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Cells use biomolecules to convey information. For instance,
neurons communicate by releasing chemicals called neuro-
transmitters, including several monoamines. The information
transmitted by neurons is, in part, coded in the type and
amount of neurotransmitter released, the spatial distribution of
release sites, the frequency of release events, and the diffusion
range of the neurotransmitter. Therefore, quantitative informa-
tion about neurotransmitters at the (sub)cellular level with high
spatiotemporal resolution is needed to understand how com-
plex cellular networks function. So far, various analytical
methods have been developed and used to detect neuro-

1. Biological background and motivation

Intercellular communication is a vital mechanism by which
biological signals are transmitted between cells of a multi-
cellular organism. The nervous system in particular is an
example of complex intercellular communication and uses
specialized structures to receive, process and send signals
throughout an organism. Signals are propagated both within
the nervous system, between specialized cells called neurons,
and from the nervous system to cells in peripheral tissues such
as skeletal muscle. The transmission of signals from a neuron to
another cell is referred to as neurotransmission. Neurotransmis-
sion generally involves the secretion of a specific biomolecule, a
‘neurotransmitter’, from a stimulated neuron into the extrac-
ellular space (Figure 1a). The neurotransmitter then diffuses and
activates postsynaptic receptors, communicating a chemical
message from one neuron to its target cell. Classically, neuro-
transmission occurs at specialized structures called synapses,
comprising a presynaptic bouton from which the neurotrans-
mitter is released and a postsynaptic structure on the target
neuron at which receptor proteins are concentrated (Figure 1a).

Within a neuronal presynaptic structure, neurotransmitters
are stored in tens to thousands of highly concentrated small
vesicles (in the 0.1 mol/L range) from which they are released
through exocytosis milliseconds after stimulation of the
neuron.? Neurons can form up to 350,000 individual synapses
with other cells,?* constructing complex neuronal circuits that
give rise to the central nervous system and are capable of
transmitting and computing huge volumes of information.
These highly dynamic networks facilitate the function of the
nervous system as the master controller and computer of the
organism.
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transmitter secretion from cells. However, each method has
limitations with respect to chemical, temporal and spatial
resolution. In this review, we focus on emerging methods for
optical detection of neurotransmitter release and discuss
fluorescent sensors/probes for monoamine neurotransmitters
such as dopamine and serotonin. We focus on the latest
advances in near infrared fluorescent carbon nanotube-based
sensors and engineered fluorescent proteins for monoamine
imaging, which provide high spatial and temporal resolution
suitable for examining the release of monoamines from cells in
cellular networks.

There are hundreds of identified chemical transmitters in
the central nervous system. Glutamate and GABA are the
predominant fast-acting neurotransmitters, rapidly activating or
inhibiting target neurons respectively. The majority of other
neurotransmitters are modulatory, acting to modify neuronal
activity on a slower timescale and exerting either excitatory or
inhibitory effects on neurons in a context-dependent manner.
One notable family of modulatory neurotransmitters is the
monoamines, which includes dopamine, serotonin, norepi-
nephrine, epinephrine and histamine. Monoamines also play an
important role as hormones. For instance, epinephrine is
secreted from adrenal medulla in response to sympathetic
innervation and mediates a wide range of physiological
response, broadly called fight or flight response.”’ Serotonin is
secreted by enterochromaffin cells in the gastrointestinal tract
and regulates intestinal motility and digestion.” Researchers
have also reported the production and release of these
molecules from cells even without neuronal innervation (Fig-
ure 1a). For instance, some immune cells are capable of
production and release of neurotransmitters such as dopamine,
to self-regulate or possibly communicate with other immune
cells through autocrine and paracrine signalling to modulate
immune responses.”®

The mechanisms that control release and diffusion of
neurotransmitters in the extracellular space are critical in
intercellular communication. Thus, understanding the dynamics
of neurotransmitter release has been an intense area of
research over the last several decades. There are various factors
regarding monoamine exocytosis that complicate studying the
dynamics of release compared to other signalling chemicals. In
the following section we will discuss some of those challenges
and why they necessitate unique detection systems to observe
release events with high spatial and temporal resolution.

Monoaminergic neurotransmission it thought to occur
largely via volume transmission, meaning that following
monoamine release from a presynaptic bouton, the monoamine
diffuses in a relatively large distance and is able to act on
receptors, and thus regulate the target cells over an area of up
to several micrometers from the release site. diffusing mono-
amines can also be degraded by specialized enzymes or taken
up into neighboring cells which limits the area that is affected
by the monoamine.”’ For example, the half-life of dopamine in
the striatum is ~30 ms, meaning that dopamine can potentially
diffuse ~7 um from a release site before degradation or

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 1. Monoamine detection by fluorescent sensors: a, Release of monoamines such as dopamine, epinephrine, norepinephrine or serotonin can occur at
synaptic structures (synaptic transmission) of neurons or other release sites of monoaminergic cells. b, Optical methods to detect monoamines. Individual
nanosensors are capable of reporting the local monoamine concentration through a transient change in their fluorescence. If there are many nanosensors
(‘array’) in close proximity to the cell, they provide a very high spatial resolution (top panel). Genetically encoded sensors are fluorescent proteins that are
expressed by cells on their surface and change their fluorescence in response to the analyte, providing information from the cell surface (middle panel). Cell-
based sensors are engineered cells that undergo a fluorescence change on the level of the whole cell in response to the analyte. Due to the large size of these
cells, this method provides lower spatial resolution (bottom panel). As indicated by schematic traces on the right of the panels, spatial and temporal
resolution depends on the size, distribution and density of the sensor/probes and decreases from the top approaches to the bottom.
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uptake.'™ Monoamine release sites are also highly rodents."® Extra-cellular fluid is then sampled by diffusion
heterogeneous.""'? A research investigating neurons that through a semi-permeable membrane at the tip of the probe

secrete dopamine has shown that presynaptic boutons are
formed at various distances from target neurons, meaning that
dopamine must diffuse away from the release site to bind to
receptors on target neurons.">'¥ In addition, dopamine can be
released not only from boutons but also from the cell body of
neurons, which in the brain are located distant from boutons
(Figure 1b)."™ The heterogeneity of release sites is unique to
modulatory neurotransmitters and suggests that these neurons
use distinct mechanisms for intercellular communication that
are not yet understood.

