA for reporting DNase I and
S. aureus nuclease activity. The sensors showed a fluorescence
decrease, most likely as a result of decomposition of the BSA
surface coating. These SWCNT-based sensors were further
used for the discrimination of bacteria, which are known to
alter their chemical environment through the release of
signaling molecules, enzymes, and metabolites (see section
below).

In contrast, Shumeiko et al. used peptide-encapsulated
SWCNTs, which also responded through a fluorescence
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decrease upon enzymatic digestion of the SWCNT wrap-
ping."® They utilized a low-cost paper-based dipstick system,
with which they evaluated the trypsin activity in urine samples
as a mimic for acute pancreatitis, where abnormal trypsin
concentrations are common.

To study the enzyme myeloperoxidase, which is involved
in the regulation of inflammation processes, He et al. used
a ratiometric system based on graphene oxide (GO) wrapped
SC-SWCNT sensors and GO-wrapped carboxymethylcellu-
lose (CMC)-SWCNTs as a reference.’® GO and SC-
SWCNTs showed an opposed fluorescence signal in response
to enzymatic degradation. Whereas the blue fluorescence
intensity of GO was increased due to oxidation and degra-
dation of GO leading to the formation of graphene quantum
dots, the NIR emission of SWCNTs decreased due to the
generation of defects on the SWCNT surface. In contrast, the
CMC-SWCNT reference was almost stable as a result of the
better surface protection of the CMC-wrapping.

3.2.9. Epitopes and Metabolites from Pathogens

Microbial infections are one of the major causes of
mortality worldwide. Currently, the limited number of
diagnostic methods in combination with increasing antibiotic
resistances demonstrate the rising need for the rapid,
contactless, and specific detection of pathogens such as
bacteria. The optical properties of SWCNTSs promise advan-
tages for pathogen detection. Bardhan et al. developed M13
bacteriophage functionalized SWCNTs (M13-SWNTs, Fig-
ure 16a), which are able to distinguish F'-positive and F'-
negative bacterial strains by modulation of the fluorescence
intensity.'””) The M13 bacteriophage has a known binding
affinity to F'-positive E. coli strains. Therefore, they intra-
muscularly infected the right flank of living mice with E. coli
strains, either F'-negative DHS-a strains (Figure 16b, left) or
targeted F’-positive JM109 strains (Figure 16b, right) and
observed a 1.6-fold intensity increase over the nonspecific
DHS5-a strains. Injection of PBS into the right flank served as
a control. To extend this SWCNT-based label to a wider range
of bacterial strains lacking F'-pili, they additionally attached
an antibacterial antibody on those M13-SWCNTs (anti-S.
aureus-M13-SWNT) through a streptavidin-biotin reaction.

E. coli IM109 v. Cc
M13-SWNT

S. aureus Xen-29 v.
anti-S. aureus-M13-SWNT

S. aureus Xen-29 v.
M13-SWNT

Figure 16. Labeling of bacteria. a) The bacteriophage M13 and its proteins p8 and p3 are used to longitudinally functionalize the SWCNT and to
bind a target. b) Fluorescence image of M13-SWCNTs, intravenously injected into mice infected with E. coli strains. The right flank is either
infected with F'-negative E. coli DH5-a strains (left) or the targeted F'-positive E. coli JM109 strains (right). The left flank serves as a control (PBS).
c) Fluorescence images of mice infected with S. aureus strain Xen-29. The left mouse received M13-SWCNTs, while the right mouse received
antibody labelled sensors (anti-S. aureus-M13-SWNTs). Adapted from Ref. [170] with permission. Copyright 2014 Nature Publishing Group.
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Figure 17. Remote detection of pathogens. a) Eight fluorescent SWCNT-based nanosensors and one NIR fluorescent reference material are
incorporated into a polyethylene glycol hydrogel (HG) array that is remotely monitored in the NIR region. The sensors change their fluorescence
signal in response to bacterial metabolites and virulence factors, which are released by bacteria growing on top of this HG. b) The unique NIR
fingerprint of the multiplexed sensor array allows important pathogens to be differentiated. c) Principal component analysis (PCA) of the
fluorescence fingerprint of all the analyzed strains (72 h). Each point represents one bacterial sample, including clinical isolates from different
patients. The clusters show that different bacteria can be identified and distinguished. Control =medium only. Reprinted from Ref. [29] with

permission.

This complex specifically detected S. aureus intramuscular
infections in a mouse model invivo (3.1-fold intensity
increase over the nontargeted M13-SWCNTs, Figure 16¢).

This approach is a NIR labeling rather than sensing. In
contrast, Nifller et al. created a concept to remotely distin-
guish six important pathogens using an array of SWCNT-
based sensors:*! four for specific bacterial target detection
based on a rational approach and four generic lower
sensitivity sensors together with an invariant reference
consisting of NIR fluorescent Egyptian Blue nanosheets
(Figure 17a)."

To overcome unspecific effects arising from the complex
composition of bacterial media, the sensors were incorpo-
rated into a hydrogel (HG) array, in which the pore size was
varied in accordance to the size of the analyte. For the
detection of small molecules (such as siderophores), HGs
with a low porosity were used, whereas HGs with a high
porosity allowed large enzymes to diffuse to the sensors. The
sensors were exposed to clinical isolates of bacteria and the
unique change in the fluorescence intensity for each sensor
was monitored remotely. Within 24-72 h, a unique fingerprint
in response to the tested pathogens was visible (Figure 17b),
which further allowed differentiation of the pathogens by
principal component analysis (PCA ; Figure 17c). Besides this
spatially encoding, spectral multiplexing was implemented to
differentiate S. aureus and P. aeruginosa by using two mono-
chiral SWCNT-based sensors with different wavelengths
compared to the reference. Moreover, the signal of the
sensor could be detected through tissue to a depth of >7 mm,
which highlights the potential for biomedical in vivo applica-
tions.
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3.3. Mechanism of Fluorescence Modulation

In SWCNT-based sensors or probes, the SWCNTSs serve as
transducer elements that translate chemical changes caused
by an analyte in the vicinity of the SWCNT into a fluorescent
signal. Thus, SWCNT-based sensing involves molecular
recognition and signal transduction. The precise mechanisms
are most likely different for different analytes and different
surfaces. However, from the literature one can distinguish
several possible generic mechanisms (Figure 18).

3.3.1. Direct Quenching

Direct quenching, that is, the decrease of fluorescence, is
caused by adsorption of the analyte onto the SWCNT surface.
Changes in the pH value caused by the addition of an acid can
cause protonation of the SWCNT sidewall and result in direct,
reversible quenching of the SWCNT fluorescence (Fig-
ure 19a). Mechanistically, this can be explained by the
injection of an electron hole into the m-system near the
protonation site.*”? Excitons encountering such an electron
hole will be quenched through a nonradiative Auger pro-
cess.'” Furthermore, electron transfer between the valence
band of 3,4-diaminophenyldextran-functionalized SWCNTs
and the lowest unoccupied molecular orbital (LUMO) of
nitrogen oxide results in rapid, reversible quenching of the
SWCNT fluorescence.!'* Both of these interactions take part
in the vicinity of the SWCNT and, consequently, solvent
effects should play a large role.

3.3.2. Impact of Conformational Changes and Solvation

Within the dimensions of the exciton, the fluorescence of
SWCNTs is very sensitive to the surrounding environment. To
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Figure 18. Mechanisms of fluorescence modulation in SWCNT-based biosensors. Note that the size of the objects and their arrangement is

simplified and not to scale.

study the contributions of the solvent to the fluorescence of
SWCNTs, fluorescence spectra were analyzed in different
dielectric environments.'”*'7! By using the solvatochromic
shifts, a semiempirical scaling model was developed that
linked optical with structural parameters and suggested an
inverse dependence of exciton polarizability on the diameter
and the square of the transition energy.'” In nonpolar
solvents, the solvatochromic modulation of the fluorescence
intensity becomes more pronounced for larger diameters.['
Changes in the solvatochromic shift, on the other hand, were
more pronounced for SWCNTs with smaller diameters.'’*!

In general, the displacement of H,O or DNA from the
surface of SWCNTSs by surfactants leads to a strong blue-shift
and increase in the fluorescence intensity. Interestingly, the
change in the fluorescence characteristics of pristine
SWCNTs and DNA-coated SWCNTs immobilized in gel are
highly similar. This suggests that considerable portions of the
nanotube surface are exposed to H,O.!'” However, to date,
a local model of solvatochromism that accounts for the
nonhomogeneous structure around SWCNTs is missing.

One of the best understood systems is the recognition of
small molecules by DNA-functionalized SWCNTs. Here, the
mechanism of sensors for catecholamine neurotransmitters
such as dopamine have been studied in greater detail
(Figure 19d,e).

As these molecules are redox-active, they could reduce or
oxidize either the SWCNT or the surrounding organic phase,
thereby affecting the fluorescent properties. To study this
potential mechanism, the redox potential and the fluorescent
response of certain analytes were correlated. This study
showed that molecules with a negative redox potential are
more likely to increase the SWCNT fluorescence (Fig-
ure 19b).1°! However, as molecules of the same redox
potential can induce drastically different fluorescence
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responses, the redox potential alone cannot account for the
fluorescence changes observed.!””! Likewise, fluorescent
responses of ssDNA-functionalized SWCNTs to dopamine
and riboflavin cannot be correlated to the amount of
adsorbed nucleotides/DNA molecules on the SWCNT surface
(Figure 19¢), which suggests that more complex conforma-
tional changes are responsible for the change in the SWCNT
fluorescence.!"”® Molecular dynamics simulations showed that
a stacking of dopamine with DNA-functionalized SWCNTSs
leads to interactions between the phosphate backbone of the
DNA as well as the hydroxy and amine groups of dopamine
(Figure 19d,e)."™ As a result of this interaction, the phos-
phate backbone moves toward the SWCNT surface and the
electrostatic potential at the SWCNT surface changes (Fig-
ure 19d,e).'% Tt is also known that the diffusion coefficient of
the excitons in surfactant-containing systems changes with the
surfactant identity and, furthermore, correlates with the
fluorescence intensity.**!

As pristine SWCNTs do not show any fluorescence
response to dopamine!'™ and differently functionalized
SWCNTs display different affinities to neurotransmitters,!''*!
it follows that the organic phase (DNA) governs both the
sensitivity as well as selectivity for this neurotransmitter.[!*!
The used biopolymers are typically charged and, conse-
quently, electrostatic interactions play an integral part for
biosensing."””! Tt has been shown that the presence of certain
salts alters the conformation of the DNA wrapping on the
SWCNTE*1 and decreases the electrostatic repulsions
between equally charged molecules.'””! To reduce ion-
induced fluorescence effects, the flexibility of the DNA can
be altered by using xeno nucleic acids.””! A good example of
the influence of electrostatic repulsion and screening effects is
the increased SWCNT surface accessibility at higher salt
concentrations (Figure 191).'" In a surfactant-containing
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Figure 19. Insights into the mechanism of SWCNT-based sensors. a) Change in the fluorescence signal of an individual (7,6)-SWCNT upon
successive addition of acid (¥) and base (A). Luminescence recovery is observed after base addition, which indicates direct quenching by
protons. Adapted from Ref. [47] with permission. b) Correlation between the fluorescence response of different SWCNT/polymer conjugates for
different analytes (replicate symbols), such as dopamine and ascorbic acid, and the redox potential. The spread along the y axis indicates that the
redox potential alone cannot explain the fluorescence change. Adapted from Ref. [63] with permission. Copyright 2016 American Chemical Society.
c) There is also no simple correlation between the fluorescence response and surface coverage, shown here for ssDNA-functionalized SWCNTs
and the response to riboflavin. Adapted from Ref. [176] with permission. Copyright 2019 American Chemical Society. d) Mode of interaction
between dopamine and DNA-functionalized SWCNTs. The hydroxy groups of dopamine interact with the phosphate groups of the DNA backbone,
which pulls them closer to the SWCNT surface. Most likely, solvation effects play an important role. e) Corresponding potential landscape on

a SWCNT functionalized with (GT),s DNA. The blue regions with changed potential colocalize with the dopamine interactions site and affect the
exciton fate. In this particular case, the fluorescence quantum yield increases. Adapted from Ref. [100] with permission. f) Wavelength shift in
response to an interaction between ssDNA-suspended SWCNTs with SDBS, a surfactant. The hybridization of ssDNA is influenced by the salt
concentration and changes the surface accessibility of the SWCNT. Reprinted from Ref. [177] with permission. Copyright 2018 American Chemical

Society.

system, the exposed surface is covered by the surfactant,
which causes a blue-shift of the NIR fluorescence, again
demonstrating that the dynamics of the organic phase around
the SWCNT is crucial for the sensing mechanism.!"””

By modulating the exposed surface area, it is furthermore
possible to tune surfactant-suspended SWCNTSs to respond to
different bio-analytes.""”) Together, these findings indicate
that fluorescence is modulated by the precise 3D arrangement
of the molecules, ions, and water molecules in the vicinity of
the nanotube.

3.3.3. Exciton Decay and Defects

As described above, the introduction of certain sp® defects
into the carbon lattice of SWCNTSs can increase the NIR
fluorescence through the trapping of excitons."™*™ The
defined introduction of quantum defects, thus, provides
a way to perturb the exciton decay and elucidate the involved
processes that ultimately affect the fluorescent response. As
the NIR fluorescent response of SWCNT-based sensors to

Angew. Chem. Int. Ed. 2022, 61, €202112372 (21 of 50)

dopamine in H,O and D,O did not show major differences,
electronic-to-vibrational energy transfer (EVET)!"" seems
not to be a main factor in (dopamine) sensing.®”! In contrast,
the correlation between the length of the SWCNTSs and their
fluorescent response seems to indicate that quenching at the
ends plays a role. However, the fluorescence response was
independent of the variation of defect density.*” Together
with the finding that a small number of quantum defects
reverse the fluorescent response of DNA-functionalized
SWCNTs to dopamine (Figure 6d), it follows that multiple
rate constants are affected by the analyte.*”? Computationally,
the experiments were best explained by a three rate constant
model (3RC) that includes a decrease in the nonradiative
decay from the E;; state (k,), an increase in the exciton
diffusion constant (D,), and an increase in the nonradiative
decay constant from the E;;" (k, ) caused by dopamine."*”!
Together, these insights highlight the complex interplay
between photophysics and molecular recognition as well as
new avenues to tailor sensing using defects.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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3.4. Considerations on Kinetics and Imaging

The processes related to sensing happen on a certain time
scale. How fast an analyte binds or dissociates from a sensor is
determined by its kinetics. Additionally, the optical signal is
detected in setups that determine aspects such as spatial
resolution or imaging speed. In the following sections we
discuss how these hallmarks of fluorescence sensors affect
their performance.

3.4.1. Kinetics of Sensors and Impact on Spatiotemporal Reso-
lution

Chemical imaging with many SWCNT-based sensors at
one time is a highly effective strategy to gain chemical
information from a sample with outstanding spatial and
temporal resolution."’” To understand how the collective
image of such an array of sensors reflects the concentration of
an analyte, Meyer et al. used stochastic Monte Carlo simu-
lations to study the kinetic requirements for spatiotemporal
chemical imaging with nanoscale sensors such as SWCNTs.['%!

The subject of the simulation was a nanosensor array
being exposed to a changing concentration gradient of an
analyte. To predict the image one gains from many sensors,
single sensor responses were first simulated. In a typical
scenario, the time-dependent concentration/diffusion profile
of a dynamic process, such as release of signaling molecules
(e.g. neurotransmitters) from cells and the stochastic binding
site state of the sensors for certain rate constants, was
simulated to calculate the expected fluorescence change of
single sensors (Figure 20a,b). The overall image was then
calculated considering the individual fluorescence emission
point spread functions and technical considerations, such as
the frame rate of the camera. This simulation allows the
prediction of how the rate constants of a sensor (k,,, ko) and
other factors affect the spatiotemporal resolution, for exam-
ple, to resolve fast concentration changes such as neuro-
transmitter release from cells. It can serve as guiding principle
for the chemical design but also for the interpretation of
signals from a given biological problem. Phase diagrams
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(Figure 20c¢) indicated that the senors need a surprisingly low
affinity (K,=100 um) to resolve fast processes.

3.4.2. Ratiometric Detection

So far, optical biosensors based on SWCNTs have mainly
been fabricated from mixtures of multiple chiralities. This
leads to a large spectral overlap in the fluorescence emission,
which complicates multiplexing and reduces sensitivity.

Advances in the separation and functionalization of
SWCNTs have recently enabled the sole use of SWCNTs
emitting below 1000 nm together with low-cost silicon-based
detectors!™*>8! for the development of ratiometric sen-
sors,20-29:30.32.33, 112, 2L 154169 i1y \which two or more distinct NIR
signals are detected simultaneously. Here, one SWCNT
chirality is typically not responsive to the analyte and acts
as a reference. Besides the fact that single chirality SWCNTSs
lead to six- to tenfold higher fluorescence intensities com-
pared to multichirality SWCNT mixtures at the same
concentration,* *2) ratiometric approaches are more stable
to external noise. Despite the clear advantages, the imple-
mentation was not possible for a long time because of
difficulties in gaining chirality-pure SWCNTs.

Although progress was made in the synthesis of chirality-
enriched SWCNT samples,'™ only a few chirality-enriched
samples are commercially available. Different separation and
purification methods have been developed. They range from
density gradient centrifugation,’® gel chromatography,s!
ion-exchange chromatography,® and aqueous two-phase
extraction'™ to wrappings of special macromolecules that
preferably solubilize certain chiralities.”>'®”) What they all
have in common is that the resulting pure chiralities are
solubilized in certain polymers or surfactants. However, for
a biosensing application it is necessary to tailor the surface
chemistry. Therefore, straightforward processes are required
that yield chirality-pure SWCNTSs with tunable functionaliza-
tion.[12!

The first ratiometric SWCNT-based sensor was demon-
strated by Giraldo et al., who integrated into the leaves of
plants two sensors: one for the detection of H,0, and one for
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Figure 20. Kinetic requirements of sensors for spatiotemporal imaging. a) A stochastic-kinetic simulation allows the binding states (blue) to be
predicted and consequently the fluorescence traces of single sensors in response to a changing concentration profile (red), for example, release of
molecules from a cell. b) Relative intensity response of a single sensor over time based on the concentration profile shown in (a) and the
assumption of 10 binding sites. c) Spatial and temporal resolution phase diagram as a function of rate constants. The red regions show
combinations of rate constants that allow the detection of the biological events (here, release of molecules from a cell). Reprinted from Ref. [180]

with permission. Copyright 2017 American Chemical Society.
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Figure 21. Ratiometric sensing. a) NIR fluorescence of (GT);s-(7,6)-SWCNTs in response to H,O, compared to the nearly invariant (AT)s-(6,5)-

SWCNT reference at different time points. Reprinted from Ref. [20] with permission. b,c) Ratiometric sensing of dopamine and H,0, using PEG-
PL as a reference and (GT),-SWCNTs or SWCNTs functionalized with the hemin-binding aptamer (HeApta). The reference sensor can be made
from different colors of SWCNTs ((6,5) or (7,6) chirality). Adapted from Ref. [49] with permission. Copyright 2021 American Chemical Society.

NO.” The sensor system was based on the ratio of the
distinct emission bands of two chirality species (Figure 21 a).
Whereas the (GT);5-(7,6)-SWCNT-based sensor was
quenched by 20 % within 10 min in the presence of 100 um
H,0,, the reference sensor remained mostly invariant to the
analyte. The overall sensor response was similar to in vitro
tests.

Most recently, Nifler etal. combined the isolation of
specific SWCNTSs and their subsequent functionalization for
the detection of neurotransmitters and other small mole-
cules.® They used aqueous two-phase extraction to obtain
chirality-pure (6,5)-, (7,5)-, (9,4)-, and (7,6)-SWCNTs and
applied a surface exchange through dialysis to remove the
DOC wrapping of the SWCNTSs and replace it with specific
ssDNA sequences or aptamers. This approach enabled the
fabrication of ratiometric sensors, for example, for the
detection of dopamine and H,O, (Figure 22b,c). For these
sensors, SWCNTs were functionalized either with a (GT),
sequence or, in the case of H,0O, detection, with an aptamer
(hemin binding aptamer, HeApta) that binds the protopor-
phyrin hemin and catalyzes the decomposition of H,O,. PEG-

PL-functionalized SWCNTs of another chirality served as an
invariant reference. These examples show the potential of
ratiometric or multiplexed sensing and given the large
wavelength range of SWCNT fluorescence, there are plenty
of opportunities for advanced sensing schemes.

3.4.3. Remote Imaging and Alternative Excitation Pathways

Remote imaging—the spatial separation of molecular
sensors and detectors—is particularly beneficial to observe
biochemical processes non-invasively, for example, in bioma-
nufacturing or in vivo. As only a small portion of the emitted
light is captured by a camera within a certain distance to the
sensors, remote detection requires either bright fluorophores
or cameras with a high quantum yield in the spectral window
of the fluorophore emission.

An example for remote imaging are NIR fluorescent
nanosheets, which were remotely detected in a customized
portable setup.!'”"!% Due to the high brightness and emission
closer to the visible range (910 nm), a low-cost CMOS camera
(Complementary Metal Oxide Semiconductor, Si based),
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Figure 22. Imaging and excitation approaches. a) Customized portable NIR standoff device enables remote detection (25 cm) by fluorescence
sensors, for example, of bacteria.”®'”"'® Adapted from Ref. [29] with permission. b) Different possible excitation pathways for fluorescent (6,5)-
SWCNTs. Reprinted from Ref. [189] with permission. Copyright 2018 American Chemical Society. c) Comparison of fluorescence brightness of
p-nitroaryl SWCNTs with introduced sp® defects wrapped with PEG-PL (solid circles) on excitation of the KSB (845 nm) or E;; (985 nm) with
PEG-PL-SWCNTs (open diamonds, KSB excitation). Reprinted from Ref. [190] with permission.
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which typically has a low quantum efficiency of around 5 % in
the NIR region, could be used here.

Additionally, this setup was modified for SWCNT detec-
tion by using an NIR-sensitive InGaAs camera, a white-light
LED, and corresponding filters for wavelength-specific exci-
tation and detection of emission (Figure 22a). Up to now,
remote imaging of fluorescent SWCNT-based sensors has
been used for the identification of bacteria® and monitoring
of plant health,F*>1%I for which resolutions in the (sub-)-
millimeter range were achieved with standoff distances of up
to1lm.

Apart from exploiting the decreasing sensitivity of Si-
detectors in the NIR, efforts have been made to promote
NIR-fluorescent transducers using straightforward designs for
inexpensive NIR fluorimeters."®”! Instead of using high-cost
InGaAs photodiode arrays, single InGaAs diodes were
combined with a motorized stage controlled with an open
source programming language. The robustness of these
devices outside of the laboratory was demonstrated in
a high-throughput format with field-side measurements of
soil samples. Future developments might also show remote
detection using pure (6,4)-SWCNTs with Si-based cameras
and also versatile use as smart surfaces, for example, for
monitoring contamination with pathogens, such as bacteria,
on medical surfaces or even implants.

Fluorophore brightness is not the only performance-
related factor when measurements in live biological tissues
are carried out. Fluorophore stability as well as wavelength-
dependent tissue scattering, absorption, and the background
originating from autofluoresence must also be considered.
From this point of view, SWCNTs have excellent photo-
physical properties.

However, imaging at the single molecule level is always
accompanied by considerations to achieve a high signal to
noise ratio. Long-term single SWCNT imaging has, in
particular, become established for (6,5)-SWCNTs in living
cells!™ and brain tissue.*!

