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Abstract 

Polymer supported probes and drugs for targeted brain imaging and pharmacology 

Tomas Fiala 

 

 This doctoral thesis details a series of projects at the border of chemistry and 

neuroscience leading to the development of a novel family of probes which chemically target 

specific cells and molecules in the brain. Chapter 1 concisely introduces the history, 

development and applications of probes for monitoring brain activity and highlights synthetic 

voltage sensitive dyes as probes which have not yet reached their full potential, partly due to the 

lack of targeting strategies in brain tissue. Chapter 2 details the development of a new class of 

polymer-supported probes for ligand-directed delivery of fluorescent voltage sensitive dyes to 

monoaminergic neurons in live brain tissue. The polysaccharide dextran equipped with 

dichloropane as a ligand and either an electrochromic or PeT-based voltage sensor selectively 

targets dopaminergic and noradrenergic axons in mouse brain slice preparations. The new probes 

enabled voltage imaging in a defined neuronal population without the use of genetic 

manipulation. Al l following chapters describe modification of one of the components of the 

targeting platform developed in Chapter 2 aiming to optimize its performance or broaden its 

application potential. Chapter 3 extends the developed polymer platform to the targeting of a 

different molecular target ï the AMPA-type glutamate receptor ï via a ligand-directed covalent 



 

 

labeling strategy. Chapter 4 examines PEG as an alternative polymer carrier and shows that 

while dextran is more universal as a carrier, PEG provides superior targeting selectivity with 

negatively charged PeT-based voltage sensors. A series of targetable probes with improved 

voltage sensitivity based on the PEG platform is introduced here as well. Chapter 5 describes the 

synthesis of targetable probes carrying voltage sensors for imaging modalities other than visible 

light fluorescence, specifically for short wave infrared (SWIR) fluorescence and photoacoustic 

(PA) imaging. Chapter 6 shows the first steps towards adapting the delivery platform to the 

development of dual-ligand drugs for cell-selective pharmacology in the brain. 
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Chapter 1: Functional Imaging in the Brain 

1.1 Introduction  

Looking at the rich history of studying the brain, it is fascinating how little we know 

about this important organ. The ancient Egyptians already in the 17th century BC recorded useful 

empirical observations of brain injuries on papyrus and made logical deductions about brain 

function.1 From todayôs perspective, it is intriguing that it took 3600 years from these first 

written records about the brain to actually establish the cellular composition of the brain tissue. It 

was the seminal work of Santiago Ram·n y Cajal in the first half of the 20th century which 

established the neuron as the principal constituent of the brain.2 Cajalôs approach was simple but 

powerful. He combined a chemical labeling approach ï the Golgi staining ï with light 

microscopy to obtain unprecedented insight into the structure of individual brain cells. The 

general strategy of combining chemistry and microscopy to answer neuroscientific questions has 

been frequently adapted in the following decades and remains so to date. The research presented 

in Chapters 2ï5 of this thesis is an example of it. 

One could get the impression that now, in the 21st century, we have extensive knowledge 

of the central nervous system and its links to consciousness and behavior. Indeed, many national 

and global initiatives to advance neuroscientific knowledge have been launched and produced 

groundbreaking insight into brain structure and function. However, the existence of these 

projects only reveals how much we still do not know. For instance, in 2009, the National 

Institutes of Health (NIH) launched the Human Connectome Project, aiming ñto construct a map 

of the complete structural and functional neural connections in vivo within and across 

individuals.ò3,4 The latest initiative of the Allen Institute for Brain Science to obtain a detailed 

map of 1 mm3 of the mouse brain (roughly 105 neurons with 109 connections) by electron 
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microscopy took a total of eight months only to generate and reconstruct the images (2 petabytes 

= 1015 bytes of data).5 We can only imagine how long it would take and how much data would be 

generated to produce a map of the whole human brain (~1011 neurons with 1015 connections). It 

has to be noted that this is only raw structural data, i.e. further analysis and interpretation are 

required and the images do not carry information on functional dynamics. Analyzing the 

immense amounts of data generated this way poses another layer of difficulty as in many cases 

reliable automated analysis by artificial intelligence (AI) remain elusive. Innovative ways on 

how to tackle this issue are being developed. For example, a global initiative to classify neuronal 

types and discover new types of brain cells has been started by the laboratory of Sebastian Seung 

at Princeton University in 2012.6 Their Eyewire project uses crowdsourcing to aid analysis of 

enormous data sets of brain electron micrographs where analysis by AI alone is not possible. 2D 

brain slice images are presented to the general public in the form of a computer game. Hundreds 

of thousands of registered players manually section the images building maps of individual 

neurons in the brain. To date, this project has led to the discovery of six previously unknown 

neuronal types.5,6 Despite the progress made, the examples above show how limited the 

knowledge of the detailed brain structure still is, and this is only at the level of structure and 

morphology of brain cells. 

Establishing the basic functional mechanisms of signal transduction within and between 

neurons is a relatively recent achievement. Today, we know well that signal transduction within 

neural cells occurs via propagation of electric signals mediated by permeabilization of the cell 

membrane to certain ions by voltage-gated ion channels, and signals from one neuron to another 

is primarily mediated chemically by neurotransmitter molecules released into and outside the 

synapse. However, well into the second half of the 20th century, the scientific community was 
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divided on the question of whether signal transduction in the brain is chemical or electric ï a 

dispute aptly named ñThe War of the Soups and the Sparksò by E. S. Valenstein.7 With 

hindsight, it is a very useful lesson to look at this scientific battle and see that both camps were 

right to some extent. The problem was just more complex than initially anticipated. Since these 

early discoveries, the field of functional neuroscience has exploded with advancements in 

electrophysiology and optical methods to decipher the activities of individual neurons and 

circuits. Today, manipulating and interrogating large ensembles of neurons in vivo and linking 

neural activity patterns to behavior are possible.8 Despite these advances in tool development and 

their applications to decipher brain function at the molecular and cellular level, the field is still in 

its infancy. This chapter reviews the state-of-the-art in tool development for functional brain 

imaging with a focus on fluorescent sensors. Chapters 2ï6 detail our contribution to the field. 
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1.2 Tools for Recording Brain Activity  

Over the years, a plethora of methods have been developed to measure the action of both 

the ñsoupsò and the ñsparksò in the brain. The term ñsoupsò in Valensteinôs book7 primarily 

evokes neurotransmitters, the molecules responsible for direct neuron-to-neuron signal 

transduction in and outside the synapse. Apart from neurotransmitters, though, many other 

signaling agents modulate brain function with long-lasting effects. These molecules, termed 

neuromodulators, are not necessarily released or received by synapses and act mainly through 

second messengers rather than directly on ion channels.9 Developing reliable methods for 

monitoring both of these classes of signaling agents has been key to understanding the dynamics 

of chemical transmission in the brain. 

 

1.2.1 Microdialysis 

Microdialysis, the first method that enabled detection of relevant signaling molecules in 

the brain of live mammals, emerged in the 1960ôs.10 The principle of microdialysis is based on 

extraction of small molecules from the extracellular fluid by a probe with a semipermeable 

membrane and subsequent ex vivo quantification of the analytes.11 This powerful tool enables 

quantification of a broad range of analytes in various setups (including online monitoring in vivo) 

and remains widely used to date. Nevertheless, the temporal resolution (minutes to hours) and 

spatial resolution (hundreds of micrometers) of microdialysis is only suitable for monitoring 

relatively slow changes in neurochemical levels in relatively large brain areas, while observing 

individual neurotransmission events at the cellular level cannot be achieved by this technique. In 

addition, the invasiveness of inserting the microdialysis probe into the brain tissue may be of 

concern.12 
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1.2.2 Electrochemical Methods for Detecting Neurochemicals 

Amperometry, cyclic voltammetry (CV) and other electrochemical methods, have also 

found broad utility in detecting various chemicals in the brain.13 These techniques leverage the 

ability of certain molecules to undergo oxidation at an electrode surface when an appropriate 

voltage is applied. Using implantable microelectrodes, high fidelity monitoring of oxidizable 

brain analytes is possible in vivo. Catecholamine neurotransmitters (dopamine and 

norepinephrine) are among the most suitable neurochemicals for analysis by amperometry and 

CV due to their facile reversible two-electron oxidation to the respective quinone form (Figure 

1.1).14ï16 Even redox inactive chemicals can be quantified in the brain via electrochemical 

methods by employing electrodes with coatings, e.g. oxidase enzymes, which generate redox 

active species upon interaction with the analyte of interest. Using this strategy, amperometry has 

been expanded to quantify a plethora of neurochemicals, including glutamate and glucose.17,18 

The fact that a typical voltammogram can be recorded on the timescale of milliseconds makes 

CV superior to microdialysis in terms of temporal resolution.13 However, the spatial resolution of 

electrochemical techniques remains limited by the size of microelectrodes (typically ~10 ɛm),17 

preventing recording from individual cells or synapses. Invasiveness of electrode implantation is 

of concern similarly as in microdialysis.12 

Figure  1.1: Redox chemistry of dopamine . 

 

1.2.3 Fluorescent False Neurotransmitters 

Fluorescent sensors and tracers have also been developed for tracking neurotransmitters 

and neuromodulators in brain tissue. Due to the high spatial and temporal resolution achievable 
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with optical methods, fluorescent sensors emerged as a useful complement to microdialysis and 

electrochemical methods, enabling single cell (or even single synapse) resolution and monitoring 

of fast neurotransmitter transients. A significant achievement in optical tracing of 

neurotransmitters has been the development of fluorescent false neurotransmitters (FFNs) by the 

Sames and Sulzer laboratories.19 These tracers have been designed by fusing the structural 

features of a neurotransmitter and a small molecule fluorophore, as exemplified for the dopamine 

tracer FFN102 in Figure 1.2a.20 FFNs operate on the principle of utilizing the native transporter 

machinery of their respective neurotransmitter. For instance, the dopamine tracer FFN102 is 

transported from the extracellular space into the cytosol of dopaminergic neurons via the 

dopamine transporter (DAT). Inside the neuron, it is loaded into synaptic vesicles by the 

vesicular monoamine transporter 2 (VMAT2) and released into the synaptic cleft together with 

dopamine upon vesicle fusion (Figure 1.2b).20 

Figure  1.2: Fluorescent false neurotransmit ters. (A ) Structural resemblance of FFN102 

to dopamine.20 The key structural features of dopamine ɬ an aminoethyl group and a phenolic 

hydroxy group ( blue) were applied to the coumarin fluorophore ( red) to provide FFN102. 

(B) Principle of FFN function. 20 FFN102 (teal star) enters the presynaptic neuron via DAT (green 

transporter) and is loaded into the synaptic vesicles via VMAT2 (blue transporter); transport is 

designated with red a rrows. The FFN is also released together with dopamine (blue sphere) into 

the synaptic cleft upon exocytosis. FFN102 thus tracks the dynamics of loading and release of 

the neurotransmitter dopamine.  Importantly, it does not interact with dopamine and other  

monoamine receptors and thus serves as a fluorescent tracer. 



7 

 

 

FFNs tracking all monoamine neurotransmitters, i.e. dopamine,20 norepinephrine21 and 

serotonin,22 have been developed to date. FFNs have also been rendered pH sensitive to improve 

the visualization of their release from the acidic synaptic vesicle to the neutral extracellular 

environment.23 Several intriguing findings in the field of neuroscience have been achieved with 

FFNs, including the discovery of functionally silent dopaminergic synapses,24 the discovery of 

depolarization-induced synaptic vesicle hyperacidification,25 and novel insights into the 

mechanism of amphetamine action.26 

 

1.2.4 Fluorescent Sensors of Neurotransmitters and Neuromodulators 

Synthetic sensors. FFNs are not neurotransmitter sensors per se since they do not 

interact with and directly detect neurotransmitter levels; they are rather tracers, exhibiting 

similar behavior as the respective neurotransmitter as related to neuronal uptake and release (not 

modulation of the respective receptors). Synthetic sensors of neurotransmitters have also been 

developed, although they have not been as widely used as FFNs or genetically encoded sensors 

(vide infra). The monoamines have been the most explored neurotransmitters in terms of 

synthetic sensor development. The Glass group has been a pioneer in developing aldehyde-based 

fluorescent sensors for neurotransmitters, including catecholamines27,28 and serotonin,29 taking 

advantage of photophysical changes of aldehyde-functionalized fluorophores after imine 

formation with the amino group of the neurotransmitter (excitation, emission and brightness 

profiles). Another functional motif particularly suitable for detection of catecholamines is the 

arylboronic acid which readily creates a cyclic ester with the catechol functionality of dopamine 
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and norepinephrine. As an example, the Shen group has developed aryl boronate-based 

dopamine responsive nanoprobes which could detect the neurotransmitter in vivo in mice.30 

Genetically encoded sensors. A breakthrough in monitoring chemical neurotransmission 

was the introduction of genetically encoded sensors. An advantage common to all genetically 

encoded sensors is the ease of expression in cells of interest via cell-type selective promoters or 

the Cre-recombinase technology. Glutamate was the first neurotransmitter for which genetically 

encoded fluorescent sensors have been developed ï FLIPE by the Frommer group,31 and 

GluSnFR by the Tsien group.32 Since then, biosensors for a broad array of neurotransmitters and 

neuromodulators have been developed. These include glycine,33 ɔ-aminobutyric acid (GABA),34 

acetylcholine,35,36 dopamine,37,38 norepinephrine,39 serotonin,40 adenosine triphosphate (ATP),41 

and opioids.42 These sensors mostly share the same design pattern. They are fusion proteins of a 

recognition domain which interacts with the analyte of interest (typically a bacterial periplasmic 

binding protein or mammalian G-protein coupled receptor, GPCR) and the reporting domain 

(one fluorescent protein in intensity-based sensors, Figure 1.3a; or two fluorescent proteins in 

ratiometric sensors, Figure 1.3b). Conformational changes in the recognition domain upon ligand 

binding drive a change in conformation or protonation state in the reporting domain and hence a 

change in fluorescence intensity or Fºrster resonance energy transfer (FRET) probability (Figure 

1.3). Genetically encoded neurotransmitter sensors have already proven to be indispensable tools 

in modern neuroscience. For instance, the optimized glutamate sensor iGluSnFR was used to 

monitor glutamate transients in vivo in multiple species (worms, zebrafish, mice) with the ability 

to monitor glutamate release at individual dendritic spines.43 A perfect example of the use of 

neurotransmitter sensors to elucidate complex behavioral patterns is the application of the 

dopamine sensor GRABDA1h for the elucidation of the song learning patterns in zebra finches.44 
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Despite these impressive examples, the field of genetically encoded neurotransmitter sensors is 

still very young with most of the sensors developed in the past few years. It is therefore likely 

that many more key neuroscience discoveries will be made with the aid of these sensors. 

