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Abstract Neurotransmitters are an important class of mes-
senger molecules. They govern chemical communication be-
tween cells for example in the brain. The spatiotemporal prop-
agation of these chemical signals is a crucial part of commu-
nication between cells. Thus, the spatial aspect of neurotrans-
mitter release is equally important as the mere time-resolved
measurement of these substances. In conclusion, without tools
that provide the necessary spatiotemporal resolution, chemical
signaling via neurotransmitters cannot be studied in greater
detail. In this review article we provide a critical overview
about sensors/probes that are able to monitor neurotransmit-
ters. Our focus are sensing concepts that provide or could in
the future provide the spatiotemporal resolution that is neces-
sary to ‘image’ dynamic changes of neurotransmitter concen-
trations around cells. These requirements set the bar for the
type of sensors we discuss. The sensor must be small enough
(if possible on the nanoscale) to provide the envisioned spatial
resolution and it should allow parallel (spatial) detection. In
this article we discuss both optical and electrochemical con-
cepts that meet these criteria. We cover techniques that are
based on fluorescent building blocks such as nanomaterials,
proteins and organic dyes. Additionally, we review electro-
chemical array techniques and assess limitations and possible
future directions.
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Introduction

Neurotransmitters are molecules that are used by cells to ex-
change information. Their most prominent role is chemical
neurotransmission in the brain. Therefore, their detection is
necessary to understand how the brain works but also to cure
and treat diseases [1]. Interestingly, other cells are also able to
produce and detect neurotransmitters but this process is much
less explored [2]. The typical picture that we have of neuro-
transmitter release is shown in Fig. 1a. Neurons have different
types of protrusions and form ‘kissing points’ (synapses) be-
tween each other. Neurotransmitters are stored in vesicles and
when an electrical potential arrives at the synapse, a complex
cascade is started [3]. The vesicles fuse with the cell mem-
brane and release their content into the extracellular space,
which is usually the nanometer scale synaptic cleft [4]. The
released neurotransmitters are freely diffusing and binding to
receptors of a second cell on the other side of the synaptic
cleft, which triggers further electrical or chemical processes.
This picture of neurotransmitter release is oversimplified be-
cause it reduces the role of neurotransmitters to simply bridg-
ing one side of the synaptic cleft to the other side of the syn-
aptic cleft. Obviously, such a view raises the question why
detection of neurotransmitters should provide any more infor-
mation than measuring the electrical processes that lead to
release of neurotransmitters. In reality, neurotransmitters are
not confined to the synaptic cleft, but spill over and diffuse to
hundreds or thousands adjacent neurons (non-synaptic or
volume transmission) [5, 6]. Additionally, more than one neu-
rotransmitter can be released at a time (co-release) [7]. It is
also known that neurons can switch between different
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neurotransmitters (switching) [8]. Altogether only tools that
directly monitor chemicals can assess these aspects of chem-
ical communication [9–11].

Analytical chemistry provides many tools to detect the
presence of neurotransmitters. Positron emission tomography
(PET) and functional magnetic resonance imaging (fMRI) are
noninvasive and work in vivo but they lack the temporal,
spatial, or chemical resolution that is necessary to study neu-
rotransmitters around single cells [12, 13]. Classic analytical
techniques such as mass spectroscopy provide exquisite sen-
sitivity and can identify and distinguish different neurotrans-
mitters such as γ-aminobutyric acid (GABA) even inside sin-
gle cells [14]. However, most approaches measure rather static
concentrations and not temporal fluctuations of analyte con-
centrations in space. These fast location-dependent fluctua-
tions contain a large portion of the information that finally
governs biology. Therefore, sampling on a similar length
and time scale is desirable.

Very good examples to illustrate how a tool from analytical
chemistry influences a whole field are fluorescent calcium-
sensitive probes. By using them it is now possible to image
the activity (calcium-dynamics) of neural circuits in freely
moving animals [15, 16].

Similarly, sensors for neurotransmitters could have tremen-
dous impact on the life sciences. However, the development of
neurotransmitter sensors is still in its infancy, but the goal is
clear: chemical imaging of neurotransmitters around cells with
high spatial and temporal resolution.

In this review article, we focus on sensing concepts that
allow the detection of neurotransmitters around cells with high
spatiotemporal resolution. Neurotransmitter detection in bulk
samples is an important but different topic and will not be
discussed here and we refer to other reviews [17]. Our criteri-
on is that the approach is or could in the future enable chem-
ical imaging of dynamic neurotransmitter changes in networks
of cells. For example, we will not discuss concepts that are
based on the aggregation of nanoparticles because such a
sensing schemewould be difficult to implement for spatiotem-
poral detection.Wewill discuss electrochemical concepts with
multiple electrodes even though they are not nanoscale but
further miniaturization seems to be only a matter of time.
Our criteria limit the number of published reports mainly to
optical methods that have been demonstrated in vitro.

Under the section heading BRequirements and design
criteria for spatiotemporal neurotransmitter sensors^ in this
review article, we discuss the length, time, and concentration
scales that are relevant for spatiotemporal neurotransmitter
detection (imaging) around cells. This chapter can serve as
an empiric guideline for the design of novel sensors. Owing
to the limited number of reports that met our criteria yet, we
will organize the article along different techniques and not
different neurotransmitters. Some of the sensing concepts that
are discussed here are real ‘sensors,’ whereas for others the
term ‘probes’ would be more appropriate. In order to simplify
the text for the reader, we will nevertheless name all of them
sensors from now on.