Although the second-order excitonic transition, E,, (S,,),
is typically used for excitation, alternative excitation path-
ways such as the K-momentum exciton-phonon sideband
(KSB) excitation and up-conversion excitation'* have
been successfully demonstrated, but excitation efficiency,
photostability, as well as absorption and scattering of
molecules in tissue differ depending on the excitation wave-
length. Danné et al. evaluated the different excitation options
(Figure 22b) for optimal single (6,5)-SWCNT imaging.!">)
Here, E,, excitation of PEG-PL SWCNTs was found to be
four times more efficient than KSB excitation and an order of
magnitude more efficient than 1064 nm up-conversion exci-
tation, while the signal to noise ratio was more than five times
higher for KSB and up-conversion excitation. However, the
excitation at the E,, transition is not ideal due to limited tissue
penetration depth and autofluorescence. In addition, simu-
lations to quantify the impact of tissue absorption showed that
a higher temperature rise of the tissue induced by up-
conversion excitation might be an issue, thus suggesting that
KSB excitation is the best choice when considering all the
factors. Nevertheless, it still requires relatively high excitation
doses in the kW cm? regime.
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Recently, single SWCNT imaging was performed in brain
tissue invivo by using ultralow excitation doses of
0.1 kWem ™2 (Figure 22¢).'"! To achieve this, sp® defects
were introduced into (6,5)-SWCNTs, which lead to a fluores-
cence emission at E;;” (1160 nm) when exciting at the first-
order excitonic transition E;; (985 nm). This approach is
beneficial as a result of excitation in the NIR window, but also
because of the increased brightness by channeling free
excitons to defect sites and subsequent E,;" emission.

Another way to both excite and detect in the NIR region
is the use of multiphoton microscopy. This technique relies on
the nonlinear excitation of at least two photons and is optimal
for in vivo tissue applications when using NIR radiation. Del
Bonis-O’Donnell et al. demonstrated two-photon 1560 nm
excitation of dopamine-sensitive SWCNT-based sensors,
which showed only 4% scattering (one-photon excitation:
42% scattering).l'””! However, the frame rate is significantly
reduced for single sensor imaging compared to wide-field
one-photon excitation.!'!

3.4.4. Hyperspectral and Spinning Disc Microscopy

Hyperspectral microscopy (i.e. simultaneous imaging at
different wavelengths) provides another approach to exploit
the spectral variety for multiplexed SWCNT imaging. Rox-
bury et al. resolved up to 17 distinct chiralities with single
nanotube spatial resolution."””’ In contrast to organic fluo-
rophores, more chiralities can be imaged simultaneously in
a certain emission window due to the narrow emission bands
of SWCNTs. The hyperspectral imaging is based on the use of
a volume Bragg grating (VBG) placed between the emission
port of an inverted fluorescence microscope and the NIR
camera. The VBG filters one specific emission wavelength
depending on optical properties such as the incident angle 0
and the grating period A (Figure 23a).

The spatial imaging of different chiralities is then achieved
by measuring a continuous stack of 152 images within a time
frame of 20 s and 10 min depending on the signal intensity
and, thus, the integration time. By using this approach 12
different chiralities from DOC-SWCNTs in live human
cervical cancer cells could be detected (Figure 23b). Addi-
tionally, individual SWCNTs adsorbed on a surface in live
mammalian cells, murine tissues ex vivo, and zebrafish
endothelium in vivo were imaged.

Another challenge of typical wide-field microscopy setups
is the poor z-resolution. To improve this limitation, a NIR
spinning-disc confocal laser microscope with an increased
resolution and imaging contrast was demonstrated by Zub-
kovs et al. (Figure 23¢).!"® The custom-built microscope was
based on a spinning-disc module integrated between a cooled
InGaAs camera and the microscope body, which rejects out of
focus light.

To achieve a maximized photon intensity, the lenses in the
spinning disc unit were optimized for the NIR region. The
authors showed in different biological applications the
advantages of an improved lateral/axial resolution of 0.5+
0.1 pm /0.6 + 0.1 pum (enhancement of 17 % /45 %) compared
to the wide-field configuration, reaching from single-particle
tracking over the spatial distribution of nanoparticles within
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Figure 23. Advances in spatial and spectral resolution. a) A Volume Bragg grating filters one specific emission wavelength depending on the
incident angle 0, refractive index n, and grating period /1, which enables hyperspectral imaging. b) Detection of 12 different SWCNT chiralities
without deconvolution in live human cervical cancer cells. Reprinted from Ref. [197] with permission. c) Improved NIR image contrast of NIR
fluorescent beads with a spinning disc NIR fluorescence microscope in comparison to wide-field microscopy. Reprinted from Ref. [198] with
permission.

an organelle to the optical in situ monitoring of glucose by ~ Appendix
GOx-SWCNT-based sensors embedded within an agarose gel.

Overall, this approach showcases the opportunities for

invitro and invivo imaging and sensing with improved
spatiotemporal resolution.

4. Outlook and Perspectives

SWCNTs have shown their large potential as versatile
building block for biosensors. The last few years have
provided fundamental mechanistic insights, novel recations,
and novel applications such as sensing in plants or primary
cells. The advent of covalent quantum defect chemistry as
well as the broader availability of monochiral samples will
further advance typical figures of merit such as selectivity and
robustness in demanding biochemical environments. One of
the key challenges remains a basic understanding of molec-
ular recognition and also signal transduction in the organic
phase around these materials. Advances in this space can
directly translate into superior selectivities. Additionally,
high-throughput or screening approaches will increase the
speed of chemical discoveries. This is particularly interesting
for applications in complex biological environments, where
interactions become too complex to be predicted. Several
milestones remain to be achieved before transfer into
commercially available products. In vivo applications require
long-term evaluation of each sensor’s toxicology and stability
profile. Here, new covalent quantum defect functionalization
strategies as well as the standardization of protocols and the
purity of SWCNTs offer promising opportunities. Addition-
ally, higher degrees of multiplexing and the adaptation of
conventional cameras and readout systems will increase the
application potential of SWCNT-based sensors. In summary,
SWCNT-based biosensors offer a rich playground for chemis-
try and related disciplines and promise further advances and
breakthroughs in the near future.
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2.4.2 Publication Synopsis

The comprehensive overview in the previous Section 2.4.1 describes the main advantages,
methods, and developed biosensors of SWCNT-based sensing, as well as existing chal-
lenges. Key points relevant to this work are listed along with a brief discussion of previous

SWCNT sensors for neurotransmitter detection to place them in the state-of-the-art.

SWCNTs emit in the NIR range, which falls within the tissue transparency window.
This allows for detection at high signal-to-noise ratio (SNR), as scattering, autofluores-
cence, and absorption of biological samples are low in this range [Hon17]. Consequently,
the penetration depth into tissue is increased. Unlike other fluorophores SWCNTSs ex-
hibit excellent photostability [Hon15]. These properties make them promising for long-
term and/or in vivo applications. However, commercially available SWCNTs are only
offered in mixtures of different chiralities [Yan20al, resulting in a broad fluorescence spec-
trum instead of single peak wavelengths, compromising sensitivity when used as a sensor.
To access a specific chirality, separation techniques like density gradient ultracentrifuga-
tion (DGU) [Arn06, Ghol0], aqueous two-phase extraction (ATPE) [Guilb, Li 19b], or gel
chromatography [Liull, Flal3] exist. However, depending on the method, this requires ex-
pensive equipment, expertise, and/or time. On the other hand, this offers the opportunity
for spectral multiplexing by functionalizing different SWCN'T chiralities and characteriz-
ing them based on their emission wavelength [Nis20]. Due to their fluorescence in the NIR
and the fact that conventional cameras based on Si technology have a sensitivity limit up
to a maximum of 1000 nm, the detection of SWCNT sensors requires expensive indium
gallium arsenide (InGaAs) cameras (> 21,000 €) [Smi09], often in combination with lasers
(561 nm, approx. 7,300 € [Opt23]) for excitation, to compensate for higher fluorescence
signals due to the relatively low quantum efficiency of SWCNTs with 1 — 5 % [Mall3].

From a chemical perspective, SWCNTs can be functionalized in a modular way. Func-
tionalization serves to stabilize SWCNTs colloidally but also to create a sensor. The key
expertise lies in selectively designing the surface chemistry of SWCNTSs to achieve a desired
sensor. Two main strategies for developing new sensor units are the screening and the ra-
tional approach. In the screening approach, a change in SWCNT fluorescence is observed
when screening different analytes against arbitrarily functionalized sensors (e.g., with
ssDNA sequences). Surprisingly selective units have been identified in the past using this
method [Zhal3, Bis16]. The biomolecule/polymer used for functionalization usually has no
affinity to the target analyte, but selective binding sites are created by the resulting struc-
ture through the functionalization of the SWCNTs. The rational approach involves using
known recognition entities, such as antibodies [Zhal4, Will8b], nanobodies [Man19], or

aptamers [Din19, Nis20]. The former has the advantage that sensors for a target molecule
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can be developed even without knowledge of a specific recognition unit. However, the
screening process can be time-consuming. Establishing high-throughput screening in com-

bination with assisted machine learning can be beneficial here [Gon22, Kel22].

Different mechanisms exist that lead to signal changes in SWCN'T sensors. The change in
sensor signal can be a shift in wavelength or a change in intensity. The SWCNT sensors
for dopamine detection used in this thesis are functionalized non-covalently with ssDNA
consisting of (GT);¢ sequences, which were identified by a screening procedure [Manl17].
These sensors show a reversible fluorescence increase in the presence of dopamine and have
sensitivities in the 100 pM range at the single SWCNT level [Eli22]. However, they also
respond to similar molecules like epinephrines, norepinephrines, and ascorbic acid with
smaller increases in fluorescence [Manl7, Krul7], as is the case with many other detection
methods from Section 2.3. Molecular dynamics simulations have revealed that the fluo-
rescence change is caused by a conformational change [Krul7]. Dopamine interacts with
its hydroxy and amine groups with the phosphate backbone of the ssDNA-functionalized
SWCNTs, moving the ssDNA closer to the SWCNT surface. This changes the electro-
static potential at the SWCNT surface, which alters the exciton diffusion and thus the

fluorescence (compare with Figure 19 d, e in the Review Manuscript).

The biocompatibility of SWCNTs is a matter of context. In principle, biocompatibility
must be evaluated separately for each type of SWCNT (chirality, purity and biofunctional-
ization) [Gal20]. However, SWCNTs with stable functionalization show promising results
in this regard even in permanent contact with cells [Gaol7] or in in vivo studies [Gal20].
The increasing development of covalent functionalization strategies could contribute to

the development of more stable conjugates for long-term applications in the future.

Due to their nanoscale dimensions with diameters of about 0.78 nm for CoMoCAT
SWCNTs at lengths of 600 — 1000 nm after functionalization [Nis19, Nis21], sensors based
on SWCNTs can achieve high spatial resolutions by simultaneously measuring multiple
SWCNTSs (e.g. by coating surfaces). The resolution is primarily limited by the optical
resolution in microscopy and the pixel sizes of InGaAs camera technology, which is cur-
rently still rather large. To achieve resolution beyond the refraction limit super-resolution
microscopy with SWCNTSs has also been performed recently [Kag22, Nan22|. In terms of
time, resolutions of <100 ms have been possible experimentally [Krul7]. These proper-
ties have already been exploited to image release processes of dopamine and serotonin in
cells [Krul7, Din19, Eli22] and brain slices [Bey19] using SWCNT sensors increasing in

fluorescence intensity (compare Figure 9 and Figure 10 in the Review Manuscript).

By coating the surfaces with sensors and then seeding cells on top, the increase in fluores-

cence intensity at local hotspots adjacent to and below the cells following cell stimulation
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can be attributed to neurotransmitter release and mapped chemically. In addition to the
dopamine sensors identified via the above screening procedure, a rational approach by
functionalizing SWCNTs with a serotonin aptamer was used for the detection of sero-
tonin [Dinl19], but the review reports a ssDNA sequence identified by a screening pro-
cedure as well [Jeol9]. However, even these two sequences are not fully selective com-
pared with dopamine homologs (e.g., 11 % increase for dopamine vs. 45 % increase for
serotonin) [Din19]. However, the high spatial resolution allows to analyze how the cell
morphology affects the location of dopamine release [Krul7]. Another approach is to use
SWCNT sensors as 'paint’ applied to the cellular network [Eli22]. The sensors do not
adhere to the cellular network itself, but surround it. This offers the advantage that in
the case of prolonged cell cultivation, such as with neurons, the sensors are added only at
the beginning of the experiment. Thus, possible influences on the viability of the cells and
the sensitivity of the sensor are prevented. In addition to cross-selectivity to other neuro-
transmitters, local changes in ion concentrations may also affect sensor responses [Sall7].
In this regard, ssDNA sequences with locked nucleic acid (LNA) (containing a 2’-O, 4’-C
methylene bridge which reduces flexibility) can provide an improvement [Gill8, Gil21].

How fast such chemical images assembled from a variety of SWCNT sensors can map
changes in molecular concentrations depends not only on the frame rate of the camera
but also on the kinetics of the sensors, i.e., how fast an analyte binds or dissociates
from the sensor [Mey17]. Knowledge of these rate constants can thus predict how quickly
concentration changes of molecules can be resolved. According to a simulation by Meyer et
al., the optimal dissociation constant Ky is in the range of 100 uM (e.g., ko, of 10 M~1s!

and kog of 10% s71) for imaging neurotransmitter release processes [Mey17].

Table 2.2 provides the ranking of SWCNTSs for neurotransmitter detection compared to
the state-of-the-art. SWCNTs outperform other technologies in terms of high spatial and
temporal resolution and compete with the best methods in the literature in terms of
sensitivity. However, the equipment required for SWCNT detection includes specialized
cameras and lasers, which add to the overall cost in addition to standard microscopy equip-
ment (included in this calculation as minimum costs). Moreover, the resolution achieved
by SWCNTs is not limited by the Rayleigh criterion of optical microscopy, but rather
by the currently InGaAs camera technology. There is a need for further optimization to
enhance the selectivity of SWCNT sensors towards dopamine homologs, but this chal-
lenge is also faced by other technologies, as discussed in Section 2.3. The issue of toxicity
is another point that must be addressed for each application in combination with the
specifically used SWCNT sensors. Nonetheless, as a research tool, SWCNTs should not

significantly influence the biological system to the extent that it biases the results.
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Table 2.2: Performance parameter of fluorescent SWCNT sensors for neurotrans-
mitter detection. Ranking: green — good, yellow — medium, red — poor. Sensitivity data refer

to the detection of dopamine.

Spatial T 1 Equi t  In Vi
Method patia cmpora Sensitivity Selectivity dauipmen e
Resolution Resolution Costs Suitability
o
SWCNT 850 nm* < 100 ms 100 pM 58,000 €
[Krul?7] [Krul7] [Krul?7]

*Limited by the pixel size of indium gallium arsenide (InGaAs) cameras.

In a Nutshell

v SWCNTSs fluoresce in the NIR (850 — 1700 nm) tissue transparency window

(reduced scattering and autofluorescence of biological samples)
v' Optically stable (no bleaching or blinking)

v' Adaptable surface chemistry exploitable for the development of various sen-

sors; reversible sensor response depending on sensor design
v" High spatial and temporal resolution
v High sensitivity in the single-molecule regime

v' Cross sensitivities to dopamine homologs in current SWCNT sensors for

dopamine detection




Chapter 3

Results

In this chapter, the most significant results obtained during the course of this doctoral
thesis are presented. The chapter is divided into two sections, each focusing on a research
objective aimed at enhancing the sensitivity of fluorescent SWCNT-based sensors. Each
section includes a previously published research manuscript, accompanied by a brief intro-
duction and a publication synopsis that summarizes the research objectives, the method-
ology used, the major findings or results as well as the implications or significance of the

work.

3.1 Cost-Effective Neurotransmitter Detection with

Standard Microscopes

Chapter 2 has explained the crucial role of neurotransmitters in cell communication. To
comprehensively understand and effectively address such complex biological processes, as
well as the formation and progression of neurological disorders, it is essential to capture

the dynamic behavior of cellular release events and their response to various stimuli.

As mentioned in Section 2.4, fluorescent SWCNT-based sensors possess an exceptional
spatial and temporal resolution, making them capable of imaging this dynamic behavior.
Previous publications have demonstrated the potential of SWCNT-based sensors in high-
resolution imaging of cellular release processes of neurotransmitters like dopamine and
serotonin [Krul7, Din19, Eli22]. These studies employed more than 20,000 sensors per
cell, achieving a temporal resolution of less than 100 ms [Krul7]. However, specialized

and expensive microscope equipment was used.

For SWCNT excitation, a laser with a wavelength of 561 nm and a high power of 500 mW
was employed [Krul7, Dinl9, Eli22], while fluorescence detection relied on an InGaAs

camera, which exhibits sensitivity in the range of approximately 900 — 1700 nm [Xen].
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Although the performance of InGaAs detectors has shown improvement in recent years,
they still have limitations compared to the well-established Si technology [Hon17]. The
fabrication process of InGaAs detectors is complex, making them expensive and bulky.
Additionally, these detectors exhibit high dark current/noise levels due to the small di-
rect bandgap of InGaAs, while their resolution in terms of absolute pixel number remains
low (320 x 256 pixels or 640 x 512 pixels, which is up to 50 times lower compared to Si
cameras) [Honl7]. Typical dark current values for InGaAs cameras are around 10,000 elec-
trons (s-pixel) ™! at -50 °C [Xen], whereas Si cameras exhibit dark currents of only 0.6 elec-
trons (s-pixel) ™! at 10 °C [Ham23]. For further reductions in dark current, thermoelectric
cooling is not sufficient and liquid-nitrogen cooling must be used to achieve temperatures
as low as -190 °C [Hon17]. These factors in turn limit the practicability, high sensitivity,
and spatial resolution of SWCNT-based sensing and prompts the question of which cam-
era system can effectively provide higher SNR for imaging a specific fluorophore/emission

wavelength within a specific biological context.

To make this technology more accessible, it would be advantageous to utilize standardized
microscope equipment, such as a white LED for fluorescence excitation, along with cost-
effective Si-based cameras. Si cameras offer a decreasing quantum efficiency towards the
NIR, and (6,4)-SWCNTs, emitting at 880 nm, are thus the most suitable NIR emitters
among SWCNTs. Antari et al. have already investigated the detection of pure (6,4)-
SWCNTs with Si cameras by using DGU to extract (6,4)-SWCNTs from commercially
available SWCNT mixtures [Ant15]. They subsequently employed these (6,4)-SWCNT's
for immunohistochemical staining of cells and cancer tissue. However, this possibility of
using (6,4)-SWCNTs in combination with Si cameras has not been demonstrated for a
sensor application, nor has it been pursued otherwise. This limitation may be attributed

to the lack of an easily accessible protocol for (6,4)-SWCNT separation.

DGU requires expensive equipment for the separation through a density-gradient medium
under fast centrifugation, while ATPE is generally regarded as a cost-effective and simple
method for the separation of surfactant- or ssDNA-dispersed SWCNTs between two im-
miscible polymers [Guilb, Li 19b, Lyul9]. By changing the overall conditions within this
mixture, SWCNTs can be selectively partitioned between these phases. However, exist-
ing protocols for the separation of (6,4)-SWCNTs have been predominantly based on a
sequential separation approach [Li 19b], involving multiple steps and resulting in a time-
consuming process, which may be the reason why sensors based on (6,4)-SWCNTSs have
not yet been developed. In this context, however, other chirality-pure SWCNT sensors
have demonstrated significantly stronger fluorescence emission, up to 10-fold, and in some

cases larger intensity changes during detection, which is thus very promising [Nis21].
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The study presented in the subsequent Section 3.1.1 (Research Manuscript I) was therefore
guided by the following questions:

« Can the separation procedure for (6,4)-SWCNTs be optimized to provide simple,
rapid, and highly scalable access to this specific SWCN'T chirality?

o Within which fluorescence wavelength range should biological samples be detected
to achieve an optimal signal-to-background ratio (SBR), considering the reduced
detection efficiency but also the low dark current of Si cameras and the increasing

benefits of reduced autofluorescence and scattering in the NIR?

o Can monochiral (6,4)-SWCNTSs, when used with Si cameras, enhance analyte sen-
sitivity compared to unpurified, commercially available SWCNTs? How does their

sensitivity compare to InGaAs cameras?

o What is the speed of microscopic image acquisitions achievable with a ’standard’

microscope setup?

« Can (6,4)-SWCNT-based sensors successfully image cellular release processes?
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3.1.1 High Sensitivity Near-Infrared Imaging of Fluorescent

Nanosensors (Research Manuscript I)

Graphical Abstract

Ex Em(NIR) — Optimum for | ’%,(6,4)-SWCNTS

RH‘ / ! bopamine NIR Imaging
with Si Cameras

Detector
Efficiency
es
Fluorescence

Advantag
Imaging

(6,4)-SWCNTs fluoresce in the near-infrared (880 nm) and can be chemically function-
alized with DNA to act as sensors. They provide access to the sweet spot between the
efficiency of Si cameras of standard microscope equipment and the advantages of the

near-infrared, which is shown by high-resolution mapping of dopamine release from cells.
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High Sensitivity Near-Infrared Imaging of Fluorescent

Nanosensors

Julia Ackermann, Jan Stegemann, Tim Smola, Eline Reger, Sebastian Jung, Anne Schmitz,
Svenja Herbertz, Luise Erpenbeck, Karsten Seidl, and Sebastian Kruss*

Biochemical processes are fast and occur on small-length scales, which
makes them difficult to measure. Optical nanosensors based on single-

wall carbon nanotubes (SWCNTs) are able to capture such dynamics. They
fluoresce in the near-infrared (NIR, 850-1700 nm) tissue transparency
window and the emission wavelength depends on their chirality. However,
NIR imaging requires specialized indium gallium arsenide (InGaAs) cameras
with a typically low resolution because the quantum yield of normal Si-based
cameras rapidly decreases in the NIR. Here, an efficient one-step phase sepa-
ration approach to isolate monochiral (6,4)-SWCNTs (880 nm emission) from
mixed SWCNT samples is developed. It enables imaging them in the NIR
with high-resolution standard Si-based cameras (>50x more pixels). (6,4)-
SWCNTs modified with (GT);o-ssDNA become highly sensitive to the impor-
tant neurotransmitter dopamine. These sensors are 1.7x brighter and 7.5
more sensitive and allow fast imaging (<50 ms). They enable high-resolution
imaging of dopamine release from cells. Thus, the assembly of biosensors
from (6,4)-SWCNTs combines the advantages of nanosensors working in the
NIR with the sensitivity of (Si-based) cameras and enables broad usage of

processes to destroy microorganisms. The
concentration of the released substances
changes spatially and temporally and is a
biochemical fingerprint of the biological
state. However, such biologically rel-
evant processes occur on temporal (ms)
and spatial (nm) scales that are difficult
to access using established methods.!
For example, electrochemical methods,
such as amperometry or voltammetry,
lack the required spatial resolution deter-
mined by the number of electrodes and
are invasive as the microelectrodes pen-
etrate the tissue. On the other hand,
optical methods provide often only indi-
rect information, for example, by labeling
cellular components®® or suffering from
photobleaching.!

In this context, nanomaterials, such as
single-wall carbon nanotubes (SWCNTs),
have emerged as promising building

these nanomaterials.

1. Introduction

Cells use biomolecules to transmit information. This commu-
nication occurs in waves of biomolecules from a transmitter
cell through the extracellular space to other (receiver) cells. This
type of signal transmission takes place in many biological situ-
ations, such as the communication of neurons!! via the release
of neurotransmitters or in cells of the immune system,?! which
form reactive oxygen and nitrogen species in inflammatory

blocks to capture these dynamics.?8 In

addition to a high surface-to-volume ratio

that makes them sensitive to single-mole-
cule detection,®12] their surface can be chemically tailored.3-1]
Thus, SWCNTs have already been used for several bioimaging
studies®!! and the detection of numerous analytes such as
reactive oxygen species,?>2) small molecules like nitroaro-
matics?*?! or neurotransmitters,?%’] proteins,?8-3% sugars,!l
enzymes,*? or bacteria.l*® Due to their fluorescence in the
near-infrared (NIR, 850-1700 nm), which shows no bleaching
or blinking, they represent stable fluorophores, whose emis-
sion falls within the biological transparency window.3* Here,
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reduced scattering and autofluorescence of biological samples
allow for increased signal-to-noise ratios (SNR) during detec-
tion as well as deeper tissue penetration compared to UV or
visible wavelength fluorophores.13* Recently, their outstanding
potential in detecting the cellular release of the neurotransmit-
ters dopaminel**-38l and serotonin** was demonstrated with
an unprecedentedly high spatiotemporal resolution, which also
allowed observation of dopamine release from over 100 dopa-
minergic varicosities simultaneously.