These processes alter the local extracellular concentration of
the neurotransmitter, and thus influence signal transmission
and integration by other cells. This mode of action is
substantially different from fast-acting transmitters such as
glutamate and GABA, which are secreted within a nanometer-
range from their target receptors in synaptic structures and
have a very limited half-life in the extracellular space, limiting
their diffusion.">'®

The study of monoamine release requires sensors that
detect monoamines. Given the diversity of the structures that
release monoamines, as well as the dynamics of monoamine
release and diffusion in time and space, an ideal detection
method would need both high temporal and spatial
resolution."” To achieve high temporal and spatial resolution,
optical monoamine detection methods are an elegant solution
(Figure 1b). Figure 1 illustrates detection and imaging of mono-
amines that the three major classes of existing fluorescent
sensors/probes can perform. Following a release event, the
concentration of the neurotransmitter rapidly changes adjacent
to the release site. The spatiotemporal detection limits for the
secreted neurotransmitter are thereby determined by the
distance between the sensor-probes as well as their kinetics
and sensitivity (see section 3.1). Consequently, the spatiotempo-
ral resolution of neurotransmitter detection can be improved by
increasing the number of probes in close proximity to the cell,
as well as the dynamic range of the probe and optimal kinetics.

This minireview provides a short overview of the classical
analytical methods of monoamine neurotransmitter detection
(Section 2), with a focus on dopamine and serotonin. We then
review advances in fluorescent optical monoamine sensors: a)
fluorescent nanosensors that are positioned outside cells, b)
engineered fluorescent proteins expressed on the surface of
cells, and c) whole cells as fluorescent monoamine sensors. We
also provide a short summary of fluorescent probes and label-
free methods, although the focus are the mentioned direct
methods with high spatial and temporal resolution.

2. Classical methods of monoamine detection

The most extensively used analytical methods to detect
monoamine secretion are microdialysis and electrochemistry.'®
Microdialysis is a procedure in which a sampling probe of
approximately 0.15-0.3 mm is surgically implanted in the brain
or tissue area of interest, such as the striatum of anesthesized
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with a constant flow rate of typically 0.5-5 ulL/min. This
procedure is combined with analytical tools such as liquid
chromatography and mass spectrometry to determine the
concentration of monoamines in the extracellular fluid. While
enabling the investigation of deep areas of the brain with high
chemical specificity in vivo, the relatively long sampling proce-
dure (in order of minutes) and size of the probe does not allow
monitoring of millisecond fluctuations in monoamine concen-
trations. The method is also relatively invasive and damages
brain tissue due to the insertion of the sampling probe. Such a
damage can induce an inflammatory response and thus
introduce artefacts to the experimental system.””

The temporal and spatial resolution of monoamine detec-
tion was greatly improved by the development of the electro-
chemical methods such as amperometry and fast-scan cyclic
voltammetry.”'* In amperometry, a carbon fiber microelec-
trode held at constant electrical potential is placed either
adjacent to cells or in a brain area of interest. Monoamines
oxidize at the electrode surface and yield faradaic current as the
quantitative indicator of concentration.””’ Damage to brain
tissue is reduced compared to microdialysis due to the relatively
small probe radius (3.5 um or much smaller).” One limitation
of amperometry is the lower chemical resolution/selectivity as
amperometry cannot distinguish between monoamines of
similar redox potential (dopamine, epinephrine, and norepi-
nephrine) and other molecules (e.g. ascorbate). Therefore, it is
often used in cultured cells or brain slices in which contam-
ination of the signal from other chemicals can be excluded.
Nevertheless, due to the excellent temporal resolution on a
submillisecond scale and the high sensitivity, amperometry has
become the gold standard of monoamine detection and has
been used to record single release events in cultured cells.””*"
A subsequent methodological breakthrough was the adaptation
of carbon fiber electrochemistry to yield voltammetry-based
methods. Fast-scan cyclic voltammetry (FSCV) is widely used for
the detection of monoamines in vivo, and works by cycling the
potential of the electrode between a positive and negative
voltage at high rates to rapidly reduce and oxidize the analytes.
This results in cyclic voltammograms with characteristic shapes
for individual compounds, resulting in greater discrimination of
analytes but greatly reduced temporal resolution compared to
amperometry.”’

While electrochemical methods can provide exquisite tem-
poral resolution, they provide very limited (parallel) spatial
resolution. Differentiating sub-cellular release structures or even
release from single cells using brain slices or dissociated neuron
cultures has proven to be extremely challenging due to the
high density of release sites and relatively large size of the
carbon electrode.”” One strategy to overcome these limitations
is using multi-electrode arrays containing 64 microelectrodes
with electrode diameters of 3 um to 12 um, however this
method is limited to use in cell culture.>”

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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3. Fluorescent sensors based on nanomaterials

In general, a fluorescent nanosensor is composed of a nano-
scale fluorescent material and equipped with recognition
chemistry to bind an analyte. Structures on the ‘nanoscale’ (in
the range of 1-100 nm in at least one dimension®") often
acquire novel size and shape dependent optical properties that
are not present in the bulk material.® An important property is
emission in the near infrared (nIR) tissue transparency window
(>800 nm) that only few fluorophores such as carbon nano-
tubes, certain silicate nanosheets or quantum dots provide
These size-dependent properties, coupled with tailored surface
chemistry make fluorescent nanomaterials sensitive and versa-
tile sensors for biological applications down to the single-
molecule level.®**” Furthermore, fluorescent sensors can be
detected by non-invasive imaging techniques, which provide
high parallel spatial resolution (increased spatial resolution
without reducing the field of view). Many nanoscale structures
have been studied as detection tools for neurotransmitters,
including fluorescent complexes, metallic, polymeric and car-
bon-based materials. These tailored materials report the
presence of the analyte in a biological sample and include
quantum dots,”® graphene,*” and polymeric nanoparticles."”
However, they do not all provide spatiotemporal information
such as dynamic information of individual release events from
cells. In this review, we will focus only on (fluorescent) nano-
sensors that have successfully visualized release dynamics in a
biological system with appropriate temporal and spatial reso-
lution in addition to chemical resolution. In Section 3.1, we will
shed light on the kinetic requirements for monoamine imaging.
Then, SWCNT-based fluorescent sensors for dopamine and
serotonin are discussed (Section 3.2). Finally, polymer nano-
particle approaches will be addressed (Section 3.3).