Under the heading BOptical sensing concepts^ we review
optical techniques that are based on fluorescent building
blocks. Under the heading BElectrochemical sensing
concepts^ we present electrochemical concepts that allow
parallel (spatial) detection. Finally, we compare the different
approaches and discuss limitations and future directions in the
Conclusions.

Requirements and design criteria for spatiotemporal
neurotransmitter sensors

A central question for analytical techniques is the require-
ments for measuring biologically relevant concentrations. In
this section, we will discuss time, length, and concentration
scales for the neurotransmitter dopamine because it is better
studied than other neurotransmitters. Even though these num-
bers are specific for certain cell lines and for dopamine, they
provide an idea of the scales that are involved.

Static neurotransmitter concentrations in brain tissue have
been measured but dynamic concentration changes remain a
challenge. However, it is possible to derive some numbers.
The probably best-understood model system for exocytosis
is the pheochromocytoma cells (PC12) [18]. They release cat-
echolamines including dopamine upon stimulation, which has
been studied by electrochemical techniques. Dopamine con-
taining vesicles have a size of≈150 nm (determined by elec-
tron microscopy). The number of molecules in isolated vesi-
cles is≈230 000 (380 zmol) [19]. If we assume that the vesi-
cles are spheres, the concentration of dopamine inside those

Fig. 1 Neurotransmitter release and analytical challenges. (a) Schematic of a synapse that connects two neurons. (b) Modes of neurotransmitter release
beyond the simplified synapse picture (other cells/synapses are not shown for clarity)
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vesicles is≈0.2 M. However, by analyzing amperometry data
it was found that only a fraction of the dopamine content is
released (85 000 molecules, 140 zmol) [19]. In vivo
cyclovoltammetry measurements of dopamine release from
the nucleus accumbens in rats showed concentrations of 250
nM (extracellular space) [20]. Using reasonable size assump-
tions, concentrations of 1.6 mM in the synaptic cleft and
25 mM in the vesicles were estimated [20]. However, those
numbers approximate real concentrations because the elec-
trodes were larger than the biological structures and the dis-
tance between probe and release sites is difficult to control.

In this context, it is not useful to talk only about absolute
concentrations and limits of detection because the time and
spatial resolution is equally important. Figure 2 shows the
simulated results for dopamine release from a point source
[5]. The parameters including the diffusion constant for dopa-
mine are for brain tissue at 37 °C. In general, diffusion from a

point source in open space can be described by c r; tð Þ∼
−r2
e4Dt

ðDtÞ32
where c is the concentration at distance r and after time t [5]. D
is the diffusion constant. Figure 2a shows the time-dependent
profile in a certain distance (black curves). From these plots it
is obvious that the necessary sensitivity of a sensor depends on
the location but also on the acquisition speed. Cells can also

uptake dopamine and therefore the presence of transporters
changes local concentrations (red curves).

Figure 2b shows ‘plumes’ where dopamine reaches a cer-
tain maximum concentration. The simulations that are pre-
sented in Fig. 2 are based on the parameters known for single
vesicle events. If more vesicles are involved and parameters
change (e.g., more neurotransmitters per vesicle) the spatio-
temporal concentration profiles change but could be approxi-
mated by superposition of single release events.

Nevertheless, we can derive a few specifications for neu-
rotransmitter sensors that are able to catch spatiotemporal dy-
namics: For example, a fast (ms) nanoscaled sensor with nM-
sensitivity/dynamic range would be useful to observe the re-
lease but not the concentration gradient around the cell.

Moreover, μM-mM concentrations of neurotransmitters
can be expected but only for short time periods (mM≈1 ms,
μM≈100 ms) and depending on the distance to the source
(μM for distances<10 μm and time periods≈100 ms). The
binding kinetics of the neurotransmitter to the sensor should
be fast (ms) to ensure that the sensor ‘sees’ the analyte before
it has diffused away. Finally, if we want to capture the profile,
we have to place multiple sensors around the cell and the
sensors have to be small (<1000 nm). Such sensors would
enable spatiotemporal imaging of neurotransmitter dynamics.

Fig. 2 Concentration, length and time scales of neurotransmitter release.
(a) Simulated concentrations of dopamine (Q=9800 molecules) released
from a point source in different radial distances. Black: without uptake by
dopamine transporters. Red: with uptake. (b)Typical scenario of a
dopamine releasing synapse with adjacent neurons and dopamine

receptors (R) and transporters (T). The dashed arcs define the regions in
which the specified (maximum) concentrations are reached. (c) Same plot
as in b but without uptake by dopamine transporters. Reproduced and
modified with permission from [5]
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Optical sensing concepts

In this review article, our aim is to discuss concepts that are
compatible with the idea of spatiotemporal imaging of neuro-
transmitters around cells. Therefore, optical sensors hold very
much promise and here we discuss different building blocks,
their limitations, and possible future directions. Fluorescence
provides several key advantages in imaging and we organized
this section according to the active/fluorescent building block
in the sensor.

Fluorescent nanomaterials

Nanomaterials are valuable building blocks for a variety of
applications and devices ranging from basic research, biosen-
sors, biomedicine to energy applications [21–29]. In the con-
text of biosensing, they are valuable because they provide rich
optoelectronic properties and their size matches relevant bio-
logical length scales.

Optical properties of nanoparticles are often superior com-
pared with classic fluorophores. Therefore, they are usedmore
and more as building blocks for sensors [30, 31]. The under-
lying idea is always the same: the nanomaterial provides su-
perior fluorescence characteristics and the environment has to
be designed in such a way that fluorescence changes in the
presence of the analyte.