However, one major drawback for scientists wishing to use
such fluorophores is that a specialized NIR detector is required.
NIR emission is usually collected with indium gallium arse-
nide (InGaAs) detectors. Their fabrication process is complex,
the resolution in terms of absolute pixel numbers is low, and
the sensor must be cooled, for example, with liquid nitrogen to
reduce the high dark current®># This makes these cameras
impractical and expensive (>40000 €) compared to the widely
used silicon (Si) cameras, which have a rapidly decreasing sen-
sitivity in the NIR and therefore have problems detecting sig-
nals >950 nm.*42

The exact fluorescence wavelength of SWCNTs depends on
their chirality (n,m).*3! (6,4)-SWCNTs, which are the species
emitting closest to visible light with emission around 880 nm,
would be well-suited for detection with commercial Si cameras
while still taking advantage of the NIR. However, (6,4)-SWCNTs
are not yet available in their pure form.

In general, the fabrication of sensors based on SWCNTs
has so far been mainly based on mixtures of different chi-
ralities, as the synthesis of pure species has not yet been per-
formed on larger scales.* Advances in synthesis have led to
the preparation of chirality-enriched SWCNT samples, ]
as a result of which (6,5)-enriched CoMoCAT-SWCNTs with
the main emission around 985 nm are already commercially
available. Recently, they have been used for detection with Si
cameras.®##] Although CoMoCAT-SWCNTs also contain some
amount of (6,4)-SWCNTS, the sensitivity in combination with Si
detectors is not as good because high concentrations have to be
used that lead to a nonlinear signal increase due to reabsorp-
tion.P% Xu et al. succeeded for the first time in preparing pref-
erably (6,4)-SWCNTs with a purity of =57% by adjusting the oxi-
dation state of the cobalt catalyst.>!] However, as long as high-
purity SWCNTS are not yet commercially available, post-growth
separation based on solution sorting techniques will remain
a focus.Pl Here, various methods, such as density gradient
ultracentrifugation,>> ion-exchangel®! or gel column chro-
matography,®>’l enrichment over polymers,8-% and aqueous
two-phase extraction (ATPE),[°462l have become established in
recent years. ATPE, in particular, has proven to be fast, selec-
tive, cost-effective, and easily scalable. This method is usually
based on two polymers, dextran and polyethylene glycol (PEG),
added in a ratio where they are immiscible and thus form two
phases.[3] SWCNTs are then dispersed using surfactants such
as sodium deoxycholate (DOC), sodium cholate (SC), or sodium
dodecyl sulfate (SDS), whereby separation is driven between
the two phases by the properties of the resulting surfactant
phase at the SWCNT surface, and then based on the exchange
of phases of unwanted SWCNT chiralities for empty phases.//
Li et al. recently published a simple pH-controlled method that
separated (6,4)-SWCNTs and ten other species.! Subsequently,
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Nifler et al. used this method for chirality-pure sensors for
the detection of various small molecules and also ratiometric
sensing with different wavelengths.[% Furthermore, Antaris
et al. used (6,4-SWCNTs obtained from density gradient ultra-
centrifugation in combination with Si-detectors for immuno-
histochemical staining of cells and cancer tissue sections.[*’]

Surprisingly, sensing with (6,4)-SWCNTs using low-cost Si
cameras has not yet been demonstrated. This is likely because
a fast method for large-scale extraction of (6,4)-SWCNTs has
been missing so far, as well as a simple process for subsequent
SWCNT functionalization to tailor their surface chemistry.>%60l
Routes for easy exchange have now been developed, such as
methanol-assisted surfactant exchangel®®! or dialysis,” leaving
the obstacle of a rapid process for (6,4)-SWCNT extraction to
make this material accessible to the broader community.

Here, we address this challenge and separate (6,4)-SWCNTs
(emission at 880 nm) from commercial SWCNT mixtures
((6,5)-enriched CoMoCAT-SWCNTs) by tailoring an ATPE
protocol®! to obtain (6,4)-SWCNTs for the first time quickly
and easily scalable in only one single step. By replacing the
surfactant shell around the SWCNTs with (GT)y-single-
stranded(ss)DNA sequences, we tailor these SWCNTs exempla-
rily as dopamine sensors. Hereby, the optimum between detec-
tion with standard Si cameras and the use of NIR fluorescence
imaging is achieved. We investigate the detection efficiency of
these (6,4)-SWCNTs compared to the parental SWCNT mixture
with both Si and InGaAs detectors. Finally, we demonstrate
sensing of cellular dopamine release with high spatiotemporal
resolution using standard microscope equipment (Figure 1).
This method thus makes SWCNT-based nanosensors or labels
accessible to a much larger community.

2. Results and Discussion

2.1. (6,4)-SWCNT Separation and Optical Characterization

To shift the overall SWCNT emission closer to the visible
wavelength region, (6,4)-SWCNTs as the shortest SWCNT NIR
emitter need to be separated from commercially available mix-
tures containing multiple chiralities. We decided to use ATPE
as a scalable separation approach and used a pH-driven pro-
tocol.I The original protocol used a two-step separation with
a mixture of 0.025% DOC, 0.05% SDS, and 0.5% SC but we
did not get reproducible results. All of our experiments were
carried out at room temperature (20 °C). In the first step,
pH-driven separation of (6,4)-SWCNTs from the remaining
semiconducting SWCNTs should be performed, in which the
(6,4)-SWCNTs accumulated together with metallic SWCNTs
in the dextran-rich bottom phase. However, we were unable
to separate (6,4)-SWCNTs from semiconducting (7,3)-SWCNTs
with this mixture, despite testing different additions of hydro-
chloric acid (HCl, Figure Sla, Supporting Information). This
is mainly because these two SWCNT chiralities are difficult to
separate due to their extremely similar diameters.*” In addi-
tion, even slight variations in surfactant conditions can lead to
altered experimental results.

Therefore, we modified it accordingly and finally developed
a protocol achieving single-chirality (6,4)-SWCNTs in only
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Figure 1. High sensitivity NIR imaging of molecular sensors. NIR fluorescent monochiral (6,4)-SWCNTs separated via ATPE from standard SWCNT
samples with multiple chiralities are used to visualize biomolecules such as the neurotransmitter dopamine. Their emission is in the sweet spot
between high camera quantum yields of high-resolution and cost-effective (Si-based) cameras and the increasing advantages of the NIR (reduced scat-
tering and autofluorescence). These sensors are rendered sensitive to dopamine by specific surface functionalization with ssDNA. The nanosensors
are immobilized on a glass surface and dopamine-releasing cells are cultured on top. Upon stimulation, the sensors acting as imaginary pixels report

the release of dopamine by a fluorescence increase.

one step, which makes it simple to reproduce and scale up
(Figure 2a). Since SC is known to have a chirality-dependent
affinity,[®] we systematically increased the SC content within
this mixture and found that an increase in SC content (0.6
0.9% SC tested) lead to an optimized separation of (6,4)- and
(7,3)-SWCNTs at 0.7% SC and higher (Figure Slb—e, Sup-
porting Information). It appeared that with increasing SC
concentration, higher amounts of HCI addition were required
to separate the (6,4)- from the (7,3)-SWCNTs (Figure S1f, Sup-
porting Information). However, this trend is not entirely clear,
since at 0.8% SC, the peak ratio hardly changed with varying
HCI content. For subsequent experiments, the SC content of
0.7% with lower HCI addition was chosen because, on the one
hand, the risk of surfactant flocculation and thus SWCNT pre-
cipitation rises with an increasingly acidic environment, and,
on the other hand, the peak ratio of (6,4)-/(7,3)-SWCNTs was
highest.

After finding the optimal surfactant conditions, the second
separation step of the published protocol was followed, which
consisted of the addition of sodium hypochlorite (NaClO),
which is known to separate metallic from semiconducting
SWCNTs.[] Here, we found that after increasing the SC con-

Multiple
Chiralities

tent to 0.7%, the addition of NaClO caused the separation of
(6,4)-SWCNTs into the dextran-rich bottom phase (instead of
the PEG-rich top phase at 0.5% SC content), whereas metallic
SWCNTs migrated mostly into the interfacial layer and the
PEG-rich top phase (Figure S2a—e, Supporting Information).
Furthermore, the addition of NaClO further improved the peak
ratio of (6,4)-/(7,3)-SWCNTs, and based on the absorbance spec-
trum of the final bottom phase (Figure S2d, Supporting Infor-
mation), nearly all peaks could be assigned to (6,4)-SWCNTs.
The two large peaks at 586 and 885 nm correspond to the
Ej, and Ej; excitonic transitions of (6,4)-SWCNTs, while the
peak at 414 nm could result from incomplete separation of
metallic SWCNTS as the Es; transition is located at wavelengths
<400 nm and the peak intensity further decreased after metallic
separation. The small peaks at 534 and 773 nm are known to be
phonon sidebands of (6,4)-SWCNTs.[#36970 Based on fitting all
semiconducting chiralities present in the starting material com-
pared to the final bottom phase and comparing the resulting
area of each peak assuming simplified the same absorp-
tion cross section for all SWCNTSs, the purity of the material
thus improved from 9.4% containing (6,4)-SWCNTs to >95%
(Figure S2a,d, Supporting Information).
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Figure 2. One-step large-scale isolation of (6,4)-SWCNTs. a) One-step ATPE is used to isolate (6,4)-SWCNTs from other chiralities, providing a highly
scalable approach. b) 2D excitation-emission plot before (CoMoCAT-SWCNTs) and after phase separation ((6,4)-SWCNTs).
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Since in the optimized surfactant mixture, (6,4)-SWCNTs
remained in the bottom phase after metallic separation and
did not migrate into the top phase, the next step was to test
whether the two-step separation procedure could be reduced
to a one-step separation by the simultaneous addition of HCl
and NaClO at the beginning. Interestingly, based on characteri-
zation via absorption spectra, this led to the same but a faster
result, and pure (6,4)-SWCNTs remained in the bottom phase
(Figures S2f and S3, Supporting Information). As a result,
this process also did not require a mimic phase and we were
able to extract large amounts of (6,4)-SWCNTs (Figure 2a). To
further confirm the purity of the (6,4)-SWCNTs, 2D excita-
tion—emission plots were acquired before (CoMoCAT-SWCNTs)
and after phase separation, in which the individual chiralities
can be uniquely assigned based on their associated transitions
(Figure 2b). It is evident that the main emission at 980 nm,
originating from the (6,5)-enriched CoMoCAT-SWCNTs, shifted
after phase separation to the (6,4-SWCNT emission around
880 nm. In addition, there is a very weak emission at 985 nm,
which is identical in emission to that of (6,5)-SWCNTs. How-
ever, the excitation wavelength shifted from 567 to 580 nm, and
therefore, it is more likely that this feature corresponds to the
phonon sideband of (6,4)-SWCNTs.[%]

Moreover, Raman spectra were acquired before and after
(6,4)-SWCNT separation (Figure S4, Supporting Information),
and the intensity ratios of Raman G/D bands were calculated,
which are generally used to monitor covalent sidewall reactions
in SWCNTs and are thus a measure of the defect number on
the SWCNT surface.”! The results indicate a lower defect ratio
after SWCNT purification (increase from 15.1 to 18.3) due to the
sorting out of impurities.

Since it is known that additional separation steps lead to
stronger interfacial trapping of SWCNTs between the dextran
and PEG phase,[®*°] the extraction yield between the two- and
one-step separation was calculated and compared. For this pur-
pose, the absorption spectra are additionally shown rescaled in
Figure S2a—f, Supporting Information, (right axis), so that the
different volumes of the two separation phases and dilutions
during absorption measurements were quantitatively con-
sidered. While in the two-step separation, about 10.8% of all
(6,4)-SWCNTs remained in the bottom phase without metallic
separation and thus were accessible for (6,4)-SWCNT separa-
tion, 70.9% migrated to the top phase, and 18.3% of the non-
extractable (6,4)-SWCNT were lost in the interfacial layer. After
the second separation step, approximately half of the 10.8%
(6,4)-SWCNTs got lost in the bottom phase, so the extraction
yield was calculated as 5.1%. Reduction to a one-step separation
approach resulted in a direct effect on the yield of extractable
(6,4)-SWCNTs with an increase from 5.1 + 0.3% to 74 + 1.0%
(Figure S2g, Supporting Information). The higher standard
derivative in the one-step approach can probably be attributed
to the inclusion of two different batches of DOC-SWCNTs for
the calculation, which may have slightly different DOC concen-
trations and thus direct effects on the yield. A precise under-
standing of the interfacial losses would be necessary for further
improvement of the extraction yield. For example, it has been
shown that the molecular weight of the commonly used 6 kDa
PEG/70 kDa dextran ATPE system can be changed, which also
affects interfacial trapping.”’27! However, this one-step ATPE
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can be scaled up to extract (6,4)-SWCNTs easily, quickly, and
inexpensively on a large scale (Figure 2a). Furthermore, the
remaining SWCNTs in the top phase could be recycled. This
was demonstrated by precipitation, washing, and filtering of
the SWCNTs in the ATPE top phase to remove the surfactant
shell surrounding the SWCNTs and then drying them, which
provided the SWCNT material for other sensing or ATPE
experiments (Figure S5, Supporting Information). Here, we
showed the redispersion of these SWCNTs in 1% DOC, using
a superacid-surfactant exchange based on previous literature,”l
avoiding further SWCNT shortening by tip-sonication.

2.2. Comparison of Detection Efficiency

The use of NIR fluorophores for biomedical imaging is a
steadily growing trend due to advantages such as lower scat-
tering and autofluorescence of biological samples leading
to higher signal-to-background ratios (SBR). While NIR
imaging has long been limited to the so-called NIR-I window
(700-900 nm), the discovery of new NIR-II (1000-1700 nm)
fluorophores and improvements on the detector side are now
extending imaging to the NIR-II window, which is expected
to further improve the SBR due to further reduced scattering
and autofluorescence in this wavelength range enabling deeper
tissue imaging.*> However, the detector side must also be con-
sidered, and for NIR-II imaging, InGaAs cameras must inevi-
tably be used. Even though their performance has improved
in recent years, Si cameras are still the best developed and are
superior in all aspects such as quantum efficiency, resolution,
and noise (dark current).

The main advantage of using (6,4)-SWCNTs compared to
conventional NIR-I fluorophores, such as indocyanine green
(ICG) or methylene blue (MB), is their very modular surface
chemistry and that they can be used not only as labels but also
as sensors.”” Non-specific passive labels suffer from high back-
ground fluorescence signals, especially in vivo due to non-spe-
cific protein binding.’*! In addition, many NIR-I fluorophores
like IRDye 800CW or Alexa 790 are often not very stable and
bleach.’®l SWCNTs are excellent long-term fluorophores, which
is especially advantageous for in vivo imaging. However, the
quantum efficiency of (6,4)-SWCNTs with 2.3% is lower com-
pared to many other NIR-I fluorophores (for ICG or MB around
9.5%).>>%7] On the other side, they can be excited with a very
large Stokes shift between excitation and emission (=300 nm),
largely preventing the excitation light from passing through the
filters to the detector. In addition, their fluorescence emission
is further in the NIR compared to other NIR-I fluorophores
like ICG (822 nm) or IRDye800CW (789 nm), which results in
further reduced autofluorescence of biomolecules and tissue.3’]
Although SWCNT-based labels/sensors are not clinically
approved yet, which is also the case for many other NIR-I fluo-
rophores, initial studies show promising results.”77%!

To find the optimal fluorophore for the desired application,
we developed a simulation, considering the parameters of fluo-
rophores and biological samples based on a specific biological
scenario and typical parameters on the detector side (InGaAs
vs Si camera). In our scenario, SWCNTs are present in solu-
tion and it is assumed that their fluorescence can be selected
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Figure 3. Increased signals by using (6,4)-SWCNTs. a) Simulation of the wavelength-dependent SBR when imaging fluorophores in biological tissue in
PBS using a Si or InGaAs camera. Autofluorescence of soft tissue (100 um thickness) and typical autofluorescence from biological samples as well as
absorption of water are included. The wavelength refers to the peak wavelength of SWCNTs. Highlighted areas show the main emission of (6,4)- and
(6,5)-SWCNTs. b) Normalized fluorescence spectra of (6,4)-, and CoMoCAT-SWCNTs collected with an InGaAs detector weighted with the quantum
efficiency of a typical InGaAs camera. Concentration was adjusted based on the area under the curve of the E;; transitions in a range of 810-1350 nm.
c) Normalized fluorescence spectra of the same data weighted with the quantum efficiency of a Si camera.

arbitrarily in wavelength while retaining their advantage of a
large Stokes shift between excitation and emission. Further-
more, components of a standard microscope, such as the typ-
ical wavelength-dependent power density of an LED for excita-
tion, wavelength-dependent transmission curves of necessary
optics, optical interference factors such as the dark current of
the detectors, as well as autofluorescence and absorption of
biological samples, were considered (Figure S6, Supporting
Information). Here, the scenario is focused on imaging cells in
phosphate-buffered saline (PBS) buffer as we will show experi-
mentally in the further course. Detailed assumptions and calcu-
lations can be found in the Supporting Information (Table S1,
Supporting Information).

For comparison, the respective SBR of the two camera
types when imaging cells in PBS with SWCNTs is shown
(Figure 3a). Here, the wavelength refers to the peak wavelength
of SWCNTs. For Si cameras, a sweet spot is obtained at about
906 nm, thus SWCNTs with (6,4)-chirality are an excellent fit.
For InGaAs cameras, there is no real sweet spot since no auto-
fluorescence was included/exists for the NIR region. In addi-
tion, the quantum efficiency increases steadily over a wide
wavelength range (slightly increasing from 985 to 1575 nm)
while the scattering from soft tissue and of other typical fluo-
rophores present in cell cultures decreases. The drop in SBR
around 1435 nm results from the absorption of water at this
position. The highest SBR occurs at about 1629 nm before the
quantum efficiency of the camera drops sharply. Overall, the
SBR is lower for InGaAs cameras due to the higher impact of
black body radiation and dark current (Figure S6, Supporting
Information), which is mainly determined by the band gap of
the material system used.

However, every simulation is a specific scenario and here
imaging of cells in a thin tissue-like environment is mimicked.
Since the background signal of Si cameras is reduced compared
to InGaAs cameras, Si cameras are more sensitive to weak
signals, while InGaAs cameras approach the same SBR with
increasing signal strength.

To evaluate the detection efficiency of the obtained (6,4)-
SWCNTs independently of the dark current of both camera sys-
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tems and only based on the differences in quantum efficiency,
they are compared with the parental (6,5)-enriched CoMoCAT-
SWCNTs. For this purpose, their surface functionalization
after ATPE was exchanged for 1% DOC, and the concentration
of each SWCNT material was adjusted by matching the area
under the absorbance curve of the Ej; transitions in a range
of 810-1350 nm (Figure S7a,b, Supporting Information). The
wavelength-dependent fluorescence of these SWCNTs excited
with a 561 nm laser and recorded with an InGaAs detector is
shown after conversion based on the typical quantum efficiency
of an InGaAs camera and a standard Si camera, normalized to
the respective maximum (Figure 3b,c).

For CoMoCAT-SWCNTs, which are best detected with an
InGaAs camera, the (6,5)-SWCNTs emitting around 980 nm
contribute to around 2/3 of the fluorescence signal with the Si
camera, despite the higher sensitivity of the camera to lower
wavelengths. This is based on the simplified assumption that
the area under the curve can be considered a measure of signal
strength. While the (6,4)-SWCNTs are barely detected by the
InGaAs camera, the comparison using a Si camera shows that
they appear 1.7x brighter than CoMoCAT-SWCNTs. Although
CoMoCAT-SWCNTs detected with an InGaAs detector show
higher absolute intensity values (Figure S7c-e, Supporting
Information), it makes detection with Si cameras using (6,4)-
SWCNTSs promising.

Another advantage in terms of imaging and sensing applica-
tions is the significantly higher resolution of Si cameras in rela-
tion to the absolute number of pixels (here 2048 x 2048 vs 320 X
256 pixels). Even though higher resolution InGaAs cameras
(640 x 512 pixels) are now available, this means that Si cameras
have about 13-51x higher resolution. In general, SWCNTs as
nanoscale devices (dimensions 0.78 nm x 600-1000 nm) are
limited by the resolution limit of optical microscopy. According
to the Abbe/Rayleigh criterion, the smaller the wavelength is,
the smaller the resolution limit becomes. For example, the max-
imum resolution for fluorescence microscopy with (6,4)-SWCNTs
using a good 100x oil immersion objective (here A = 885 nm,
NA = 145) is about 372 nm, which decreases with increasing
wavelength (412 nm for (6,5)-SWCNTs with 4 = 980 nm).
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Especially for imaging applications, resolution thus plays an
important role, and it is not surprising that super-resolution
microscopy, also with SWCNTs,">®! is increasingly used.
According to the Nyquist criterion, SWCNTs must therefore be at
least 2.3 pixels apart to still be perceived as separate structures.®?
In the case of InGaAs cameras, the optical resolution limit is thus
further limited due to the low pixel number. While two parallel,
single (6,4)-SWCNTTS at a distance of 372 nm can still be separately
resolved with a typical Si camera (here 1 px = 65 nm at 100X mag-
nification), this is not the case with typical InGaAs cameras (here
1 px = 444 nm, Figure 4a). The required pixel size would have to be
at least 162 nm or smaller. Further details of the simulation can be
found in the Supporting Information.

Since we wanted to use SWCNTs to capture the dynamics
of biological processes in time and space, the next step was to
evaluate the imaging quality of individual SWCNTs and how
sensitive they act as dopamine sensors on the single sensor
level with the two camera systems. For this purpose, SWCNTs
were rendered sensitive to dopamine by exchanging the surface
functionalization from surfactant to (GT);p-ssDNA, which is
known from other studies*’>®%3 to respond to dopamine with
an increase in intensity (Figure 4b).

Subsequently, both dopamine-responsive  (GT)o-(6,4)-
SWCNTs and (GT)3p-CoMoCAT-SWCNTs were immobilized on
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glass and the same image section was imaged at 100x magni-
fication in a standard microscope using both an InGaAs and
Si camera. Compared to the wavelength-dependent images in
Figures 3 and 4b, a conventional white-light LED was used for
excitation instead of a specific laser, and images were acquired
before and after the addition of 10 um dopamine with an expo-
sure time of 1s (Figure 4c,d).