3.1 Kinetic requirements for fast imaging of neurotransmitter
release

In standard analytical techniques, detection of an analyte occurs
under equilibrium conditions in which the concentration of the
analyte is constant. In this scenario, the binding affinity/limit of
detection of the detection system is the most important
parameter. In contrast, many biological processes such as
neurotransmitter release are characterized by fast concentration
changes (ms time scale) and complex spatiotemporal patterns.
These patterns are governed by release events, diffusion and
uptake. For example, studies have shown that most dopamine
receptors (D1 and D2) in the striatum are extra-synaptic.*" This
means that dopamine spills over from the release site to reach
its many target receptors. At short distances from the release
site (1-2 um), only diffusion governs the extent to which the
DA signal spread through the extracellular space. However, in
the range of 5 to 20 um from the release site, uptake of
dopamine limits dopamine concentration."® For example, a
study has shown that if each vesicle contains 3000 molecules,
dopamine would diffuse and bind to dopamine receptors in an
area of 12 um however, when dopamine transporters (DAT),
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responsible for dopamine uptake from the extracellular space,
are missing such as in Parkinson’s disease, the diffusion distance
of the dopamine precursor L-DOPA may be as high as 32 um.*?
These considerations show that secreted monoamine concen-
tration is a complex function of location (x,y,z) and time.

When imaging such highly complex processes with fluores-
cent sensors, the kinetics of these sensors determine the
resolution that can be achieved. To study the relation between
kinetics and resolution Meyer et al., developed a theoretical
framework to simulate the image of many single fluorescent
sensors when exposed to concentration changes of analytes
(e.g. neurotransmitters) released from cells.*® It is not only valid
for nanomaterial-based sensors but for every immobilized/
bound fluorescent sensor/probe on or around a cell.

For this purpose, a stochastic kinetic Monte Carlo simulation
was implemented and sensors/probes with a certain number of
binding sites and rates of binding and unbinding were
modelled. As a typical biological scenario, a cell releasing
molecules via exocytosis and diffusion through space was used
and simulated (Figure 2a). The approach also considered the
resolution limit of light microscopy as well as technical aspects
such as the imaging speed. This simulation was then used to
calculate if a given sensor (array) with certain forward (k,,) and
backward rate constants (k,s) can e.g. distinguish two release
events in time or distinguish multiple release sites. Figure 2b
shows the concentration profile of a typical single exocytosis
event and images of different sensor arrays at different time
points. The results show that certain sensors cannot detect the
release event while others oversaturate. By simulating many
different rate constant combinations it was possible to explore
this rate constant design space. Interestingly, sensors with rate
constants of k,,=10° M~ 's™" and k,;=10? s provide the best
spatiotemporal resolution for many scenarios. This means that
nanosensors with relatively low binding affinity (K;=ky«k,,=
100 uM) exhibit the best response profile. At slower binding
rates (k,,=10° M~'s™") release events cannot be detected and at
faster binding rates (k,,= 10" M~'s™") and slow unbinding (k,z=
157') the response quickly saturates (Figure 2b). These insights
are important for the design of monoamine sensors but provide
also the tools to analyze data acquired with such sensors and
address the inverse problem, i.e. translate an image into a
concentration profile.

3.2 Carbon nanotube-based nanosensors

3.2.1 Concept and design of SWCNT-based niR fluorescent
sensors

Carbon based nanomaterials hold a unique position in life
science research due to their physicochemical properties (i.e.,
optical properties, electrical conductivity, mechanical strength,
thermal properties).* Nano structures based on carbon have
been studied extensively as sensors. Among them, the most
promising structures are carbon dots, graphene, and carbon
nanotubes.**)

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 2. Kinetic requirements for sensors that enable high spatiotemporal resolution imaging. a, Model of a surface coated with nanoscale sensors. A cell on
top releases a molecule of interest exposing the array to a certain concentration profile c(x,y,t). Bottom: Flow diagram of the simulation: (1) Simulation of
neurotransmitter release from a cell and diffusion. (2) Arrangement of the sensors in any arbitrary geometry and size. (3) Stochastic simulation of binding and
unbinding events of the analyte to the nanosensor with different rate constants k,, and k.. (4) Finally, the image series Al(x,y,t) is calculated by overlaying the
fluorescence intensity point spread functions of all sensors and accounting for the resolution limit of light microscopy (Abbe limit), pixel size, and frame rate
of the detector. b, Fluorescence changes of nanosensors in response to dopamine release from a cell (top row) All other rows: Simulation of fluorescence
changes of a nanosensor array after neurotransmitter release from a vesicle at different time points for different k., and k. The differences show the
importance of rate constants for the spatiotemporal resolution and the observed response pattern. Adapted from reference [43] with permission. Copyright

2017 American Chemical Society.

Single walled carbon nanotubes (SWCNTSs) can be imagined
as rolled up sheets of graphene.” Because of their small
diameter (e.g. 0.7 nm) and high length, they can be conceived
of as one-dimensional materials. The angle and the direction in
which the graphene sheet is ‘rolled up’ determines distinct
lattice structures called chirality and is described by the chiral
index (n,m). The special lattice structure causes very unique
optical, mechanical and electrical properties. For instance,
semiconducting SWCNTs are fluorescent in the near infrared
(nIR) region (>850 nm).2* Their electronic band gap structure
and nIR emission wavelength depends on the chirality of
carbon nanotubes.®® For example, (6,5)-SWCNTs emit at around
980 nm while (7,6)-SWCNTs emit at around 1130 nm.
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Intrinsic fluorescence in the near infrared region and the
ability to manipulate the fluorescence emission patterns, is the
basis of optical sensing with SWCNTs.®**® SWCNTSs, unlike most
organic fluorophores, do not photobleach or blink. Further-
more, SWCNT-based sensors can be designed specifically to
resist biofouling which is one limitation of microelectrode-
based sensors.*” Fluorescent SWCNTs are especially advanta-
geous for biomedical imaging because of the nIR fluorescence
in the tissue transparency window, which could potentially
facilitate through-cranium imaging.”*® In the nIR, there is little
light absorption by tissue, relatively low light scattering and
minimal autofluorescence.*” Therefore, this spectral range is
desirable for biomedical imaging. The fluorescence of SWCNTs
is highly sensitive to its environment, meaning small changes in

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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the SWCNT's microenvironment can affect their fluorescence
emission pattern. However, SWCNTSs are extremely hydrophobic
and therefore not stable in aqueous solutions. In order to use
SWCNTs in biological applications, they must be functionalized
to facilitate colloidal stability. Additionally, surface modification
can be used to purify chirality enriched SWCNTs.*™® Non-
covalent surface modification with DNA, peptides, proteins and
other polymers have been extensively used to tailor the surface
chemistry on SWCNTs.B'-%