Figure  1.3: Genetically  encoded fluorescent sensors of neurotransmitters and 

neuromodulators. (A ) Example of an intensiometric fluorescent biosensor for neurochemicals. 

The GPCR-derived neurotransm itter sensing domain (dark green) is fused to a fluorescent 

protein (star). In the absence of the neurotransmitter (blue), the fluorescent protein is in a low 

fluorescence state (gray). Upon neurotransmitter binding, change in conformation of the sensing 

domain is transferred to the fluorescent protein domain which switches into a high fluorescence 

state (light green). The change in fluorescence intensity indicates analyte binding. (B) Example of 

a ratiometric fluorescent biosensor for neurochemicals. The GPCR-derived neurotransmitter 

sensing domain (dark green) is fused to two fluorescent FRET acceptor and donor proteins (light 

green and yellow stars). In the absence of the neurotransmitter (blue), the sensing domain is in a 

conformation which places the two fluorescent proteins far from one another causing FRET to 

be inefficient. Upon n eurotransmitter binding, change in conformation of the sensing domain is 

transferred to the fluorescent proteins, bringing them close to each other and increasing FRET 

probability. The change in fluorescence ratio of the two fluorescence proteins indicates analyte 

binding.  

 

1.2.5 Electrophysiology 

Further building on Valensteinôs terminology,7 the ñsparksò, i.e. changes in membrane 

potential of neurons and other excitable cells, have been just as important to monitor as the 

chemical language of brain cells. This is because chemical transmission and membrane voltage 

changes do not necessarily correlate with one another, as exemplified by the existence of silent 
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dopamine vesicle clusters24 on the presynaptic side, or cancelation of excitatory and inhibitory 

signals on the postsynaptic side.45 Direct recording and manipulation of electrical activity in 

tissues ï electrophysiology ï has been a broad field spanning a wide range of methods. For the 

purpose of this thesis, methods relevant to recordings from single neural cells are reviewed, 

while less relevant techniques such as electroencephalography (EEG)46 or measurements from 

non-neuronal cells are not included. Single-cell electrophysiological recording is an old 

technique developed before World War II. One of its first uses was the measurement of action 

potentials in the squid giant axon using a glass microelectrode by Hodgkin and Huxley in 1939,47 

for which they were awarded the Nobel Prize in Physiology or Medicine (together with Sir John 

Carew Eccles) in 1963.48 Electrophysiology provided unprecedented insight not only into the 

function of single cells but also neuronal circuits. The work of Hubel and Wiesel49 on cat 

primary visual cortex led to important discoveries regarding information processing during sight 

and was recognized by the 1981 Nobel Prize in Physiology or Medicine (together with Roger W. 

Sperry).50 The improved patch clamp technique, where a microelectrode is tightly sealed to the 

surface of the cell (rather than puncturing it) was perfected by Sakmann and Neher51,52 and 

enabled electrophysiological recordings from single ion channels for which they received the 

1991 Nobel Prize in Physiology or Medicine.53 The three Nobel prizes awarded clearly show that 

single-cell electrophysiology has revolutionized neuroscience. Patch clamp allows the 

experimenter to either externally control the membrane voltage while measuring current (voltage 

clamp) or inject current into the cell and monitor the associated changes in membrane potential 

(current clamp). Various types of membrane seals can also be achieved which allow monitoring 

the entire cell (whole cell patch clamp), a fraction of a membrane within a live cell (cell-attached 

patch clamp), or isolated fragments of a cell membrane from either side (inside-out or outside-
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out patch clamp), which provide countless opportunities for studying the properties of excitable 

cells and the processes involved.52 Nevertheless, patch clamp electrophysiology suffers from one 

major drawback ï low throughput. One patch clamp electrode allows for measurement only from 

a single cell. Although automated technologies with patch-clamp chips have been developed,54 

and simultaneous patch clamp of multiple cells is now routinely performed,55 these advances are 

insufficient to satisfy the needs for high throughput recording from hundreds to thousands of 

cells in live brain tissue ex or in vivo to study complex microcircuit effects or behavioral 

patterns.56 

 

1.2.6 Calcium Sensors 

Synthetic calcium sensors. High throughput in monitoring depolarization-induced 

events in neurons has been largely satisfied by optical sensors. Measuring intracellular calcium 

levels with optical sensors has been a widely used technique to measure neuronal activity. It has 

to be stressed that calcium transients do not always directly correlate with membrane 

depolarization events in neurons. Although increase in concentration of intracellular calcium is 

often the result of the action of voltage gated calcium channels, especially near the release sites 

of presynaptic neurons, there are many other mechanisms that can lead to the rise of intracellular 

calcium, e.g. activation of Ca-permeable AMPA receptors or release from intracellular stores 

such as the endoplasmic reticulum.57 In addition, many membrane voltage changes occurring in 

neurons are not accompanied by a calcium response at all, such as subthreshold increases in 

membrane potential or hyperpolarization events.58 Nevertheless, measuring changes in the 

concentration of intracellular calcium has become one of the leading techniques for resolving 

neuronal activity in modern neuroscience.58 Synthetic sensors for monitoring calcium transients 
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in neurons were developed in the 1980ôs by the laboratory of Roger Tsien.59 Most synthetic 

calcium sensors share the same structural features which makes them a very modular class of 

probes where the experimenter can easily find the probe matching the desired parameters 

(excitation and emission wavelength, dynamic range etc.).60 A typical probe consists of a 

calcium binding module [most often 1,2-bis(o-aminophenoxy)ethane-N,N,Nǋ,Nǋ-tetraacetic acid, 

BAPTA ï a Ca2+ selective chelator] fused to a reporting module (fluorescent dye; Figure 1.4). 

Change from free to Ca-bound state of the probe results in a change in excitation and emission 

properties of the fluorophore, e.g. through change in effective length of the conjugated -́system 

(as in Figure 1.4) or change in photoinduced electron transfer (PeT)-mediated fluorescence 

quenching efficiency. Due to their high sensitivity (>100-fold change in fluorescence intensity 

from basal fluorescence, ȹF/F, upon Ca2+ binding for the most advanced sensors61) and ease of 

use,60 synthetic calcium sensors have become widely applied in studies performed in cultured 

cells. However, applications in brain tissue have been largely limited due to the lack of 

techniques for efficient targeting of the sensors into cell-types of interest.62 As a rare example, 

the sensor Calcium Green FlAsH was rendered targetable by insertion of two arsenic substituents 

which exhibit high affinity to tetracysteine motifs.63 The probe could thus be selectively targeted 

to cells genetically engineered to express tetracysteine peptides. Nevertheless, this strategy was 

useful only for investigating calcium transients in specific subcellular locations in cultured cells, 

rather than monitoring calcium in specific cell types in brain tissue. 
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Figure  1.4: Mechanism of action of a synthetic calcium sensor. The calcium sensor 

indo -1 consists of a BAPTA chelator fused to an indole-6-carboxylate chromophore. In the 

unbound state, the relevant nitrogen atom is sp2 hybridized resulting in extended push ɬpull 

conjugation with the indole -6-carboxylate, resulting in a red -shifted emission maximum of 

475 nm. Upon Ca2+ chelation, the nitrogen is rehybridized into sp 3 and is no longer conjugated 

to the benzene and indole rings, resulting in a blue -shifted emission maximum of 400 nm.59 The 

red and green lobes represent orbitals of the relevant atoms. 

 

Genetically encoded calcium sensors. Many of the problems synthetic calcium sensors 

faced in terms of use in live brain tissue were solved with the development of genetically 

encoded calcium indicators (GECIs). The general design principles of GECIs and their modes of 

action are very similar to those of genetically encoded neurotransmitter sensors shown in Figure 

1.3, only the neurotransmitter sensing domain is replaced by a calcium sensing domain, such as 

calmodulin or troponin.58 The first GECIs were developed in 1997 by the Persechini64 and 

Tsien65 groups and operated on a ratiometric FRET-based mechanism similar to the one shown 

in Figure 1.3b. Only with the development of intensiometric GECIs (operating on an analogous 

mechanism as in Figure 1.3a), the first of which was Camgaroo66 followed by the now most 

widely used family of GCaMP sensors,67ï69 high fidelity calcium imaging in vivo was enabled. 

By simultaneous imaging of up to hundreds of neurons, unprecedented insight into memory and 

behavior has been achieved in healthy animals as well as disease models.70ï72 Despite all these 
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achievements, calcium imaging does not provide the level of detail which direct measurement of 

membrane potential would provide. A typical action potential has a duration of 1-2 ms, while 

voltage-induced calcium transients have half-decay times of 50-60 ms which makes accurate 

measurement of rapid action potential trains with calcium sensors physiologically impossible.73 

In addition to the native limitations, calcium sensors themselves act as calcium buffers and 

exhibit on/off kinetics slower than the native influx and clearance of intracellular calcium. For 

instance, one of the fastest GECIs applicable in vivo, GCaMP6f, shows a peak in fluorescence 

about 200 ms after an action potential and has a half-decay time in tissue of 140 ms, i.e. its 

response is more than two orders of magnitude slower than single action potentials.69 For many 

applications, e.g. long term correlation of neuronal activity with behavioral patterns, recording 

with higher temporal resolution would not bring any benefit. However, for studying the detailed 

ñlanguageò of neurons during trains of action potentials, subthreshold membrane potential 

changes and hyperpolarizing currents, GECIs and other calcium indicators are not suitable. 

 

1.2.7 Voltage Sensors 

Synthetic voltage sensitive dyes. True optical electrophysiology, i.e. direct readout of 

changes in membrane potential by optical means was first achieved with synthetic dyes that react 

to membrane potential changes by changing their cellular localization or absorption and emission 

properties. These voltage sensitive dyes (VSDs) are a chemically diverse class of probes and 

function via various mechanisms.56 Early examples of synthetic VSDs were charged 

fluorophores which entered or were expelled from cells in response to changes in membrane 

potential, thus effectively changing the fluorescence intensity collected from the cell.74 A clear 

advantage of these ñNernstianò dyes is their strong response to membrane voltage [often >100% 
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fluorescence change from basal fluorescence (ȹF/F) per 100 mV].75 The redistribution 

mechanism is, however, very slow as it requires physical translocation of the probe molecules 

over long distances of many nanometers, which is incompatible with detecting single action 

potentials. Fast optical voltage imaging was achieved with probes acting via other mechanisms, 

such as reorientation, FRET, aggregation, electrochromism and PeT.56,76 The latter two 

mechanisms are particularly relevant to the probes developed in Chapters 2ï4 of this thesis. 

Electrochromic VSDs contain an extended charged -́system which inserts into the cell 

membrane. Due to their high polarizability, the absorption and emission spectra of these dyes are 

membrane-potential dependent (Figure 1.5), hence the name electrochromic. Among the earlier 

designs, aminonaphthylethenylpyridinium (ANEP) dyes and related electrochromic VSDs were 

extensively used for recording neuronal activity from in vitro preparations with both one-

photon77,78 and two-photon79 excitation fluorescence with typical sensitivities of up to 10% ȹF/F 

per 100 mV. In vivo VSD imaging was also demonstrated with these dyes.80 The subsequent 

development of the more advanced anellated hemicyanine (ANNINE) dyes81,82 improved the 

practical use of electrochromic VSDs in vivo.83 A significant drawback of electrochromic VSDs 

is that they exhibit the highest voltage sensitivity when excited and/or emission is collected at the 

edge of their excitation or emission spectra, respectively.84 This means that during functional 

measurements, only a fraction of the number of photons these dyes can produce as fluorophores 

are collected. However, in complex environments of live brain tissue, which faces additional 

issues such as light scattering, a high photon output is required to achieve an adequate signal-to-

noise ratio. 
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Figure  1.5: Proposed mechanism of action of an electrochromic VSD. The 

4-(p-aminostyryl)pyridinium ȹ 2/ȺɯËàÌɯÊÖÕÚÐÚÛÚɯÖÍɯÈɯÊÖÕÑÜÎÈÛÌËɯϣ-system with a delocalized 

positive charge. The dye is depicted as inserted into the cell membrane from the extracellular 

side. The HOMOɬLUMO gap of ASP is dependent on membrane voltage. Left: in a 

hyperpolarized membran e, chargeɬcharge interactions destabilize the ground state and stabilize 

the excited state of the dye, resulting in a small HOMOɬLUMO gap. Right: in a depolarized 

membrane, chargeɬcharge interactions stabilize the ground state and destabilize the excited 

state of the dye, resulting in a large HOMOɬLUMO gap. Therefore, a blue shift in absorption 

and emission spectra of the probe is observed upon depolarization.84 

 

PeT-based VSDs emerged recently as a novel class of voltage sensors which tackle the 

main photon-budget drawback of electrochromic VSDs.76 These dyes consist of a fluorophore 

fused to a lipophilic ́-wire quencher. When inserted into the cell membrane, the ́ -wire 

experiences the membrane potential and exhibits voltage-dependent PeT to the fluorophore and 
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quenches its fluorescence (Figure 1.6). This results in a fluorescence turn-on response to 

membrane depolarization. To date, a broad range of PeT-based VSDs has been introduced with 

structural features of the ́-wire optimized to maximize voltage sensitivity85,86 and using a broad 

range of fluorophores to cover a wide spectral range.87ï90 Imaging voltage in mouse brain tissue, 

including acutely prepared brain slices87 and in vivo,91 with bulk-loaded PeT-based voltage 

sensors has been demonstrated. 