The images show that SWCNTs are randomly arranged on
the surface, but when looking at individual SWCNTS, the higher
resolution of the Si camera compared to the InGaAs camera
becomes directly apparent. Comparison of absolute fluorescence
brightnesses between the two camera systems must be consid-
ered cautiously because it depends on the choice of pixels to be
analyzed. However, the comparison of the absolute intensities
of SWCNTs before dopamine addition again shows that, based
on the InGaAs camera, CoMoCAT-SWCNTs appear significantly
brighter compared to (6,4-SWCNTs, and in terms of sensi-
tivity, show a larger intensity change after dopamine addition
(6.7% increase compared to 2.1%, Figure 4e). In contrast to the
previous findings (Figure 3) (GT)yo-(6,4)-SWCNTs appear only
slightly brighter than the CoMoCAT-SWCNTs imaged with the Si
camera, but show a significantly higher sensitivity for dopamine
(51.3% increase instead of 13.2%). The differences in intensity
comparison between the two SWCNT materials could be due to
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Figure 4. Increase of sensitivity and resolution. a) Simulation of the camera signal of two fluorescent point sources (880 nm) whose structure sizes
(diameter 100 nm) are below the resolution limit of optical microscopy. With increasing pixel size/decreasing resolution (left to right), the structures
can no longer be imaged separately. From left to right with 100x objective (NA = 1.45): 65 nm (pixel size Si camera), 162 nm (theoretical Nyquist pixel
size), 444 nm (pixel size InGaAs camera). Scale bars represent 400 nm. b) (GT);o-(6,4)-SWCNTs in solution show a fluorescence increase after the addi-
tion of 100 um dopamine. c) Comparison of the sensitivity of single (GT)qo-(6,4)- and d) (GT);p-CoMoCAT-SWCNTs (multiple SWCNTs and one inset
of a single SWCNT) immobilized on a glass surface. Fluorescence images are recorded with an InGaAs and a Si camera before and after adding 10 um
dopamine at 1s exposure time. e) Corresponding fluorescence intensities of single SWCNTs from (c) and (d), mean = SE, n=10. f) Fluorescence images
of a single (GT)yo-(6,4)-SWCNT captured with a Si camera at different exposure times. g) Corresponding height traces and h) signal-to-noise ratio
(SNR) of the images in (f) (mean + SE, n = 6). Scale bars of multiple SWCNT images represent 20 um, and of single SWCNT images represent 1 um.
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the exchanged functionalities, as Figure 3 compares surfactant-
dispersed SWCNTs and here ssDNA-wrapped SWCNTs are com-
pared. In general, surfactant-dispersed SWCNTs are brighter.[®4
In addition, in a previous study, it was shown that the sensor
response was in some cases enhanced for monochiral sensors. %
This may be because the exact replacement process does not
appear to be identical between the different fabrication routes
(direct sonication for (GT);p-CoMoCAT-SWCNTs and functionali-
zation exchange for (GT),o-(6,4)-SWCNT) 1]

Lower exposure times for (GT)y-(6,4)-SWCNTs were tested
to see how fast SWCNTs could be imaged with the Si camera
(Figure 4f). Down to 50 ms, single SWCNTs can be sufficiently
distinguished from the background, which is also shown in the
intensity traces (Figure 4g and Movie S1, Supporting Information).
In addition, at these higher frame rates, dopamine could still be
detected (Figure S8a, Supporting Information). This was also pos-
sible for a second standard microscope setup (see Experimental
Section for details) equipped with a Si camera that had a higher
quantum efficiency in the wavelength region of interest but only
a 60x objective, which is common among scientists studying cell
cultures (Figure S8b, Supporting Information). Here, dopamine
detection at frame rates between 4 and 10 fps was easily possible
with both setups, but at higher frame rates single SWCNT traces
showed higher noise. For further quantification, we calculated the
SNR based on previous literaturel®®®] by taking images with and
without illumination and dividing the averaged signal Meang;g
minus the mean noise Meany, without illumination by the
standard derivation of the signal SDg;gp,| (Equation (1), Figure 4h).

Meang;g,, — Mean ysc

SNR = 1
SDSignal ( )

www.small-journal.com

As the frame rate increases, the SNR decreases, but still has
high values of >30 at 10 fps. A similar procedure was followed
with the (GT);)-CoMoCAT-SWCNTs images with the InGaAs
camera. Here, the single SWCNT contrast was less good
because of the lower resolution (Figure S9a,b, Supporting Infor-
mation). In addition, although the SNR showed higher values
for lower frame rates compared to the imaged (6,4)-SWCNTs
with the Si camera, both camera systems performed equiva-
lently with the respective SWCNT material at high frame rates
of 20 and 40 fps (Figure S9c¢, Supporting Information). This is
probably due to the fact that the Si camera has a lower dark cur-
rent, which was also evident when measuring the noise of the
two camera systems, which increased for the InGaAs camera
with increasing exposure time, while it remained constant for
the Si camera (Figure S9d, Supporting Information).

Overall, the (6,4)-SWCNTs in combination with a Si camera
and a standard LED for excitation are thus well-suited to keep
up in performance with previous studies in which single
SWCNTs were imaged with InGaAs cameras using high laser
powers (= 500 mW) and frame rates of 10-15 fps.3¢37]

2.3. High-Sensitivity Imaging of Cellular Dopamine Release

Finally, to test the (6,4)-SWCNT sensors in a biological applica-
tion, dopamine-releasing pheochromocytoma cells (PC12) were
cultured on nanosensors immobilized on glass. To improve
cell adhesion, the sensor layer was additionally coated with col-
lagen, which did not alter the sensitivity for dopamine detection
(Figure S10a, Supporting Information). Figure 5a shows the
bright field image of such cells.

- b o2
Stimulation ce!l area
0.14 point 1
= l point 2
f point 3
=~ 0.0

180 s [(AH
0.25
0.20
0.15
0.10
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Figure 5. Spatiotemporal imaging of dopamine release from neural progenitor cells. a) Bright field image of PCI12 cells cultured on glass coated with
(GT)1o-SWCNTs and b) SWCNTs intensity change from ROls (red circles in (a)) during cell stimulation imaged with a Si camera. c) Color-coded nor-
malized intensity changes at different time points show a steady increase of SWCNT fluorescence at the cell area, which indicates continued dopamine

release. All scale bars represent 10 pm.
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After stimulation of cells with potassium buffer, there was
an immediate increase in SWCNT fluorescence that occurred
only locally at the cell surface, indicating dopamine release
from cells (Figure 5b,c and Movie S2, Supporting Information).
Here, each detector pixel was treated as a sensor to respond
to the intensity changes over time. The increase in intensity
occurred over several minutes, which can be attributed to con-
tinuous dopamine release. Such temporal dopamine release is
also consistent with amperometric measurements, in which
the release lasted for = 3 min®! or continued for several min-
utes with subsequent stimuli.®°"l Moreover, a control experi-
ment in which the same stimulus was added to the sensors
without cell cultivation showed no signal change in the sensors
(Figure S10b, Supporting Information), suggesting triggered
dopamine release by dopaminergic PC12 cells.

In previous studies that used only InGaAs cameras + pow-
erful laser excitation for cell experiments, high frame rates
between 10 and 15 fps have been used, which is the same order
of magnitude as (6,4)-SWCNTs + Si cameras.[3%3:3 Especially,
the higher spatial resolution of Si cameras could have many
benefits for example in localization of biological events or for
super-resolution approaches. However, for in vivo experiments
in deeper tissue layers, the NIR-II is still the better choice. This
shows the need for further improvement and standardization
of NIR cameras.

3. Conclusion

In summary, we tailored NIR fluorescent nanosensors for opti-
mized imaging and sensing applications with Si cameras. The
simple and fast protocol for separating large amounts of mono-
chiral (6,4)-SWCNTs make these SWCNTs now accessible to the
broader community because they can be detected and imaged
in “normal” optical microscopes. In addition, the exemplary
tailoring of SWCNTs for dopamine detection demonstrates the
potential to resolve processes with a high spatial and temporal
resolution with increased sensitivity. This method thus makes
SWCNTs accessible as NIR building blocks for sensors and
labels for the entire field of (bio)imaging.

4. Experimental Section

Materials: All materials were purchased from Sigma-Aldrich unless
specified otherwise.

SWCNT Surface Modification: Surface modification of (6,5) chirality-
enriched CoMoCAT-SWCNTs (Sigma-Aldrich, product no. 773 735)
with 1% DOC was performed by mixing SWNCTs (1 mL, 4 mg mL™ in
DI water) with aqueous DOC (1 mL, 2% m/m). This mixture was tip
sonicated in an ice bath (36 W output power — 25 min at 30% amplitude,
Fisherbrand Model 120 Sonic Dismembrator) and centrifuged (2 X
30 min, 16 100 g, 4 °C) to remove aggregates. The supernatant yielded
homogenously dispersed 1% DOC-SWCNTs for further experiments.

For surface modification of CoMoCAT-SWCNTs with (GT);p-ssDNA,
a recently published protocol was used.’) SWCNTs (100 pL, 2 mg mL™!
in PBS) were mixed with ssDNA (100 pL, 2 mg mL™" in PBS), followed
by tip sonication (ice bath, 10 min at 30% amplitude) and centrifugation
(2 % 30 min, 16700 g, 4 °C).

For recycling of SWCNTs after ATPE, SWCNTs were precipitated with
methanol, washed with isopropanol and water, and filtered. After drying
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overnight (oven, 40 °C), SWCNTs were collected and represented the
SWCNT material for further experiments. SWCNTs were resuspended
in 1% DOC with superacid-surfactant exchange based on previous
literature.” In short, SWCNTs were dissolved in chlorosulfonic acid
(0.5 mg mL™"). Droplets of 10 uL each were added to an aqueous
solution of NaOH (0.5 m) and DOC (1 wt/v%) until the pH reached a
value of 11.

SWCNT Separation: Separation of (6,4)-SWCNTs was based on a
modified ATPE protocol by Li et al.l®®l To find the optimal parameters,
SWCNTs were separated in a two-phase aqueous system containing the
polymers PEG (MW 6 kDa, 8% m/v) and dextran (Carl Roth, MW 70 kDa,
4% m/v) and the surfactants DOC (0.025% m/v), SDS (0.5% m/m), and
SC (varying from 0.5% to 0.9% m/m in 0.1% steps), with DOC added
via CoMoCAT-SWCNTs dispersed in 1% DOC. A certain volume of
HCl (0.5 m) was added for pH-driven separation (here: 110-190 L in
20 uL steps for an 8 mL batch). After the addition of all chemicals, the
mixture was homogeneously mixed for 60 s and phase separation was
accelerated by subsequent centrifugation at room temperature (30 min
at 3046 g, 20 °C).

After finding the optimal SC concentration, (6,4)-SWCNTs were
separated from all other semiconducting and metallic chiralities in a
one-step approach by simultaneously adding a certain volume of HCI
and NaClO (Honeywell) with 10-15% available chlorine for pH-driven
and electronic separation (here: HCl (750 uL, 0.5 m) and NaClO (170 uL)
for a 40 mL batch, resulting in a pH of 5.9 for the bottom phase). The
final bottom phase yielded monochiral (6,4)-SWCNTs.

The bottom phase was dialyzed against 1% DOC for at least 3 days
(300 kDa dialysis bag, Spectra/Por Spectrum Labs). The 1% DOC
solution was renewed daily to replace the residual dextran with DOC and
to obtain a stable 1% DOC-(6,4)-SWCNT solution.

Monochiral SWCNT Surface Exchange to ssDNA: Exchange of 1%
DOC-(6,4)-SWCNT to ssDNA-(6,4)-SWCNTs was based on the kinetic
exchange via dialysis. Purified (6,4)-SWCNTs were concentrated to an
absorbance of 2.0 at the Ey; transition (880 nm) using molecular weight
cut-off centrifugal filters (Amicon Ultra-15, 30 kDa). 1 mL of these
SWCNTs was mixed with ssDNA (100 L of (GT)y, 2 mg mL™" in PBS)
and dialyzed against 1x PBS for 3 days (1 kDa dialysis bag, Spectra/Por
Spectrum Labs). 1x PBS was renewed daily. After completion of dialysis,
the solution within the dialysis bag was centrifuged (15 min at 16 100 g).
The supernatant yielded the material for further experiments.

NIR Spectroscopy: Absorption spectra for the characterization
of SWCNT samples were recorded using a JASCO V-780-ST
spectrophotometer in the wavelength range of 400-1350 nm in 0.5 nm
steps in quartz cuvettes (Hellma, 10 mm optical path).

1D NIR fluorescence spectra were recorded with 1s integration time
using a spectrometer (Shamrock 193i, Andor Technology Ltd.) connected
to a microscope (IX53, Olympus) and a 561 nm laser at 100 mW (Gem
561, Laser Quantum) for excitation.

2D NIR fluorescence spectra were recorded with 10 s integration time
using a spectrometer (Shamrock 193i, Andor Technology Ltd.) connected
to a microscope (Olympus I1X73). A lamp (LSE341, LOT-Quantum
Design) was used in combination with a monochromator (MSH-150,
LOT-Quantum Design) for excitation in the range of 400-700 nm in
5 nm steps.

Raman Spectroscopy: Raman and dopamine response fluorescence
measurements were carried out using a confocal Raman microscope
(inVia InSpect from Renishaw) at an excitation of 532 nm (10 mW laser
power) with an integration time between 10 and 60 s. For dopamine
response measurements in solution, a freshly prepared dopamine
solution (2 pL of dopamine hydrochloride in 1x PBS) was added
to (GT)qo-(6,4)-SWCNTs (200 pL) in a 96-well plate, resulting in a
concentration of 100 um dopamine.

SWCNT Immobilization for Single SWCNT Imaging: Glass bottom
Petri dishes (ibidi) were treated with oxygen plasma (Atto B, Diener
electronic, 0.6 mbar, 20 s). Directly after plasma cleaning, surfaces were
coated with an APTES solution (300 pL of 1wt% APTES/H,0 in ethanol)
and incubated for 1 h at room temperature. Petri dishes were washed
with ethanol and subsequently H,0 and dried with N,. SWCNT solution

© 2023 The Authors. Small published by Wiley-VCH GmbH
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(150 uL, 0.1 nm) was added and incubated overnight at 4 °C. To remove
non-immobilized SWCNTs, the surface was rinsed three times with 1x
PBS.

Imaging of Single SWCNTs: SWCNTs were imaged in two different
setups. The first setup consisted of an inverted microscope (Nikon
Eclipse Ti2) equipped with a 100x objective (CFl Plan Apochromat
Lambda D 100x Oil/1.45/0.13). A white LED (CoolLED pE300 Lite, 100%
power) was used in combination with a 560 = 40 nm bandpass filter
for the excitation of SWCNTs via the E,, transitions. Excitation light
was eliminated from emission via an 840 nm long-pass filter. The NIR
fluorescence was imaged either with a Si camera (Hamamatsu Orca
Flash 4.0) with 2048 x 2048 pixels or an InGaAs camera (Xeva 1.7 320
TE3 USB 100 Xenics) with 320 x 256 pixels, cooled down to 190 K.

The second setup consisted of an inverted microscope (Nikon
Eclipse Ti2) equipped with a 60x objective (CFI P-Apo 60x Lambda
Qil/1.40/0.13). A green LED emitting at 555 nm (Lumencor Spectrax
Chroma, six independently controllable light sources, 100% power) was
used in combination with a 550 + 49 nm bandpass filter for SWCNT
excitation. Excitation light was eliminated from emission via a bandpass
filter in the range of 785-1000 nm. The NIR fluorescence was imaged
with a Si camera (Hamamatsu Orca Fusion BT) with 2304 x 2304 pixels.
For dopamine response measurements with immobilized SWCNTs,
20 L of a freshly prepared dopamine solution (dopamine hydrochloride
in 1x PBS) was added to 2 mL of PBS in the petri dish, resulting in a
concentration of 10 um dopamine.

The third setup used to perform the cell experiments consisted
of an inverted microscope (Olympus IX73) equipped with a 100x
objective (UPlanSApo/1.35/0.13-0.19). A 561 nm laser at 250 mW (Gem
561, Laser Quantum) was used for SWCNT excitation. Excitation light
was eliminated from emission via a 780 nm long pass filter. The NIR
fluorescence was imaged with a Si camera (PCO edge 4.2 bi) with 2048 x
2048 pixels at 500 ms exposure time.

Cell Experiments: PC12 cells were purchased from ATCC (CRL-1721)
and cultivated according to the supplier's protocol. In short, cells
were cultivated in a humidified 5% CO, atmosphere at 37 °C in T-75
flasks (Sarstedt) with a sub-cultivation ratio of 1:4 every 4 days. Cells
were grown in 16 mL RPMI-1640 medium (Thermo Fisher Scientific)
supplemented with heat-inactivated horse serum (10%, Thermo Fisher
Scientific), fetal bovine serum (5%), penicillin (100 units mL™), and
streptomycin (100 g mL™", Thermo Fisher Scientific).

For cultivation and differentiation of PC12 cells on top of SWCNT-
coated glass surfaces, surfaces were incubated overnight at 4 °C with a
collagen solution (Bornstein and Traub Type 1) for better cell adhesion.

200000 cells were plated on SWCNT-coated glass surfaces and
incubated for 4-7 days in RPMI-1640 medium supplemented with horse
serum (1%), penicillin (100 units mL™), streptomycin (100 ug mL™), and
nerve growth factor (100 ng mL™) in a humidified 5% CO, atmosphere
at 37 °C. For dopamine release experiments, the cell medium was
exchanged to 1x PBS (1 mL) supplemented with MgCl, and CaCl,.
To stimulate dopamine release, a potassium chloride (KCl) solution
(18.68 UL of 3 M) was added, resulting in a final concentration of 55
mm KCl.

Purity and Yield Calculation of Separated SWCNTs: For characterization
of the resulting bottom and top phases, absorption spectra were recorded
with a corresponding mimic (without SWCNTs) for baseline subtraction.
For better comparison, spectra were subsequently background corrected
in the form of Ae™® based on previous literature.®>®*l The purity was
calculated by fitting the respective SWCNT Ey; chirality peaks under the
absorbance curve from each ATPE phase and dividing the area of the
(6,4)-SWCNT peak by the total area of all peaks. The extraction yield
was calculated by determining the concentration of (6,4)-SWCNTs in
the respective ATPE phase. This was calculated based on a previously
published method.P'%%] Mean + SD were then calculated based on
n = 4 values for the 2-step separation and n = 9 values for the 1-step
separation.

Intensity Change of Single SWCNTs: For characterization of the
resulting intensity change after dopamine addition in the single SWCNT
experiments, the initial (o) and final intensity after dopamine addition
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(I) were calculated based on averaging n = 60 frames of recorded video.
Mean + SE of the absolute intensity change was calculated as (I-lo)//o
for n =10 individual SWCNTs.

SNR Calculation: To characterize the SNR at different frame rates, the
noise and signal in each experiment were calculated based on averaging
n > 30 frames at six equal positions in each video. The mean + SE of the
resulting SNR was calculated.

Fiji was used for image data processing and OriginPro for statistical
analysis.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. Parameter variation during ATPE. 8 ml batch with 0.025% DOC, 0.5% SDS and
different concentration of SC (0.5% - 0.9% in 0.1% steps). a) — e) Absorbance spectra of the
respective bottom phase showing the E1; transitions of the remaining SWCNT chiralities ((6,4)
and (7,3)) for different additions of HCI for pH-driven SWCNT separation. f) The resulting

E1n_(6,4)/E1_(7,3) peak ratio for the varied parameters shows an optimum for an SC

concentration of 0.7% with an HCI addition of 150 pl.
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Figure S2. Yield and purity of (6,4)-SWCNTs during aqueous two-phase extraction
(ATPE). Normalized and rescaled absorbance of a) the initial CoMoCAT-SWCNT solution
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(start), b) the bottom phase (B1), and c) the top phase (T1) of ATPE after addition of HCI,
leading to the separation of (6,4)-SWCNTs + metallic SWCNTs from the remaining SWCNTSs,
d) the bottom phase (B2) and e) the top phase (T2) after addition of NaClO, leading to the
separation of (6,4)-SWCNTs from metallic SWCNTs, f) the bottom phase (B1, 1 step) after
addition of HCI1 + NaClO directly within one step, leading to the same result compared to d) in
one step. Rescaled absorbance means that the absolute absorbance has been recalculated to give
equal weight to diluted samples and different volumes between the top and bottom phases.
Purity is reported based on the area fraction of the (6,4)-SWCNT peak (green) relative to the
fraction of the remaining E1; peaks (other colors). g) Comparison of the extraction yield of

(6,4)-SWCNTs between 2- and 1-step separation (mean = SD, n > 4).
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Figure S3. Normalized absorbance spectra with assigned chiralities before (CoMoCAT-

SWCNTs) and after ((6,4)-SWCNTs) phase separation in 1% DOC.
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Figure S4. Raman spectra of parental CoMoCAT-SWCNTs and purified (6,4)-SWCNTs in 1%
DOC (532 nm laser excitation wavelength). The G/D ratio as a measure of the defect number

on the SWCNT surface indicates a lower defect ratio after SWCNT purification.
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Figure SS5. Reuse of remaining SWCNTs from the top phase of the aqueous two-phase
extraction. SWCNTs are precipitated with methanol, washed with isopropanol and water, and
filtered. After drying overnight (oven, 40 °C), SWCNTs are collected and serve as SWCNT
material for further experiments. SWCNTs are resuspended in 1% DOC with superacid-
surfactant exchange (based on previous literature) to avoid further SWCNT shorting by tip-

sonication.

Simulation of the signal-to-background ratio (SBR):

A simulation of the SBR in imaging fluorophores acting like SWCNTs in a biological scenario
(cells in PBS) for two typical camera systems (Si and InGaAs camera) was performed. The
simulation was implemented in Python 3.9.7. For this, the respective signal and background
were calculated based on the number of electrons generated by each detector per second. A
conventional inverted microscope setup equipped with typical equipment served as the basis

for the simulation.

For the excitation of the fluorophore (SWCNTS), a typical Gaussian spectrum of an LED was
used with an irradiance of 250 mW-cm™ in focus. The excitation wavelength was adjustable in
wavelength by shifting the overall spectrum arbitrarily, considering a Stokes shift of 300 nm
between excitation and emission. The excitation light passed through an excitation filter and a
dichroic mirror, which both transmitted 98% of the signal (also adjustable in wavelength). The
light then passed through a 10x objective (a typical aperture of N4 = 0.3) to distribute the light
over the focal plane (SWCNTs on a glass cover slide). The back reflection of photons due to
the refractive index difference between air and glass is assumed to be 4%. SWCNTs located on
a glass cover slide are excited. Parameters such as the typical quantum efficiency of SWCNTs,
emission spectrum, lifetime, absorption cross-section, and concentration of SWCNTs are
considered. In addition, interactions with other biological samples (endogenous fluorophores in
cell cultures) in terms of scattering, absorption coefficient, and autofluorescence at defined

concentrations are included. After second transmission of the optics (objective and long pass



3.1 Cost-Effective Neurotransmitter Detection with Standard Microscopes

95

WILEY-VCH

emission filter), the signal reaches the detector. Here, material properties, detector quantum

efficiency, active sensor area, and noise are considered. The noise is composed of the excitation

light, which is transmitted despite filtering, the autofluorescence of other samples, the dark

current, at a typical temperature to which the sensor is cooled, and the black body radiation.

Detailed assumptions for the respective parameters can be found in Table S1.

Table S1. Parameters used for the simulation of the signal-to-background-ratio for two

camera systems (Si and InGaAs camera).

Excitation LED

Irradiance in Focus /

Spectrum I[A]

250 mW-cm

Gaussian curve with FWHM = 30 nm, adjustable in wavelength

Fluorophore (SWCNT)

Spectrum I[A]

Quantum Yield @[4]

Gaussian curve with FWHM = 30 nm, adjustable in wavelength

1%

Absorption Cross Section o 1.3-10"2 cm?
Concentration ¢ 1nm
Sample Volume V 200 pl
Stokes Shift 300 nm
Objective

Numerical Aperture NA 0.3
Emission/Excitation Filter

Transmission T 98%
Bandwidth B 50 nm
Optical Density OD 7
Dichroic Mirror

Transmission T 98%
Optical Density OD 3

Si Camera

Quantum Efficiency @(4)

Material — Bandgap

Pixel Px

Hamamatsu ORCA Flash 4.0 V2

Si—-1.12eV

2048 x 2048
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Sensor Temperature Tsensor

Dark Current /yan
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6.5 x6.5 um
-10 °C =263.15 K

0.6 electrons:-(s-pixel)" at Tsensor

InGaAs Camera

Quantum Efficiency @[4]
Material — Bandgap

Pixel Px

Pixel Size x

Sensor Temperature Tsensor

Dark Current lyax

Xeva 1.7 320 TE3 USB 100 Xenics
InGaAs - 0.75 eV
320 x 256
30 x 30 pm
-83.15°C=190K

10,000 electrons-(s-pixel)” at Tsensor = 223 K

Black Body Radiation

Ambient Temperature Tomp, 23 °C
Light Interaction with Sample
Scattering Soft Tissue s m
Absorption Water u, @
Tissue Depth z 100 ym
Autofluorescence of biological samples
Fluorophore Maximum Maximum Typical Cell Molar Absorptivity Quantum Yield
Excitation [nm]  Emission [nm] Level [pm] M em] [%]
Phenylalanine 25881 2808 184 19501 2.2
Tryptophan 2800 3000 1214 5,579 1216
Tyrosine 2758 3008 2914 1,405 1316
Riboflavin 4448 5580 194 33,000 307
NAD/NADH 3556 4628 831 6,220 60!
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Figure S6. Parameters incorporated in the signal-to-background ratio simulation.
Parameters of SWCNT emission, excitation light that is still detected by the cameras despite
using filters, autofluorescence of soft tissue and typical fluorophores in cell cultures, dark

current and plank radiation vary when using a Si and an InGaAs camera (dashed).
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Figure S7. Sensitivity of (6,4)-SWCNTs. Absorbance spectra of a) (6,4)-SWCNTs and b)
CoMoCAT-SWCNTs in 1% DOC. The carbon concentration of both samples was matched
based on the area under the curve of the Eii-transistions in a range of 810 — 1350 nm
(highlighted in yellow). ¢) Fluorescence spectra of the samples in a) and b) collected with an
InGaAs detector and converted with the quantum efficiency of a typical InGaAs camera. d)

Fluorescence spectra of the data acquired in c), assuming a theoretical quantum efficiency of
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100% at each wavelength. ) Fluorescence spectra of the data acquired in c), converted with the

quantum efficiency of a Si camera.
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Figure S8. 10 um dopamine detection with (GT)10-(6,4)-SWCNTs using different microscopes
and frame rates. Numbers 1 — 3 denote traces of different single SWCNTSs, NIR images show
exemplary one of these traces (top — before and bottom — after dopamine imaging), arrows mark
dopamine addition. Scale bars represent 1 pm. a) Nikon microscope with white LED and 100x

objective, b) Nikon microscope equipped with green LED and 60x objective.