An interesting class of fluorescent nanomaterials is carbon
nanotubes. Single walled carbon nanotubes (SWCNTs) are
rolled-up cylinders of graphene. Semiconducting SWCNTs
have a bandgap and fluorescence in the near-infrared (nIR)
region of the electromagnetic spectrum [32]. This region is
beneficial for biological applications because it falls into the
tissue-transparency window. Moreover, the ultra-low
photobleaching and absence of intrinsic blinking make these
materials ideal building blocks for biosensors [33]. In the past
few years, fluorescent SWCNT-based sensors for different
analytes such as glycans, proteins, and reactive oxygen spe-
cies have been developed [33–36].

Recently, Kruss et al. reported on a concept to detect neu-
rotransmitters by using polymer-functionalized SWCNTs
[37]. The basic idea is that the SWCNT’s fluorescence is very
sensitive to the chemical environment. However, this sensitiv-
ity is not very useful if it is not selective. Therefore, the poly-
mer serves two functions. First, it is necessary to
noncovalently solubilize the (hydrophobic) SWCNTs in aque-
ous solution. Second, it enables molecular recognition and
plays the role of a transducer between the SWCNT’s optical
properties and binding of the analyte (Fig. 3a).

The authors found that certain polymers and especially
certain DNA-sequences create an organic phase around the
SWCNTs that enables the detection of neurotransmitters, most
notably catecholamines such as dopamine. In the presence of

the neurotransmitter dopamine the nIR-fluorescence of the
SWCNTs increased (Fig. 3b). Single (GT)15-ssDNAwrapped
SWCNTs even increased their fluorescence by a factor
>400 %.

These sensors are reversible as shown by flow chamber
experiments on the single nanotube level (Fig. 3d). Interest-
ingly, the selectivity profile shows that the sensor cannot dis-
tinguish between dopamine, epinephrine, and norepinephrine
(Fig. 3c). Dopamine and its homologues are redox active,
which could explain why homologues interfere but it cannot
explain why substances of similar redox potential
(homovanillic acid, uric acid) do actually not interfere and
the response of other dopamine homologues is smaller
(DOPAC, L-DOPA).

This biosensor concept paves a clear route for the future
because it indicates that variation of the polymer sequence
(e.g., DNA) or composition yields sensors with different se-
lectivity and sensitivity. The molecular recognition of the
polymer phase is surprising and not yet completely under-
stood. The authors showed in single-molecule experiments
that the DNA-conformation on the nanotube changes in the
presence of dopamine, which suggests that dopamine interac-
tions move quenching moieties of the DNA away from the
surface of the SWCNT. As a consequence, the quantum yield
and, therefore, fluorescence intensity increased.

Another theory for molecular recognition on SWCNTs as-
sumes that adsorption of the analyte changes the fluorescence.
The DNA-sequence wraps with a specific pitch and that con-
trols which analytes do adsorb on the nanotube surface and
which do not [38]. Nevertheless, this concept cannot directly
explain how signal transduction (turn-on) and selectivity of
this dopamine sensor works.

The nIR-fluorescence of SWCNTs is a very attractive prop-
erty but needs also special equipment. Thus fluorescent build-
ing blocks in the visible region are valuable, too.

One of the first examples for a fluorescent nanoparticle
capable of dopamine detection is from the lab of Willner
et al. [39]. Cd-Se-ZnS quantum dots (QD)were functionalized
with a boronic acid moiety. Boronic acids are known to bind
molecules with two adjacent hydroxy-groups and therefore
they bind the catechol-part of dopamine. An organic
fluorophore was conjugated to dopamine so that it binds to
the boronic acid groups on the QD. Fluorescence of the QD is
decreased through Förster resonance energy transfer (FRET)
until a free dopamine molecule replaces this compound. Bo-
ronic acids also bind sugars and therefore this concept is in
general useful to detect species with two adjacent hydroxy
groups. A drawback of this method is that when the
dopamine-fluorophore conjugate is replaced, the sensor loses
its sensitivity. Therefore it would be difficult to operate such a
sensor reversibly in a biological setting.

Another example for a Cd-Se-ZnS-based sensor uses aden-
osine capping to impart selectivity [40]. In the presence of
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dopamine, this sensor gets quenched (LOD=30 nM, in a pure
buffer solution). The authors hypothesized that oxidized do-
pamine (dopamine-quinone) binds to adenosine. Fluorescence
is then quenched by an electron transfer from QD to quinone
as evidenced by a lower fluorescence life time. Interestingly,
this sensor showed a good selectivity towards ascorbic acid
and uric acid, which are common interferents in redox-based
sensing schemes.

Another carbon nanomaterial that has been explored for
bioanalytical applications is graphene oxide. Graphene oxide
nanosheets fluoresce at 660 nm and are quenched by dopa-
mine, which can be used for sensing applications [41]. The
authors hypothesized that dopamine binds to graphene oxide
via π–π stacking and photo-induced charge transfer is respon-
sible for quenching. This effect was used to determine dopa-
mine concentrations in urine samples. The finding that bare
graphene oxide responds to dopamine is important. However,
it is likely that further engineering of molecular recognition is
necessary to distinguish between dopamine and other cate-
cholamines or other molecules with extended π-systems.