Figure  1.6: Proposed mechanism of action of a PeT-based VSD. The RVF5 VSD consists 

of a rhodol fluorophore ( blueȺɯÈÕËɯÈÕɯÌÓÌÊÛÙÖÕɯÙÐÊÏɯϣ-wire ( green). The dye is depicted as 

inserted into the cell membrane from the extracellular side. The probability of fluorescence 

quenching of rhodol by single electron transfer frÖÔɯÛÏÌɯϣ-wire is membrane-potential -

dependent. Left: in a hyperpolarized membrane, PeT quenching has a high probability as the 

electron is transferred towards the positively charged extracellular side. Right: in a depolarized 

membrane, PeT quenching has a lower probability as the electron is transferred towards the 

negatively charged extracellular side. Therefore, the PeT-based VSD exhibits a higher quantum 

yield of fluorescence when the membrane is depolarized compared to a hyperpolarized state.87 
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Synthetic voltage sensors which exhibit fast response kinetics have to be positioned in the 

cell membrane to experience its electric field, which dissipates quickly beyond the membrane 

due to dielectric screening of the surrounding medium.56 This creates several challenges for fast 

voltage imaging: 

(I) The cell membrane, with its 4 nm thickness is a pseudo-2-dimensional object which can hold 

a limited number of sensor molecules compared to the 3-dimensional cytosol where calcium 

sensors operate.56 Fast voltage imaging is therefore intrinsically handicapped in terms of photon 

output compared to other imaging methods which do not require membrane confinement. 

(II) Fast synthetic VSDs are all highly lipophilic species which tightly bind to membranes and 

other lipophilic compartments. This property makes selective delivery of voltage sensors to 

specific cell types a highly challenging task. 

Delivery of VSDs to defined subsets of neurons is, however, highly desirable, especially 

in brain tissue as signal originating from untargeted dyes offers only information about bulk 

activity91 but does not allow for the deciphering of cell-type specific activity (except for rare 

situations where recording from a well-defined layer of cells is possible83,87). Early attempts to 

achieve some level of cell-type specificity of VSD labeling took advantage of retrograde 

transport of bulk-loaded dyes along long axonal projections;78 or invasive direct injection of 

VSDs into neurons.77 Hybrid chemo-genetic approaches utilizing genetically-encoded cell-

surface enzymes which deprotect caged dyes were later introduced for electrochromic92ï94 as 

well as PeT-based VSDs.95 Recently, strategies utilizing the self-labeling enzymes ACP-tag or96 

Spy-tag97 have been utilized to deliver VSDs to transfected neurons. However, in all these 

chemo-genetic examples, delivery of VSDs to target cells was achieved only in vitro. Only a 
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single example published in 2020 by the Miller group shows chemo-genetic delivery of PeT-

based VSDs in mouse acute slices using Halo-tag.98 

Genetically encoded voltage indicators. The difficulties in efficiently applying 

synthetic VSDs to brain tissue was addressed by the development and advancement of 

genetically encoded voltage indicators (GEVIs) for which cell-type specific expression is 

achievable. The design principles of GEVIs are more diverse than for families of genetically 

encoded sensors summarized above in Figure 1.3. Some successful GEVIs, such as ArcLight99, 

ASAP1,100 and FlicR1,101 are based on analogous principles as depicted in Figure 1.3 for 

neurotransmitter sensors, i.e. a voltage sensitive domain carries one or two fluorescent proteins 

and exhibits voltage-dependent switching between a bright and dark state of the fluorophore, or 

change in FRET probability, respectively. Another major class of GEVIs are based on type I 

opsins, light-sensitive ion channels which contain the retinal chromophore.102 Mutations to 

remove the conductivity of opsins gave rise to voltage-sensitive proteins which show a 

bathochromic shift in absorption and increase in red fluorescence upon depolarization, which is 

driven by protonation of the retinal Schiff base (Figure 1.7a).103,104 The low quantum yield 

(<0.001) of opsins, however, required the use of very high illumination intensities which were 

unpractical for use in brain tissue due to photochemical and thermal damage. The brightness 

issue was tackled by the development of opsinïfluorescent protein hybrids, which took 

advantage of the voltage sensitivity and absorption properties of opsins but used a fluorescent 

protein instead as the principal fluorophore.105ï107 Depolarization-induced FRET from the 

fluorescent protein to the opsin results in a turn-off response of these probes (Figure 1.7b). A 

similar design principle was applied recently to create a hybrid chemo-genetic sensor where the 

fluorescent protein was replaced by the self-labeling Halo-tag enzyme, to which the state-of-the-



20 

 

art JaneliaFluor-525 (JF525) synthetic fluorophore was attached (Figure 1.7c).108 This sensor, 

termed Voltron, enabled unprecedented imaging of up to 40 neurons at the same time in vivo in 

mice and zebrafish, and studying their neural dynamics during behavior. 

Figure  1.7: Opsin -based genetically encoded voltage indicators. (A ) Opsins alone, such 

as QuasAr2, function as voltage sensors.104 Depolarization induces protonation of the opsin 

which results in increased red fluorescence, albeit with a low quantum yield (<0.001). (B) Fusion 

of an opsin with a fluorescent pr otein, such as Ace2N-mNeonGreen provides a FRET-based 

GEVI.107 In hyperpolarized cells, the mNeonGreen fluorescent protein exhibits strong emission 

due to low FRET to the deprotonated Ace2N opsin. After depolarization and protonation of 

Ace2N, emission of mNeonGreen is reduced due to FRET. (C) A chemo-genetic approach 

introduced by the Schreiter group 108 similar to the design in panel ( B). The Voltron probe 

contains the self-labeling Halo -tag enzyme instead of the mNeonGreen fluorescent protein. A 

bright and photostable JF525 fluorophore is a ttached to the Halo-tag providing a FRET-based 

volt age sensor. 
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GEVIs possess several clear advantages over synthetic VSD, especially for use in ex vivo 

and in vivo brain tissue. For experiments in mammalian models, the ability to express GEVIs in 

specific neuronal types and conduct experiments with minimally invasive techniques (e.g. 

imaging through a thinned skull) over long periods of time has no current viable alternative.109 

State-of-the-art GEVIs are now able to address key neuroscience questions at various anatomic 

levels, including large brain regions,110 neural circuits,111 populations of individual cells,108,112 or 

even subcellular regions,113 all in ways inaccessible by calcium imaging or electrophysiology. 

Despite all these achievements, voltage imaging with GEVIs is not free of challenges or 

limitations: 

(I) Voltage sensitivity of many GEVIs is based on the movement of a charged domain of the 

protein within the membrane. This creates additional membrane capacitance which perturbs the 

system under study.114 

(II) Obtaining strong signal from the pseudo-2-dimensional cell membrane requires highly 

overexpressed sensors. Placing large quantities of unnatural proteins into the cell membrane may 

also have an impact on the results of experiments conducted with the model organism. 

(III) Using GEVIs requires genetic manipulation of the model organism. Transfection with GEVI 

genes to achieve good expression and correct protein trafficking in the desired cell population is 

often not a trivial task and may be the limiting factor of GEVI use.109 In addition, for studies in 

models of brain disorders which are already based on multiple genetic modifications,115 further 

genetic manipulation is impractical. 

(IV) Except for the recently introduced chemo-genetic Voltron sensor (which uses a synthetic 

fluorophore),108 GEVIs rely on protein-based fluorophores which are limited in diversity and 
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performance compared to synthetic sensors in nearly all photophysical parameters, including 

voltage sensitivity,88 photostability89 and photon output.91  
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1.3 Conclusion and Outlook 

Reflecting back to the 100 years of development from Ram·n y Cajalôs silver staining to 

visualize neuronal morphology to todayôs deciphering of neuronal circuitry with functional 

sensors in behaving animals, a giant leap of the field of neuroscience is clear to which chemistry 

has significantly contributed. Despite the increasing role played by modern genetics and 

molecular biology, chemical tools remain a strong player in primary and applied neuroscience. 

Genetic models are indispensable in current fundamental research. However, clinical 

applications of these methods face significant difficulties, not only from the scientific 

perspective but also from ethical considerations. Although highly valuable insight into brain 

structure and function can be obtained from model animals, such as rodents, or even monkeys, 

we ultimately need to corroborate that our findings translate to humans. Chemical tools play and 

will keep playing a crucial role in diagnosing and treating the human brain. 

Cognizant of the large potential of synthetic voltage sensitive dyes and the unmet need to 

target them to specific neuronal populations, we sought to tackle this task by finding a purely 

chemical solution. In Chapter 2 of this thesis, we introduce a delivery platform for non-genetic 

targeting of lipophilic VSDs to specific axonal projections in mouse brain tissue. In Chapters 3, 

4 and 5, we explore modifications of the delivery platform to enable VSD targeting of different 

cell types, with improved selectivity, and with novel classes of sensors, respectively. In Chapter 

6, we show our first steps in applying the developed platform beyond voltage sensors, to enable 

cell-selective pharmacology in the brain.  
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Chapter 2: A Polymer Supported Probe for Targeted Brain Imaging 

Contribution disclosure: Experiments presented in this chapter were conceptualized and 

carried out together with Jihang Wang (Sames group). Some of the preliminary data have been 

obtained by Dr. Ekeoma C. Nwadibia and Dr. Peter Ġebej (both Sames group). A part of the cell-

culture-based experiments and all experiments in brain tissue have been carried out by Jihang 

Wang, partly under supervision of Dr. Matthew Dunn (Sames group). Whole-cell patch clamp 

experiments were carried out by Jihang Wang under the guidance of Dr. Yuki Bando (Yuste 

group). 

Publication disclosure: Results presented in this chapter have been published as a 

preprint (Preprint: ChemRxiv 2020, doi.org/10.26434/chemrxiv.6955355.v2),116 as an online 

conference presentation (ACS Spring 2020 National Meeting & Expo 2020, doi.org/10.1021/ 

scimeetings.0c04135)117 and in a peer reviewed journal (J. Am. Chem. Soc. 2020, 142, 9285ï

9301).118 

In Chapter 1.2.7, we summarized the state-of-the-art in targeted voltage imaging. We 

recognized that all current techniques for recording membrane potential changes in specific 

neuronal subtypes, including protein-based GEVIs as well as synthetic sensors targeted via 

chemo-genetic approaches, rely on genetic manipulation of the experimental system under 

investigation. In addition, until very recently,98 targeting of highly lipophilic synthetic voltage 

sensors in live brain tissue has been entirely elusive. In Chapter 1.3, we argued for the need of 

chemical, non-genetic tools. We therefore asked ourselves the following questions: 

(I) Is it possible to avoid genetic manipulation for targeting VSDs to specific neuronal 

populations? 

(II)  Would a purely chemical approach using high affinity ligands be feasible for this purpose? 
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(III)  Is it possible to obtain sufficient signal when relying on natively expressed protein targets 

rather than overexpressed sensors? 

 

 

2.1 Preliminary Results and Probe Design 

2.1.1 A Monoamine-Transporter-Selective Fluorescent Probe 

Deciphering the striatal circuitry with a focus on the role of dopaminergic neurons in the 

brain has been a long-standing interest of the collaboration between the laboratories of Prof. 

David Sulzer and Prof. Dalibor Sames. In her dissertation work,119 Dr. Ekeoma C. Nwadibia 

synthesized a potent binder of the monoamine transporter proteins ï the dichloropane derivative 

2.1 (Figure 2.1a). By tethering this ligand to a polar fluorescent dye, rhodamine red-X, she 

developed a fluorescent probe, ECN127 (2.2) for selective labeling of monoamine-transporter-

expressing cells, including neurons in brain tissue (Figure 2.1a). This probe has become a 

prototype of an efficient chemical targeting platform for cargo delivery to the extracellular side 

of a cell membrane. We decided to utilize and expand this concept to develop functional, 

voltage-sensitive probes chemically targetable to monoaminergic neurons. 
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Figure 2.1: Synthesis and  functional characterization  of probe ECN127. (A ) 

Dichloropane derivative 2.1 is deprotected under acidic condition s. The liberated amine is 

coupled with rhodamine red -X N-hydroxysuccinimidyl (NHS) ester  to provide probe ECN127 

(2.2) in 91% yield (over two steps). (B) Fluorescence (top row) and the corresponding brightfield  

(bottom row) images of HEK cells labeled with ECN127 (2.2; 100 nM , 15 min ). Labeling was 

compared in hDAT -HEK cells (left column), hDAT -HEK cells pre-incubated with nomifensine 

(2 mM ; middle column), and null -transfected HEK cells (right column). All fluorescence images 

were equally contrasted. Excitation filter: 5 40 nm (25 nm bandpass), 570 nm dichroic, emission 

filter: 605 nm (55 nm bandpass). (C) Determination of IC50 of ECN127 (2.2) at hDAT via 

inhibition of  APP+ uptake. Non-linear regression (1:1 binding model) showing the dose-

dependent inhibition of APP+ uptake by ECN127 (2.2) in hDAT -HEK cells. Error bars are ° SEM 

for n = 4 experiments, 2 replicates per independent experiment (error bars of some data points 

are too small to display). 
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ECN127 (2.2) has become widely used in the Sames laboratory as a positive control for 

membrane-localized labeling of monoamine transporters. Therefore, I reproduced the synthesis 

of this molecule (Figure 2.1a), and independently determined its inhibitory potency at the 

dopamine transporter (DAT): Human embryonic kidney cells stably transfected with the human 

dopamine transporter (hDAT-HEK cells) treated with ECN127 (2.2; 100 nM, 15 min) exhibited 

membrane localized fluorescence which was absent in the presence of the DAT blocker 

nomifensine120 or in HEK cells transfected with an empty vector (null-HEK cells) (Figure 2.1b). 

In addition, ECN127 (2.2) blocked the uptake of the fluorescent DAT substrate APP+ (ref.121) by 

hDAT-HEK cells with an IC50 of 25 Ñ 1 nM (Figure 2.1c). 

The binding model of probe ECN127 (2.2) is depicted in Figure 2.2a ï a short linker 

separates the dichloropane ligand and the polar rhodamine red-X dye. However, the same design 

cannot be applied to a targetable VSD. The fact that fast synthetic voltage sensors exhibit their 

function only when inserted in the cell membrane56,76 requires the linker separating the ligand 

and sensor to be longer, i.e. a small polymer (Figure 2.2b). 