Supplementary Movie M1
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A supplementary movie is available online. It shows the whole experiment described in Figure
S§8 a) imaged with 20 fps. In short, (GT)10-(6,4)-SWCNTs are immobilized onto a surface and

10 um dopamine were added. The video is in original speed.

Simulation of the camera signal of two fluorescent point sources:

To simulate the optical resolution limit of two SWCNTs parallel to each other, they were
considered simplified as point-like structures. The Rayleigh criterion states that two such points
can just be distinguished from each other when the intensity maximum of the diffraction disk
of the first point falls into the minimum of the diffraction disk of the second point.'”! For
simplification, a Gaussian function was chosen for each point. The brightness of the darkest
point between the two maxima is then 73.5% of the maxima and the distance between the two
points is d. The resolution limit d depends here on the emission wavelength of the fluorophore
and the NA of the objective (Equation S1).l'"Y Based on different pixel sizes (65 nm, 162 nm,

and 444 nm), the generated intensity image was divided into different squares.
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Figure S9. Single SWCNT imaging. a) Fluorescence images of (GT)10-CoMoCAT-SWCNTs
captured with an InGaAs camera at different frame rates. Scale bar represents 1 um. b)

Corresponding height traces of the images in a) and c) signal-to-noise ratios (SNR) in
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comparison to the SNR of (GT)10-(6,4)-SWCNTs captured with a Si camera (results from
Figure 4 h, mean + SE, n = 6). d) Comparison of the mean noise signal captured with the Si and

InGaAs camera without illumination at different frame rates (mean + SE, n = 6).
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Figure S10. a) Coating (GT)10-(6,4)-SWCNTs with collagen does not change the overall
responsivity of these sensors when dopamine is added. b) Addition of 55 mm KCI does not

change the intensity of (GT)10-(6,4)-SWCNTs when no PC12 cells are cultured on top.

Supplementary Movie M2

A supplementary movie is available online. It shows the whole experiment described in Figure
5 of the main manuscript. In short, (GT)10-(6,4)-SWCNTs are immobilized onto a surface and
dopamine-releasing PC12 cells were cultured on top. Dopamine release is stimulated by adding

55 mm KCI. The speed of the video was accelerated by 6 times.
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3.1.2 Publication Synopsis

Research Manuscript I presented an approach aimed at improving the sensitivity of fluores-
cent SWCNTs when detected using commonly used microscope equipment. The objective
of the study was to shift the emission of SWCNTs closer to the visible wavelength region.
Considering that (6,4)-SWCNTSs represent the shortest NIR emitter among SWCNTs
(emission at 880 nm), this specific chirality was chosen for the study (part 1). Another
objective was to evaluate the detection efficiency with Si cameras (part 2) and to test it

on a complex cellular system (part 3).

In the first part of the paper, an optimized separation protocol was developed for the ex-
traction of (6,4)-SWCNTs. The inspiration for this protocol was derived from a previously
published method that involved a two-step separation process based on ATPE [Li 19b]. By
modifying specific parameters, the protocol was improved to achieve a one-step separation
of (6,4)-SWCNTs. The purity of the extracted (6,4)-SWCNTs (> 95 %) was confirmed
through absorption and 2D excitation-emission spectra. Absorbance measurements were
employed to determine the initial concentration of the unpurified SWCNT suspension as
well as the final concentration of (6,4)-SWCNTs after purification. These measurements
were used to calculate the extraction yield. The results demonstrated that the transition
from a two-step to a one-step separation increased the yield from 5.1 & 0.3 % to 7.4 + 1 %.
Additionally, any remaining SWCNTs in the top polyethylene glycol (PEG) phase could
be recycled. Raman spectra were utilized to compare the defect rate of (6,4)-SWCNTSs af-
ter separation, which serves as a measure of the extent of covalent sidewall reactions, with
that of the unpurified CoMoCAT-SWCNTSs. The analysis revealed that (6,4)-SWCNTs
exhibited a lower defect rate compared to CoMoCAT-SWCNTSs (G/D ratio of 18.3 vs.
15.1). Overall, the development of the one-step (6,4)-SWCNT extraction protocol enables
a simple, low-cost process in which different components can be easily mixed together and
centrifuged for faster separation. The separation approach can be scaled up in volume so

that larger amounts can be extracted and the time required is low.

After conducting the basic characterization of the extracted (6,4)-SWCNTSs, the second
part of the paper focused on comparing the detection efficiency of (6,4)-SWCNTs and
CoMoCAT-SWCNTs, as well as comparing the performance of Si and InGaAs detectors.
To assess the optimal emission wavelength for biological imaging, a simulation was de-
signed to calculate the wavelength-dependent SBR during cell imaging in PBS using Si
and InGaAs cameras. Here, the designation SBR was chosen instead of SNR because, as
the name suggests, it is the ratio of the SWCNT signal to a background signal, which is
not random like noise but can still infere in image processing. The simulation indicated

that a wavelength of 908 nm provided the highest SBR when using a Si camera due to
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its lower dark current. Consequently, (6,4)-SWCNTs emitting at around 830 nm were
considered ideal for detection since they are closest to the emission wavelength of 908 nm
among all available SWCN'T chiralities.

The detection efficiency of (6,4)-SWCNTs and unpurified CoMoCAT-SWCNTSs was then
compared using Si and InGaAs detectors. It was observed that (6,4)-SWCNTs detected
with a Si camera appeared approximately 1.7 times brighter than CoMoCAT-SWCNTs.
Additionally, SWCNTs were rendered sensitive with (GT);9-ssDNA to detect dopamine,
and the imaging quality and sensitivity of single SWCNTSs before and after dopamine
addition were compared using both camera systems by immobilizing the SWCNT's on glass
surfaces. The Si camera exhibited higher resolution and demonstrated a significant signal
change of 51.3 % with (GT)10-(6,4)-SWCNTSs upon the addition of dopamine (10 nM),
compared to a 6.7 % signal change with (GT);p-CoMoCAT-SWCNTSs using an InGaAs
camera. This corresponds to a 7.5-fold increase in sensitivity. The image quality has
improved due to the smaller pixel size of Si cameras. Thus, the spatial resolution of
SWCNT imaging is no longer limited by the pixel size of InGaAs cameras (444 nm in
this case) but by the optical resolution limit of microscopy of about 372 nm, which was

illustrated in a second simulation.

Experiments were conducted to test the imaging acquisition speed, which was supported
by calculated values of the SNR of the respective images. The results indicated that images
with exposure times as short as 50 ms (20 fps) provided a sufficiently high SNR > 20.
The highest SNR ratio was achieved at 500 ms exposure time (SNR of 75). Detection of
dopamine at the single SWCNT level in two different standard microscope setups at such

high frame rates was confirmed.

In the final part of the paper, the detection of dopamine using a Si camera in a real
biological application, the cellular release of dopamine, was tested. SWCNT-coated glass
bottom Petri dishes were coated with collagen for improved cell adhesion, which had no
effect on sensor response, and dopamine-releasing neural progenitor cells were cultured on
top. Immediately before starting the cell experiments, the cell medium was exchanged for
PBS supplemented with CaCl,y, and exocytosis was induced by the addition of 55 mM KCI.
The sensors exhibited a localized intensity increase of up to 10 % specifically within the
area of the cell, while control experiments showed no signal change when KCl1 was added to
the sensors without prior cell cultivation, indicating that the increase was due to dopamine

release from the cells.

In conclusion, a rapid, cost-effective, and scalable method has been developed for the one-
step separation of (6,4)-SWCNTs, providing convenient access to this specific SWCNT chi-
rality. The imaging of (6,4)-SWCNTs is possible using standard microscopes, even at high
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frame rates (> 20 fps). Both the spatial resolution and sensitivity of the dopamine sensors
could be increased by using chirality-pure (6,4)-SWCNTSs. This advancement makes the
technology more accessible to a wider scientific community, eliminating the requirement
for specialized and expensive equipment. Additionally, the interchangeable functional-
ization of SWCNTs opens up possibilities for diverse applications beyond the chemical

mapping of cellular dopamine release.

e D

In a Nutshell

v’ Easy access to (6,4)-SWCNTs (880 nm emission) due to development of a

rapid, cost-effective, scalable, one-step separation

v Ideal for imaging cells in PBS according to a simulation on the SBR of
SWCNTs

v’ 7.5-fold higher sensitivity for dopamine with (GT)10-(6,4)-SWCNTs and Si
cameras compared to CoMoCAT-SWCNTs with InGaAs cameras

v Successful detection of cellular dopamine release using Si cameras
v" No need for special, expensive microscope equipment

v' Broad spectrum of future applications due to modular surface chemistry of
SWCNTs

3.2 Sensitive Neurotransmitter Detection with

Homogeneous Sensor Coatings

The preceding Section 3.1 demonstrated that SWCNT-based sensor coatings have the
potential to enable the chemical mapping of cell release processes using conventional
microscopes. The technology has broader applications beyond understanding cell commu-
nication. It could serve as a general tool for gathering valuable information about cell
cultures and assessing overall cellular health [Kiel8]. Cell therapy could also benefit from
this. It could be used to study cellular responses to environmental toxins or drugs, gaining
insights into disease development processes. In addition, it could contribute to the devel-
opment of new drugs by screening drug libraries and directly assessing cellular responses.
However, a standardized method to integrate these sensors into labware to combine it
with biological systems such as cells has been missing. For this purpose, it is crucial that

sensor layers based on SWCNTs exhibit reliable and reproducible signal changes.
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One common method employed thus so far is the coating of glass surfaces with a silane
compound called (3-Aminopropyl)triethoxysilane (APTES). It enables the electrostatic
interactions between the negative DNA backbone surrounding the SWCNT and the amine
groups of the APTES molecules, which in turn are covalently bonded to the glass sur-
face [Sta21, Syp22]. Subsequently, SWCNTs are immobilized by pipetting a dispersion of
SWCNTs in PBS onto the coated surface. After immobilization (in the range between
5 min and overnight), non-immobilized SWCNT sensors are washed off, and the coated
sample is then directly used for the planned sensor experiment [Krul7, Manl7, Bey19].
However, this method has its drawbacks, such as the potential formation of aggregates
and non-uniform coating. These differences in coating directly affect the overall signal
change /sensitivity of the SWCNT sensors when an analyte is added (refer to Figure 3.1),
as the differences in the coating are also directly visible when imaging at high mag-
nifications (typically 60x - 100x objective to detect individual SWCNTs; used for cell

experiments).
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Figure 3.1: Manual SWCNT sensor coating leads to differences in SWCNT
coating and resulting sensor responses to an analyte. a) NIR fluorescence im-
ages of six different (GT)19-SWCNT sensor coatings imaged with a 100x objective.
Scale bar = 20 pm. b) Resulting SWCNT fluorescence changes of these coatings in
response to 100 1M dopamine.

The issue likely arises from the fact that the absolute signal change depends on the ratio
between the number of SWCNT sensors/binding sites for an analyte and the number of
analyte molecules present. In addition, reabsorption effects in densely populated areas
can reduce fluorescence [Wei20]. This problem of a non-uniform sensor response has also
been encountered, for example, by Elizarova et al. [Eli22]. To account for the differences
in the sensor response, they, therefore, had to add 100 pM of dopamine at the end of

each experiment for maximum activation of the sensor layer and then considered the
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fluorescence increases due to cellular release signals as a proportion of the maximum value
in each case. A uniform coating should thus help to make sensor responses more reliable,
reproducible, and comparable, even between different coated samples and manufacturing
batches.

Furthermore, there are uncertainties regarding the robustness of these sensors. From a
commercialization perspective, SWCNT-based sensor coatings for cell culture monitoring
need to be sterilizable as well as retain their functionality beyond several weeks of storage
after SWCNT sensors have been immobilized and dried. Since the transfer step from
science to commercialization has not yet taken place for fluorescent SWCNT sensors,

such questions have not yet been resolved.

Moreover, it is important to showcase applications beyond the measurement of dopamine
release. It is time to explore and demonstrate the versatility of SWCNT-based sensors by
applying them to other relevant areas for research and industry. Driven by these ideas and
questions, the concept of ’Smart Slides’ emerged, which not only support cell adhesion
but become ’smart’ due to the integration of a functional sensor layer that can optically

and non-invasively visualize biochemical cell responses in an optimized way.

The Research Manuscript II reported in the upcoming Section 3.2.1 can therefore be
viewed as a logical continuation of the research presented in Manuscript I (Section 3.1.1).
Here, dopamine-sensitive SWCNT sensors were again used as a model system consid-
ering the significant role dopamine plays in neurological diseases. It addresses several
key questions that emerged from the previous study and aims to further enhance the
SWCNT-based sensor coatings for biomedical research. The following questions guided

this research:

o Can the coating of glass surfaces with SWCNT's be improved to prevent aggregation

and achieve homogeneous SWCN'T coatings across different samples?
o What is the optimal coating density to enhance sensitivity?

o How robust are these sensor coatings? Can they be stored for several weeks with-
out losing functionality? Can they be sterilized to enable contamination-free (cell)

experiments?

« Can these optimizations make SWCNT-based sensor coatings a reliable tool for drug

testing of psychotropic substances?
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3.2.1 Smart Slides for Optical Monitoring of Cellular Processes
(Research Manuscript II)
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Smart Slides for Optical Monitoring of Cellular Processes

Julia Ackermann, Eline Reger, Sebastian Jung, Jennifer Mohr, Svenja Herbertz,

Karsten Seidl, and Sebastian Kruss*

The molecules released by cells are a fingerprint of their current state.
Methods that measure them with high spatial and temporal resolution may
provide valuable insights into cell physiology and diseases. Here, a
nanosensor coating is developed that transforms standard cell culture
materials/dishes into “Smart Slides” capable of optically monitoring
biochemical efflux from cells. For this purpose, single wall carbon nanotubes
(SWCNTs) that are fluorescent in the beneficial near-infrared (NIR, 850 —
1700 nm) window are used. They are chemically tailored to detect the
neurotransmitter dopamine by a change in fluorescence intensity. These
nanosensors are spin-coated on glass substrates and it is shown that such
sensor layers can be sterilized by UV light and can be stored in dry condition
or buffer for at least 6 weeks and have little influence on cell viability. The
optimal sensor density to maximize sensitivity is also identified. Finally, these
substrates are used to image dopamine release from neuronal cells cultivated
on top in the presence of various psychotropic substances, which represents
a system to test pharmaceuticals for neurological or neurodegenerative
diseases. Therefore, Smart Slides are a powerful tool to monitor cellular

1. Introduction

Cells release molecules and the spatiotem-
poral concentration profile is a biochem-
ical fingerprint of the biological state.!!?]
Real-time monitoring of these molecules is
therefore important to gain insights into
cell physiology and how cells respond to
changes in their environment such as nu-
trient availability, environmental toxins, or
drug exposure.>#l

Degeneration and death of neurons lead-
ing to a decline of cognitive and motor func-
tions can be caused by a variety of factors,
which is the reason why neurodegenerative
disorders are currently incurable and repre-
sent a significant burden to society.>® To
understand such complex mechanisms and
develop effective treatments, highly sensi-
tive biosensors that detect temporarily- and
spatially-resolved biomolecular changes at

processes in cell culture systems.
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the cellular level are of great importance.

For example, numerous methods have been

developed to assess neurobiological pro-

cesses by quantifying dopamine levels,
which gives deeper insights into diseases such as Parkinson’s,
depression, and addiction. Such methods include electrochemi-
cal and fluorescence-based methods or imaging mass spectrome-
try, all of which have their own advantages and disadvantages./”*]
However, to date a simple and ready-to-use tool for standardized
in vitro cell culture to obtain dynamic information about the bio-
logical state of cells is missing.[*!

Biosensors based on nanomaterials have shown many ad-
vances in the past years.”1%l One example is single wall car-
bon nanotubes (SWCNTs), which represent nanoscale building
blocks with versatile surface chemistry.'!) Due to their fluores-
cence emission in the near-infrared (NIR, 850 — 1700 nm) bio-
logical transparency window, imaging and sensing applications
benefit from reduced scattering and autofluorescence of biolog-
ical samples and thus provide a high signal-to-noise ratio.!'213]
In addition, unlike many other fluorophores, they have excel-
lent photostability and are suitable for long-term experiments.[*]
Upon chemical surface functionalization they are able to de-
tect different biomolecules with high sensitivity even at the
single-molecule level.[’>-77] For example, sensors have been de-
veloped for the detection of stress in plants,!'82% proteins,[21:22]
cancer markers,[23] bacteria,[?*] or neurotransmitters.[2>-27] More-
over, with stable SWCNT functionalization, these sensors ex-
hibit very promising biocompatibility.(?#°] Neurotransmitter de-
tection has been demonstrated with a high spatial and temporal

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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resolution for chemical mapping of cellular release processes
of dopaminel'73%-32 and serotonin.[?! Recent developments also
show that this technology can be tailored for common mi-
croscopy equipment!**] and that extracellular dopamine can be
reported in 3D by combining time-correlated single photon
counting and confocal fluorescence microscopy.**! Moreover,
SWCNT tracking can reveal the nanoscale extracellular space in
brain tissue.*]

However, to increase the accessibility of these SWCNT sen-
sors and enable standardized biological experiments, it is cru-
cial to integrate such sensors into common labware and mi-
croscopy settings. SWCNTs offer a distinct advantage in this
regard, as they can form high-density sensor arrays. Stapleton
et al. developed a SWCNT platform for studying nitric oxide
by employing an avidin-biotin interaction as a SWCNT immo-
bilization strategy.*®! This approach enabled them to immobi-
lize higher concentrations of SWCNTs compared to the stan-
dard surface silanization with (3-aminopropyl)triethoxysilane
(APTES), resulting in enhanced fluorescence signals. The main
challenge is not to measure the fluorescence intensity itself
but to ensure an even distribution of sensors on the sam-
ple. In general, prolonged physisorption times of sensors
can lead to their aggregation, which complicates coating pro-
cesses.

To address this issue, we present a method for converting glass
substrates (glass bottom petri dishes) into “Smart Slides” by spin-
coating SWCNT sensors on surfaces to achieve a homogeneous
sensor coating (Figure 1a). The slides continue to support cell
adhesion but also become “smart” by optically monitoring bio-
chemical cell responses. We test the optimal conditions for an-
alyte sensitivity and determine the functionality of the slides in
terms of storage and sterilization conditions (Figure 1b). In ad-
dition, we demonstrate the potential for drug testing by studying
dopamine release in a neuronal cell model. Overall, we aim to
establish SWCNT-based fluorescent sensor coatings as powerful
material/tool for the life sciences.

2. Results and Discussion

2.1. Optimization of Sensor Coating and Analyte Sensitivity

Dopamine plays an important role in various neurodegenera-
tive and mental health diseases. Therefore, we aimed to de-
velop and optimize a dopamine-sensitive coating for cell cul-
ture studies. For this purpose, SWCNTs were functionalized with
single-stranded (ss)DNA (GT),, oligonucleotides, which non-
covalently adsorb onto the SWCNT surface by z—rx stacking
interactions.!?”) Such (GT),,-SWCNTs are known to exhibita fluo-
rescence increase in response to dopamine.[26:3338] The prepared
(GT);o-SWCNTs showed individual and narrow peaks in the ab-
sorption spectra, which indicates that they are well-dispersed
(Figure S1a, Supporting Information). Their fluorescence also in-
creased after the addition of dopamine, confirming their sensitiv-
ity (Figure 2b).

To achieve a homogeneous coating of SWCNTs on glass slides
or glass-bottom petri dishes, spin coating was performed. For this
purpose, the substrates were first modified with amino silanes
to increase the electrostatic interactions between the SWCNTs

Adv. Funct. Mater. 2024, 34, 2309064 2309064 (2 of 10)
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and the glass surface. Subsequently, various parameters, such
as SWCNT concentration (0.2 — 5 nm) and rotational speed (400
— 2000 rpm), were tested to optimize adsorption. To test the
homogeneity and reproducibility of the coating, four samples
were prepared under the same conditions, and seven images
were taken on each sample (Figure S2a—c, Supporting Informa-
tion). Both the intensity variation (Figure S2d, Supporting In-
formation) and the fraction of SWCNT aggregation/clumping
by area (Figure S2e,f, Supporting Information) were determined
for these images and showed low variation for the different spin
coating conditions, indicating homogeneous coating. The coat-
ing at the same SWCNT concentrations at different rotational
speeds did not differ except for SWCNTs with a concentration
of 5 nm. Consequently, we decided to use fixed spin coating pa-
rameters for all subsequent experiments with rotational speeds
of 1600 rpm at which the distribution was homogeneous for
all tested SWCNT concentrations and for which coating den-
sity could be adjusted by the SWCNT concentration (Figure 2a).
In addition, (GT),,-SWCNT coated surfaces exhibited a low de-
fect ratio, as evidenced by the Raman G/D intensity ratio of 9.9
(Figure S3, Supporting Information).® Furthermore, we tested
whether homogeneous coating is also possible for chirality-pure
SWCNTs, which are more prone to aggregation.[*”! For this pur-
pose, (GT),-(6,4)-SWCNTs with a concentration of 0.1 nm (Figure
S1b, Supporting Information) were spin-coated in a series of
six consecutive coating cycles on the substrate. Again, a dense
and homogenous coating could be achieved (Figure S4, Support-
ing Information), which shows that the approach is also possi-
ble for chirality pure samples. However, it is essential to cen-
trifuge the SWCNT samples for a sufficiently long time to avoid
aggregates during the coating procedure. We continued with
the standard (6,5)-SWCNT enriched samples because they are
more accessible to the broader community and available in larger
quantities.

The samples with different densities of (GT);,-SWCNT coat-
ings were tested for dopamine sensitivity by recording the
time course of fluorescence intensity. These samples with vary-
ing SWCNT concentrations (0.2 nm, 1 nm, and 5 nwm) exhib-
ited different intensity increases (Figure 2c) upon the addition
of dopamine (100 um). This suggests that the interaction be-
tween the dopamine molecules and the number of SWCNT sen-
sors/binding sites on the SWCNTs plays a crucial role in maxi-
mizing fluorescence change.