Engineering of selectivity is central for sensor design. Yu
et al. showed how fluorescent mesoporous silica nanoparticles
and cyclodextrines form a tandem system for dopamine de-
tection [42]. The basic idea is that the cyclodextrines cover the
porous nanoparticle and serve as a selective diffusion barrier
because only molecules of the right size and charge distribu-
tion can pass the cyclodextrine pore. If dopamine is present
and enters, it increases the silica nanoparticle’s fluorescence
emission at 440 nm. The sensor showed an interesting selec-
tivity profile. Epinephrine and ascorbic acid did not interfere
but norepinephrine and histidine showed similar responses as
dopamine. This result suggests that optimization of the
cyclodextrine barrier could lead to even better selectivity.

Zhang et al. synthesized fluorescent silicon nanoparticles
(SiNPs) to detect dopamine [43]. They used amino function-
alized SiNPs and when exposed to dopamine, fluorescence
was dramatically quenched. The approach showed high sen-
sitivity (LOD=0.3 nM, without interfering molecules) and a
certain selectivity as evidenced by a four times smaller re-
sponse to norepinephrine. The mechanism was described as

Fig. 3 Dopamine sensors based on fluorescent carbon nanotubes. (a)
Near infrared (nIR) fluorescent SWCNTs serve as central building
block. The polymer (e.g. DNA) is responsible for molecular recognition
and signal transduction. In the presence of dopamine, the polymer/
SWCNT complex increases its fluorescence. (b) Normalized
fluorescence change of a (GT)15-ssDNA-SWCNT complex as a
function of dopamine concentration. Limit of detection=11 nM. (c)

Dopamine response (100 μM) of the sensor in the equimolar presence
of homologues. (d) Single nanotube sensors imaged in the nIR on a
surface. The red arrows indicate single nanosensors (resolution-limited
spots). The surface was mounted in a flow chamber and periodically
exposed to dopamine (100 μM) and buffer. The traces show that the
sensor is periodically lightening up and reversibly reporting about the
local dopamine concentration. Adapted with permission from [37]
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a FRET-based mechanism. However, upon addition of dopa-
mine, the samples needed >3 h until constant fluorescencewas
reached. Dopamine is a redox-active compound and therefore
the long reaction time of the nanoparticles could indicate that
the results are biased by dopamine polymerization. So far the
detection time of 3 h is not suitable for detection of fast neu-
rotransmitter dynamics.

All examples that were discussed so far are sensors for
catecholamines, and there are a few more examples in litera-
ture such as pollypyrol/graphene oxide quantum dots hybrids
[44] or nitrilotriacetic acid functionalized graphene oxide [45].

Catecholamine neurotransmitters such as dopamine are
very important and they are involved in reward control, learn-
ing, but also in diseases such as Parkinson’s disease [46, 47].
Their chemistry is special because they are redox active and
polymerize [48, 49]. This property can bias results because
simultaneous polymerization of catecholamines can mask
the real sensor response. Therefore it is necessary to rule out
artifacts by performing control experiments. Imaging a single
sensor and exposing it to catecholamines for time periods less
than the typical time scale of polymerization is a good way to
prove this (see Fig. 3c). Another way is to show reversibility.
The redox activity is also relevant for the mechanism of rec-
ognition. For electrochemical sensors oxidation is the clear
mechanism, but for the mentioned fluorescent sensors the sit-
uation is less clear because it is difficult to distinguish between
molecular recognition of a redox active compound and oxida-
tion of a redox active compound.

A key challenge of all mentioned approaches is engi-
neering of selectivity. Therefore it is a common approach
in the biosensors field to use biological recognition units
to impart selectivity. Cash and Clark used enzyme-coated
phosphorescent nanoparticles to detect histamine even
in vivo [50]. The enzyme catalyzes the reaction of oxygen
with histamine (Fig. 4a). Thus, the oxygen concentration
is locally reduced in the presence of histamine. At the
same time, the polymer-nanoparticle is oxygen-sensitive
because it is loaded with a phosphorescent platinum com-
plex that is quenched by oxygen. In consequence hista-
mine decreases the local oxygen concentration, which fi-
nally increases the phosphorescence (Fig. 4b). This phos-
phorescence signal was used to demonstrate that hista-
mine injections into mice could be monitored (Fig. 4c).
This approach is very powerful because it combines ad-
vantages of artificial nanosensors and the selectivity of a
natural enzyme.

In summary, fluorescent nanomaterials provide usually su-
perior optical properties. Most examples, however, do not yet
provide the selectivity that is desired for biological applica-
tions. Nevertheless, in the future, precise engineering of mo-
lecular recognition could tremendously increase selectivity.
Another challenge is to increase the time resolution of the
imaging approaches.

Engineered proteins

Neurotransmitters convey information and therefore nature
has developed tools (receptors) to bind and detect neurotrans-
mitters. Thus, a valid strategy is to use and integrate neuro-
transmitter receptors into sensors. The high selectivity of mo-
lecular recognition is a key advantage of this concept. Usually
these sensors end up on the surface of cells and therefore they
can only report about neurotransmitter concentrations close to
the cell surface. In this section we will discuss three comple-
mentary approaches: (1) all-protein- based sensors; (2) hybrid
protein-fluorophore sensors; and (3) cell-based sensors.

Genetically encoded fluorescent sensors hold very much
promise for neurotransmitter detection [51]. They benefit from
high selectivity of naturally occurring proteins and genetic
targeting.