SWCNTs have been used as building blocks for sensors and
labels for larger biomolecules such as RNA, DNA and
proteins.”>***¥ For smaller analytes, it is typically difficult to
find good recognition units and therefore designing sensors is
more challenging. One approach is indirect sensing of the
analyte by detecting the product of the analyte’s chemical
reaction. An example is SWCNT H,0, sensors equipped with
hemin that catalyzes the reaction of H,0, to hydroxyl radicals,
which directly quench fluorescence and this indicates the
presence of the signalling molecule H,0,.*” This concept is only
feasible for a few reactive/quenching compounds. Interestingly,
certain biopolymer wrapped SWCNTs can detect small mole-
cules such as dopamine with high sensitivity and selectivity,
even without a known recognition unit (Figure 3a).”%'"%3 This
phenomenon was termed corona phase molecular

molecular recognition relies on the spatial arrangement of the
polymer on the SWCNT with a specific 3D structure that binds
dopamine. One important class of macromolecules for SWCNT
modification is single stranded DNA (Figure 3b). As shown in
Figure 3, the baseline fluorescence of certain DNA wrapped
SWCNTs increase dramatically when they are exposed to
dopamine either in dispersion (Figure 3b) or immobilized on a
surface (Figure 3c). Furthermore, the fluorescence increase is
concentration dependent (Figure 3d).

Whether a DNA functionalized SWCNT responds to dop-
amine depends on the DNA sequence.”” The first identified and
studied sequence was (GT),;s ssDNA on HiPCo SWCNTs. The
fluorescence of (GT),s-SWCNTs increased by 80% in solution
and up to 400% on the single SWCNT level after addition of
dopamine (100 puM). The dynamic range of detection was 10 nM
- 10 uM and the limit of detection was 11 nM.®" To improve
sensitivity and selectivity, the DNA sequence was further
explored. Consequently, a study with (6,5) chirality enriched
SWCNTs with 10 ssDNA sequences was performed to identify
which DNA sequence imparted highest sensitivity and selectiv-
ity to dopamine compared to other catecholamines (epinephr-
ine and norepinephrine).”® All sequences responded to the
catecholamines with an increase in fluorescence signal. How-
ever, there was a marked difference in analyte selectivity

recognition.®” Similar to antibody-antigen recognition, the between different ssDNA sequences (Figure 4). For example,

a b
Fluorescent sensor — (GT)s Dopamine [100 nM]
Organic functionalization 5 12000 — (GT)s control
o
~— 10000
Carbon nanotube 5
Analyte ‘G 8000
# GE) 6000+
. V]
< 4000
Q
v
vqwq* & 2000
o
= 0
[T T T T T T
800 900 1000 1100 1200
Excitation(Vis)  Emission (niR) Wavelength (nm)
c d
=100+ 1.5
E‘ Dopamine “g’,
= < S
G 751 v S 14
5 o
- v
£ 504 G 0.5
v b 2
g g
g 25 S o I_ B s s a s
= 2 0.5
T 04— T T T T T T e
= 0 10 20 30 40 50 60 0 107°10° 10® 107 10° 10° 10*

Time (s) Dopamine concentration [M]

Figure 3. Carbon nanotube-based near infrared fluorescent sensors for dopamine. a, Schematic of a functionalized single-walled carbon nanotube (SWCNT)
sensor. In presence of the analyte, the nIR fluorescence changes. b, Fluorescence emission spectra of (GT); DNA functionalized (6,5) single chirality SWCNTs
before (black) and after (blue) addition of dopamine show an increase in fluorescence intensity. ¢, nIR fluorescence intensity of a single SWCNT sensor
immobilized on a surface. A sharp increase in fluorescence is observed after addition of dopamine. d, Calibration curve of a SWCNT-based dopamine sensor
shows nM sensitivity. (a) and (b) adapted from references [61] and [64] with permission. Copyright 2014 and 2019, respectively, American Chemical Society. (c)
adapted from reference [65] with permission. Copyright 2017 United States National Academy of Sciences, (d) adapted from reference [62] with permission.
Copyright 2017 MDPI.
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Figure 4. Tuning of SWCNT-based dopamine sensors by exploring the DNA sequence space. Fluorescence intensity changes of various DNA functionalized
SWCNTs at a, low (100 nM) and b, high (1 pM) catecholamine concentrations. These results indicate e.g. that (GT),,-SWCNTSs can discriminate to a certain
extent different catecholamines. Reproduced from reference [62] with permission. Copyright 2017 MDPI.

(GT),o-SWCNTSs showed the highest selectivity and sensitivity for
dopamine (table 1). K, values of (GT);s and (GT),,-SWCNT
sensors ranged between 395.2 and 9.2 nM respectively. In light
of the relevance of kinetics and off-rates for imaging (see
previous section) it is crucial that kinetics of a sensor and the
required resolution for a specific biological question match.
Therefore, a sensor with the highest sensitivity is not necessarily
the best fit for a biological experiment. Most dopamine sensors
were so far created by using non-purified SWCNTs. Multiplexing
approaches have a huge potential and therefore chirality-pure
sensors are desired. A recent study used corona phase
exchange purification (CPEP) to isolate chirality pure (6,5)-
SWCNTs to coat them with e.g. (GT)sDNA."® The results show
that dopamine sensing can be as well performed with purified
SWCNTs and well-defined emission features can be obtained
(see also figure 3b).

In summary, functionalization of SWCNTs with specific DNA
sequences leads to highly sensitive dopamine sensors. The
enormous potential sequence space promises many additional
discoveries and improvements for the future. One might even
speculate that folding of biopolymers such as DNA on a SWCNT
could be a generic approach to create recognition motifs.*

3.2.2 Mechanism of fluorescence modulation

The mechanism of SWCNT-based fluorescent sensors is an
active area of research and might vary between different

surface chemistry approaches and analytes. However, for DNA-
SWCNT-based dopamine sensors there have been insights that
are of general importance for the field.

The first insights into the recognition and sensing mecha-
nism were gained by coating SWCNTs with a fluorophore
tagged (GT),s DNA. Initially, adsorption of tagged DNA on
SWCNT surface quenched the fluorophore’s visible fluorescence.
When dopamine was added, this fluorescence increased
again.®” The best explanation is that the fluorophore moved
away from the SWCNT, which recovered its fluorescence that
had been quenched by the proximity of the SWCNT. This
finding suggests that a conformational change might be
responsible for the change of nIR fluorescence.