The test series was extended to substrates with different
SWCNT concentrations. Then the maximum intensity change af-
ter dopamine addition was plotted against the starting intensity
I, of the SWCNT coating in PBS (Figure 2d), which showed a
maximum response at medium (starting) intensities. The initial
rise in signal change observed with increasing SWCNT concen-
tration can be attributed to the increased likelihood of interac-
tions between dopamine and the sensors. However, as the abso-
lute SWCNT concentration continues to rise, excess binding sites
accumulate. As a result, a larger number of binding sites remain
unoccupied, combined with an increased likelihood of quench-
ing/reabsorption due to the higher SWCNT density. This leads
to an overall decrease in absolute signal change beyond a certain
SWCNT concentration. Based on this picture, a model was de-
veloped, assuming a linear increase in the number of binding
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Figure 1. Smart Slides to image cellular responses by light. a) NIR fluorescent SWCNTs are rendered sensitive to the neurotransmitter dopamine by
surface functionalization with specific ssDNA sequences. These nanosensors are coated on glass substrates (petri dishes) via spin coating. b) These
sensor-coated substrates (Smart Slides) are optimized in terms of robustness for cell-based assays. They serve as versatile tools to assess the impact
of pharmaceuticals on dopamine release by neurons.

sites of the SWCNT sensors with the starting intensity I, of the  for background signals. Despite the complexity of the underlying

Sensors: processes, this model fits the experimental data in Figure 2d («
a= 8.95E-4, with B = 0.20 and y = —2.57E-6 (R > 0.95)).

-1, —al +y + B (1) The most sensitive coating for dopamine detection, consider-

I, LRRAC ing an upper concentration limit of 100 pm, can be achieved at a

starting intensity I, of 175 a.u. with a maximum signal change of

Here, the signal change is first of all proportional to the start-  46%, while the smallest signal change was 4% (11.5 times lower)
ing intensity I, which is proportional (until a certain level) to  at I, of 975 a.u. This illustrates the importance of optimizing the
the SWCNT concentration (see also Figure S5, Supporting In-  coating to maximize sensitivity. Since intensity values depend
formation). This can be explained by more occupied binding  on the microscope and microscope settings I, was additionally
sites relative to the total number of binding sites. Beyond a turn-  plotted as a function of the SWCNT concentration used for spin
ing point, the signal change decreases quadratically by yIZ (with  coating which serves as a calibration curve for the desired fluo-
y < 0), representing the fraction responsible for the density-  rescence starting concentration (Figure S5, Supporting Informa-
dependent quenching/reabsorption and the oversupply of free  tion). The most sensitive coating was achieved at a concentration
binding sites with increasing SWCNT concentration. B accounts  of 4.2 nm. The low standard deviations of I as a function of the
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Figure 2. Optimal SWCNT density for Smart Slides. a) NIR fluorescence images of (GT);y-SWCNTs spin-coated at 1600 rpm for different SWCNT
suspension concentrations. Scale bar =20 um. b) Normalized NIR fluorescence spectra of (GT)o-SWCNTs before and after addition of 100 um dopamine
in PBS. c) Real-time fluorescence changes of SWCNT coatings of different densities upon addition of 100 um dopamine. d) Sensitivity of sensor coatings
in response to 100 um dopamine as a function of the initial SWCNT fluorescence intensity Iy of (GT)o-SWCNT coatings in PBS (mean + SE, n > 8). The
red curve represents a model that accounts for density-dependent photophysical effects (see formula (1), R? value of >0.95).
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Figure 3. Robustness of (GT),-SWCNT-based sensor coatings. a) Long-term capability to detect dopamine (100 pm) of Smart Slides stored for several
weeks in the refrigerator or at room temperature (mean + SE, n=3). b) NIR fluorescence images before (untreated) and after autoclaving (121 °C, 20 min)
and in PBS (contrast adjusted as significantly darker). Scale bar = 20 pm. c) Individual sensor responses to dopamine (100 um) after sterilization by
autoclaving (red circles) and UV light (applied for 15, 30, or 60 min, blue crosses) compared to the averaged sensor responses of untreated sensor
coatings (gray bars, results from Figure 2d, mean + SE, n > 8) as a function of the initial SWCNT fluorescence intensity /5 d) Change of ((GT);o-SWCNT
coating) responses over the course of multiple weeks in PBS (mean + SE, n = 3). e) Cell viability of Neuro-2a cells on glass without and with SWCNT
coating (mean +SE, n = 3). f) Functionality to detect dopamine (100 um) in full cell culture medium on a Smart Slide compared to PBS (mean + SE,

n=3).

spin-coated SWCNT concentrations again indicate a highly re-
producible SWCNT coating. Note that manual coating of SWC-
NTs with a 5 nm SWCNT solution without spin coating (indicated
by an asterisk in Figure S5, Supporting Information) resulted in
both higher intensities I, and larger intensity variations. This
suggests that spin coating leads to more consistent and repro-
ducible results. It is also noticeable that the relationship between
the initial intensity of the sensor coating I, and the SWCNT
concentration does not increase linearly, but more sharply with
increasing SWCNT concentration. This trend is interesting be-
cause normally a non-linear decrease in the fluorescence signal
with increasing SWCNT concentration is observed due to reab-
sorption effects.[*!l However, perhaps this effect is not as strong
because the SWCNTs are immobilized and not in solution, which
tends to result in greater spacing between individual SWCNTs.
One possible explanation could be the preferential immobiliza-
tion of long SWCNTs during the spin coating process. Due to
the higher amount of long SWCNTs at higher SWCNT concen-
trations, longer SWCNTs may have a higher probability of being
immobilized on the substrate. As longer SWCNTs have higher
quantum yields compared to shorter SWCNT,!*] this could ac-
count for the observed non-linear increase in SWCNT fluores-
cence with increasing SWCNT concentration. Another possibil-
ity is that at high concentrations physisorption of SWCNTs be-
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comes faster, which could have an impact on the photophysical
response.

2.2. Sensor material robustness

To ensure widespread use of a material such as Smart Slides, ro-
bustness under realistic experimental conditions has to be en-
sured. So far, such sensors have been used for experiments di-
rectly after preparation!’”3*38] and it was unknown whether they
remain functional after drying. For this purpose, sensitivity was
evaluated after storing the sensor coatings in dark conditions
at room temperature and in the refrigerator (Figure 3a). When
stored at room temperature, the sensors retained their function-
ality. However, after a period of 10 weeks, the intensity change ob-
served after dopamine addition was twice as high as the immedi-
ate post-production values. If an accurate concentration determi-
nation is required when detecting a substance, this would require
recalibration of the sensors to account for the increased intensity
change. In contrast, the results for storage at 4 °C (refrigerator)
showed high stability. After one week of storage, the sensors ex-
hibited a slight signal increase upon dopamine addition, but the
intensity change remained stable for storage durations exceeding
two months. It should be noted that the responses for different
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storage conditions could be partly due to the variance in addition
of dopamine onto the Smart Slides and mixing/diffusion differ-
ences of individual experiments after a non-infinite time period.
One possible reason for the altered intensity change during stor-
age could be conformational changes in the single-stranded DNA
(ssDNA) around the SWCNTE or exposure to oxygen.[*]

The more stable results observed at 4 °C storage align with gen-
eral recommendations for storing ssDNA because refrigeration
increases the stability of ssDNA by at least twice the time com-
pared to storage at room temperature.*l For SWCNT sensors
based on other functionalization units such as proteins or pep-
tides, the storage capability would still need to be evaluated. It is
possible that the stability here is limited to a few days/weeks or
that different conditions, such as salt concentrations, need to be
tested.*’] However, many developed SWCNT sensors based on
DNA exist,"") and DNA-based aptamers are popular recognition
units with a high affinity to their targets.[264647]

To assess the functionality of the sensors after typical steriliza-
tion procedures autoclaving and UV light were used (Figure 3b,c).
Autoclaving of the sensors involved a preliminary experiment to
determine whether the SWCNT sensors in dispersion are resis-
tant to heating. (GT);,-SWCNTSs, (GT),,-SWCNTs, and locked nu-
cleic acid (LNA) (GT);5-SWCNTs are known for their lower flex-
ibility and potentially higher thermal stability. They were sub-
jected to heating at 60, 80, and 100 °C for 30 min to test if they
were stable at these temperatures without aggregation (Figure
S6a, Supporting Information). Both, (GT),,- and LNA (GT)s-
SWCNTs precipitated when heated to 100 °C, while (GT),,-
SWCNTs showed increased stability and remained in solution.
This is consistent with observations that SWCNTs with longer
ssDNA sequences have higher thermal stability.*!] In contrast,
dry (GT),,-SWCNT coatings heated to 100 °C did not exhibit any
limitations in functionality and responded with a fluorescence in-
crease upon the addition of 100 pm dopamine (Figure S6b, Sup-
porting Information). Thus, sensor coatings demonstrated supe-
rior stability compared to SWCNT dispersions, which suggests
that autoclaving as a sterilization method could be possible.

To assess the adhesion of the sensor coating during autoclav-
ing, the sensors were spin-coated onto glass substrates with an
imprinted location grid. However, the grid did not allow ho-
mogeneous coating as on smooth glass substrates (Figure S7a,
Supporting Information). After autoclaving, slight changes in
the coating appeared on the surface. In some cases, there were
fewer sensors and the surface appeared darker, while in others
it appeared brighter. The addition of phosphate-buffered saline
(PBS) quenched the fluorescence of the sensors, but also led
to the detachment of SWCNTSs, resulting in weaker responses
to dopamine (Figure S7c, Supporting Information). To improve
the adhesion of SWCNTS, an additional baking step (heating the
silanized substrates at 120 °C for 2 h) was introduced after the
amino silane and before the SWCNT coating process to remove
physisorbed silane molecules, which does not affect covalently
bonded silane molecules.[*”) The SWCNT coating on the treated
grids demonstrated significant improvements in homogeneity,
adhesion after autoclaving, and sensitivity after dopamine addi-
tion (Figure 3b, Figure S7b,c, Supporting Information). Without
the additional heating step of the APTES layer, the non-covalently
bound APTES molecules most likely desorbed during autoclav-
ing, and thus most SWCNTs detached after the addition of PBS.
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A comparison of the starting intensities (Figure 3c) revealed that
sensitivity was reduced by ~50% compared to the non-autoclaved
grids. Covalent functionalization methods(*®! and/or immobiliza-
tion via avidin-biotin interaction[3®! could further improve the sta-
bility of the system.

Sterilization of the sensor coatings using UV light was per-
formed with different exposure times (15, 30, and 60 min), fol-
lowed by testing their functionality to detect dopamine. In most
tests, the functionality of the sensors remained unaffected after
UV exposure, regardless of the exposure duration, when com-
pared to the untreated samples (Figure 3c). Only sensors with
lower starting intensity I, showed larger signal changes than the
untreated samples, although the reason for this observation re-
mains unclear. The absorption of UV light can lead to the forma-
tion of pyrimidine dimers, primarily involving adjacent T-T and
T-C sequences.I**] C-T and C-C sequences are less prone to pho-
toreactivity. In rare cases, UV radiation can induce modifications
in DNA purine bases, including adenine residues undergoing
photocycloaddition reactions with adjacent adenine or thymine.
The (GT),, sequences used in the sensor coatings are expected
to be largely unaffected by UV radiation. It is possible that other
DNA sequences could be more susceptible to the effects of UV
radiation, as dimer formation can lead to changes in DNA confor-
mation and a loss of sensitivity. However, in the specific coating
region that was determined to be the most sensitive, the sensor
responses remained unchanged for different exposure times. As
a result, a 30 min UV exposure was chosen for subsequent cell
experiments as a sterilization method. We refrained from testing
other sterilization methods such as gamma radiation and ethy-
lene oxide because glass discoloration occurs when sterilizing
with gamma radiationl®!] and autoclaving and UV irradiation are
cheaper, faster, and easier sterilization options compared to ethy-
lene oxide. In addition, there are uncertainties regarding the risk
of toxicity from ethylene oxide residues.l>%>3]

Next, the long-term adhesion of the sensors in liquid was stud-
ied, which is important for cell experiments requiring cell cultiva-
tion over several weeks. Signals decreased by ~20% after 6 weeks
(Figure 3d). Adhesion was compared in PBS and water, as well
as in PBS after the aforementioned amino silane coating with an
additional baking step (Figure S8, Supporting Information). Con-
trary to expectations, the last-mentioned variant exhibited lower
long-term adhesion, with hardly any SWCNTs remaining after
only 3 weeks. As mentioned earlier, the use of avidin-biotin in-
teractions or covalent immobilization strategies could potentially
enhance the stability of the sensors in liquid and improve long-
term stability. However, for most cell experiments less than one
week of cultivation is sufficient and the observed reduction in
signal after 6 weeks should not pose a significant issue. Never-
theless, to test whether the SWCNT coating or the detachment of
SWCNTSs has an influence on the cells that are used for the fol-
lowing pharmaceutical testing a cell viability test via Trypan Blue
staining was performed (Figure 3e). This showed slightly lower
cell viability by glass-bottom petri dishes coated with SWCNTs
compared to untreated dishes. This could be due to a direct ef-
fect by the SWCNTs on cell viability or an indirect effect due to
altered adhesion on such a coated surface. Cell viability increased
almost linearly with increasing cultivation time for both variants,
suggesting that potentially detaching SWCNTs do not have a neg-
ative impact on cell growth. The general increase in cell viability
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may be due to the increasing degree of coverage and the resulting
reduced contact with the glass substrate (Figure S9, Supporting
Information).

Finally, the sensitivity of the sensors was evaluated in a cell
medium supplemented with 10% fetal bovine serum (FBS). De-
tection was possible in the cell medium but sensitivity was
reduced by approximately one-third compared to the simple
buffer environment (Figure 3f). The reduced sensitivity in the
cell medium can be attributed to additional compounds in
the cell medium that interact with the sensors and poten-
tially interfere with the binding of dopamine, leading to a di-
minished fluorescence response. To improve the sensitivity of
the sensors in protein-rich environments, a detailed under-
standing of the interaction between the nanosensors and their
environment is required.’* In addition, covalent linking of
the SWCNTs to the surface could increase robustness by re-
ducing desorption.[?2] Alternatively, for the cell experiments,
the cell medium could be replaced by simpler (low-serum)
buffers.

2.3. Monitoring of Biochemical Cell Responses

Smart Slides are able to map dopaminergic release processes
of neuronal cells, providing access to a better understanding
of cellular communication. Furthermore, they have potential
applications in drug development, allowing the measurement
of the effects of different substances on dopamine release in
the synaptic cleft. In this study, differentiated Neuro-2a cells,
a standard dopaminergic cell model for neurodegenerative dis-
eases, were directly seeded onto the sensors. After ~18 h, the
cells exhibited good adhesion without additional coating (Figure
S10, Supporting Information). In order to evaluate the effective-
ness of the Smart Slides, different dopaminergic substances, in-
cluding levodopa (commonly used to increase dopamine levels
in Parkinson’s disease patients), nomifensine, and bupropion
(both dopamine-norepinephrine reuptake inhibitors in antide-
pressant therapy), were added to the cell culture for 10 min.
Since it is known that such sensors also respond to dopamine
homologs such as epinephrine and norepinephrine, 2> it was
tested whether (GT);,-SWCNTs also elicit a sensor response by
the added substances in solution (Figure S11, Supporting Infor-
mation). Levodopa responds to (GT);,-SWCNTs due to its chem-
ically similar structure. However, the response is only half as
strong compared to dopamine, while nomifensine and bupro-
pion elicit slightly negative sensor responses. To ensure that the
sensors were not biased during dopamine measurement, cells
were washed twice with PBS before a third time PBS supple-
mented with calcium chloride was added to start the release
experiments. Subsequently, spatial and temporal dopamine re-
lease from the cells was measured by stimulating exocytosis with
potassium chloride (KCI).

Figure 4a—c illustrates the results of an untreated cell exper-
iment where no substances were added. The bright field image
shows a cell adhering to the sensor coating, while the color-coded
image represents the NIR channel before and after the stimulus
was added. Immediately after the stimulus, there is a localized
increase in fluorescence intensity around the cell, which subse-
quently diminishes due to the diffusion of released dopamine. As
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mentioned previously, other catecholamines may also interfere
with the sensors used here, so the slides may also be affected by
cellular release, e.g. of norepinephrine. However, the cells used
here should release mainly dopamine due to the fact that they
have been differentiated into dopaminergic neurons. For better
comparison, the cell area was selected in each experiment to cal-
culate the mean intensity changes over time (Figure 4c). Based
on this analysis, there was an oscillating signal (red lines) caused
by the InGaAs camera. For a clearer representation of the sig-
nal course, the spectra were smoothed (black lines, see data pro-
cessing in the experimental section). Note that the replicates for
each cell treatment condition are composed of the total number
of all analyzed cells from at least n > 6 slides. Analysis of all indi-
vidual experiments revealed some heterogeneity, wherein not all
cells demonstrated dopamine release. This variability in response
is consistent with other studies measuring cellular dopamine
release.31555¢] Moreover, the sensors exhibited expected differ-
ences in signal change following treatment with dopaminergic
substances. Selected measurements for the different conditions
are provided for comparison in Figure S12 (Supporting Informa-
tion). For instance, nomifensine and bupropion tended to show
amplified and prolonged signal changes following stimulation,
which can be attributed to their role as dopamine reuptake in-
hibitors, prolonging the presence of dopamine in the synaptic
cleft.

To account for differences in cellular responses across experi-
ments, the maximum intensity change I, .. and the time required
for the signal change to decrease from I, 10 I, /2 (Tyay2) Were
extracted and presented as a box plot based on the respective cell
treatment conditions (Figure 4d,e). Additionally, a box blot was
created to depict the time difference between stimulation and
maximum signal change I, (Figure S13, Supporting Informa-
tion)

Note that the time- and spatially-resolved images and time
traces contain even more information that could further be ex-
tracted. Additionally, determining the rate constants of the molec-
ular sensors is useful to further interpret the kinetics of the
chemical images, as the temporally and spatially resolved images
are influenced by the rate constants/kinetics of the sensors.[’]
The population means were found to be significantly different.
Control experiments where KCl was added to the Smart Slides
without cultured cells resulted in minimal or no fluorescence
changes, which can be attributed to the local increase in ion
concentration.!®®! To address this issue, LNA nanosensors can
increase stability to ion-induced perturbations(*®! or optogenetic
stimulation can be used for more specific and controlled stimu-
lation.

The addition of levodopa to the cells resulted in an increase
in dopamine release, as evidenced by a 193% increase in the me-
dian maximum signal change and a 152% increase in 7,,,,, com-
pared to untreated cells, indicating higher dopamine concentra-
tions. The overall increase is consistent with previous studies, al-
though the absolute values differ, which can be attributed to dif-
ferences in the cellular system, concentration, and exposure time
of levodopa.>>¢%6! The addition of nomifensine and bupropion
increased the median maximum signal by 300%, with 7y, , in-
creasing from 11 s for untreated cells to longer-lasting presence
times of dopamine in the synaptic cleft (288 s for nomifensine
and 146 s for bupropion).
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Figure 4. Smart Slides to monitor cell responses to drugs. a) Bright-field image of a Neuro-2a cell cultured on a (GT);o-SWCNTs coated glass surface.
b) Color-coded NIR intensity changes of (GT),o-SWCNTs at different time points after stimulation of dopamine release with 100 mm KCI. Scale bars =
20 um. c) Typical intensity change of the sensor layer under a single cell. d) Maximum intensity changes and e) decay time of the maximum intensity
changes on I,,,,/2 of SWCNTs after KCl stimulation of controls (without cells), untreated cells, and cells treated with different drugs (5 um for 10 min,
n = 6 for control, n > 11 cells for the rest). Note that not for all experiments the value 7y, could be determined from the time traces, so thatn =5
for control, n > 7 cells for the rest. Statistically significant differences marked with * p < 0.05, ** p < 0.0, *** p < 0.001 (ANOVA and Tukey test). Not

significant differences are not indicated.

For bupropion, the extracted values of ,,,, are not signif-
icant compared to untreated cells, which is probably due to the
fact that not all bupropion (and partially also nomifensine) cell ex-
periments could be used to evaluate I, /2, as the signal increase
did notdrop half of I, within the 10-min experimental duration.
In some cases, the maximum signal change was measured sev-
eral minutes after stimulation (Figure S13, Supporting Informa-
tion). Amperometric measurements in bovine chromaffin cells
treated with 5 um bupropion also showed significant increases in
I level (21519).19%1 However, no influence on the release ki-
netics was observed, as the half-width of an amperometric spike
remained unchanged,/®”) while nomifensine-treated PC12 cells
exhibited prolonged times of dopamine presence in the synaptic
cleft.[63]

Overall, these findings demonstrate the effectiveness of using
Smart Slides to monitor cellular release processes and their mod-
ulation by the addition of neuropharmaceutical drugs. This ap-
proach can easily be extended to other targets/biological ques-
tions, such as coagulation disorders, % diabetes,!*”:¢] cancer,[®]
hydrolytic enzyme activity,|®”) or inflammatory markers.!%8

3. Conclusion

In summary, we tailored NIR fluorescent SWCNTs for dopamine
detection and optimized the coating of these sensors on surfaces,
resulting in functional and highly sensitive Smart Slides. These
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slides showed the necessary robustness in terms of their long-
term stability during storage and in liquids for several weeks, as
well as their compatibility with UV light sterilization and cell vi-
ability. Furthermore, we demonstrated their applicability in drug
testing by directly measuring the effects of dopaminergic com-
pounds on dopamine release. This approach is not limited to the
detection of dopamine but can be extended to other targets and
biological questions due to the easily customizable surface chem-
istry of the SWCNTs and the wide range of SWCNT sensors al-
ready developed. Overall, the development of these Smart Slides
represents a significant advance in the field of cellular analysis
by providing a simple tool that can access optically dynamic in-
formation about cellular communication and drug effects in a
controlled and standardized manner.

4. Experimental Section

Materials: ~ All materials were purchased from Sigma-Aldrich unless
specified otherwise.

SWCNT Surface Modification: For surface modification of (6,5)
chirality-enriched CoMoCAT-SWCNTs (Sigma-Aldrich, product no. 773
735) with ssDNA, a recently published protocol was used.[*!] SWCNTs
(100 pL, 2 mg mL~" in PBS (Carl Roth)) were mixed with ssDNA (100 pL,
2 mg mL~" in PBS), followed by tip sonication (ice bath, 10 min at 30%
amplitude, Fisherbrand Model 120 Sonic Dismembrator) and centrifuga-
tion (2 X 30 min, 16 100 g, 4 °C, Hettich MIKRO 200R) to remove aggre-
gates. The supernatant yielded homogenously dispersed (GT);o-SWCNTs,
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which were diluted in PBS to the desired SWCNT concentration after de-
termination of SWCNT concentration via absorption measurements (see
NIR Spectroscopy).

NIR Spectroscopy: Absorption spectra for the characterization of
SWCNT samples were recorded using a JASCO V-780-ST spectrophotome-
ter in the wavelength range of 400 — 1350 nm in 0.5 nm steps in quartz
cuvettes (Hellma, 10 mm optical path). SWCNT concentration was calcu-
lated based on previous literature.[536%-71]

Fluorescence spectra in the range between 835 — 1245 nm were
recorded with 5 s integration time using a spectrometer (Shamrock
193i, Andor Technology Ltd.) connected to a microscope (IX73, Olym-
pus) equipped with a 20x objective (plan achromat infrared objective
LCPLN20XIR) and a 561 nm laser at 100 m\W (Gem561, Laser Quantum)
for excitation.

Raman Spectroscopy: Raman measurements were carried out using a
confocal Raman microscope (inVia InSpect from Renishaw) equipped with
a 100x objective and an excitation of 532 nm (25 mW laser power) with an
integration time of 10 s.

SWCNT-Coated Surfaces: Glass bottom petri dishes (35 mm, ibidi)
were treated with oxygen plasma (Atto B, Diener electronic, 0.6 mbar,
1 min). Directly after plasma cleaning, surfaces were coated with APTES
solution (300 pL of 1 wt% APTES/H,O in ethanol) and incubated for
1 h at room temperature. Subsequently, petri dishes were washed with
ethanol, rinsed with H, O, and then either dried directly with N, or baked
at 120 °C for 2 h, followed by rinsing again with H,O and drying with
N,. SWCNT coating was performed by spin coating (Laurell WS-650MZ-
8NPP) at 1600 rpm for 60 s.135 uL of diluted (GT)o-SWCNT solution was
added directly after starting the rotation. Parameter selection was guided
by Card et al.l’?] To remove non-immobilized SWCNTs, the surface was
rinsed with H,O and dried with N,.