One of the first examples was a genetically encoded fluo-
rescent sensor for glutamate [52]. It consists of a bacterial
glutamate-binding protein (ybeJ) and two fluorescent proteins
(YFP and CFP). Förster resonance energy transfer (FRET)
between these two fluorophores depends on the conformation
of the glutamate binding protein. Therefore, changes of the
FRET signal can be used to detect glutamate. The sensor mu-
tant with the highest affinity provided a Kd of 630 nM. The
authors called this sensor fluorescent indicator protein for glu-
tamate (FLIPE) and also attached a periplasmic binding se-
quence that directs the sensor to the membrane of the
transfected cells.

When hippocampal neurons were electrically stimulated,
the sensors on the surface of the cells responded and indicated
a glutamate concentration of≈300 nM. This approach is one
of the first that enabled imaging of neurotransmitters instead
of imaging related processes such as vesicle fusion.

One limitation of this method is that the conformational
change of the binding protein is rather small, which limits its
sensitivity and signal to noise ratio. Another drawback is the
broad absorption and emission spectrum of the fluorophores
and a lower photostability of the fluorescent proteins com-
pared with advanced organic dyes or fluorescent
nanomaterials. Similar examples have been reported for an
improved sensor (SuperGluSnFR) [53] and an intensity-
based sensor (iGluSnFR) [54]. For a complete overview on
this topic, we refer to the review by Tian et al. [51].

The before-mentioned example relies on a conformational
change upon binding of the neurotransmitter. Additionally, the
conformational change has to impact the FRET signal. Not all
proteins will provide these two properties. It is also very dif-
ficult to foresee which modifications of the sequence will lead
to higher sensitivity etc. Therefore, rational design of such
sensors is difficult.

Johnsson et al. presented a semisynthetic approach to over-
come certain limitations [55]. They designed a metabolite-
binding protein conjugated to a fluorophore A and a SNAP-

2732 E. Polo, S. Kruss



tag (see Fig. 5a). The SNAP-tag is used to attach a tethered
synthetic ligand, which also contains a second fluorophore B.
The synthetic ligand competes with the analyte for the binding
pocket of the protein. The FRET-signal between the two fluo-
rescent parts A and B changes if the analyte binds.
Fluorophore A can be either an organic fluorophore or a fluo-
rescent protein. This concept is very modular because it uses
well-defined building blocks. Engineering this FRET signal
appears to be easier because it does not rely on a complex
conformational change but the binding of a ligand to a defined
binding pocket on a protein. It was used to detect sulfon-
amides. Later it was shown that the protein part of the sensor
can be genetically encoded and presented on the surface of
live cells [57]. This concept was named SNIFIT (SNAP-tag
based indicator proteins with a fluorescent intramolecular teth-
er). For this purpose the concept was generalized by incorpo-
rating a CLIP-tag for artificial fluorophores. The protein part
can be genetically encoded, but to receive a functional sensor,
the donor fluorophore and the ligand with an acceptor
fluorophore have to be conjugated via the SNAP-tag and
CLIP-tag.

This strategy has been used to create sensors for glutamate
[58], γ-aminobutyric acid (GABA) [56], and acetylcholine

[59]. The concept of these sensors is similar and here we will
only discuss the GABA sensor in greater detail. In this case,
the binding protein was the GABAB receptor, the donor
fluorophore DY-547 (conjugated via CLIP-tag), and the ac-
ceptor fluorophore Cy5 (part of the tethered ligand and con-
jugated via SNAP-tag). The ligand’s structure was based on
the known GABA-antagonist CGP 51783 ((3-[[4-
chlorophenyl)methyl]amino-propyl]-(P-diethoxymethyl)-
phos-phinic acid). In the presence of GABA, the ligand is
displaced and the FRETsignal changes (Fig. 5b). In this work,
the building blocks of the SNIFIT sensor were varied to in-
crease the sensor’s performance. For example, the FRET-ratio
was typically around 1.5 but depended on the nature of the
two fluorophores. Further variation of these parameters likely
yields even better sensors. GABAB is a G-protein coupled
receptor (GPCR).When GABA binds, the GPCR gets activat-
ed; this finally triggers the release of calcium from the
endoplasmatic reticulum. The GABA-receptor part of this
SNIFIT was still functional and calcium-sensitive dyes were
used to quantify how much GABA is needed for a certain
calcium response (EC50=56 nM). In order to demonstrate
the use of this concept in biological system, HEK 293 cells
were transfected and the FRET-response was used to calibrate

Fig. 4 Enzyme conjugated fluorescent polymer nanoparticles for
histamine detection. (a) Schematic of the concept. The enzyme diamine
oxidase (DAO) consumes local oxygen when oxidizing histamine. The
enzyme is conjugated to a phosphorescent polymer nanoparticle that is
quenched by oxygen. (b) Sensor response to histamine. (c) In vivo

experiments demonstrating the ability of intradermal sensors to
continuously monitor histamine levels. As histamine levels increase (via
injection), the sensor’s phosphorescence drastically increases (left mouse)
compared with the control (right mouse). Reproduced with permission
from [50]
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the system (Fig. 5 c, d). For this purpose, the cells were per-
fused with different concentrations of GABA and the FRET
signal from the cell surface was analyzed (KD=100 μM).

So far this approach was not used to detect physiological
GABA-release from cells. Some of the characteristics of the
discussed sensor are not yet suitable to detect biological neu-
rotransmitter signals. Opening and closing kinetics of the sen-
sor are in the order of seconds, which is not the time scale that
is requested for many biological experiments (milliseconds).
However, the perfusion experiments may have convolved the
kinetics and the real kinetics might be faster. Another issue is
the sensitivity of the sensors. The acetylcholine-SNIFIT could
detect acetylcholine in the 1–100 mM range with sensor ki-
netics in the seconds’ range [59]. Therefore, fast synaptic re-
lease events would be difficult to capture. Even though sensor
characteristics are not yet in the desired range for certain

neurobiological applications, it is important to stress that there
is currently no other technology available that can image neu-
rotransmitter release on this scale. Therefore, further improve-
ments in terms of time resolution and sensitivity could make
these sensors very useful for biology.