Figure 2.2: Binding models of targeted probes. (A ) Binding model of ECN127 (2.2) ɬ a 

short linker separates the protein (red)-bound target ing ligand (black anchor) and the 

chromophore (pink). ( B) Binding model of a targeted VSD ɬ a long, polymeric linker (blue) 

separates the ligand and the chromophore, which is inserted into the cell membrane (grey). 
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2.1.2 PEG as a Polymer Carrier 

A logical first choice of a polymeric linker separating the dichloropane ligand and a VSD 

was poly(ethylene glycol) (PEG). This polymer is widely used in biology due to its good 

solubility profile, low protein binding, and synthetic accessibility of a wide variety of 

functionalized variants.122 Numerous fluorescent probes containing PEG spacers have been 

reported.96,97,123 During his postdoctoral stay in the Sames laboratory, Dr. Peter Ġebej 

synthesized probe 2.3 ï a dichloropaneïPEG(3400)ïdi-2-ANEP conjugate as a potential 

targetable VSD utilizing a PEG polymer carrier (Figure 2.3a). Incubating probe 2.3 with hDAT-

HEK cells (100 nM, 15 min), however, resulted in intracellularly localized fluorescence (Figure 

2.3b). Furthermore, the staining was not hDAT-dependent, as the same labeling pattern was 

observed in hDAT-HEK cells pre-incubated with the DAT-blocker nomifensine and in null-HEK 

cells (Figure 2.3b). We therefore concluded the PEG is not a suitable polymer carrier for this 

class of VSDs as it does not allow for ligand-dependent membrane-localized fluorescent staining 

of target cells. 
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Figure 2.3: Structure of dichloropane ɬPEG(3400)ɬdi -2-ANEP and characterization of 

its cellular targeting . (A ) Structure of dichloropaneɬPEG(3400)ɬdi -2-ANEP (2.3). This compound 

ÞÈÚɯÚàÕÛÏÌÚÐáÌËɯÉàɯ#Ùȭɯ/ÌÛÌÙɯ§ÌÉej. (B) Fluorescence (Fluo, top row) and the corresponding 

brightfield  (BF, bottom row) microscopy images of HEK cells labeled with dichloropaneɬ

PEG(3400)ɬdi -2-ANEP (2.3; 100 nM). Labeling was compared in hDAT -HEK cells (left column), 

hDAT -HEK cells pre-incubated with nomifensine (2  mM ; middle column), and null -HEK cells 

(right column). All fluorescence microscopy images were equally contrasted. Excitation filter: 

480 nm (40 nm bandpass), 570 nm dichroic, emission filter:  590 nm (longpass). This experiment 

was carried out by Jihang Wang. 

 

2.1.3 Dextran as a Polymer Carrier 

We therefore turned our attention to other options for polymers as VSD carriers. The 

bacterial polysaccharide dextran stood out as a promising candidate due to its clinical use, high 

hydrophilicity, fast diffusion rates in brain tissue and biocompatibility.124ï126 In addition, dextran 
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is highly stable in mammals due to a unique structure of glucose units linked together through Ŭ-

1,6-glycosidic linkages with occasional 1,3- and less frequently 1,2- and 1,4-branching, for the 

cleavage of which mammalian hydrolases do not exist.127 We developed a synthetic strategy for 

direct functionalization of dextran with azidopropyl carbamate groups for further attachment of 

ligands and probes by click chemistry (Figure 2.4). The key reagent, N-(3-azidopropyl)-O-(4-

nitrophenyl) carbamate (2.5) was synthesized in two steps from 3-bromopropyl ammonium 

bromide (Figure 2.4a). The reaction of dextran with 2.5 was optimized to provide azidopropyl 

carbamate dextran (N3-dextran, 2.6(M)-w; M ï average molecular weight of dextran) with a high 

degree of control over dextran coverage with N3 (i.e. average number of azide functionalities per 

polymer molecule ï w; Figure 2.4b). 

Figure 2.4: Synthesis of azidopropyl carbamate dextran. (A ) Two-step synthesis of N-

(3-azidopropy l)-O-(4-nitrophenyl) carbamate ( 2.5), the reagent used for preparation of azido-

group functionalized dextran . (B) Synthesis of azidopropyl -carbamate-dextran(M ) (2.6(M )-w). 

Number M  is the dextran average molecular weight in Daltons. Number w reflects the degree of 

dextran functionalization with azidopropyl ligands (average number of azide functionalities per 

polymer molecule).  Note: Dextran branching is omitted for clarity. Linker subst itution on 

dextran is shown only in position 2; however, it is likely that positions 3, 4 and terminal 6 are 

also functionalized to a lower extent (see ref.128). 
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N3-dextran (2.6(M)-w) of the two lowest commercially available average molecular 

weights (2500 and 6000 Da) were explored in the initial stages of this project. Dextran coverage 

with N3 (number w in 2.6(M)-w) was determined by 1H NMR spectroscopy from integration of 

the CH2 signal at ŭ 1.81 ppm (most separated from the dextran signals; see Figure 2.5 for a 

representative spectrum of 6000 Da N3-dextran with 2.15 N3/polymer, i.e. 2.6(6000)-2.15). 

Figure 2.5: 1H NMR (500 MHz; D 2O/CD3CN 5:1, v/v) of 2.6(6000)-2.15. The total 

integration of all dextran CɬH signals (red numbers, assignment based on ref.127) was set to 

258.26 (7 Cɬ'ɯ×ÙÖÛÖÕÚɯǺɯƗƚȭƜƝɯÎÓÜÊÖÚÌɯÜÕÐÛÚɯ×ÌÙɯƚƔƔƔ Da dextran). The integral intensity of the 

signal at 1.81 ppm (green B) was used to determine the average number of azidopropyl linker 

groups per ideal 6000 Da dextran ɬ 2.15 (4.30 / 2). 

 

The presence of the clickable azido group was also verified by Fourier-transformed 

infrared spectroscopy (FTIR) based on the characteristic vibration of the N3 group at 2103 cm-1 

(Figure 2.6). 
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Figure 2.6: FTIR (ATR, diamond) spectrum of 2.6(6000)-2.15. The presence of the N3 

group is confirmed by the characteristic peak at 2103 cm-1. 

 

Strain-promoted azide-alkyne cycloaddition (SP-AAC) click chemistry has been widely 

recognized as a fast and reliable tool for bioconjugation under mild conditions.129 We therefore 

chose the strained alkyne bicyclo[6.1.0]non-4-yn-9-ylmethyl (BCN) group as a conjugation 

partner for N3-dextrans. As a common reagent for the preparation of BCN-containing ligands and 

probes, we synthesized BCN NHS-carbamate (2.11) in five steps from cycloocta-1,4-diene as 

described previously (Figure 2.7).130,131 
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Figure 2.7: Synthesis of BCN NHS -carbamate. BCN-OSu (2.11) was synthesized from 

cycloocta-1,4-diene in five steps as described previously.130,131 

 

Next, we coupled the dichloropane ligand 2.1 with the BCN group to provide clickable 

dichloropane 2.12 (Figure 2.8a). Similarly, we prepared BCN-tagged fluorescein (2.13, Figure 

2.8b) ï a hydrophilic dye; and BCN-tagged nile red (2.15, Figure 2.8c) ï a hydrophobic, 

membrane localizing dye,123 as a proxy for lipophilic VSDs. 
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Figure 2.8: Synthesis of BCN-functionalized ligand and dyes . (A ) Synthesis of dichloropane-

BCN (2.12). (B) Synthesis of fluorescein-BCN (2.13). (C) Synthesis of nile red-BCN (2.15). 

Starting materials 2.1 and 2.14 ÞÌÙÌɯÒÐÕËÓàɯ×ÙÖÝÐËÌËɯÉàɯ#Ùȭɯ/ÌÛÌÙɯ§ÌÉÌÑȭ 

 

With N3-dextran, as well as the small-molecule BCN reagents in hand, we used one-pot 

SP-AAC click chemistry to assemble dextran-based probes carrying the dichloropane ligand and 

either the polar fluorescein or lipophilic nile red dye. We reacted N3-dextrans 2.6(2500)-3 and 

2.6(6000)-3 (i.e. 2500 Da and 6000 Da dextran with an average of ~3 N3 groups per polymer) 

with a 2:1 mixture of dichloropane-BCN (2.12)/dye-BCN (2.13 or 2.15) to provide a dextran 

polymer functionalized with ~2 ligand molecules and ~1 dye molecule per polymer on average 

(fluorescein probes 2.16(2500) and 2.16(6000), and nile red probes 2.17(2500) and 2.17(6000); 

Figure 2.9). Chemical characterization of this class of dextran probes is discussed in detail in 

Chapter 2.2.1. 
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Figure 2.9: Synthesis of targetable dextran -based probes. One-pot assembly of targetable 

dextran-based probes via click chemistry by the reaction of N 3-dextran 2.6(M )-w (M  = 2500 or 

6000 Da, w = 3) with a 1:2 mixture of dichloropane ligand 2.12 and fluorescent dye 2.13 or 2.15. 

Note: Dextran branching is omitted for clarity. Linker substitution on dextran is shown only in 

position 2; however, it is likely that positions 3, 4 and terminal 6 are also functionalized to a 

lower extent (see ref.128). 

 

Targeting selectivity of the dextran-based probes to monoamine transporters was first 

characterized in HEK cell culture. hDAT-HEK cells treated with fluorescein probes 2.16(2500) 

and 2.16(6000) (100 nM, 15 min) exhibited membrane localized fluorescence which was absent 

in the presence of nomifensine or in null-HEK cells (Figure 2.10). These experiments with the 

dextran polymer carrying a polar fluorescein dye demonstrate that dextran can function as a 

targeting platform without seriously compromising the ligand affinity to DAT or causing strong 

non-specific binding or internalization of the probe. 
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Figure 2.10: Cellular targeting of dichloropane ɬdextranɬfluorescein probes. 

Fluorescence (Fluo, top row) and the corresponding brightfield  (BF, bottom row) microscopy 

images of HEK cells labeled with probes 2.16(2500) (panel A ; 100 nM , 15 min ) or 2.16(6000) 

(panel B; 100 nM , 15 min ). Labeling was compared in hDAT -HEK cells (left column), hDAT-HEK 

cells pre-incubated with nomifensine (2  mM; middle column), and null -transfected HEK cells (right 

column). All fluorescence microscopy images within the same panel were equally contrasted. 

Excitation filter: 470 nm (40 nm bandpass), 495 nm dichroic, emission filter: 525 nm (50 nm 

bandpass). This experiment was carried out by Jihang Wang. 
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A second level of challenge for dextran as a targeting platform was the lipophilic nile red 

dye, which on its own robustly labels all membrane compartments. To our delight, hDAT-HEK 

cells treated with the 6000 Da dextran-nile red probe 2.17(6000) (25 nM, 15 min) exhibited 

membrane localized fluorescence which was largely blocked by nomifensine and was also absent 

in null-HEK cells (Figure 2.11b). On the other hand, the same experiment with the 2500 Da 

dextran probe analog 2.17(2500) (25 nM, 15 min) showed a larger degree of non-specific labeling 

of null-HEK cells and nomifensine-inhibited hDAT-HEK cells with labeled intracellular 

compartments (Figure 2.11a). 



38 

 

Figure 2.11: Cellular targeting of dichloropane ɬdextranɬnile red probes. Fluorescence 

(Fluo, top row) and the corresponding brightfield  (BF, bottom row) microscopy images of HEK 

cells labeled with probes 2.17(2500) (panel A ; 25 nM , 15 min ) or 2.17(6000) (panel B; 25 nM , 

15 min ). Labeling was compared in hDAT -HEK cells (left column), hDAT-HEK cells pre-

incubated with nomifensine (2  mM ; middle column), and null -transfected HEK cells (right column). 

All fluorescence microscopy images were equally contrasted. Excitation filter: 580 nm (40 nm 

bandpass), 610 nm dichroic, emission filter: 660 nm (50 nm bandpass). This experiment was 

carried out by Jihang Wang. 
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Building on the promising DAT targeting results with probe 2.17(6000) in cellulo, we 

explored whether this probe could show good labeling selectivity to natively expressed DAT in 

real brain tissue rather than an artificial system of an immortalized cell line overexpressing the 

transporter protein. The dorsal striatum (dSTR) receives dense dopaminergic axonal projections 

from neurons originating in the substantia nigra compacta (SNc) in the midbrain that highly 

arborize at their target (Figure 2.12a).132 Acutely prepared striatal brain slices incubated with 

probe 2.17(6000) (100 nM, 30 min) exhibited a string-like, punctate pattern of labeling with two-

photon excitation fluorescence imaging, typical for dopaminergic axons in this region (Figure 

2.12b).20 A similar experiment with pre- and co-incubation with the DAT blocker nomifensine 

(2 ɛM) as a negative control resulted in only weak background staining (Figure 2.12c). These 

results demonstrated that the dextran platform can function as an effective carrier of lipophilic 

cargo for targeted imaging in the complex environment of ex vivo brain tissue. 



40 

 

Figure 2.12: Targeting of the dichloropane -dextran-nile red probe to dopaminergic axons in 

mouse striatum . (A ) Nissl stained sagittal slice of a mouse brain (image credit: Allen 

Institut e133,134) with a schematic representation of a dopaminergic neuron originating in the SNc 

and highly arborizing in the dSTR. The blue rectangle indicates the approximate region where 

the images in (B) and (C) were acquired via two-photon excitation microscopy. ( B, C) 

Representative images (three different magnifications) of mouse striatal slices labeled with 

probe 2.17(6000) (100 nM, 30 min , 15 ϟÔɯËÌ×ÛÏɯÍÙÖÔɯÚÓÐÊÌ surface). Slices were incubated either 

in the absence (B) or in the presence (C) of the DAT blocker nomifensine ( 2 ϟM). The probe was 

excited at 920 nm and emission collected at 570ɬ620 nm. This experiment was carried out by Jihang 

Wang. 
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2.2 Voltage SensorïLigandïDextran Probes Carrying the Classical ANEP Dye 

Emboldened by the high targeting selectivity observed for nile red probe 2.17(6000), we 

sought to employ the same probe design for a targeted voltage sensor. The first VSD we chose 

was a classical dye from the family of electrochromic, aminonaphthylethenylpyridinium (ANEP) 

dyes, as these probes have been widely used and well characterized (see Chapter 1.2.7). 