Imaging of Single SWCNT Sensor Coatings:  For the characterization of
SWCNT-coated surfaces and dopamine response measurements, an in-
verted microscope (Nikon Eclipse Ti2) equipped with a 100X oil immer-
sion objective (CFI Plan Apochromat Lambda D 100x Qil/1.45/0.13) was
used. A white LED (CoolLED pE300 Lite, 100% power) was used in combi-
nation with a 560 + 40 nm bandpass filter (AHF analysentechnik F47-561)
for the excitation of SWCNTs via the E,, transition. Excitation light was
eliminated from emission via a dichroic mirror (transmission > 93% at
813.5 nm, AHF analysentechnik F38-801) and an 840 nm long-pass fil-
ter (AHF analysentechnik F47-841). Images were taken with a Si camera
(Hamamatsu Orca Flash 4.0) with 2048 x 2048 pixels at 1 s integration
time.

For dopamine response measurements, a freshly prepared dopamine
solution (20 pL of dopamine hydrochloride in 1x PBS) was added to
PBS/cell medium (2 mL) in the petri dish after a baseline I, was recorded
for 30 s. The final dopamine concentration was 100 um. For character-
ization of the resulting intensity change (I-Iy)/ly after dopamine addi-
tion, the initial (/y) and final intensity after dopamine addition (/) were
background-corrected (by images without SWCNT coating) and calculated
by averaging the respective frames of the recorded video. Note that the
SWCNT coating optimization was performed within this standard micro-
scope with an LED and a Si camera for excitation and detection. In the
later cell experiments, which were performed in a different setup with a
laser and a NIR camera (see Cell Experiments), very low laser powers in
the range of 55 and 120 mW were required, which means that the detection
should also be possible with “standard” equipment using (6,4)-(GT)1o-
SWCNTs for gaining even higher sensitivity.[3]

Homogeneity of SWCNT Coating: To determine the homogeneity of
the SWCNT coating at different locations on the slides and for different
samples, NIR fluorescence images were acquired at 100X magnification
for four samples at seven different locations. The samples were each pre-
pared with the same spin coating parameters. To determine the SWCNT
distribution, the brightness of each image was determined and averaged
over all images. To determine the areal fraction of clumping on the sam-
ple, the Particle Counting Tool from Fiji was used considering particles in
a range of 300 — infinity pixel?.

Robustness Tests:  Storage of (GT);o-SWCNT-coated petri dishes was
performed after drying the dishes with N, either at room temperature in a
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dark box or a refrigerator at 4 °C. To test sterilization capabilities, SWCNT-
coated petri dishes were either autoclaved at 121 °C and 100% humid-
ity (2 bar) for 20 min (Espec EHS-211 M) or irradiated with 254 nm UV
light in a biosafety cabinet (HMC Europe BSC-70011A2-G) for 15, 30 or
60 min. To test the stability of the SWCNT coating in liquid, SWCNTs were
coated on an imaging dish with a glass bottom and an imprinted 50 um
grid (ibidi) to ensure easy imaging of the same SWCNT coated location
on different days. Petri dishes were filled with 2 mL of the respective lig-
uid. A lid and sealing with parafilm ensured that evaporation of the liquid
was minimized. Cell viability was performed using a Trypan Blue exclu-
sion test adapted from Strober.[”3] In short, cultured Neuro-2a cells (for
more information, see “Cell Culturing”) were transferred to both untreated
and SWCNT-coated, UV-sterilized glass-bottom petri dishes (n = 3) and
were cultivated in Dulbeccos Modified Eagle Medium (DMEM) supple-
mented with dibutyryl cyclic adenosine monophosphate (dbcAMP, T mM)
and 0.5% FBS. Cell viability was then determined at different time points
(24, 48, and 72 h). For this purpose, the medium was pipetted off and
carefully rinsed with PBS and the cells were incubated with PBS (600 uL)
containing Trypan Blue (0.2%, Carl Roth) for ~3 min. Based on brightfield
images (Leica THUNDER Imager 3D Cell Culture, four images with 20x
objective per dish), the unstained (viable) and stained (nonviable) cells
were counted using the Cell Counting Tool from Fiji and the percentage of
viable cells to the total number of all cells was calculated.

Cell Culturing: Neuro-2a cells were purchased from DSMZ German
Collection of Microorganisms and Cell Cultures (ACC 148) and cultivated
according to the supplier’s protocol in a humidified 5% CO, atmosphere
at 37 °C in T-75 flasks (Sarstedt) with a sub-cultivation ratio of 1:4 every
5-7 days. Cells were grown in DMEM (16 mL, Thermo Fisher Scientific)
supplemented with FBS (10%), 1x non-essential amino acids, penicillin
(100 units mL~"), and streptomycin (100 ug mL~", Thermo Fisher Scien-
tific). Differentiation of Neuro-2a cells was performed according to Trem-
blay et al.l’#] Prior to experiments (96 h), cells were cultivated in DMEM
supplemented with dbcAMP (1 mM) and 0.5% FBS. After three days cells
were carefully rinsed with medium from the surface of cultivation flasks
and a total number of 75 000 cells was transferred to SWCNT-coated glass
surfaces, which had previously been sterilized with 30 min UV exposure,
and allowed to adhere for 18 h.

Cell Experiments:  The setup used to perform the cell experiments con-
sisted of an inverted microscope (Olympus 1X73) equipped with a 100x
oil immersion objective (UPlanSApo/1.35/0.13-0.19). A 561 nm laser (Jive
500, Cobolt) at 55 or 120 mW was used for SWCNT excitation. Excitation
light was eliminated from emission via a 900 nm long pass filter (Thorlabs
FELHO0900). The NIR fluorescence was imaged with a NIR camera (Xenics
Cheetah-640-TE1InGaAs camera) at 1s exposure time. Bright-field images
of cells were taken with a Si camera (pco.panda).

For dopamine release experiments, the cell medium was exchanged for
PBS (1 mL) supplemented with MgCl, and CaCl,. To stimulate dopamine
release, a KCl solution (34 uL of 3 M) was added after recording a 30 s
NIR fluorescence baseline, resulting in a final concentration of 100 mm
KCI. Cells and PBS (Carl Roth) were kept at 37 °C before the experiment,
assuming a temperature close to 37 °C during the cell experiments.

To assess the impact of dopaminergic substances on dopamine release,
10 min before the start of the cell experiment, the specific substance of in-
terest (levodopa, nomifensine maleate salt (Medchem Express, Fisher Sci-
entific), bupropion hydrochloride (Enzo Life Sciences, Fisher Scientific) di-
luted in PBS was added to the cell medium (20 pL to 600 pL cell medium),
resulting in a concentration of 5 pum. After 10 min of exposure, the cell
medium was carefully aspirated and the cells were rinsed twice with PBS.
Subsequently, PBS (1 mL) was added to perform the imaging and stim-
ulation with KCI. In control experiments, KCl (100 mm) was added to the
Smart Slides containing PBS (1 mL) without cultured cells.

Data Processing and Statistical Analysis:  Fiji was used for image data
processing and OriginPro for statistical analysis. To determine the inten-
sity changes of SWCNT fluorescence after dopamine addition or in the
cell experiments after KCl addition, the average intensity of the whole im-
age/the cell area was selected for analysis in each case. The first 30 frames,
which served to record the baseline Iy, were averaged and the resulting
time-dependent signal change (I—1y)/ly was calculated. When averaging
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multiple experiments, sample size and type of error bar could be taken
from the corresponding figure caption in each case. In the cell experiments
the signal change was smoothed (OriginPro, Wavelet DB6). From these
spectra, the maximum signal change I,,, the decay time 7,/ and the
time difference between stimulation and maximum signal change 75| ax
were extracted. A one-way analysis of variance (ANOVA) was conducted to
examine statistically significant differences among the various treated cell
groups, using a significance level of 0.05. Post-hoc comparisons of mean
values were performed using the Tukey test.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Absorbance spectra of SWCNTSs. a) (GT)10-CoMoCAT-SWCNTSs, b) (GT)10-(6,4)-
SWCNTSs with assigned chiralities.
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Figure S2. NIR fluorescence images of (GT)10-SWCNT coatings. Prepared by spin coating
at a) 400 rpm, b) 1200 rpm and c) 2000 rpm with different SWCNT suspension
concentrations. Scale bars = 20 um. d) SWCNT fluorescence intensity of (GT)10-SWCNT
coatings of different concentrations as a function of the rotational speed used for spin coating
(mean + SE, n=28). e) Example of clumping determination using NIR fluorescence images of
SWCNT coatina followina by thresholdina and particle countina. Scale bar = 10 um. f) Area
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fraction of clumping of the SWCNT coating in relation to the total coated area as a function
of the rotational speed of spin coating (mean + SE, n=28).
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Figure S3. Raman spectrum of a (GT)10-SWCNT coated surface. The G/D ratio indicates a
low defect level in the SWCNTSs.

Figure S4. NIR image of spin coated (GT)10-(6,4)-SWCNTSs. 135 pl of a 0.1 nM SWCNT
solution was spin coated six times in succession at 1600 rpm to obtain a dense coating. Scale
bar = 20 pum.

800

600 }

400 1

lp[a. u.]

200 1 _ii
0-.T|||||
012345 5

SWCNT concentration [nm]

Figure S5. Intensity calibration curve. Initial SWCNT fluorescence intensity lo of (GT)10-
SWCNT coatings in PBS as a function of the SWCNT concentration used for spin coating.
Note 5* represents manual coating of 5 n» SWCNTSs without spin coating (mean = SD, n>30).
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Figure S6. Heating of ssSDNA-SWCNTSs. a) Images of different ssDNA-SWCNT suspensions
((GT)10-, locked nucleic acid (LNA) (GT)1s- and (GT)40-SWCNTSs) before and after heating
(60°C, 80°C, 100°C for 30 min). With the exception of (GT)4-SWCNTs, ssDNA-SWCNTs
precipitate when heated to 100°C. b) Immobilized (GT)10-SWCNTSs remain functional to
detect 100 e dopamine after heating to 100°C for 30 min.
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Figure S7. Autoclaving of immobilized ssDNA-SWCNTSs. Images of immobilized (GT)10-
SWCNTSs before (untreated) and after autoclaving (121°C, 20 min) and in PBS. APTES
coated surface a) rinsed with ethanol and water, b) additionally heated for 2 h at 120 °C
before SWCNTSs coating. ¢) 100 um dopamine detection with these SWCNT coatings
(assignment via respective colors). Scale bars = 20 um.
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Figure S9. Bright field image of Neuro2a cells in differentiation medium at different time
points after Trypan Blue staining a) on untreated glass, b) on SWCNT coating. Scale bars
=100 pm.

Figure S10. Bright field image of differentiated Neuro2a cells adhering to the (GT)10-
SWCNT sensor coating shortly before performing the dopamine-release experiments. Scale
bar =50 um.
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Figure S11. Sensor response of (GT)10-SWCNTSs in solution. After addition of 5 pu
dopamine in comparison to the tested dopaminergic substances (levodopa, nomifensine, and
bupropion, mean £ SE, n=3).
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Figure S12. Mean SWCNT intensity change of different experiments. During addition of
100 mm KCI a) without cells (control), b) with untreated cells and ¢) after addition of 5 pu
levodopa, d) nomifensine, and e) bupropion.



126 Chapter 3 Results

6001 [ o
500 -
[e]
2400'
§ 3009 o
3 2004 °©
K
100 -
0_
T T T T
> T Q <
SIS
¥y & &3
£ £ @ g
§$ & §
S

Figure S13. Box plot of the time difference between stimulation and maximum signal change
Imax Of untreated cells and cells treated with different drugs (5 pw for 10 min, n=5 for control,
n>11 cells for the rest. Statistically significant differences marked with * p<0.05 (ANOVA and
Tukey test). Not significant differences are not indicated.
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3.2.2 Publication Synopsis

Research Manuscript II presented the development of Smart Slides for the improved opti-
cal monitoring of biochemical cell responses. The objectives of the study were to integrate
fluorescent SWCNT sensors into cell culture materials, optimize their coating for homo-
geneity and sensitivity (part 1), characterize their robustness (part 2), and demonstrate
their usability in measuring altered dopaminergic cell responses after the addition of dif-

ferent psychotropic substances (part 3).

In the first part, dopamine-sensitive SWCN'T sensors were fabricated by functionalizing
CoMoCAT-SWCNTs with (GT)19-ssDNA. The coating of glass substrates was optimized
using spin coating at varying parameters. The most homogeneous results were obtained
at 1600 rpm for all SWCNT concentrations tested. Additionally, it was tested whether
chirality-pure (GT)q0-(6,4)-SWCNTs, which show stronger tendencies to aggregate due
to their purity, also allow homogeneous coatings. Due to a low concentration of 0.1 nM,
these SWCNT were coated in six consecutive cycles, which also produced good results.
(GT)10-CoMoCAT-SWCNT coatings were optimized in terms of sensitivity for dopamine
detection due to their higher concentration and faster processing. However, the process
should also be transferable to (GT)q0-(6,4)-SWCNTSs. For sensitivity determination, dif-
ferent dense coatings were produced and their maximum signal response after dopamine
addition was determined. The signal response was plotted against the starting intensity
Iy of the sensor coating before dopamine addition, which showed a Gaussian-like behavior
with an optimum response at an intensity Iy of 175 a.u. A simple model was set up to de-
scribe this behavior, which assumes that the sensor response firstly linearly increases with
increasing SWCNT concentration (Iy), due to the increasing probability of interaction
between dopamine and the SWCNT sensors. A further increase in SWCNT concentra-
tion (Iy) leads to a decrease in sensor response after a certain point due to an increasing
number of unoccupied SWCNT binding sites. A calibration curve was established to re-
late fluorescence start intensity to SWCN'T concentration, indicating reproducibility even

among differently prepared samples due to low error bars of different coated samples.

After optimization of the coating, the second part of the paper focused on the robustness
of the Smart Slides. The sensor coatings remained functional after 10 weeks of storage
in the refrigerator, with a slight increase in sensor response over time. As a pre-test for
autoclaving, both SWCNT sensors in solution and immobilized on a surface were heated
to temperatures up to 100 °C. SWCNT sensors in solution were unstable and precipitated,
except for sensors functionalized with a long ssDNA sequence ((GT)4-SWCNTs). In con-
trast, immobilized sensors retained their sensitivity for dopamine detection. Sterilization

tests using UV light (254 nm) or autoclaving were conducted, with autoclaving resulting in
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detachment of SWCNTs most likely due to desorption of noncovalently attached APTES
molecules. To enhance adhesion, a baking step was introduced after APTES coating, lead-
ing to improved stability against autoclaving. Functionality for dopamine detection was
preserved with about 50 % reduced sensitivity. UV light sterilization had minimal impact
on sensor functionality. Stability tests in liquid showed a signal reduction of about 20 %
after 6 weeks in PBS. The sensitivity of the sensors for dopamine detection in cell medium
showed a reduced sensitivity by about one-third, which can be prevented by the exchange

of medium to PBS shortly before the start of the cell experiments.

In the third part, the Smart Slides were applied to measure altered dopaminergic cell
responses after the addition of different psychotropic substances using Neuro-2a cells.
Tested substances were L-DOPA, which is the precursor of dopamine and is commonly
used in Parkinson’s disease patients to increase dopamine levels, and nomifensine and
bupropion, which are dopamine-norepinephrine-reuptake inhibitors and are typically used
in antidepression therapy. Dopamine release experiments were conducted by stimulating
cells with 100 mM KCI, and spatial and temporal changes in SWCNT fluorescence were
measured. Analysis of cell responses revealed significant differences between untreated cells
and those treated with L-DOPA, nomifensine, and bupropion. Compared with untreated
cells, cells with L-DOPA showed increased signal changes on average, whereas experiments
with nomifensine and bupropion showed both increased and prolonged signaling, each
within expectations. The experiments demonstrated the effectiveness of Smart Slides for

monitoring cellular processes and drug effectiveness testing.

In conclusion, an optimized sensor coating in terms of homogeneity and sensitivity has
been developed. The Smart Slides showed the necessary robustness required for cellular
assays and demonstrated their use for life science applications such as drug development.
Due to the modular surface chemistry of SWCNTSs, the dopamine-sensitive coating can
easily be extended to other targets. Overall, Smart Slides offer a simple, non-invasive, and

ready-to-use tool for obtaining dynamic optical information about cells.

In a Nutshell
v' Smart Slides support cell adhesion and optically report biochemical changes
v" Optimized sensor density for reproducible and sensitive measurements
v High robustness necessary for wide-spread use in labware and biological assays
v' Measurement of altered dopaminergic cell reactions in drug testing

v Extension to other targets of interest possible




Chapter 4

Discussion and Outlook

This chapter places the major findings of the two research manuscripts in Chapters 3.1.1
and 3.2.1 in the context of the current state of the literature and describes their impli-
cations for new research opportunities. Possible solutions to overcome existing challenges

are addressed. Finally, a short summary and outlook will be provided.

4.1 Implications of Research Manuscript I and

Existing Challenges

4.1.1 (6,4)-SWCNT Extraction and Conversion to Sensors

The optimized separation protocol for the extraction of (6,4)-SWCNTs in Research
Manuscript I enables for the first time a very fast, simple, and inexpensive extraction
of this SWCNT chirality at high purity (> 95 %), which requires minimal equipment
(ultrasonic instrument and centrifuge). Previous approaches for (6,4)-SWCNT separa-
tion relied on expensive/elaborate chromatography (with purities in the range of 46 % -
76 %) [Liull, Liul3, Yom20] and DGU (99 % purity) [Ant15] as well as on two-step ATPE
(purity not determined) [Li 19b]. By reducing the ATPE to a single step, the protocol in
this work is even less prone to execution errors and thus reproducible and highly scalable
(limited by admissible centrifuge volume or time). It enables other research groups easy
access to this chirality, and moreover, to a variety of possible experimental studies in
which they can use their standard optical equipment to measure the NIR fluorescence of
these SWCN'T's or sensors. The interest in one-step methods is also demonstrated by the
existence of other recently published one-step ATPE methods for (6,5)-SWCNTs [Pod20],
but also for (6,4)-SWCNTs [Pod23]. The latter appeared after the publication of Research
Manuscript I and emphasizes the great interest in this particular SWCNT chirality.
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In Research Manuscript I, the yield of extracted (6,4)-SWCNTs was increased from 5.1 %
to 7.4 % by reducing the separation from a two-step to a one-step procedure. This yield
may seem low; however, only low amounts are required for optical SWCNT sensors. Fur-
ther progress in SWCNT synthesis will also yield commercially available syntheses with
enriched (6,4)-SWCNTSs, where current research results allow a preferential enrichment
of 57 % [Xu 17]. This will then also increase the absolute extracted amount of SWCNTs
in ATPE. In addition, little is known in the literature about yields of other phase sepa-
rations. The recently published alternative protocol for the extraction of (6,4)-SWCNT's
uses non-ionic surfactants in addition to the anionic surfactants that were also used in
Research Manuscript I, but did not provide information on extraction yields or defined
purity [Pod23]. A comparison of the two methods would therefore be useful. In the proce-
dure developed here, the 7.4 % chirality-pure SWCNTSs were in the lower dextran phase.
The substantial remaining (6,4)-SWCNT portion was in the upper PEG phase along with
the remaining SWCNT chiralities and in an intermediate layer between the phases (known
as interfacial trapping), and thus not accessible for extraction. It is known that additional
separation steps lead to stronger interfacial trapping, making the reduction of separation
steps beneficial [Sub14, Li 19b]. However, further parameter tuning as well as a detailed
understanding of the interfacial losses would be beneficial for further increases in the
extraction yield. The ATPE is a very sensitive technique driven by the competitive inter-
actions of the various surfactants and other modulators between the two phases, and even
slight variations can alter the experimental outcome. For example, previous studies on
ATPE have demonstrated that adjusting the molecular weights of the polymers PEG and
dextran, responsible for forming the immiscible phases, can influence interfacial trapping,

so a closer investigation in this direction could be targeted [Lyul9, Sim22].

Research Manuscript I reports for the first time a sensor application using monochiral
(6,4)-SWCNTs. Why this has not been shown before could be due to the fact that a
straightforward protocol for extracting this SWCNT chirality, but also a simple func-
tionalization exchange process for arbitrary design of SWCNT-based sensing has long
been lacking. Indeed, separation processes such as DGU or ATPE are based on the need
to functionalize the SWCNTs first to make them water soluble, so the functionalization
is already predetermined. Surfactants are not very suitable for a specific sensor design
due to the dense micelle-like coating of SWCNTSs, but there are also some ATPE proto-
cols based on SWCNTs functionalized with ssDNA [Lyul9, Pod21]|. However, this then
also limits the sensor application, and parameter adjustment of the ATPE for another
ssDNA sequence is laborious. Furthermore, this ATPE method is based on a high ssDNA
consumption, since also all unwanted, sorted-out SWCNTs are functionalized with this

ssDNA sequence. However, there are now established exchange procedures that allow the
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functionalization of surfactants to any ssDNA sequences to be exchanged by dialysis or
a methanol-assisted method [Str17]. Thus, with the addition of the simple protocol for
the separation of surfactant-dispersed (6,4)-SWCNTSs, the process chain for the variable
fabrication of (6,4)-SWCNT-based sensors accessible with normal microscopes is now

complete.

Nevertheless, there were two issues observed during the process steps after the separation
of (6,4)-SWCNTs to ssDNA-SWCNTs that were not discussed in Research Manuscript 1.
First, (6,4)-SWCNTs partially precipitated during dialysis in the surfactant 1 % sodium
deoxycholate (DOC), the purpose of which was to remove polymer residues and other
surfactants surrounding the (6,4)-SWCNTs from the ATPE. The precipitation of the
SWCNTs indicates instability of the (6,4)-SWCNTSs and thus insufficient micelle forma-
tion of DOC molecules around the SWCNTSs. Secondly, the exchange yield of DOC-(6,4)-
SWCNTs subsequently functionalized with ssDNA was low as well as these monochiral
ssDNA-SWCNTs showed a high tendency to aggregate after ssDNA functionalization.

In the ATPE protocol according to Research Manuscript I, sodium hypochlorite (NaClO),
which acts as an oxidant for SWCNTSs, is used to separate the (6,4)-SWCNTs from metallic
SWCNTs. Redox reactions cause electron transfer between the SWCNTs and exogenous
redox molecules, which can induce a reorganization of the surfactant shell surrounding the
SWCNTs and thus affect the binding affinity of the SWCNTs with the surfactant [Guil5)].
According to the observations of Gui et al., less stable dispersions are possible under oxida-
tive conditions, so the addition of a reducing agent such as sodium borohydride (NaBH,)
after the ATPE of the (6,4)-SWCNTs and before dialysis for exchange to 1 % DOC-(6,4)-
SWCNTSs could potentially increase the stability of the SWCNT dispersion [Guil5].

Regarding the subsequent exchange of DOC-(6,4)-SWCNTs to ssDNA-SWCNTs, opti-
mizations could also still take place, since the high exchange rates of over 90 % re-
ported in the literature [Strl7] are partly sequence-specific and in practice lower yields
occur with monochiral SWCNTs presumably due to the strong tendency towards ag-
gregation [Nis21]. This is presumably due to stronger hydrophobic interactions between
monochiral SWCNTs due to the absence of impurities such as catalyst residues from syn-
thesis as well as amorphous carbon [Nis21]. In addition to the specific ssDNA sequence
used, the kinetics with which the desorption of the first functionalization and the adsorp-
tion of the second functionalization takes place plays a crucial role in the effectiveness
of the exchange process [Yan20b]. The use of polymer matrices as crowding agents for
the reduction of aggregation can aim to enhance the exchange yields within these pro-
cesses [Strl7].
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The other challenge is the low stability of monochiral SWCNTSs after functionalization
in solution. In Research Manuscript I, this issue was bypassed by immobilizing SWCNT's
directly onto surfaces. However, for easier handling and for sensor applications where
immobilization is not necessary or desired, addressing this stability issue in solution is
important for sensor advancements in this field. As mentioned before for the exchange
process, the specific ssDNA sequence has been shown to influence the (long-term) stability
of chirality-pure SWCNTSs, which exhibit a stronger tendency to aggregate compared to
CoMoCAT-SWCNTs in solution [Nis21]. Pretreatment of ATPE-derived (6,4)-SWCNTs
with reducing agents [Guil5], non-covalent functionalizations with LNA sequences [Gil18],
covalent functionalization strategies [Gal23], or the use of crowding agents [Chr13, Str17]

could offer potential solutions to enhance the stability of monochiral SWCNTSs in solution.