However, dopamine and other catecholamines are redox-
active compounds. Therefore, one could also hypothesize that
increase in fluorescence is linked to this property, especially as
certain reducing compounds are known to increase nIR
fluorescence.®” However, the extent of fluorescence change
depends on the nature of the polymer wrapping as shown in
Figure 5a.%® Therefore, the redox potential of the analyte alone
cannot be the only reason responsible for the fluorescence
response to dopamine. This is further supported by the fact
that several compounds of the same redox potential as
dopamine do not show this characteristic fluorescence increase.
Another possible explanation is electron transfer from dop-
amine to the DNA phase. Again, a mechanism based solely on
electron transfer is unlikely because the dopamine response is
reversible. As discussed earlier, selectivity and sensitivity of

Table 1. Dissociation constants (Ky) and limits of detection (LOD) values of various DNA functionalized SWCNTs for catecholamines. Reproduced from

reference [62] with permission from MDPI.

NT [GTls [GTly [GTlyo As Cso Tso [GAl;s [GClys [Cls [AT];s
K4 (nmol/L) D 395.20 423 9.2 28.4 499,29 237.2 627.8° 0.79 25.8 9438

E 159.1 112.6 178.2 1719 177.2 51.1 234.3 493 47.1 241.5

N 70.3 58 719 25 193.1 33.6” 214 23 52.8 -
LOD™ (nmol/L) D 6.4 0.6 0.1 36 2.7% 1.28 507.2 28.58 44 3776.6

E 1.4 22 0.7 3.2 14 1.0 1.8 0.5 0.8" 23.7

N 3.2 24 7.7 1.6 4.8 333 3.8 0.5 3.9 m

[a] No clear (sigmoidal) fit possible. [b] LOD: Limit of detection definition used =3x standard error at [c] =0 nM. D: Dopamine. E: Epinephrine. N:

Norepinephrine.
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Figure 5. Mechanism of DNA-SWCNT based dopamine sensors. a, Fluorescence changes of SWCNT wrapped with various polymers when exposed to redox
active molecules show a broad distribution, which cannot be explained by redox potential. b,c Fluorescence response of (GT),s-SWCNTs to dopamine (a) and
tyramine (b) before (black) and after (red) addition. The results show that small differences in the analyte structure completely change the response. d,e,
Dopamine and adsorbed DNA on the SWCNT most likely interact via the phosphate backbone and hydroxy groups. f, MD simulations of DNA adsorbed on
SWCNTSs show that the DNA molecules do not form perfect helixes around SWCNTs (top) and stack on each other when experimental numbers of surface
coverage are used. In contrast, without any constraints in the simulation helical structures are formed (bottom). (a) reproduced from reference [63] with
permission. Copyright 2016 American Chemical Society, (b-e) reproduced from reference [65] with permission. Copyright 2017 United States National
Academy of Sciences, (f) reproduced from reference [64] with permission. Copyright 2019 American Chemical Society.

sensors depend on the sequence of DNA strands absorbed on
the surface. This shows that the interaction between the DNA
and SWCNT plays an important role in the molecular recog-
nition and formation of the fluorescence response. The surface
area of the SWCNT that is covered by DNA molecules and the
colloidal stability of the corona are parameters that likely define
how the sensors detect dopamine. Therefore, the number of
adsorbed ssDNA molecules was determined using an absorp-
tion spectroscopy based approach.®™ When H,0, and riboflavin
were used as analytes, the fluorescence response was directly
proportional to the number of absorbed ssDNA molecules.
However, no simple correlation was discovered between the
fluorescence response for dopamine sensors, indicating that
conformational changes of the DNA play a key role.”®¥

Molecular dynamics (MD) simulations can provide insights into
interactions between the analyte, the SWCNT and the organic
phase. For (GT),5-SWCNT, interactions between the hydroxy groups
of dopamine and the phosphate groups of the DNA appear to play
an important role (Figures 5d, €).%” Due to these interactions, the
phosphate groups move closer to the surface of the SWCNT and
change the potential landscape through which the exciton diffuses.
It is also possible that these conformational changes are associated
with changes in ion distribution that are known to affect SWCNT
fluorescence.® Experimentally, this interaction is validated because
only dopamine homologues with two hydroxy groups show similar
responses.® In contrast, tyramine (one hydroxy group) does not
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induce any fluorescence change (Figures 5b, c). One should also
consider that the structure of DNA on SWCNTs is likely more
complex with stacked nucleotides, as recently shown using
experimental surface coverage parameters for MD simulations
(Figure 5f).°%

All mechanistic insights suggest that DNA acts as a flexible
quantum yield switch on SWCNTSs. For certain DNA sequences,
the interaction with an analyte such as dopamine changes the
conformation of the DNA, which in turn changes the quantum
yield by affecting the exciton fate. Nevertheless, conformational
changes due to unspecific changes in microenvironment would
cause background signals and decrease selectivity. Therefore,
more rigid xeno nucleic acids can be used to stabilize the
fluorescence signal in media of different ionic strengths.®

3.2.3 Imaging dopamine release

A nanomaterial that changes its fluorescence in the presence of
an analyte such as dopamine is a powerful tool for direct
chemical imaging. Even though a single nanosensor responds
to dopamine (Figure 3c), imaging many of them at the same
time substantially increases the parallel (spatial) resolution.
For in vitro cell studies such sensors can be immobilized on a
surface (sensor array) and cells cultivated on top (Figure 6a).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 6. Fast imaging of dopamine release from cells using nanosensors a, Schematic of nanosensors immobilized in proximity of cells (like an array). b,
Brightfield image of a neuroprogenitor PC12 cell incubated on top of a glass surface coated with SWCNT nanosensors. ¢, Fluorescence signal of dopamine
nanosensors under and around this cell plotted against time. The differences in the traces show the gain in spatial information by imaging many nanosensors
in different locations. d, Color-coded maximum responses (at the border) of the same cell showing localized events, denoting hot spots of neurotransmitter
exocytosis/release. e, Localization of such hotspots around the cell and corresponding cell curvature. Additionally, the same information in directionality plots,
which show that hotspots are located along cell protrusions preferentially in regions of negative curvature. Adapted from reference [65] with permission.

Copyright 2017 United States National Academy of Sciences.