 

2.2.1 Synthesis and Chemical Characterization of a Targetable ANEP Probe 

We synthesized a clickable di-2-ANEP voltage sensor containing the BCN functionality 

(Figure 2.13). The key pyridinium intermediate 2.20 was prepared in three steps from 

4-aminobutanol (Figure 2.13a). Condensation of 2.20 with 6-(diethylamino)-2-naphthaldehyde 

(2.21, kindly provided by Dr. Peter Ġebej) gave the di-2-ANEP chromophore with an NHBoc 

terminated butylene linker (di-2-ANEPB-NHBoc, 2.22; Figure 2.13b). Finally, 2.22 was 

deprotected and treated with the activated carbamate of BCN (2.11) to provide clickable 

di-2-ANEPB-BCN (2.23; Figure 2.13b) 



42 

 

Figure 2.13: Synthesis of di -2-ANEPB-BCN. (A ) Synthesis of linker-functionalized pyridinium 

intermediate  2.20. (B) Synthesis of di-2-ANEPB-BCN 2.23. Reagent 2.21 was kindly provided by Dr. 

PeÛÌÙɯ§ÌÉÌÑȭ 

 

We employed the one-pot SP-AAC approach used for the assembly of nile red probe 

2.17(6000) also for the synthesis of an analogous di-2-ANEP probe. The 6000 Da N3-dextran 

2.6(6000)-3.25 was reacted with a 2:1 mixture of dichloropane-BCN (2.12)/di-2-ANEPB-BCN 

(2.23) to provide probe 2.24 (Figure 2.14). Probe 2.24 contains a Voltage sensor and a Ligand 

appended to Dextran, thus we term this family of sensors ñVoLDeò probes. Compound 2.24, 

specifically, carries a di-2-ANEP VSD and targets Monoamine transporters; we thus named it 

di-2-ANEP-VoLDeMo. 
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Figure 2.14: Synthesis of di -2-ANEP-VoLDeMo . One-pot assembly of the targetable dextran-

based ANEP VSD (di-2-ANEP-VoLDeMo, 2.24) via click chemistry  by the reaction of N 3-dextran 

2.6(6000)-3.25 with a 1:2 mixture of dichloropane ligand 2.12 and di -2-ANEPB-BCN (2.23). Note: 

Dextran branching is omitted for clar ity. Linker substitution on dex tran is shown only in 

position 2.128 

 

The primary methods used to characterize di-2-ANEP-VoLDeMo (2.24) were 1H NMR 

and FTIR spectroscopy (Figure 2.15 and Figure 2.16). Since the one-pot assembly of the probe 

leads to stochastic distribution of the attached ligand and VSD molecules, only average numbers 

of these individual species per polymer molecule could be assessed. These values were obtained 

from the 1H NMR spectrum in DMSO-d6/D2O (5:1, v/v; Figure 2.15), specifically the integral 

intensities of the aromatic-region (~6.5ï9.0 ppm) protons corresponding to the ligand and VSD, 

after setting the integral intensity of the dextran acetal C-H to the same value as known for the 

respective N3-dextran (2.6(6000)-3.25) starting material (Figure 2.15; see Experimental Section, 

Chapter 2.5.3 for a detailed discussion). di-2-ANEP-VoLDeMo (2.24) was determined to carry 

an average of 0.74 ANEP/polymer and 1.38 ligands/polymer (Figure 2.15). These values were 

lower than expected based on the coverage of the N3-dextran starting material used (2.6(6000)-
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3.25, i.e. 3.25 N3 functionalities per polymer). It is worth noting that during purification of di-2-

ANEP-VoLDeMo (2.24) by dialysis, after collecting the dialysate, the dialysis membrane was 

colored red, indicating adsorption of di-2-ANEP species to it, leading to loss of some higher 

coverage material. The same phenomenon was observed when the synthesis was repeated several 

times with different N3-dextrans (2.6(M)-w) and ligand/dye loadings. 

Figure 2.15: 1H NMR (500 MHz; DMSO -d6/D2O 5:1, v/v) characterization of 

di -2-ANEP-VoLDeMo ( 2.24). Relevant region of the spectrum shown; full spectrum is in  Figure 

A.69, Appendix A. Coverage of the dextran carrier with ANEP units (0.74 ANEP/polymer) was 

obtained from the normalized average integration value s of ANEP signals at ϗ 6.88, 7.64, 7.73, 

7.79, 8.09 and 8.69 ppm. Similarly, the coverage with dichloropane ligand units (1.38 

ligand/polymer) was obtained from the 7.17 and 7.40 ppm signals after subtraction of the 

average integration values of the ANEP units. See Experimental Section (Chapter 2.5.3) for a 

detailed discussion. 
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Additional evidence for successful completion of the reaction was obtained by FTIR. Full 

functionalization of the dextran N3 groups was confirmed by absence of the characteristic 

vibration of the azido functionality at 2103 cm-1 (Figure 2.16). 

Figure 2.16: FTIR (ATR, diamond) spectrum of di -2-ANEP-VoLDeMo ( 2.24). The 

vibration at 2103 cm-1 corresponding to the N 3 group  originally present in the N 3-dextran 

starting  material (2.6(6000)-3.25) is absent, confirm ing completion of the SP-AAC click reaction . 

 

It is worth noting that different concentration values of the VoLDeMo probes can be 

reported with respect to the dextran polymer, VSD or ligand, based on their coverages (i.e. 

effective concentration for each component of the construct; vide supra). For example, a 100 nM 

di-2-ANEP-VoLDeMo (2.24) with respect to dextran is ~74 nM with respect to the VSD (based 

on a 0.74 ANEP/polymer coverage). Therefore, concentration values with respect to both dextran 

and VSD are specified in subsequent chapters for all probes of the VoLDe family. 

 

2.2.2 di-2-ANEP-VoLDeMo Targeting in hDAT-HEK Cells 

We investigated the targeting selectivity of di-2-ANEP-VoLDeMo (2.24) to cells 

expressing hDAT. Treatment of hDAT-HEK cells with di-2-ANEP-VoLDeMo (2.24; 100 nM 
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dextran/74 nM ANEP, 5 min) resulted in membrane-localized fluorescence (Figure 2.17a, left). 

Upon pre- and co-incubation with the DAT inhibitor, nomifensine (2 ɛM), the membrane staining 

of hDAT-HEK cells was significantly diminished (20.2 Ñ 5.7 fold decrease, n = 30 cells from 3 

experiments, P = 0.0013, two-tailed unpaired t-test; Figure 2.17). Additionally, coronal staining 

was not observed with null-HEK cells under identical conditions (8.4 Ñ 1.5 fold decrease in 

fluorescence intensity with respect to hDAT-HEK cells, n = 30 cells from 3 experiments, 

P = 0.0018, two-tailed unpaired t-test; Figure 2.17), confirming that surface-localization of the 

probe is DAT-dependent. 

Figure 2.17: Targeting of di -2-ANEP-VoLDeMo to hDAT -HEK cells. (A ) Brightfield 

(BF, top row) and corresponding fluorescence (Fluo, bottom row) microscopy images of HEK cells 

labeled with di -2-ANEP-VoLDeMo ( 2.24; 100 nM  dextran/74 nM  ANEP, 5 min ). Labeling was 

compared in hDAT -HEK cells (left column), hDAT-HEK cells pre-incubated with the DAT 

inhibitor nomifensine (2  mM ; middle column), and null -HEK cells (right column). All fluorescence 

microscopy images are equally contrasted. Excitation filter: 480 nm (40 nm bandpass), 570 nm 

dichroic, emission filter: 590 nm (longpass). Note: bright spots in some fluorescence images are 

likel y non-specifically labeled dead cells or cell fragments. (B) Mean fluorescence intensity of 

randomly selected cell bodies (n = 3, 10 ROIs per n) stained with di -2-ANEP-VoLDeMo ( 2.24) 

under the conditions as in panel (A ), normalized to the mean of the hDAT -transfected, non-

inhibited condition. Error bars are ° standard deviation ( SD) for n = 30 cells from 3 experiments. 

All fr om two -tailed unpaired t -test: 20.2 Ƿ 5.7 fold decrease in labeling, P = 0.0013 for 

hDAT+Nomi vs.  hDAT; and 8.4 Ƿ 1.5 fold decrease in labeling, P = 0.0018 for null vs. hDAT . 

These experiments were carried out by Jihang Wang. 

  



47 

 

The di-2-ANEP-VoLDeMo probe (2.24) thus exhibited an unprecedented high targeting 

selectivity for a lipophilic VSD (compare to the PEG-based probe in Figure 2.3 on p. 29). We 

wondered about the factors underlying the low background staining of the VoLDe probe. 

Interestingly, we observed a large difference in the character of 1H NMR spectra of di-2-ANEP-

VoLDeMo (2.24) in D2O compared to DMSO-d6. In D2O, the aromatic region of the spectrum 

showed highly broadened peaks corresponding to the VSD, indicating restricted motion of this 

part of the molecule (Figure 2.18a). On the other hand, the aromatic signals corresponding to the 

dichlorophenyl group of the dichloropane ligand remained sharp (Figure 2.18a, marked by green 

asterisks), reflecting less conformational constraint. A highly contrasting spectrum was obtained 

in DMSO-d6, where all signals in the aromatic region were sharp and well-resolved, indicating 

high conformational freedom of both the VSD and ligand (Figure 2.18b). These findings which 

provided us with insight into the solvent-dependent conformational behavior of di-2-ANEP-

VoLDeMo (2.24) enabled us to formulate the following targeting model for VoLDe probes: In 

the bulk extracellular environment, the construct exists predominantly in a folded state with the 

VSD minimally exposed to the aqueous environment, which results in low non-specific binding. 

Association of the dichloropane ligand with DAT increases the effective concentration of the 

VoLDeMo construct at the cell membrane, the conformational equilibrium is shifted, and the 

VSD partitions into the membrane (Figure 2.18c). 
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Figure 2.18: Proposed conformational behavior and targeting model of VoLDe  probes. 

(A ) 1H NMR (500 MHz, D 2O) of di -2-ANEP-VoLDeMo ( 2.24), zoomed in aromatic region (6.2ɬ

9.2 ppm). Broadened peaks reflect restrained conformational freedom of the lipophilic  VSD 

which is shielded by the dextran carrier. Green asterisks ɬ signals of the dichloropane ligand 

which are significantly sharper, reflecting more conformational freedom of the ligand.  

(B) 1H NMR  (500 MHz, DMSO -d6) of di -2-ANEP-VoLDeMo ( 2.24), zoomed in aromatic region 

(6.2ɬ9.2 ppm). Sharp peaks indicate high conformational flexibility of the construct in the more 

solubilizing environment of DMSO. ( C) Targeting model of VoLDe  probes: Top ɬ in bulk 

aqueous environment, the VSD (pink) is encapsulated by the dextran carrier (blue spheres) from 

the solvent. Bottom ɬ after binding of the dichloropane ligand (green) to DAT (grey), the 

equilibrium is shifted  and the VSD partitions into the cell membrane.  

 

We also quantified the binding propensity of di-2-ANEP-VoLDeMo (2.24) to hDAT. The 

probe blocked the uptake of the fluorescent DAT substrate APP+ (ref.121) by hDAT-HEK cells 

with an IC50 of 74 Ñ 3 nM dextran/55 Ñ 3 nM VSD/103 Ñ 5 nM ligand (Figure 2.19), showing 

only minor loss of potency compared to ECN127 (2.2; see Figure 2.1 on p. 26). 
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Figure 2.19: Determination of IC50 of di -2-ANEP-VoLDeMo at hD AT via inhibition of  

APP+ uptake. Non-linear regression (1:1 binding model) showing the dose-dependent 

inhibition of APP+ uptake by di -2-ANEP-VoLDeMo ( 2.24) in hDAT -HEK cells. Error bars 

are ° standard error of the mean (SEM) for n = 4 experiments, 2 replicates per independent 

experiment (error bars of some data points are too small to display). 

 

2.2.3 Voltage Sensitivity of di-2-ANEP-VoLDeMo in hDAT -HEK Cells 

The question that remained to answer was whether conjugation of the ANEP VSD to the 

dextran carrier retains the voltage sensitivity of the probe. We therefore performed whole cell 

voltage clamp experiment on hDAT-HEK cells labeled with di-2-ANEP-VoLDeMo (2.24; 

100 nM dextran/74 nM ANEP, 5 min). The cells were held at a ï60 mV potential mimicking the 

normal resting potential of a live cell, and subsequently subjected to holding potential steps 

ranging from ī100 mV to +80 mV in 30 mV intervals and imaged with one-photon excitation 

fluorescence at 200 Hz (Figure 2.20a). As expected for the electrochromic ANEP dye excited at 

the red edge of its absorption band135 (see Chapter 1.2.7 for a discussion of the voltage sensing 

mechanism of electrochromic dyes), we observed a decrease in fluorescence intensity with 

increasing membrane potential. When the fractional fluorescence change was plotted against the 

membrane potential, a linear plot (R2 = 0.998) with a DF/F per 100 mV = (ī4.7 ° 1.1)% was 
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obtained (n = 5, Figure 2.20b). Comparable voltage sensitivity was previously demonstrated for 

non-targeted ANEP class dyes.135 

Figure 2.20: M embrane potential sensitivity of di -2-ANEP-VoLDeMo  in hDAT -HEK 

cells. (A ) Representative overlaid  traces of the fractional change in fluorescence of di-2-ANEP-

VoLDeMo ( 2.24; 100 nM  dextran/74 nM  ANEP, 5 min ) versus time of a voltage-clamped HEK 

cell, held aÛɯǸƚƔ mV and then subjected to 100 ÔÚɯÝÖÓÛÈÎÌɯÏÖÓËÐÕÎÚɯÙÈÕÎÐÕÎɯÍÙÖÔɯǸƕƔƔ mV (blue 

trace) to +80 mV (red trace) in 30 mV intervals. ( B) Plot of percent fluorescence change of di-2-

ANEP-VoLDeMo versus membrane voltage under the conditions from panel ( A )ȭɯȈF/F per 

100 mV = ǸƘȭƛ Ƿ 1.1%, SNR = 4.5 Ƿ 0.5, n = 5; mean ° SEM. Excitation filter: 480 nm (40 nm 

bandpass), 570 nm dichroic, emission filter: 590 nm (longpass). This experiment was carried out by 

Jihang Wang. 