A central topic for all discussed approaches is optimization
of the sensor. Even if there is a rational design strategy, build-
ing blocks, sequences, etc. have to be varied to find the best
candidate.

Takikawa et al. addressed this challenge by using a high-
throughput screening approach to identify hybrid protein-
fluorophore sensors for glutamate [60, 61]. The sensor con-
sists of a mutant glutamate-binding protein (GlutBP), which
was derived from the glutamate receptor GluA2 subunit. They
used a cysteine residue in the protein to attach a fluorophore.
Therefore, this approach combines the selectivity of a natural

Fig. 5 Semisynthetic protein-based sensors for GABA. (a) Schematic of
a semisynthetic (SNIFIT) sensor. It contains a fusion protein with a
SNAP-tag, CLIP-tag, and a receptor protein (RP) for the analyte of
interest (molecule containing a fluorophore is marked as red star, ligand
as gray ball, CLIP-tag labeled with a second fluorophore as green star).
GABA-SNIFIT detects GABA through displacement of the
intramolecular antagonist and a resulting change in FRET efficiency.
(b) Perfusion of GABA-SNIFIT with increasing GABA concentrations
on the surface of HEK 293. Cells were perfused with GABA (a=1 μM,

b=10 μM, c=20 μM, d=40 μM, e=100 μM, f=1 mM, g=10 mM).
Shown is the ratio of donor (DY-547) and acceptor (Cy5) emission. (c)
Microscope image of donor channel (DY-547), FRETchannel (Cy5), and
transmission channel, scale bar 50 μm. (d) Time course of the intensity
ratio of donor emission versus acceptor emission (top), of the donor
channel (middle), and the acceptor channel (bottom) upon addition and
removal of 1 mM GABA. The red bar indicates the time span of GABA
perfusion. Reproduced with permission from [56]
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recognition unit and the beneficial photophysical properties of
an artificial fluorophore. The sensor concept is based on the
idea that glutamate binding causes conformational changes
that affect the fluorescence of the sensor. Obviously the loca-
tion of the fluorophore plays a central role and, therefore, they
used cysteine-scanning mutagenesis to create different
GlutBP variants and screened the response to glutamate. They
identified 28 candidates with fluorescence responses >20 %.
The best candidate (eEOS) showed a fluorescence enhance-
ment of 2400 % upon addition of glutamate. The increase of
fluorescence is due to an increase of the fluorescence quantum
yield from 0.045 to 0.82. However, the affinity for glutamate
was around two orders of magnitude lower (EC50=66 μM)
than for the original GlutBP. The authors attached this sensor
to the surface of neurons, electrically stimulated them, and
imaged glutamate release. The signal to noise ration of this
approach appears to be very high, which enabled imaging of
glutamate release from cells. For certain biological applica-
tions it is a drawback that the sensors were not expressed on
the cells. Another general advantage of FRET approaches
such as SNIFIT compared with this intensity-based method
is that a ratiometric signal is more robust to changes in the
optical path etc.

The previous examples show that even though there is
tremendous progress, most optical sensors for neurotransmit-
ters still lack the sensitivity and time resolution that neurosci-
ence requests. Genetically encoded fluorescent calcium sen-
sors are more advanced in their development and are heavily
used in biological research.

The group of Kleinfeld made use of these existing sensors
and developed cell-based neurotransmitter fluorescent
engineered reporters (CNiFERs) [62]. In this sensing scheme,
a cell is transfected with a neurotransmitter receptor that trig-
gers a rise of the cytosolic calcium concentration. This signal
is then detected by the calcium sensors. Thus, the whole cell
serves as a sensor. The first realization of this concept was
demonstrated in transfected HEK cells with a M1 muscarinic
receptor to detect acetylcholine. These cells were deposited in
the frontal cortex of rats and used to quantify the impact of
neuropharmaceuticals on acetylcholine signaling.

In this section the authors discussed protein-based neuro-
transmitter sensors ranging from pure proteins, semisynthetic
proteins, to whole cells. The major advantage of all these
concepts is the high selectivity that is accomplished by bor-
rowing technology from nature. Another key advantage,
which is often underestimated by analytical chemists, is the
possibility to transfect and genetically target specific cells.
Drawbacks are signal to noise ratios and in some cases time
resolution. Moreover, these sensors are in general limited to
the cell membrane and do not provide information about the
extracellular space. Some approaches try to combine the ad-
vantages from two worlds by combining proteins and
photophysically more sophisticated artificial fluorophores. In

the future, using fluorescent nanomaterials as building blocks
that specifically attach to genetically encoded proteins might
be another promising route.

Small organic fluorophores

Organic fluorophores are valuable building blocks for biosen-
sors because they are small, cheap, possess beneficial
photophysical properties, and are available with different
chemical structures. Recently, a very good overview that fo-
cused on chemical probes for neurotransmitters was published
[63]. Here, we will highlight a few examples that have the
potential to image neurotransmitter release.