Above a certain sensor density the resolution limit of light
microscopy becomes relevant and therefore the camera does
not detect individual sensors anymore but the overlay of many
of them. The above mentioned (GT),s-SWCNT sensors and
modified versions of it were used in this way to study dynamics
of dopamine release from PC12 cells (a model cell line for
modulatory neurotransmitter studies) (Figures 6a, b). Figure 6c
shows the fluorescence trace of different regions under a cell
(figure 6b) during stimulation with potassium, which triggers
exocytosis through depolarisation of the cell membrane. The
traces show peaks, which indicate increases of the dopamine
concentration. The shapes and magnitudes of these traces vary
across different regions, which highlights the high spatial
resolution of the method (Figure 6¢c). The heterogenous dis-
tribution of maximum responses along the cell membrane is
indicative of hotspots of dopamine release. These sensor arrays
provide a great deal of temporal and spatial information from
single cells, which is a key advantage of this method of
dopamine detection. For example, when images are divided to
units of 4x4 pixels, a round cell contains approximately 1700
reporter pixels (d =40 um) and more than 180 reporter pixels in
a 2 um zone around the cell border. These numbers highlight
the gain in spatial resolution compared to electrode-based
methods, which generally employ only a single sensor and at
most have been able to employ 64 sensors in an electrode
array.®” In Figure 6, the nanosensors were imaged at 100 ms
per frame, which is a lower temporal resolution than amperom-
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etry but comparable to FSCV. However, the time resolution was
mainly limited by the imaging setup and could be further
improved by 1-2 orders of magnitude.

SWCNTs are also useful for biomedical research in tissue
samples. For example, single polyethylenglycole functionalized
SWCNTSs can be tracked in brain tissue to map the extracellular
space Along the same lines, a variant of the above
mentioned SWCNT-based dopamine sensor has been used to
investigate dopamine release in brain slices of mice dorsal
striatum,”” which contains abundant sites of dopamine release,
as it receives extensive axonal projections from dopaminergic
neurons residing in the ventral midbrain.

To date, SWCNT-based dopamine nanosensors were either
immobilized in arrays under cells or bound/diffused non-
specifically in tissue samples. To target SWCNTs directly to
specific locations such as a presynaptic structure, tailored
sensors with recognition motifs are necessary. One approach is
to additionally conjugate nanobodies to the DNA around the
SWCNTs.®® This approach did not affect dopamine sensing and
opens up many opportunities to target such sensors specifically
to the most relevant biological locations. Another approach to
target dopamine nanosensors to specific locations was to make
use of cells to transport them. Recently, it was shown that
immune cells can be programmed to take up SWCNT-based
dopamine sensors and transport them to desired locations
where they are released.”"” After release, they are still functional

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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and detect dopamine, which promises interesting in vivo
applications.

The sensors discussed in this section were identified de
novo in a screening approach but in general it is faster to
synthesize new sensors by relying on known recognition motifs
such as antibodies, nanobodies or aptamers. In the next section,
a sensor for the neurotransmitter serotonin will be discussed
that is based on a DNA aptamer specific for serotonin.””

3.2.4 Imaging of serotonin release

Like dopamine, the local changes of serotonin concentration
around neurons are responsible for signal transmission in neural
circuits. Therefore, to better understand intracellular signalling
by serotonin in the brain and other organs, chemical sensors
with high spatial and temporal resolution are required. Again,
there are very few (optical) methods that could provide high
spatiotemporal resolution and visualize release events in situ
with minimal invasiveness.

One approach to detect serotonin is the use of organic dyes
that change their fluorescence when they react with serotonin,
such as coumarin-3-aldehyde. This serotonin binding turn-on
fluorophore can be used as a labelling agent to visualize
serotonin rich vesicles inside cells and further image the
dynamics of vesicular transport of serotonin upon cell
secretion.”” Even though this dye is relatively selective for

NH2
NIRSer 20+
18]
164
141
12]
101
084
064
049
024
004

5HT
HO A\

N
DNA aptamel/ 5

Normalized fluorescence

serotonin, the dissociation constant is quite high (K;= 2400 uM).
Therefore, this molecule is more suitable for detecting and
imaging the presence of serotonin rather than studying
dynamic changes in serotonin levels.

The first nIR fluorescent sensor for serotonin is based on
SWCNTs (NIRSer).” It consists of (6,5)-SWCNTs that were non-
covalently coated with a serotonin-specific DNA aptamer
(Figures 7a). In the presence of serotonin, the nIR fluorescence
increases (Figure 7b). Consequently, it can be used to image
serotonin release from cells. Most of the serotonin in a human
body is stored in blood platelets. Therefore, NIRSers were used
to image secretion of serotonin from platelets with high spatial
and temporal resolution (Figure 7¢). By coating surfaces with
NIRSers, and seeding adherent platelets on top of the sensors,
the release hotspots (localized regions where exocytosis and
serotonin release occurs) on the cell membrane were identified
(Figures 7d, e, f). NIRSer has a dissociation constant (K, of
301 nM and is selective for serotonin compared to potentially
interfering substances such as tryptophan. Again, the major
advantage is the high spatial resolution. Using this approach,
single cells can be studied in detail as well as cell populations.””
In this context, the heterogeneity of serotonin release patterns,
including onset and magnitude of serotonin release, was
described for the first time in human platelets.
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Figure 7. Near infrared fluorescent nanosensors for serotonin (NIRSer). a, Binding of serotonin to a serotonin- aptamer functionalized SWCNT leads to a
change in aptamer conformation and, consequently, to an increase in the fluorescence of the SWCNT. b, Fluorescence spectrum of the nanosensor before and
after addition of 1 uM serotonin showing 80 % increase in fluorescence intensity. ¢, Schematic of how nanosensors and platelets were interfaced. Following
platelet activation, serotonin is released and detected by the sensors. d, Bright field image of a single platelet adhered to a nanosensor coated surface. e,
Color-coded niIR fluorescence images of the platelet in (e) before, during and after serotonin release. f, Fluorescence response from a ROl on the cell
membrane showing a hotspot of serotonin release on the cell membrane, (green circle in image e). The scale bars are 5 um. Adapted from reference [72] with

permission. Copyright 2019 American Chemical Society.
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3.3 Polymer-based nanosensors

Polymer based fluorescent sensors have an intrinsically versatile
structure. Most polymers used as sensors in biomedical
applications are biocompatible and biodegradable. Further-
more, various recognition units can be covalently or non-
covalently attached to the polymer backbone to amplify the
fluorescent signal or enable multiplexing.”® For instance,
several recognition units can be introduced in one nanosensor
to increase the signal and sensitivity. One example, is a
polymeric nanoparticle that was designed with fluorescent
copolymers of fluorene and benzothiadiazole conjugated to
phenylboronic acid units as dopamine recognition units. The
advantage of this system is that each nanoparticle can have
multiple dopamine binding sites. The sensing mechanism is
most likely due to dopamine-induced fluorescence quenching.
These fluorescent nanoparticles are biocompatible, selective for
dopamine and have been successfully used in zebrafish
embryos or larvae.” The nanoparticles were taken up by cells,
making the system suitable for directly labelling cells that
contain dopamine. However, they cannot be applied as an
efficient sensor to image dopamine release dynamics at high
spatial resolution and to monitor signal transmission through
dopamine secretion.”