 

Next, we subjected hDAT-HEK cells labeled with di-2-ANEP-VoLDeMo (2.24; 100 nM 

dextran/74 nM ANEP, 5 min) to simulated trains of rapid depolarizations to evaluate the potential 

of the probe to respond to neuronal action potentials which typically occur on the timescale of 1-

2 ms. The cells were held at ī60 mV and subjected to a sequence of ten individual voltage spikes 

of 2 ms length and 100 mV magnitude at 100 Hz frequency. At 1 kHz imaging rate with one-

photon excitation fluorescence microscopy, di-2-ANEP-VoLDeMo (2.24) was able to detect and 

distinctively resolve individual voltage spikes within one burst from a single trace (Figure 

2.21a), while improved signal to noise ratio could be obtained by signal averaging (Figure 

2.21b). 
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Figure 2.21: Whole -cell voltage clamp of hDAT -HEK cells with simulated trains of 

spiking events  imaged with di -2-ANEP-VoLDeMo . hDAT -HEK cells labeled with di -2-ANEP-

VoLDeMo ( 2.24; 100 nM  dextran/74 nM  ANEP, 5 min ) ÞÌÙÌɯÏÌÓËɯÈÛɯǸƚƔ mV and subjected to a 

train  of ten individual voltage spikes of 2  ms length and 100 mV magnitude  at 100 Hz 

frequency. The one-photon excitation fluorescence data were corrected for photobleaching and 

the mean fluorescence intensity converted to percent DF/F. (A ) A representative raw single-trial 

imaging trace. (B) Ten simulated trains of voltage spikes within panel (A ) were overlaid, 

including 50  ms before and after the stimulation p eriod. The traces of the ten individual spike 

trains are shown in gray, and their average is represented by the red trace. Excitation filter: 

480 nm (40 nm bandpass), 570 nm dichroic, emission filter: 590 nm (longpass). This experiment 

was carried out by Jihang Wang. 

 

In addition to voltage sensitivity, we characterized di-2-ANEP-VoLDeMo (2.24) in terms 

of its photostability and compared it to the commercial untethered di-2-ANEPEQ dye (2.25, 

Figure 2.22a). hDAT-HEK cells labeled with either di-2-ANEP-VoLDeMo (2.24; 100 nM 

dextran/74 nm ANEP, 5 min) or di-2-ANEPEQ (2.25, 500 nM, 15 min) were continuously 

irradiated with 450 nm light (50 nm bandwidth) for 15 min, and one-photon excitation 

fluorescence images (580 nm emission filter, 40 nm bandwidth) were collected every 5 s (Figure 

2.22b). Under these conditions, di-2-ANEP-VoLDeMo (2.24) exhibited significantly higher 

photostability than di-2-ANEPEQ (2.25). We hypothesize that the presence of the dextran 

polymer hinders the access of water and other potentially nucleophilic species to the excited dye, 

thus slowing down certain photodegradation pathways (photoprotection of dyes by polymers and 
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macrocycles, including polysaccharides, is a known phenomenon136,137). In addition, di-2-

ANEPEQ (2.25) differs from the sensor structure in di-2-ANEP-VoLDeMo (2.24) by having a 

second, quaternary ammonium charged group in the direct vicinity of the chromophore which 

could also affect the photostability of the dye, e.g. by influencing the solvation sphere (thus 

affecting the nucleophilicity of surrounding molecules) or the stability and lifetime of certain 

excited state species by electrostatic interactions. This second charged group in di-2-ANEPEQ 

(2.25) is necessary to prevent crossing of the cell membrane. The quaternary ammonium is not 

required in di-2-ANEP-VoLDeMo (2.24) where the dextran polymer prevents probe 

internalization. 

Figure 2.22: Comparison of the photostability of di -2-ANEP-VoLDeMo with that of 

the untethered di -2-ANEPEQ. (A ) Structure of di -2-ANEPEQ (2.25). (B) hDAT -HEK cells were 

loaded with di -2-ANEPEQ (2.25, 500 nM, 15 min ) or di -2-ANEP-VoLDeMo ( 2.24; 100 nM  

dextran/74 nM  ANEP, 5 min ) and then continuously illuminated (15 min) with a xenon lamp 

using a 450/50 nm excitation filter. Fluorescence images (emission filter: 580/40 nm) were 

collected at 5 s intervals. The normalized fluorescence intensities were plotted vs time. Error 

ÉÈÙÚɯÈÙÌɯǷ SD for n = 4 independent experiments. 
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2.2.4 Targeting of di-2-ANEP-VoLDeMo in Brain Tissue 

We next aimed to evaluate the utility of di-2-ANEP-VoLDeMo (2.24) in mouse brain 

tissue. First, we sought to achieve selective labeling of the highly arborizing striatal 

dopaminergic axons (Figure 2.23a) in acutely prepared brain slices, similarly as demonstrated 

with nile red probe 2.17(6000) (see Figure 2.12 on p. 40). Indeed, incubating striatal slices with 

di-2-ANEP-VoLDeMo (2.24; 100 nM dextran/74 nM VSD, 30 min) followed by two-photon 

excitation fluorescence imaging provided string-like, punctate labeling characteristic to the 

distribution of dopaminergic axons in this brain region (Figure 2.23b, left). When the labeling 

experiment was conducted in the presence of the DAT blocker nomifensine, only weak diffuse 

labeling was observed (Figure 2.23b, middle), confirming that the targeting is DAT-dependent. 

To highlight the selectivity of the VoLDe probe, we incubated striatal slices with the untethered, 

ligand-free di-2-ANEPEQ (2.25; 100 nM, 30 min), which provided fluorescence signal from non-

specific labeling of all cell membranes (Figure 2.23b, right). To further confirm that the labeling 

pattern of di-2-ANEP-VoLDeMo (2.24) in the dorsal striatum originates from dopaminergic 

axons, we carried out the labeling experiment in brain slices from mice expressing the green 

fluorescent protein (GFP) under the control of the tyrosine hydroxylase (TH) promoter (TH-GFP 

mice), a marker of catecholaminergic (dopaminergic and noradrenergic) neurons. As expected, a 

high degree of co-localization between di-2-ANEP-VoLDeMo (2.24) and TH-GFP labeling was 

observed (Figure 2.23c). 
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Figure 2.23: Targeting of di -2-ANEP-VoLDeMo to catecholamine axons in mouse 

brain slices . (A , D ) Nissl stained sagittal slice of a mouse brain (image credit: Allen 

Institute 133,134) with : (A ) a schematic representation of a dopaminergic neuron originating in the 

SNc and highly arborizi ng in the dSTR; or (D ) a noradrenergic neuron originating in the LC 

with sparse axonal projections in the CTX. The blue rectangle indicates the approximate region 

where the images in panels (B, C) or (E, F), respectively were acquired via two -photon 

excitation microscopy. (B, E) Representative images of striatal (B) or cortical (E) slices labeled 

with  di -2-ANEP probes. Left: slice incubated with the targeted  di -2-ANEP-VoLDeMo ( 2.24; 

100 nM  dextran/74 nM  VSD, 30 min, 15 ϟm depth from the tissue surface); middle: an analogous 

experiment with pre - and co-incubation with the DAT/NET blocke r nomifensine (2 ϟM); right: 

slice incubated with untargeted di -2-ANEPEQ (2.25, 100 nM , 30 min, 15 ϟm depth) . Images 

within the same panel were contrasted equally. Excitation: 920 nm, emission: 570ɬ610 nm. 

(C, F) Representative images showing colocalization of di-2-ANEP-VoLDeMo ( 2.24, 100 nM  

dextran/74 nM  VSD, 30 min, 15 ϟm depth) and TH -driven GFP in mouse striatum ( C) or cortex 

(F). Left: di -2-ANEP-VoLDeMo ( 2.25) channel (exc. 920 nm, em. 570ɬ610 nm); middle: GFP 

channel (exc. 760 nm, em. 440ɬ500 nm); right: overlaid image of the two channels. This 

experiment was carried out by Jihang Wang. 
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In addition, di-2-ANEP-VoLDeMo (2.24) co-localized to a high extent (78.0 Ñ 3.5%, 

n = 3) in striatal slices with FFN102, a selective tracer of dopaminergic synapses20 (Figure 2.24). 

Significantly lower co-localization was observed in the scrambled control (co-localization of 

images from two different fields of view; 17.3 Ñ 2.3%, P < 0.0001, two-tailed unpaired t-test; 

Figure 2.24b). 

Figure 2.24: Co-localization of di -2-ANEP-VoLDeMo labeling with that of FFN102.  (A ) 

Representative images showing co-localization of di -2-ANEP-VoLDeMo (2.24, 100 nM  

dextran/74 nM  VSD, 30 min, 15 ϟm depth from tissue surface) and FFN102 (2 mM , 30 min ; ref.20). 

Left: di -2-ANEP-VoLDeMo ( 2.24) channel (exc. 920 nm, em. 570ɬ610 nm); middle: FFN102 

channel (exc. 760 nm, em. 435ɬ485 nm); right: overlaid image of the two channels. (B) 

Quantification of di -2-ANEP-VoLDeMo ( 2.24) co-ÓÖÊÈÓÐáÈÛÐÖÕɯÞÐÛÏɯ%%-ƕƔƖȭɯ3ÏÌɯɁ-ÖÛɯ

2ÊÙÈÔÉÓÌËɂɯÊÖÓÜÔÕɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯ×ÌÙÊÌÕÛÈÎÌɯÖÍɯËÐ-2-ANEP-VoLDeMo (2.24) signal that co-

ÓÖÊÈÓÐáÌËɯÞÐÛÏɯ%%-ƕƔƖɯ×ÜÕÊÛÈɯÍÙÖÔɯÛÏÌɯÚÈÔÌɯÍÐÌÓËɯÖÍɯÝÐÌÞȭɯ3ÏÌɯɁ2ÊÙÈÔÉÓÌËɂɯÊÖÓÜÔÕɯÙÌ×ÙÌÚÌÕÛÚɯ

analogical co-localization of randomly selected di -2-ANEP-VoLDeMo ( 2.24) and FFN102 figures 

from different fields of view. Error bars are ° SD for n = 45 images from 9 slices from 3 animals. 

3ÏÌɯɁ-ÖÛɯ2ÊÙÈÔÉÓÌËɂɯÐÔÈÎÌÚɯÎÈÝÌɯÏÐÎÏÌÙɯÓÌÝÌÓɯÖÍɯÊÖÓÖÊÈÓÐáÈÛÐÖÕɯ(78.0 Ƿ 3.5%) than the 

Ɂ2ÊÙÈÔÉÓÌËɂɯÊÖÕÛÙÖÓɯȹƕƛȭƗ Ƿ 2.3%, P < 0.0001, two-tailed unpaired t -test). This experiment was 

carried out by Jihang Wang. 

 

Targeting of di-2-ANEP-VoLDeMo (2.24) to dopaminergic axons in mouse striatal slices 

represents the first example of selective delivery of a synthetic VSD to a specific neuronal type 

in brain tissue. It has to be noted that the dichloropane ligand is not selective exclusively to DAT 

but binds all monoamine transporters, i.e. also the norepinephrine transporter (NET) and 

serotonin transporter (SERT).138,139 High selectivity to DAT in the striatum is warranted by the 
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fact that the expression levels of NET and SERT in this brain region are negligible.132,140 

Similarly, expression of monoamine transporters in the somatosensory cortex (CTX) is almost 

exclusively limited to NET.21 Unlike in the striatum, the catecholaminergic projections in the 

CTX, originating in the locus coeruleus (LC), are of far lower density (Figure 2.23d). This 

region therefore represents a much greater challenge for targeting of VoLDe probes, due to the 

very small number of target axonal projections compared to the bulk of all remaining cells in the 

area. We prepared mouse cortical slices and incubated them with di-2-ANEP-VoLDeMo (2.24; 

100 nM dextran/74 nM VSD, 30 min). Two-photon excitation fluorescence imaging revealed a 

sparse string-like labeling pattern characteristic to noradrenergic axons in this region (Figure 

2.23e, left), which was abolished when the labeling was carried out in the presence of 

nomifensine (2 ɛM) to block NET (Figure 2.23e, middle). The high selectivity of di-2-ANEP-

VoLDeMo (2.24) labeling was also clear from the highly contrasting labeling pattern of the 

untethered di-2-ANEPEQ (2.25; 100 nM, 30 min) which labels all cell membranes (Figure 2.23e, 

right). Analogously to the striatum, di-2-ANEP-VoLDeMo (2.24; 100 nM dextran/74 nM VSD, 

30 min) labeling in the somatosensory CTX exhibited a high degree of co-localization with the 

TH-GFP marker, which is specific to catecholaminergic neurons (Figure 2.23f), highlighting the 

targeting selectivity of di-2-ANEP-VoLDeMo (2.24). 

 

2.2.5 Voltage Sensitivity of di-2-ANEP-VoLDeMo in Brain Tissue 

The design of di-2-ANEP-VoLDeMo (2.24) enables targeting of the probe to 

monoaminergic neurons via natively expressed monoamine transporters at physiological 

expression levels. This fact imposes a major constraint on the number of sensors delivered to the 

target cells, and hence the number of photons that can be collected from the targeted dyes during 
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imaging. It has to be noted that GEVIs rely on overexpressed probes which provide sufficient 

photon output to enable imaging with high signal to background ratio even at kHz imaging rates 

which are necessary for detecting single action potentials of neuronal cells.141 We therefore 

sought to explore the limits of voltage imaging in brain tissue of wild-type animals (without 

genetic manipulation) using sensors relying on protein targets at significantly lower expression 

levels than has been typical for high-fidelity voltage imaging with GEVIs in genetically 

engineered models. 