4.1.2 Detection Efficiency with Standard Microscopes

Research Manuscript I demonstrated in a simulation that the optimal wavelength for
imaging cells in a buffer environment using Si cameras is 908 nm. This value may vary
slightly due to the slightly varying quantum efficiencies of different Si cameras but can be
taken as a guide. This simulation is tailored to a specific biological scenario but can be
extended for other applications by integrating autofluorescence, scattering, and absorp-
tion data from diverse biological samples. Imaging in deeper tissue will certainly require
fluorophores with wavelengths exceeding 1000 nm. These NIR-II fluorophores (1000 -
1700 nm) offer the potential for enhanced imaging depth at higher SNR due to the even
further reduced scattering and autofluorescence of biological samples [Che23]. However,
this also means that NIR cameras are inevitably needed for these longer wavelengths,
and while their performance has improved over the years, Si-based cameras maintain a
technological advantage and remain the best developed [Hon17]. This highlights that si-
mulation is important to estimate what is the ideal fluorophore for a specific application in
combination with the detector system. (6,4)-SWCNTs represent the sweet spot between
the detector efficiency of standard cameras and the advantages of NIR for imaging in
thin tissue-like environments, owing to their emission wavelength of 880 nm. The simu-
lation is designed for imaging SWCNTSs in solution at a fixed concentration. However, it
could be extended to include immobilized SWCNTs as well as concentration and density-
dependent physical effects such as quenching and reabsorption, providing an even more

accurate estimation of ideal imaging quality.

The use of (6,4)-SWCNT sensors opened the possibility for highly sensitive detection of
dopamine with standard Si cameras. Specifically, these monochiral sensors showed 7.5-fold

greater sensitivity compared to the detection of dopamine with multichiral sensors using
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InGaAs cameras. The greater sensitivity may be due to an interplay of several factors.
For example, the pixel size of the camera devices may influence the analysis of intensity
changes, since the detection is based on individual SWCNT's that appear as luminous dots
due to the optical resolution limit. InGaAs cameras degrade this resolution limit due to
their pixel size, therefore they might face challenges in detecting such weak signals due to
the higher background noise, resulting in smaller absolute signal changes. In addition, the
higher sensitivity could also be attributed to the absence of fluorescence overlap between
individual SWCN'T chirality emission peaks, leading to a lower fluorescence background.
Furthermore, these monochiral SWCNT's exhibit 1.7-fold higher fluorescence brightnesses.
This is probably due to the elimination of quenching sites through the removal of impu-
rities such as amorphous carbon and catalyst residues during synthesis [Nis21], as well as
due to the fact that the compared CoMoCAT- and (6,4)-SWCNT sensors were function-
alized with the ssDNA sequence (GT)q in different ways (tip sonication vs. exchange via
dialysis). This can lead to different wrappings around the SWCNTs and thus varying sen-
sor responses [Yan20b|. The elimination of impurities also impacts the biocompatibility of
SWCNTs. For example, purification by ATPE recently showed to increase the residence
time of monochiral ssDNA-SWCNTs in cells while improving optical performance and
stability [Nad23]. The promising prospects for the use of fluorescent monochiral SWCNT-
based biosensors have also been outlined in a Perspective Article, which summarizes the
so far few but promising uses of monochiral SWCN'T sensors for biosensor applications,
their advantages and also challenges in fabrication [Nis22], to which I actively contributed

as a second author, but which is not part of this dissertation.

By imaging (6,4)-SWCNTs close to the sweet spot of Si cameras it was possible to re-
solve individual SWCNTSs with high temporal resolution (50 ms) without limitations of
standard equipment (LED, standard Si camera). The high spatial and temporal reso-
lution possible with this technology and now also with standard equipment is thus al-
most unrivaled compared to current methods for the analysis of fast-release processes
(refer to Section 2.3 for comparison). As a final application, Research Manuscript I
showed the detection of cellular dopamine release by (GT)9-(6,4)-SWCNT sensors for
the first time using Si cameras. However, it should be mentioned that because of cross-
selectivity to chemically similar neurotransmitters, signal changes due to release by nore-
pinephrine are also measured, since the PC12 cells used in Research Manuscript I also have
norepinephrine-containing vesicles. However, the norepinephrine concentration is lower,
so the signal change, although superimposed, closely corresponds to that induced by
dopamine [Gre76, Byr86, Krul7].

Considering the variable surface chemistry of SWCNTSs, it is possible to extend this ex-

ample to other targets of cellular release processes and beyond. Si cameras are widely



134 Chapter 4 Discussion and Outlook

available in laboratory microscopes and also in smartphones. Although currently NIR
blocking filters prevent the detection of (6,4)-SWCNT emission, it is technologically pos-
sible and would allow access to point-of-care testing with optical SWCNT sensor technol-
ogy [Ghal7].

4.2 Implications of Research Manuscript II and

Existing Challenges

Research Manuscript II built on the findings of Research Manuscript I and aimed to
make the technology accessible as a simple ready-to-use tool. During the investigation in
Research Manuscript I, it was observed that the sensor coating exhibited inhomogeneities
between different samples, and sometimes even within the same sample. Because this
had a direct impact on the imaging quality and comparison between different sensing
experiments, Research Manuscript II aimed at optimizing the immobilization of SWCNT
sensors. For this purpose, spin coating was chosen as a coating technique and reproducible,
homogeneous, and density-controllable SWCNT coatings could be obtained. Although
these coating optimizations were primarily performed for CoMoCAT-SWCNTs due to
their higher concentration and faster processing, it could also be shown that homogeneous
coating with (6,4)-SWCNT sensors is possible, so the concept is also transferable. Spray

coating could also be established in the future to coat substrates on a larger scale [Maj10].

Sensitivity analysis revealed a strong dependence on the coating density of the sensors,
which was optimized to achieve the highest sensitivity. A physical model was established
to describe the density-dependent sensitivity, indicating that the sensor response is in-
fluenced by the number of analyte molecules relative to the number of SWCNT sen-
sors/available binding sites. Density-dependent physical effects, such as quenching and
reabsorption, also played a role due to the increasing proximity of SWCNT sensors at
higher densities. The sensor response, as a function of sensor density, exhibited variations
between 4 % at starting intensities of 975 a.u. to 46 % at 175 a.u. (11.5 times higher).
Therefore, optimization of the coating to achieve the highest sensitivity is thus important
and should also be considered for other SWCN'T sensor-analyte systems depending on
typical analyte concentrations. Despite the use of CoMoCAT-SWCNTSs, the optimization
of the sensing response was performed using a standard microscope (LED and Si camera).
The subsequent cell experiments were performed in a microscope equipped with a laser
and a NIR camera. Optimization of the coating thereby allowed the use of very low laser
powers (55 to 120 mW), so that normal LEDs and Si cameras with (6,4)-SWCNTs could

also be used in the future.
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Furthermore, Research Manuscript II demonstrated that the SWCNT coating supported
cell adhesion of Neuro-2a cells throughout the 18-hour experiment duration. In Re-
search Manuscript I, PC12 cells were also incubated on the sensors for 4 — 7 days, but
here additional coating with collagen was necessary for adhesion mediation due to the
different cell type. A detailed study of cell viability on SWCNT-coated surfaces com-
pared to uncoated surfaces over a certain time period and for different cell types would
therefore be useful. However, studies for other SWCNT-based sensors are already avail-
able [Gal20, Sta21, Had21].

The characterization of various robustness parameters presented in Research Manuscript
IT is important for the widespread application of SWCNT-based sensors in biomedical
research and so far such investigations have not been performed on this scale before. UV
light sterilization of the SWCNT coatings exhibited promising results while autoclaving
led to the partial desorption of SWCNT sensors. These stability issues were optimized
by the introduction of an additional baking step of the APTES layer to remove non-
covalently bound APTES molecules before SWCN'T coating, but the sensors still showed
a reduced signal response by about 50 %. For UV sterilization, the study should still
be extended to other ssDNA sequences/functionalizations, as dimer formation can occur,
especially with other nucleotide sequences [Ras10]. With the development of more stable
coatings [Gal23], signal response after autoclaving could be increased, provided that the
sensor design does not consist of hybridized /double-stranded DNA, in which the hydrogen
bonds between the complementary bases would break due to denaturation and thus change
the DNA conformation and sensor response. Furthermore, compatibility with common
sterilization methods such as gamma radiation and ethylene oxide remains unexplored.
Gamma radiation is especially popular for sterilizing medical devices as it can penetrate
sealed packages and quickly sterilize them. However, glass discoloration occurs during
sterilization due to gamma radiation [Gam10, Yan19] and sterilization by autoclaving
and UV exposure are cheaper, faster, and easier sterilization options compared to ethylene
oxide. Moreover, ethylene oxide poses potential risks of toxicity from residue exposure,
leading to regulatory concerns from the Occupational Safety and Health Administration
(OSHA) [Oce23] and the Environmental Protection Agency (EPA) [Unil6].

The stability of the sensor coating in liquid showed a stability of at least 6 weeks, albeit
with fluorescence losses of about 20 %. In the studies of Research Manuscripts I and II,
such long cultivations on the sensors were not necessary. The cells were cultured before-
hand and then transferred. Especially for the Neuro2a cells in Research Manuscript 11,
4 — 18 h were sufficient for cell adhesion, whereas the PC12 cells in Research Manuscript
I generally showed low adhesion and were therefore cultured on the dishes for up to one

week. However, primary dopaminergic neurons have to be differentiated in culture over
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several weeks [Eli22] and if information about the state of cells is to be recorded directly
in cell culture, stability must also be ensured over a longer period. If the sensor coating
changes continuously due to the desorption of SWCNT sensors, comparison over several
weeks is difficult. To solve this problem, such sensitivity curves depending on the start-
ing concentration for different analyte concentrations could serve as calibration, or only
sensor coatings under the same cultivation time should be compared in each case. How-
ever, the ideal approach would be to further optimize the coating stability for longer-term

applications without any SWCNT losses.

The established immobilization strategy using APTES, which mediates electrostatic in-
teractions between the substrate and the SWCNTs, was not changed within this thesis.
While the covalent bond of APTES molecules to the glass substrate should be stable over
time, it is not surprising that SWCNT's, which are only adsorbed, can detach over time. In
general, not much has been changed in recent years in this research area for immobilization
of SWCNT-based sensors, and deposition methods for ssDNA-SWCNTs are almost exclu-
sively limited to nonspecific or electrostatic interactions [Sta21, Krul7, Manl17, Bey19].
To the current knowledge, there are only two examples where immobilization was achieved
by means of an avidin/neutravidin-biotin interaction, where SWCNTs were either non-
covalently functionalized with biotinylated ssDNA [Sta2l] or covalently bound to bi-
otin [Chi20], maintaining their functionality as sensors. However, the fluorescence signal
decreased by 23 % over 9 days, and data over a longer period are not shown [Sta2l].
The studies showed that non-biotinylated SWCNTs also adhered to the avidin-coated
surface presumably due to electrostatic effects between the cationic protein avidin and
the SWCNTs [Sta21]. It is possible that the interaction could thus prove to be more sta-
ble over a period of > 6 weeks compared with the APTES-SWCNT interaction when all
electrostatically adherent SWCNTSs are desorbed because the avidin-biotin bond is one
of the strongest binding partners occurring in nature [Liul6]. Nonetheless, it is essential
to explore covalent strategies as well. Covalent functionalization approaches have been
successful in binding ssDNA to glass [Per22], and it may be possible to covalently bind
ssDNA-SWCNTs to the glass surface using an anchor sequence without compromising

sensor functionality.

The long-lasting sensor functionality over several weeks is promising. In general, the study
should be extended over even longer periods and also for other ssDNA sequences. This
would be important to ensure whether sensor responses of different batches with different
storage durations can be compared or whether the sensor response shifts with a fixed

factor around which sensor responses of different storage durations could be corrected.

In Research Manuscript II, a comparison between sensor sensitivity for dopamine detec-

tion in PBS and cell medium revealed a one-third reduction in sensitivity in cell medium.
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This lower sensitivity can be attributed to the potential interference of compounds in the
cell medium. Consequently, to improve the sensitivity of the sensors in protein-rich en-
vironments, a detailed understanding of the interaction between the SWCNTs and their
environment is required [Pin20]. Addressing reduced sensitivity in complex media and
potential cross-sensitivities to chemically similar molecules will be a significant challenge
in the future. Covalent functionalizations have shown a higher sensitivity in complex
media compared to non-covalent functionalizations [Met23]. One other possible solution
is to perform functionalized SWCNT screenings that identify dopamine-sensitive func-
tionalization directly in the application medium, enabling the discovery of more specific

functionalizations.

By exchanging the cell medium with PBS, functional SWCNT-based sensor coatings were
used for the first time to report the efficacy of various dopaminergic drugs. For this pur-
pose, time recordings of the mean SWCNT fluorescence changes in the cell area were
extracted from the recorded videos for easier data processing, and various parameters
were extracted from these time recordings (maximum signal change L.y, time 7y, /o that
elapses until the signal has fallen from Iax to Lnax/2, and time 7a7,,, between stimulation
and reaching I,y ). Significant differences between the tested substances were found, which
were also in line with expectations. For example, L-DOPA as a precursor of dopamine
showed increased dopamine release, whereas nomifensine and bupropion as reuptake in-
hibitors showed increased 7i,,, /2 values, indicating a higher residence time of dopamine
molecules in the synaptic cleft due to inhibited uptake of dopamine by presynaptic cells.
Such similar parameters are also used in amperometric measurements to evaluate different
dopaminergic compounds [Hual9, Whi21], but even much more information could be ex-
tracted based on the spatiotemporal recordings. As also mentioned in Chapter 2.4, in the
future, the kinetics of the dopamine release could be better interpreted by knowing the rate
constants of the SWCNT sensors since the visual temporal representation of dopamine
release depends on these in particular [Mey17]. In addition, the use of SWCNT sensors
functionalized with LNA could help increase stability against higher ionic fluctuations
(e.g., when KCl is added for dopamine stimulation) [Gil18]. This could lead to even more
sensitive measurements when testing and comparing different dopaminergic compounds
because, in contrast to the measurements in Research Manuscript I, Research Manuscript

IT found small increases in sensor response after addition of higher KCI concentrations
(100 mM instead of 55 mM).

These Smart Slides could find applications in various biomedical research fields. For in-
stance, they could be used for drug library screening and direct assessment of cellular re-
sponses that could replace animal testing. Furthermore, SWCNT-coated sensor technology

could also be of interest for novel incubator imaging systems for cell research, allowing
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automated real-time monitoring of cell cultures in the visible range. By incorporating
functional SWCNT coatings into labware, researchers can obtain additional information
about cell culture beyond the visible range in a non-invasive manner. As mentioned in the
Research Manuscript I, this approach can be easily expanded to other analytes relevant to
different biological issues, such as coagulation disorders [Ger23], diabetes [Ehr21, Zub22],
or cancer [Will8b].

4.3 Concluding Summary and Outlook

Both research manuscripts have contributed to making SWCNT-based sensing more ac-
cessible to other research groups and beyond. The simpler separation protocol for the
extraction of (6,4)-SWCNTs demonstrated that no special equipment for SWCNT-based
optical sensors is needed for the detection of even rapid biological release processes. The
integration of SWCNT-based sensor technology into standard cell culture dishes has re-
sulted in the development of a simple, ready-to-use tool. Using the summary tables created
from the Review Manuscript (Section 2.4.1 Appendiz), SWCNTSs can also be easily made

selective for other targets through the variety of other sensors already available.

Other excitation and readout modes of the SWCNTs-based sensors could also be con-
sidered, depending on the necessary advantages in a specific application. In a separate
research manuscript, which arose during the time as a Ph.D. student, the change in
SWCNT sensor lifetime in response to dopamine was measured instead of change in in-
tensity [Sis23]. The (GT)-(6,4)-SWCNT sensors developed in Research Manuscript I
were used for this purpose, among others. Lifetime readout is a more robust metric com-
pared to intensity changes due to its reduced susceptibility to fluctuations in external
intensity and differing concentrations of the sensor. Consequently, it benefits from an in-
herent internal calibration mechanism. However, SWCN'T sensor lifetimes are in the order
of hundreds of picoseconds [Har16, Ber21], so measurement is also challenging. Using time-
correlated single photon counting in combination with confocal fluorescence microscopy,
it has been possible to report the extracellular dopamine release from cells in 3D [Sis23].
This approach could be used to conduct a more realistic analysis that better mimics the
in vivo environment, cell-cell interaction, or drug testing [Kiel8, Bol19]. Furthermore, the
electrical and optical signal transduction of the (GT);o-SWCNT sensors to different small
molecules, including dopamine, was compared in collaboration and it was found that an
increase in fluorescence intensity correlates with a decrease in SWCNT electrical current,
indicating that the sensing mechanism for the dopamine sensors correlates [Cle22]. The

use of electrical or luminescence-based SWCN'T sensors could open up further diagnostic
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applications in the life science field, which would require, for example, a compact, inte-
grated readout chip. While this would not be relevant for the rapid release of biomolecules
such as neurotransmitters, it could be interesting for smart readout devices to monitor
neurotransmitter balance in urine [Marll] or as a wearable to support continuous drug

monitoring in real time [Bia21].

Looking at the main pain points of SWCNT-based sensing for neurotransmitter detection
from Section 2.4.2, the equipment cost could be reduced by approximately 29,000 € by
eliminating the need for a NIR camera and laser. This leaves only the standard fluorescence
emission detection equipment, a high-resolution objective, and a suitable NIR filter set,
that are already available to many research groups (except for the specific NIR filters).
Cell viability studies for compatibility with SWCNT-based sensors should be acquired
with regard to the specific surface functionalization. However, the current trend in the
literature favors the use of monochiral SWCNTSs with appropriate surface functionaliza-
tion for improved results. Sensitivity enhancements of dopamine-sensitive SWCNT sensors
have been achieved by using both (6,4)-SWCNTs and SWCNT coating optimizations and
should be combined in the future to achieve maximum sensitivity using Si cameras. Im-
provements in selectivity for the detection of dopamine versus dopamine homologs and
other interference factors will further advance sensor technology. Furthermore, with the
availability of different emitting SWCN'T chiralities or by arranging different SWCNT
sensors into an array, the multiplexing of a variety of different biological release pro-
cesses could be studied in parallel and could thus provide even more detailed insights into

complex biological processes.






Chapter 5

Conclusion

In this thesis, a decisive step has been taken toward the easier use of SWCNT-based
sensors for the high-resolution detection of the important neurotransmitter dopamine,

aimed at increasing the sensitivity and reproducibility of these sensors (Figure 5.1).

The Review Manuscript aimed to give a comprehensive overview of the developments of
fluorescent SWCNT's in recent years ranging from photophysical properties to surface func-
tionalization approaches, biocompatibility, existing SWCNT-based sensors, sensor mech-
anisms, considerations of imaging and kinetics as well as measurement approaches such as
ratiometric and hyperspectral imaging. Compared to the state-of-the-art for neurotrans-
mitter detection, SWCNTs outperform other technologies in terms of high spatial and

temporal resolution. However, expensive equipment was required for detection.

Research Manuscript I aimed to make fluorescent SWCNT technology accessible to stan-
dard equipment (Si camera, LED) instead of relying on specialized InGaAs cameras and
lasers. The key challenge was to extract monochiral (6,4)-SWCNTSs (emitting around
880 nm) from the synthesis-related multichiral CoMoCAT-SWCNT mix (with emission
between 850 - 1200 nm). This shifted the overall wavelength emission of the SWCNT's
closer to the visible range, while still remaining in the biological transparency window.
Herein, for the first time, a simple one-step ATPE procedure for the extraction of (6,4)-
SWCNTs was developed. The improvement from an original two-step to a one-step pro-
cess increased the extraction yield from 5.1 + 0.3 % to 7.4 + 1 % and Raman spectra
demonstrated a lower defect rate on the (6,4)-SWCNT surface compared to the parental
CoMoCAT-SWCNTs, due to the sorting out of impurities. The one-step extraction makes
the separation even less prone to errors and enables easy access to this chirality in an in-

expensive, fast, and highly scalable way.

Simulation of the SBR confirmed that (6,4)-SWCNTs, combined with Si cameras, are
the optimal choice for achieving the highest contrast when imaging cells in a buffer en-

vironment and are superior to CoMoCAT-SWCNTs with InGaAs cameras mainly be-
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cause of the high dark current due to the small direct band gap of InGaAs. Additionally,
the (6,4)-SWCNTSs were successfully converted into highly sensitive dopamine sensors by
functionalization with (GT);0-ssDNA, demonstrating a 7.5-fold higher sensitivity in direct
comparison to (GT);p-CoMoCAT-SWCNTSs detected with an InGaAs camera. This ad-
vancement enabled the imaging of single SWCNTs with 50x higher resolution by changing
to a standard microscope at frame rates exceeding 20 fps. Moreover, the ability to detect
dopamine at such high frame rates was confirmed independently in three microscope se-
tups. Finally, the sensors were used to demonstrate dopaminergic release processes in a
neurological cell model for the first time using Si cameras. Research Manuscript 1 thus
serves as a prime example that even fast-moving dynamic biological processes can be im-
aged with standard available laboratory equipment using SWCNT sensors by combining
the best of two worlds, namely Si technology and the advantages of the NIR.

Research Manuscript II aimed to make SWCNT optical sensors even more user-friendly
by developing a simple ready-to-use tool (Smart Slides), for the analysis of various biolog-
ical questions. The key improvements involved optimizing the previously inhomogeneous
sensor coating using spin coating and fine-tuning the sensor density to achieve the high-
est sensitivity for dopamine detection. A physical model was developed to describe the
sensor density-dependent behavior of sensitivity, which fits the experimental results. The
importance of the coating optimization was shown by a sensitivity enhancement factor of

up to 11.5 between the most insensitive and most sensitive SWCNT coating density.

Characterizations of the robustness of the sensor coatings for broad use in diverse biomed-
ical applications showed the necessary stability in both dry and buffer environments for at
least 6 weeks, retaining their functionality even after sterilization using UV light. These
Smart Slides supported cell adhesion and were used for the first time for drug testing of
dopaminergic substances. The fluorescence change of the SWCN'T sensors, recorded over
time, provided information about the released dopamine concentration from a neurode-
generative cell model, which showed the expected responses after addition of the respec-
tive substances. Research Manuscript II showcased that SWCNT-based sensing has the

potential for various applications, such as drug library screening for new drug evaluation.

The combination of Manuscript I and II results in a strong synergy, offering not only easy
access to high-sensitivity SWCNT-based sensing for monitoring dopaminergic release pro-
cesses but also extending its applicability beyond. As the field of SWCNT-based sensor
technology rapidly expands, the diverse range of developed SWCNT sensors, coupled with
the availability of various SWCNT chiralities, holds immense potential for shedding light
on complex biological questions. SWCNT-based sensing could thus open exciting possi-
bilities for simultaneous sensing of multiple targets and a make a significant contribution

to biomedical research and future applications.
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Figure 5.1: Overview of topics described in this dissertation. This work
focussed on making SWCNT sensor technology readily accessible. The Research
Manuscript covers the various advantages and developments of SWCNT topics in recent
years. Adapted with permission from [Ack22]. Copyright 2022 Angew. Chem. Int. Ed.
published by Wiley-VCH GmbH. Manuscript I covers the development of a one-step
(6,4)-SWCNT separation that enables high-resolution imaging and sensing with con-
ventional Si cameras. Adapted with permission from [Ack23b]. Copyright 2023 Small
published by Wiley-VCH GmbH. Manuscript II covers the development of Smart Slides
by optimizing sensor coating, determining robustness parameters, and measuring al-

tered dopaminergic cell reactions in drug testing [Ack23al.
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