Polymers and polymer-coatings are widely studied in order
to increase biocompatibility of nanoparticles or improve
systemic circulation of the particles while avoiding detection by
the immune system. For example, spherical nanoparticles with
lipophilic core polymers and a biocompatible hydrophilic coat-
ing detected histamine invivo." In this sensor, an amine
binding ionophore binds histamine molecules to the core
polymer, which changes the local pH and decreases the
fluorescence of a pH sensitive fluorophore (Ky=1.9 mM). This
nanosensor enabled in vivo detection of histamine injections.
While the plasma concentration of histamine is around 8 uM,
mast cells contain compartments with 100 to 500 mM hista-
mine, leading to high localized histamine concentrations during
inflammatory processes. Therefore, such sensors would be
useful to detect and image inflammatory processes in tissue.

4. Genetically encoded sensors

An alternative to external sensors is genetically encoded
sensors, which are introduced into cells as genetic material. The
introduced genetic material causes cells to produce proteins
that facilitate a measurable response to dopamine, such as an
increase in protein fluorescence. Such sensors are highly
suitable for in vivo investigations, since the gene encoding a
given sensor can be incorporated into the host genome. Sensor
expression is therefore non-invasive, and genetic techniques
allow for targeted expression in subpopulations of cells, such as
neurons. Such approaches can take two forms: cell-based
sensor systems and protein-based sensor systems.

A cell-based fluorescent sensor was designed by Muller
etal,”"” named cell-based neurotransmitter fluorescent engi-
neered reporters (CNIFERs). For this purpose, HEK293 Cell lines
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were genetically engineered to express D2 dopaminergic
receptors coupled to G, proteins to trigger an intracellular
calcium increase upon binding to dopamine. A FRET-based
calcium indicator was also genetically encoded in the cells.
Thus, when dopamine binds to the D2 receptor, a change in
the FRET fluorescence signal indicates the presence of dop-
amine. These sensor cells (CNiFERs) were implanted in mice
frontal cortex and dopamine release during behavioral con-
ditioning was imaged.

One major advantage of this system is incorporating an
endogenous sensor of dopamine (the D2 receptor) as the
recognition unit. This means that the kinetics of the sensor,
including sensitivity, binding affinity and detection range
should be similar to that of endogenous dopamine receptors.
The CNiFERs were sensitive and specific with ECg,=2.5+
0.1nM, and a 30 times higher sensitivity for dopamine
compared to norepinephrine. However, the temporal resolution
of the sensor was on the scale of seconds and the spatial
resolution was less than 100 um due to the size of the
implanted HEK cells. Therefore, the spatiotemporal resolution of
the sensor was not suitable for resolving release events at a
sub-cellular level. Furthermore, the dynamic range was between
1 to 10 nM and the sensor saturated at concentrations close to
100 nM. At individual cells (single sensors), the response to
dopamine was detected with 2.9+0.2 s delay after dopamine
pulse. The reversibility of the sensor was not instantaneous as
the FRET signal would return to baseline in 20 s after a 2.5
dopamine pulse, which makes detection of fast repetitive or
changing dopamine signals more difficult.””

The second approach employs engineered fluorescent
proteins that bind to dopamine, which causes a direct increase
in protein fluorescence. Thus, the protein is the sensor, rather
than the whole cell in the case of CNiFERs. Genetically encoded
proteins are much smaller than whole cells and therefore ideally
suited to detect analytes on the surface or inside of cells.
Therefore, there had been a lot of interest in developing a
genetically encoded dopamine sensor. The sensor named
dLight1 was designed and successfully used to image dop-
amine dynamics in deep regions of mice brain during
behavioural studies (Figure 8)."¥ It consists of a genetically
modified dopamine receptor that includes a circular permuted
GFP module from the genetically encoded calcium indicator
GCaMP6 (see structure in Figure 8a). Upon binding of dopamine
to its receptor, conformational changes of the receptor are
translated to a change in fluorescence intensity of the GFP
(Figure 8b). Two variants of the sensor have optimal dissocia-
tion constants of K;=330+30 nM for dLight1.1 and K;,=770+
10 nM for dLight1.2 (Figure 8c). The sensors are around 70 and
40 times more sensitivity to dopamine than norepinephrine and
epinephrine. The maximum concentrations that were detected
in vivo ranged from 10 uM to 30 puM, indicating proximity to the
site of release.” This sensor is therefore a useful tool especially
for invivo applications. dLight has comparable temporal
resolution to cyclic voltammetry. Given the kinetics required for
fast detection of dopamine (see Section 3.1) it remains to be
seen if this sensor and related ones can detect fast and complex
release patterns.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 8. Genetically encoded fluorescent proteins as dopamine sensors. a, Structure of the genetically encoded fluorescent probe dLight1 consisting of a
DRD1 receptor and cpGFP module. b, HEK cells expressing dLight variants. Fluorescence intensity and signal-to-noise ratio (SNR) with and without dopamine
are shown. Scale bar= 10 um. ¢, Calibration curve of various dLight sensors when expressed in HEK cells. Reproduced from reference [78] with permission.
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Another group also developed a genetically-encoded fluorescent
sensor based on the same premise, called GRABDA (G protein-
coupled receptor [GPCR]-activation based DA).”" Two types of
sensors were designed, one with a moderate apparent affinity to
dopamine (DA1m, EC;,=130nM) and another with a higher
apparent affinity (DA1 h, EC;,=10 nM). The EC,, of the sensors to
norepinephrine was 1.7 uM and 97 nM respectively. The release of
dopamine during conditioning behavioural tasks was monitored in
mice. A temporal resolution of 100 ms and sub cellular spatial
resolution was reported, which is comparable to cyclic voltamme-
try. When dopamine was applied to cultured cells, the on-rate of
the sensor (fluorescence increase) for both DAT m and DA1 h was
fast (6010 ms for DA1 m and 140420 ms for DA1 h). However,
the off-rate (fluorescence decrease) was slower (2.5+0.3s for
DA1 h and 0.7 £0.06 s for DA1 m). In mouse brain slices expressing
GRABDA sensors, electrical stimulation of cells produced a
fluorescence increase with a rising time constants of 0.1 s for both
sensors and decaying time constants of 17 s and 3 s for DA1 h and
DA1 m respectively. Although the on-rate of the sensor was very
fast, it seems that the slow decaying time of the sensor would
preclude detection of fast, individual secretory events.