One limitation for the use of di-2-ANEP-VoLDeMo (2.24) is the preferential expression 

of monoamine transporters in axons and dendrites, compared to cell bodies. Therefore, di-2-

ANEP-VoLDeMo (2.24) cannot be easily combined with patch-clamp techniques to enable 

recording from a neuronal body under direct electrophysiological control. Given the robust 

axonal staining by di-2-ANEP-VoLDeMo (2.24) as demonstrated in Figure 2.23, we decided to 

use electric stimulation to evoke activity of labeled striatal slices and record this activity with 

two-photon excitation fluorescence. Specifically, we labeled striatal slices with di-2-ANEP-

VoLDeMo (2.24; 100 nM dextran/74 nM VSD, 30 min) and placed a bipolar electrode to the 

vicinity of a region of interest (ROI). Then, we recorded two-photon excitation fluorescence 

images with spiral scanning at 30 Hz for 3.5 s, while stimulating the slice with the bipolar 

electrode delivering 25 pulses at 50 Hz from t = 0.5 to 1.0 s (Figure 2.25a). To control for any 

voltage-independent artifacts during the stimulation process, we conducted the same experiment 

in the presence of 1 ɛM tetrodotoxin (TTX; Figure 2.25b). Raw traces from multiple trials 

(n = 50) were corrected for photobleaching and averaged (Figure 2.25c). The trace recorded in 

the presence of TTX was subtracted (as the voltage-independent baseline) from the trace 

recorded in the absence of TTX (Figure 2.25d) and a 2-point moving average was employed to 
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smoothen the trace (Figure 2.25e). A small decrease in fluorescence was observed during the 

stimulation period (Figure 2.25e), consistent with the results obtained from cell-culture-based 

experiments (see Figure 2.20 on p. 50). Comparing the average fluorescence intensity recorded 

during and before stimulation revealed that the fluorescence decrease was statistically significant 

with a P = 0.044 (Figure 2.25f). 
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Figure 2.25: Two -photon fluorescence recording of evoked activity in striatal 

dopaminergic axons with di -2-ANEP-VoLDeMo . Two-photon fluorescence traces recorded by 

spiral scanning at 30 Hz from striatal  slices labeled with di -2-ANE P-VoLDeMo (2.24; 100 nM  

dextran/74 nM  VSD, 30 min ) with electric stimulation (25 pulses at 50 Hz, period highlighted in 

yellow), without and with TTX (1  ϟM) inhibition. The probe was excited at 920 nm and emission 

collected at 570ɬ610 nm. (A , B) Normalized raw traces obtained for di -2-ANEP-VoLDeMo (A , 

n = 50) and di -2-ANEP-VoLDeMo + TTX inhibition ( B, n = 50). (C) Averaged traces after 

bleaching correction (two -phase exponential decay) was applied to each individual raw trace 

from panels (A ) and (B) using t = 0.0 to 0.5 s and 2.0 to 3.5 s. (D ) Subtracted traces from panel 

(C): di -2-ANEP-VoLDeMo (red in C) minus di -2-ANEP-VoLDeMo + TTX inhibition (green in 

C). (E) A two -point moving average was applied to smoothen the trac e in (D ). A zoomed in 

graph for t = 0.0 to 1.5 s. (F) Mean fluorescence (° SEM) of voltage recording from ( D ) during 

the stimulation and pre -stimulation periods. A statistically significant decrease in fluorescence 

during stimulation was observed with di -2-ANEP-VoLDeMo (2.24; n = 50 from 5 slices, 

P = 0.044, two-tailed unpaired t-test). This experiment was carried out by Jihang Wang. 
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The signal obtained by recording of electrically induced striatal activity with di-2-ANEP-

VoLDeMo (2.24) was at the very edge of detectability even after averaging many trials (n = 50) 

and the reliability of these data is questionable. It is worth noting that this was achieved using the 

di-2-ANEP voltage sensor, a well-established electrochromic VSD for experiments in cell 

culture, however developed a quarter of a century ago.77,78 VSDs with highly improved 

sensitivity and other photophysical parameters, such as brightness and photostability, have been 

developed in recent years.142 Development of VoLDeMo probes carrying state-of-the-art VSDs 

which provided higher signal to background ratio of voltage imaging in brain tissue is described 

in Chapter 2.3. 
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2.3 VoLDeMo Probes Carrying Improved PeT-Based VSDs 

In search for improved voltage sensors to enable recording of membrane potential 

changes in monoaminergic neurons using the VoLDeMo platform, we turned to a new class of 

VSDs with fast response kinetics based on a photoinduced electron transfer (PeT) mechanism76,85 

(see Chapter 1.2.7 for a detailed discussion of this class of VSDs). In particular, the rhodol 

voltage fluor 5 (RVF5; Figure 2.26)87 was of particular interest to us due to the envisioned 

possibility to introduce a functionalizable ñhandleò via the pyrrolidine ring. A BCN-

functionalized RVF5 voltage sensor would enable facile attachment of the probe to dextran, 

opening the door to an improved VoLDeMo probe. 

Figure 2.26: The RVF5 VSD and designed variants . Structure of RVF5 as reported by 

Kulkarni et al. 87 and its analogs investigated for the preparation of an improved VoLDeMo 

probe. Structural changes with respect to the original RVF5 VSD are highlighted in colors: 

purple ɬ BCN group for attachment to dextran via SP-AAC click chemistry; red ɬ second 

sulfonate group for optimized positioning of the dye in the cell membrane; 86 green ɬ shortened 

ϣ-wire for lower lipophilicity; 76 and blue ɬ ÔÌÛÏÖßàɯÎÙÖÜ×ɯÍÖÙɯÐÕÊÙÌÈÚÌËɯͅF/F voltage 

response.85 

 

2.3.1 Design and Synthesis of RVF-VoLDeMo Probes 

We envisioned constructing RVF5-BCN (2.26, Figure 2.26), a clickable version of the 

original RVF5 VSD containing the BCN functionality connected to the pyrrolidine ring of the 
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dye via a carbamate linkage. In addition, we designed three variants of this probe to identify a 

potentially improved version of the RVF5 VSD in terms of voltage sensitivity and/or targeting 

selectivity. Specifically, disulfonated dsRVF5-BCN (2.27, Figure 2.26) was inspired by a report 

that showed that presence of a second sulfonate group increases voltage sensitivity, presumably 

by improved positioning of PeT-based VSDs in the cell membrane.86 A RVF5 variant with a 

shortened ́-wire, dsRVF5(sh)-BCN (2.28, Figure 2.26) was also projected, based on the initial 

report that even this design of PeT-based VSDs exhibits good voltage sensitivity,76 while we 

envisioned that this less-lipophilic design could lead to a VoLDeMo probe with an improved 

targeting selectivity profile. Finally, a methoxylated RVF5 variant dsRVF5(sh,OMe)-BCN (2.29, 

Figure 2.26), was designed based on previous data showing that addition of a methoxy group on 

the ́ -wire terminal increases PeT probability leading to higher per-cent response to membrane 

potential (ȹF/F).85 

The phenylene-vinylene ́ -wire 2.32 for the preparation of RVF5 was synthesized in 

three steps as described by Miller et al.,76 via a sequence of Wittig reactions and a Heck reaction 

(Figure 2.27a). Monosulfonated RVF5-BCN (2.26) was then assembled in six steps (Figure 

2.27b): First, anhydride 2.33 (kindly provided by Dr. Peter Ġebej) was condensed with  

4-chlororesorcinol to provide dichlorofluorescein derivative 2.34. The aromatic OH-group was 

subsequently triflated and subjected to nucleophilic aromatic substitution with a suitable 

pyrrolidine derivative to provide rhodol 2.35 containing a functionalizable NHBoc ñhandleò. A 

Heck reaction with ́-wire 2.32 provided RVF5-NHBoc (2.36), which was transformed into 

RVF5-BCN (2.26) by acid-mediated deprotection followed by carbamate formation with BCN-

OSu (2.11). 
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Figure 2.27: Synthesis of RVF5 -BCN. (A ) Synthesis of the phenylene-ÝÐÕàÓÌÕÌɯϣ-wire 

2.32 according to Miller et al. 76 (B) Assembly of RVF5-BCN (2.26) in six steps from anhydride 

2.33. Anhydride 2.33 was ÒÐÕËÓàɯ×ÙÖÝÐËÌËɯÉàɯ#Ùȭɯ/ÌÛÌÙɯ§ÌÉÌÑȭ 

 

The general synthetic approach to the disulfonated, dsRVF5 variants 2.27, 2.28 and 2.29 

(Figure 2.28) was similar to that used for RVF5-BCN (2.26, Figure 2.27). Shortened ́-wires 

2.37 and 2.38 were prepared by a Wittig reaction as described previously (Figure 2.28a and b).85 

To synthesize the disulfonated rhodol dyes, 4-bromo-2,6-difluorobenzaldehyde was first 

transformed into disulfonate salt 2.39, followed by oxidative condensation with 

4-chlororesorcinol to provide disulfonated dichlorofluorescein 2.40 (Figure 2.28c).87 The 

following steps were analogous to those as described for the monosulfonated rhodol VSD above. 
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Figure 2.28: Synthesis of clickable dsRVF5 variants . (A ) Synthesis of the phenylene-

ÝÐÕàÓÌÕÌɯϣ-wire 2.37. (B) Synthesis of the phenylene-ÝÐÕàÓÌÕÌɯϣ-wire 2.38 according to 

Woodford et al. 85 (C) Assembly of clickable dsRVF5 variants 2.27, 2.28 and 2.29 in seven steps 

from 4-bromo-2,6-difluorobenzaldehyde.  -ÖÔÌÕÊÓÈÛÜÙÌɯÖÍɯϣ-wires: L = long, Sh = short, 

OMe = methoxylated.  

 

All four clickable RVF5 VSDs (2.26, 2.27, 2.28 and 2.29) were used together with 

dichloropane-BCN (2.12) to prepare the corresponding VoLDeMo probes (2.45, 2.46, 2.47 and 
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2.48, respectively) using one-pot SP-AAC (Figure 2.29). All these VoLDeMo probes were 

analyzed analogously to di-2-ANEP-VoLDeMo (see Chapter 2.2.1) by IR spectroscopy and 1H 

NMR spectroscopy which revealed a coverage of ~1 dye per polymer and ~2 ligands per 

polymer. 

Figure 2.29: Synthesis of VoLDeMo probes carrying RVF5-type dyes. One-pot 

assembly of four VoLDeMo probes carrying RVF5-type dyes (2.45, 2.46, 2.47 and 2.48) via click 

chemistry by the reaction of N 3-dextran 2.6(6000)-3.25 with a 1:2 mixture of dichloropane ligand 

2.12 and the corresponding RVF5-derivative  (2.26, 2.27, 2.28 or 2.29, respectively). Nomenclature 

ÖÍɯϣ-wires: ms = monosulfonated, ds = disulfonated, L  = long, Sh = short, OMe = methoxylated. 

Note: Dextran branching is omitted for clarity. Linker substitution on dextran is shown only in 

position 2. 
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2.3.2 Preliminary Characterization and Selection of the Lead RVF-VoLDeMo Probe 

We were first interested in whether the prepared RVF-VoLDeMo variants provide 

membrane-localized staining of cells expressing DAT. We therefore incubated hDAT-HEK cells 

with VoLDeMo probes 2.45, 2.46, 2.47 and 2.48 and evaluated the staining pattern by one-

photon excitation fluorescence microscopy. RVF5-VoLDeMo (2.45), carrying the originally 

published87 monosulfonated VSD, and dsRVF5-VoLDeMo (2.46), the disulfonated, long ́-wire 

variant, exhibited clear membrane-localized staining and good cellular brightness (Figure 2.30). 

In contrast, the short ́-wire variants dsRVF5(Sh)-VoLDeMo (2.47) and dsRVF5(Sh,OMe)-

VoLDeMo (2.48) did not provide membrane-localized staining (Figure 2.30). 

Figure 2.30: Labeling of hDAT -HEK cells with RVF -VoLDeMo variants . Equally 

contrasted fluorescence microscopy images (Fluo equal, top row), individually contrasted 

fluorescence images (Fluo indiv., middle row) and the corresponding brightfield  microscopy 

images (BF, bottom row) of hDAT -HEK cells labeled with RVF-VoLDeMo variants  (2.45, 2.46, 

2.47 and 2.48; 200 nM , 15 min ). Excitation filter: 540 nm (20 nm bandpass), 570 nm dichroic, 

emission filter: 590 nm (longpass). This experiment was carried out by Jihang Wang. 
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Based on these results, we discontinued further evaluation of dsRVF5(Sh)-VoLDeMo 

(2.47) and dsRVF5(Sh,OMe)-VoLDeMo (2.48) and proceeded with testing the voltage 

sensitivity of the long ́-wire variants RVF5-VoLDeMo (2.45) and dsRVF5-VoLDeMo (2.46). 

Preliminary evaluation of the voltage responsiveness of 2.45 and 2.46 in voltage-clamped hDAT-

HEK cells showed that both sensors exhibit similar voltage sensitivity in terms of the ȹF/F per 

100 mV parameter (~14%; preliminary data obtained by Jihang Wang, not shown). However, 

the disulfonated dsRVF5-VoLDeMo probe (2.46) was significantly brighter than the 

monosulfonated analog RVF5-VoLDeMo (2.45; Figure 2.30), which is important for good 

signal-to-noise ratio (SNR) when sensing voltage, as SNR in these experiments scales with the 

square root of brightness.97 We therefore chose to further evaluate dsRVF5-VoLDeMo probe 

(2.46). 

We realized that our lead ANEP-based probe (di-2-ANEP-VoLDeMo, 2.24) was 

synthesized with a coverage of 0.74 di-2-ANEP VSDs on average per dextran polymer, meaning 

that likely a very small percentage of dextran molecules carried two or more VSDs. In contrast, 

the dsRVF5-VoLDeMo (2.46) sample synthesized according to Figure 2.29 was obtained with 

an average coverage of 1.2 dsRVF5 VSDs per polymer (see Chapter 2.5.3 in the Experimental 

Section for details), meaning that a relatively high number of dextran molecules carried two or 

more dsRVF5 dyes. We hypothesized that such a high coverage could negatively affect the 

targeting selectivity of the probe due to the presumed high lipophilicity of the species with 

several VSDs attached. To evaluate the effect of high versus low VSD coverage, using N3-

dextran 2.6(6000)-2.15 we synthesized a lower coverage version of dsRVF5-VoLDeMo (2.46) 

with a coverage of ~0.7 dye per polymer and ~1.4 ligands per polymer (the synthesis was 
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repeated twice with similar outcomes, see Chapter 2.5.3 in the Experimental Section for detailed 

synthesis and characterization). Next, we incubated striatal slices with both high-coverage and 

low-coverage versions of dsRVF5-VoLDeMo (2.46) and evaluated the labeling pattern with two-

photon excitation fluorescence. As expected, the low-coverage dsRVF5-VoLDeMo (2.46) 

provided a clear string-like labeling pattern consistent with the highly arborized dopaminergic 

axons in this region (Figure 2.31 right). The high-coverage version, on the other hand, provided 

a less clear labeling pattern with higher background staining (Figure 2.31 left). Therefore, we 

chose the low-coverage version of dsRVF5-VoLDeMo (2.46) as our lead probe which we further 

systematically characterized. 