In this context it is important to distinguish between direct
detection of neurotransmitters via probes/sensors and fluores-
cent labeling of structures that are related to neurotransmitter
release. For example, fluorescent staining of neurotransmitter-
containing vesicles has been used to visualize the process of
exocytosis [64–67]. Even though this process is correlated
with neurotransmitter release, it cannot replace a method that
directly detects the neurotransmitter.

Another example for an indirect (nonlabel-free) method is
false fluorescent neurotransmitters (FFNs) [68]. FFNs are
fluorescent molecules that have a similar structure as neuro-
transmitters. The concept was demonstrated with dopamine
FFNs. The basic idea is that the FFN is up-taken into the cell
and later into vesicles via monoamine transporters.When cells
are stimulated to do exocytosis, the FFNs are released and
imaging vesicles provides valuable information about this
process. The concept was demonstrated for single cells but
also in brain slices.

The scope of this review article is to discuss concepts that
enable spatiotemporal detection of neurotransmitters in the
extracellular space. However, most examples of neurotrans-
mitter sensitive fluorophores are designed for detection in
bulk liquid samples or rely on processes that are not compat-
ible with biological experiments [63]. If at all, they are de-
signed to work inside cells. Nevertheless, here we review a
few promising concepts because we anticipate that they could
be easily used outside cells for spatiotemporal imaging.

An early example for the detection of catecholamines in-
cluding dopamine was presented by Secor and Glass [69]. The
sensor molecule consisted of a coumarin aldehyde conjugated
to a boronic acid derivate. The idea of this design was that the
amine group of the catecholamines reacts with the aldehyde
forming an iminium ion. Additionally, the catechol moiety is
supposed to react with the boronic acid to form a boronate
ester. The fluorescence of the coumarin building block
(505 nm emission) changed in the presence of catecholamines
(KD≈300 μM for dopamine). The sensor showed similar re-
sponses for catecholamines (dopamine, epinephrine, and nor-
epinephrine) but much smaller responses for amines (lysine,
glutamic acid) or sugars.
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Later on, the original catecholamine sensor design was
changed [70]. It turned out that the catechol group strongly
quenched the sensor. Therefore, the new sensor (NeuroSensor
521, NS521) was designed only with the aldehyde group to
associate with the analyte’s amines (Fig. 6a). The boronic acid
group was exchanged to a p-methoxyphenyl group. The
resulting sensor increased its fluorescence (521 nm emission)
in the presence of catecholamines but had a lower affinity
(KD≈10 mM for dopamine) compared with the previous sen-
sor. This new sensor was used to detect catecholamines in
vesicles of chromaffin cells (Fig. 6b). Since the concentration
of catecholamines in secretory vesicles is high, the lower af-
finity did not hamper the experiments. The concept of this
sensor was extended to a three-input system that responds to
glutamate, Zn2+, and pH [71, 72]. This is a very compelling
approach because it could be used to image co-release of dif-
ferent compounds, which is a longstanding challenge in
neuroscience.

The neurotransmitter sensitive fluorophores that were pre-
sented here are not sensors in a classic sense. So far they are
rather used as labels/reporters (as shown in Fig. 6b). Never-
theless, the design implicates that the reaction to an iminium
ion is reversible. If these sensors are immobilized outside the
cell on a substrate or onto the cell membrane and imaged, they
could measure extracellular neurotransmitter dynamics. How-
ever, so far the sensitivities are not suitable for concentrations
outside neurotransmitter-containing vesicles. Another draw-
back might be photobleaching. In the future, one could com-
bine molecular recognition concepts from these sensors and
the photophysical properties of certain fluorescent
nanomaterials to get closer to biological applications.

Electrochemical sensing concepts

Electrochemical sensing concepts for neurotransmitters are
currently the gold standard, and several excellent reviews
have been published on this topic [73–76]. The advantage of
electrochemical concepts is a very good time resolution and
that they can be assembled and integrated in various designs
[77]. Obviously, analytes have to be redox-active, which
limits the number of neurotransmitters that can be directly

detected. Electrochemical methods have already provided bi-
ological insights and were employed in vivo [73]. Most of this
work was done with single electrodes and is therefore not
within the scope of this article.

Nanomaterials have been heavily used to increase the per-
formance of electrochemical approaches, for example by coat-
ing electrodes with carbon nanotubes [78]. This approach is
successful to improve sensitivity and selectivity, but it does
not necessarily increase the spatial resolution. Here, we are
discussing concepts that aim to improve spatial resolution by
using multiple ‘small’ electrodes.

Lindau et al. used electrochemical detector (ECD) arrays to
overcome this disadvantage [79]. They performed electro-
chemical imaging of fusion pore openings with time resolu-
tions in the millisecond range. Their ECD arrays consisted of
four platinum microelectrodes pointing at the cell (3 μm wide
and 150 nm thick). Chromaffin cells were positioned on top of
the array and chemically stimulated to release catecholamines
(Fig. 7a). It was possible to detect individual exocytosis events
of single vesicles. The time-resolved oxidation current
reflected the time course of neurotransmitter arrival of at the
electrode surface (Fig. 7c). The different shapes of the curves
and the time delay show that this method can provide addi-
tional information that is lost with only one electrode. Conse-
quently, the signals from the four electrodes were used in
combination with diffusion simulations to estimate the most
likely exocytosis position on the cell (red cross in Fig. 7b). To
verify that this location is reasonable, a fluorescent dye loaded
into the vesicles was imaged during the whole process. The
images (Fig. 7b) indicate that the processes related to exocy-
tosis and the spatiotemporal current profiles are correlated.