Genetically encoded sensors require introduction of foreign
genetic material encoding the sensor into the host cells (e.g.
neurons), usually using viral transduction. Although these
genetically encoded sensors offer robust methods with high
spatiotemporal resolution for laboratory studies of neural
circuits, applying these methods in humans for diagnostic
purposes might therefore face challenges because of safety
concerns.

5. Fluorescent small molecules

Synthesis of fluorescence false neurotransmitters (FFNs) led to
breakthroughs in understanding the kinetics of neurotransmit-
ter uptake, storage and release in monoaminergic cells and
neurons. These probes consist of fluorophores with chemical
structures similar to neurotransmitters. Gubernator et al.,* first
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designed fluorescent molecules that are substrates of VMAT-2
(vesicular monoamine transporter) and mimic the structure of
catecholamines. Therefore, they are differentially uptaken by
VMAT-2 from the cytoplasm into vesicles and released through
exocytosis when the cells are stimulated. Compared to the
classical electrochemical-based methods, these molecular
probes can visualise clusters of synaptic vesicles present in
dopaminergic axons. FFNs also allowed detection of synaptic
vesicle fusion with the plasma membrane upon stimulation of
the cells, which is the mechanism by which dopamine is
secreted. FFN511 was one of the first of such molecules
designed. This molecule binds to VMAT2 in synaptic vesicles
with an IC50 of 1 uM.®” However, FFNs are an indirect method
because they mimic neurotransmitters rather than directly
detecting endogenous monoamines.

6. Direct imaging of monoamines

Monoamines are weakly fluorescent when directly excited in
the UV range, which can be used for direct catecholamine
imaging. Using this approach in living organisms is challenging
because of the phototoxicity of strong UV light. With this
approach, living cells could be imaged with 305 nm laser
excitation leading to emission at 350 nm and high spatial
resolution (0.22 pm) as well as temporal resolution (50 ms).
However, the autofluorescence of the cells at this emission
range would confound selective and sensitive monoamine
detection.®” One way to mitigate the UV induced damage to
the living cells is to use multi-photon excitation. With two-
photon microscopy the UV excitation wavelength is red shifted
to longer wavelengths and three-photon microscopy can
achieve excitation in the infrared range.® Three-photon
excitation (3PE) was employed to excite intrinsic UV
fluorescence of dopamine, serotonin and tryptophan in the

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 2. Advantages and limitations of various monoamine sensors.
Monoamine Advantages Limitations Application References
sensors
Fluorescent Excellent spatial and parallel resolution, minimal bleaching  Sensors need to be placed in the In vitro, Primary Kruss
SWCNTs and blinking, Near Infrared fluorescence in the tissue biological sample. cells (platelets), et al.,"
transparency window brain slices Dinarvand

et a|'[72]

Beyenne

et a|.[70]
Fluorescent poly- ~ Multivalent binding that increases selectivity. Limited spatial and temporal reso-  In vitro, cell culture,  Cash
mer-based par- lution. In vivo et al.’®
ticles
Fluorescent small  High resolution at subcellular levels. Indirect imaging, rapid bleaching.  Cell culture, Tissue Gubernator
molecules sections et al®”
Genetically en- Suitable temporal resolution, employment of biological Less spatial resolution than SWCNT  In vivo, Live and Patriarchi
coded fluorescent  monoamines receptors in the detection process. sensors, the need for genetic ma-  freely moving ani- etal,”™
receptors nipulation. mal models Sun et al.”’
UV imaging Label free Phototoxicity In vitro, Cell culture  Tan et al.®"
PET and SPECT Clinical application Low spatial resolution, Clinical diagnosis Beliveau

Expensive (needs a cyclotron on- and patient care et al®?
site)

infrared range. Monoamines (serotonin and dopamine) were
visualized at granular level (concentrations above 50 mM) the
theoretical spatial resolution was <200 nm in the radial
directions and ~500 nm in the axial direction at 700 nm
excitation wavelength.®? Overall, while UV imaging of mono-
amines does not require exogenous sensors it will be difficult to
translate it to in vivo or in vitro studies in cells because of the
extensive photo-damage by UV light, the weak fluorescence of
monoamines and autofluorescence of cellular components in
the same emission range.

7. Other non-fluorescent molecular imaging
techniques

Radiotracers for PET (positron emission tomography) and SPECT
(single photon emission computed tomography) can be used
for catecholamine imaging.® PET and SPECT are established
in vivo imaging methods of monoaminergic pathways to under-
stand the pathophysiology of many neurological and psychi-
atric disorders with broad clinical application, they are non-
invasive and highly sensitive. In the case of PET and SPECT a
radioactive tracer is injected and gamma rays are detected with
2D cross-sectional scans. A 3D image is then constructed from
the 2D scans. However, PET and SPECT have extremely limited
spatial resolution.® For instance, a high resolution PET imaging
system was investigated for constructing a human serotonin
brain atlas, which increased the resolution of conventional PET
scans from 4.4 mm to an approximate in-plane resolution of
2 mm. &2
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8. Conclusion

Reliable, specific and fast detection of (monoamine) neuro-
transmitters in biological scenarios has been a major challenge
in neuroscience and cell biology to date. The development of
such cutting-edge analytical tools for neurotransmitter detec-
tion has therefore been a major research focus and the basis for
breakthrough discoveries in our understanding of monoamine
biology. While electrochemical detection methods have been
leading the research on monoamines since the late 1970s, they
have been unable to overcome certain limitations with respect
to chemical selectivity and spatial resolution. Table 2 outlines
the main advantages and disadvantages of the methods
discussed in this paper. Recently developed fluorescence-based
sensors, both those based on genetically encoded proteins and
non-genetically encoded nanomaterials, provide powerful alter-
natives to older established methods. For example, carbon
nanotube-based sensors for dopamine achieved desirable
spatial resolution which is required for investigation of
monoamine release on the level of individual cellular release
sites. Due to their unique properties such as access to the nIR
tissue transparency window, such nanosensors are highly
promising materials for future studies in neuroscience. Even
though translation of these methods into clinical scenarios to
facilitate diagnosis and patient care is still a relatively long-term
goal the emerging methods summarized in this review article
will help to answer long-standing questions in cell biology and
neuroscience.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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