This work clearly demonstrates the potential of spatiotem-
poral imaging techniques even if the image has only four
points. A drawback is that cells must be placed on the ECD
array using a patch pipette, which might affect the cell.

Increasing the number of electrodes per area can serve two
goals. First, it is useful to increase the number of data points
from different cells. Yakushenko et al. demonstrated that ar-
rays are useful to get statistically meaningful data from differ-
ent cells [81]. Second, higher densities of electrodes can be
used for spatiotemporal imaging of a single cell. Obviously
both developments go hand in hand.

Fig. 6 Organic fluorophores as
reporters for neurotransmitters.
(a) Schematic of catecholamine
sensor design. (b) Fluorescence
images of chromaffin cells that
contain vesicles with
norepinephrine incubated with
NS521. Reproduced with
permission from [70]
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The group of Ewing used microelectrode arrays (MEAs) to
detect dopamine release from PC12 cells [80]. Electrodes
were individually addressable and integrated into a biocom-
patible PDMS chamber (Fig. 7d). Owing to a thin coating of
collagen IV, it was possible to culture PC12 cells directly on
the top of the MEAs device. Exocytotic events and release of
dopamine were recorded with a spatial resolution of 2 μm.
TheMEAs were used to analyze the release of dopamine from
clusters of cells (Fig. 7e). Figure 7f shows traces from differ-
ent electrodes that were in contact with different cells of the
MEA. The difference in the amperometric signals again dem-
onstrates that the spatiotemporal domain of neurotransmitter
release contains additional information.

This 16-electrode MEA was used to show that pharmaco-
logic treatments change dopamine release. The results are also
consistent with single cell and single electrode experiments.
This work shows that increasing the number of electrodes
provides valuable additional information about exocytosis
events. Diffusion of molecules could be affected by the elec-
trodes and therefore data analysis is more complicated. Addi-
tional calculations might be necessary to reconstruct the orig-
inal concentration profile. This approach provides information
about small clusters of cells but lacks subcellular resolution. In
another piece of work, the number of electrodes was increased
(n=36) to achieve subcellular resolution [82]. Moreover, the
cultivation conditions were modified to let single cells adhere

on theMEA. Consequencely, the approach was used to collect
amperometric data with subcellular resolution.

The mentioned examples are amperometric approaches,
and there are further reports known in literature [83–85]. Fast
scan cyclic voltammetry provides much better chemical reso-
lution and has also been implemented on-chips but there are
certain limitations attributable to cross-talk between individu-
al electrodes [86, 87].

The size of all discussed electrodes was on the order of
micrometers. Decreasing the size of electrodes is an obvious
goal and there are several reports about (single) nanoscale
electrodes for dopamine detection [88–91]. Using them in
arrays would further increase the spatial resolution of multi-
electrode setups.

In summary, electrochemical methods to detect redox-
active neurotransmitters benefit from the high time-resolution.
The challenge is the engineering of arrays to interrogate both
cell networks and subcellular processes. In the future, elec-
trodes could be further miniaturized to reach the nanoscale
and the number of electrodes per area could be increased.

Conclusions

We reviewed different and complementary methods that are
compatible with the idea of spatiotemporal neurotransmitter

Fig. 7 Electrochemical dopamine detection with electrode arrays. (a)
Light microscopy image of a chromaffin cell placed on top of an
electrochemical detector (ECD) array with four electrodes (A–D). (b)
Spatiotemporal correlation of secretion of catecholamines and release of
the fluorescent vesicle marker acridine orange. Original fluorescence
images (upper row) and difference images (lower row) are shown (scale
bar is 5 μm). The red cross indicates the simulated position of the
exocytosis event. (c) Currents from the four electrodes reveal

spatiotemporal differences (e.g., a time delay). (d) Photo of another
microelectrode array (MEA) device integrated in a PDMS chamber. (e)
Microscopy image of the electrochemical imaging setup. It shows the 16-
electrode array covered by a cluster of PC12 cells and the stimulation
pipet is positioned on the left. (f) Amperometric traces from different
electrodes of the array after cell stimulation. Adapted with permission
from [79] (a–c). Adapted with permission from [80] (d–f)
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detection. The different concepts show great promise but need
further improvements to become tools for cell and neurobiol-
ogy (see Table 1).

The major challenge for all optical concepts remains the
desired time resolution and selectivity. On the other side, spa-
tial resolution and parallel detection can be easily achieved in
optical concepts once the mentioned challenges are solved.

Electrochemical sensors, especially amperometric sensors,
provide a superior time resolution. For them the challenge is
rather to provide the spatial resolution. The design of appro-
priate arrays is not trivial. Furthermore, there might be cross
talk between individual electrodes if they are getting smaller
and smaller.

All mentioned approaches would benefit from multiplexing
and also more versatile geometric arrangements of sensors.
Multiplexing is important because ultimately one would like
to detect and distinguish all chemicals that get out of cells. A
sensor that monitors the whole spectrum of neurotransmitters
or other released compounds would be a perfect tool to inves-
tigate the underlying biology.

Another challenge is the arrangement of sensors on or near
cells or in arrays. One way to do this is to place many sensors
in vitro on cell culture substrates. However, in vivo or in tissue
samples it is necessary to arrange sensors in three dimensions
to monitor the whole process.

In summary, nanosensors for neurotransmitters are devel-
oping quickly and the field receives inputs from nanotechnol-
ogy, protein engineering, molecular recognition, and electro-
chemistry. The increasing performance of these sensors will in
the future enable biological studies and a full understanding of
how cells use chemicals to communicate and exchange
information.
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