Figure 2.31: Labeling of striatal slices with high and low coverage dsRVF5 -VoLDeMo. 

Representative images of striatal slices labeled with dsRVF5-VoLDeMo  (2.46; 100 nM  dextran, 

30 min, 10 ϟm depth from the tissue sur face). Left: high coverage dsRVF5-VoLDeMo containing 

1.2 dsRVF5 VSDs per polymer. Right: low coverage dsRVF5-VoLDeMo containing 0.64 VSDs 

per polymer. Probes were excited at 820 nm and emission collected at 570ɬ610 nm. This 

experiment was carried out by Dr . Matthew Dunn. 
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2.3.3 Targeting and Voltage Sensitivity of dsRVF5-VoLDeMo in HEK Cell Culture  

Note: Low coverage dsRVF5-VoLDeMo (2.46) as described in Chapter 2.3.2 was used 

in the following experiments. To account for the fact that a single dextran polymer holds less 

than 1.0 eq. of the dsRVF5 VSD on average in these samples (specifically 0.63 eq. or 0.74 eq. in 

the two samples prepared, see Chapter 2.5.3 in the Experimental Section for details), the 

concentration of 2.46 is specified with respect to both dextran and dsRVF5 in further 

experiments: e.g. ñ100 nM dextran/63 nM VSDò. 

Initial characterization of dsRVF5-VoLDeMo (2.46) by 1H NMR spectroscopy provided 

evidence that this probe exhibits similar properties as the di-2-ANEP-VoLDeMo (2.24; 

characterized in Chapter 2.2) in terms of behavior in aqueous versus non-polar environments. 

The proton NMR spectrum of dsRVF5-VoLDeMo (2.46) in DMSO-d6 showed sharp, clearly 

resolved signals in the aromatic region for both the ligand and dsRVF5 VSD. (Figure 2.32a). In 

contrast, the spectrum in D2O provided sharp signals which corresponded only to the 

dichlorophenyl group of the dichloropane ligand, while the signals of the dsRVF5 VSD were 

highly broadened, indicating conformational restriction of the VSD (Figure 2.32b). Therefore, 

analogously as for di-2-ANEP-VoLDeMo (2.24), we hypothesize that the dsRVF5 VSD in 

dsRVF5-VoLDeMo (2.46) is encapsulated by the dextran carrier in aqueous environments but 

unfolded in less polar aprotic environments, promoting the targeting selectivity of the probe 

(compare with Figure 2.18 on p. 48). 



70 

 

Figure 2.32: NMR characterization of dsRVF5 -VoLDeMo in DMSO -d6 and D 2O. 

(A ) 1H NMR (500 MHz, DMSO -d6) of dsRVF5-VoLDeMo ( 2.46), zoomed in aromatic region (6.0ɬ

9.4 ppm). Sharp peaks indicate high conformational flexibility of the construct in th e more 

solubilizing environment of DMSO.  (B) 1H NMR (500 MHz,  D2O) of dsRVF5-VoLDeMo ( 2.46), 

zoomed in aromatic region (6.0ɬ9.4 ppm). Broadened peaks reflect restrained conformational 

freedom of the lipophilic VSD which is shielded by the dextran carrier. Green asterisks ɬ signals 

of the dichloropane ligand which are significantly sharper, reflecting more conformational 

freedom of the li gand. 

 

We evaluated the targeting selectivity of dsRVF5-VoLDeMo (2.46) in HEK cell culture. 

hDAT-HEK cells labeled with 2.46 provided a clear membrane-localized staining as 

demonstrated by fluorescence microscopy (Figure 2.33a left). This labeling pattern was largely 

diminished upon pre- and co-incubation with the DAT blocker nomifensine (3.4 Ñ 0.5 fold 

decrease in labeling; Figure 2.33a middle, and Figure 2.33b middle) or when the experiment 

was carried out with null-HEK cells which lack hDAT (6.0 Ñ 0.0 fold decrease in labeling; 

Figure 2.33a right, and Figure 2.33b right). The background labeling observed here with 

dsRVF5-VoLDeMo (2.46) was slightly higher than that observed with di-2-ANEP-VoLDeMo 

(2.24; compare with Figure 2.17 on p. 46). We ascribe this phenomenon to the higher 

lipophilicity of the dsRVF5 VSD. 
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Figure 2.33: Targeting of dsRVF5 -VoLDeMo to hDAT -HEK cells. (A ) Brightfield (BF, 

top row) and corresponding fluorescence (Fluo, bottom row) microscopy images of HEK cells 

labeled with dsRVF5-VoLDeMo ( 2.46; 100 nM  dextran/63 nM dsRVF5, 15 min ). Labeling was 

compared in hDAT -HEK cells (left column), hDAT-HEK cells pre-incubated with the DAT 

inhibitor nomifensine (2  mM ; middle column), and null -HEK cells (right column). All fluorescence 

microscopy images are equally contrasted. Excitation filter: 540 nm (20 nm bandpass), 570 nm 

dichroic, emission filter: 590 nm (longpass). Note: bright spots in some fluorescence microscopy 

images are likely non-specifically labeled dead cells or cell fragments. (B) Mean fluorescence 

intensity of randomly selected cell bodies (n = 3, 10 ROIs per n) stained wi th dsRVF5-VoLDeMo 

(2.46) under the conditions as in panel (A ), normalized to the mean of the hDAT -transfected, 

non-inhibited condition. Error bars are ° SD for n = 30 cells from 3 experiments. All from two -

tailed unpair ed t-test: 3.4 Ƿ 0.5 fold decrease in labeling, P < 0.0001 for hDAT+Nomi vs. hDAT; 

and 6.0 Ƿ 0.6 fold decrease in labeling, P < 0.0001 for null vs. hDAT . These experiments were carried 

out by Jihang Wang. 

 

Interestingly, we observed a significant difference in the labeling properties of dsRVF5-

VoLDeMo (2.46) depending on the mode of application to cultured cells. Specifically, we 

compared direct addition of a stock solution of 2.46 in H2O vs. DMSO (both 68 ɛM 

dextran/50 ɛM dsRVF5) to hDAT-HEK cells or null-HEK cells grown in experimental media to 

a final concentration of 68 nM dextran/50 nM dsRVF5 (Figure 2.34). Upon applying the stock 

solution of 2.46 in H2O to null- vs. hDAT-HEK cells, the labeling of null-HEK cells was lower 

by a factor of 3.7 Ñ 0.4 compared to labeling of hDAT-HEK cells (n = 15 cells from 3 

experiments, P = 0.0001; Figure 2.34b). In contrast, when the same experiment was conducted 
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using the stock solution of 2.46 in DMSO, the labeling of null- vs. hDAT-HEK cells differed 

only by a factor of 2.2 Ñ 0.8 fold (n = 15 cells from 3 experiments, P = 0.094; Figure 2.34b). 

Figure 2.34: HEK cell labeling by dsRVF5 -VoLDeMo using water and DMSO stock 

solutions.  (A ) Representative fluorescence (Fluo, top row) and corresponding brightfield (BF, 

bottom row) microscopy images of HEK cells labeled with dsRVF5-VoLDeMo ( 2.46) probes 

(68 nM  dextran/50 nM  dsRVF5). Labeling was compared in hDAT -HEK cells and null -

transfected HEK cells; and with probe 2.46 added as a stock solution in water or DMSO (68  ϟM  

dextran/50 ϟM  dsRVF5). All fluorescence microscopy images are equally contrasted. (B) Mean 

fluorescence intensity of randomly selected cell bodies (n = 3, 5 ROIs per n) stained with 

dsRVF5-VoLDeMo ( 2.46) as described in (A ), normalized to the mean of the hDAT, water 

condition (left panel in A ). Error bars are ° SEM for n = 3 experiments, 5 cells per n. 
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In addition, the overall intensity of membrane localized fluorescence was higher when 

the DMSO stock solution of 2.46 was used (Figure 2.34b). These results indicate that direct 

application of dsRVF5-VoLDeMo (2.46) in a DMSO stock solution leads to higher non-specific 

labeling compared to application in H2O. This observation further supports our targeting model 

of VoLDe probes ï the VSD is encapsulated by the dextran polymer carrier in bulk aqueous 

solution and partitions into the lipid bilayer of a cell preferentially upon ligand binding. In the 

context of this experiment, we hypothesize that when applying a stock solution of 2.46 in DMSO 

to the cell culture in experimental media, the folding kinetics of the VoLDeMo probe are 

relatively slow, leading to higher exposure of the lipophilic VSD to the surrounding 

environment, leading to higher non-specific association with all cell membranes. This is not 

observed when using the stock solution of 2.46 in D2O where the VSD is already shielded by 

dextran in a folded state. 

To provide a more quantitative understanding of dsRVF5-VoLDeMo (2.46) binding to 

DAT, we determined the potency of 2.46 for inhibiting the uptake of the fluorescent DAT 

substrate APP+ (ref.121) by hDAT-HEK cells. Probe 2.46 exhibited an IC50 of 45 Ñ 2 nM 

dextran/34 Ñ 1 nM dsRVF5/63 Ñ 2 nM dichloropane (Figure 2.35). The potency presented here 

for dsRVF5-VoLDeMo (2.46) is slightly higher than that determined for di-2-ANEP-VoLDeMo 

(2.24; compare with Figure 2.19 on p. 49). We hypothesize that this difference arises from the 

higher lipophilicity of the dsRVF5 VSD. The association of the VSD with the cell membrane 

may exhibit a cooperative effect together with ligand binding, slowing down the dissociation 

kinetics of the probe, thus increasing the apparent binding affinity of the ligand. Similar effects 

of lipophilic dyes have been reported previously.97 
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Figure 2.35: Determination of IC50 of dsRVF5-VoLDeMo at hDAT via  inhibition of  

APP+ uptake. Non-linear regression (1:1 binding model) showing the dose-dependent 

inhibition of APP+ uptake by dsRVF5-VoLDeMo ( 2.46) in hDAT -HEK cells. Error bars 

are ° SEM for n = 4 experiments, 2 replicates per independent experiment (error bars of some 

data points are too small to display).  

 

Having established the targeting selectivity of dsRVF5-VoLDeMo (2.46) to DAT in cell 

culture, we proceeded with evaluating the voltage sensitivity of probe 2.46. We labeled hDAT-

HEK cells with 2.46 (100 nM dextran/63 nM dsRVF5, 15 min) and subjected the cells to whole-

cell patch clamp. The cells were held at a ï60 mV potential and subsequently subjected to 

holding potential steps ranging from ī100 mV to +80 mV in 30 mV intervals and imaged with 

one-photon excitation fluorescence at 200 Hz (Figure 2.36a). As expected for our PeT-based 

RVF5-type VSD87 (see Chapter 1.2.7 for a discussion of the voltage sensing mechanism of PeT-

based VSDs), we observed an increase in fluorescence intensity with increasing membrane 

potential. When the fractional fluorescence change was plotted against the membrane potential, a 

linear plot (R2 = 0.999) with a DF/F per 100 mV = 13.1 ° 3.7% was obtained (n = 5, Figure 

2.36b). Although we expected a higher voltage sensitivity for our probe based on previous 

reports for similar VSDs,87 dsRVF5-VoLDeMo (2.46) exhibited significantly higher voltage 

sensitivity than di-2-ANEP-VoLDeMo (2.24; compare with Figure 2.20 on p. 50). 
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Figure 2.36: M embrane potential sensitivity o f dsRVF5-VoLDeMo  in hDAT -HEK 

cells. (A ) Representative overlaid  traces of the fractional change in fluorescence of 

dsRVF5-VoLDeMo ( 2.46; 100 nM  dextran/63 nM  dsRVF5, 15 min ) versus time of a voltage-

ÊÓÈÔ×ÌËɯ'$*ɯÊÌÓÓȮɯÏÌÓËɯÈÛɯǸƚƔ mV and then subjected to 100 ms voltage holdings ranging from 

ǸƕƔƔ mV (blue trace) to +80 mV (red trace) in 30 mV intervals. ( B) Plot of percent fluorescence 

change of dsRVF5-VoLDeMo versus membrane voltage under the conditions from panel ( A ). 

ȈF/F per 100 mV = 13.1 Ƿ 3.7%, SNR = 14.2 Ƿ 2.9, n = 5; mean ° SEM. Excitation filter: 540 nm 

(20 nm bandpass), 570 nm dichroic, emission filter: 590 nm (longpass). This experiment was 

carried out by Jihang Wang. 

 

Given the fact that PeT-based VSDs are generally considered to exhibit fast response 

kinetics, we tested whether our dsRVF5-VoLDeMo (2.46) probe is able to respond to simulated 

trains of rapid depolarization events mimicking neuronal action potentials. Patched hDAT-HEK 

cells labeled with 2.46 (100 nM dextran/63 nM dsRVF5, 15 min) were held at ī60 mV and 

subjected to a sequence of ten individual voltage spikes of 2 ms length and 100 mV magnitude at 

100 Hz frequency. At 1 kHz imaging rate with one-photon excitation fluorescence microscopy, 

dsRVF5-VoLDeMo (2.46) clearly resolved individual voltage spikes within one burst from a 

single trace (Figure 2.37a) and improved signal to noise ratio could be obtained by signal 

averaging (Figure 2.37b). 
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Figure 2.37: Whole -cell voltage clamp of hDAT -HEK cells with simulated trains of 

spiking events  imaged with dsRVF5 -VoLDeMo . hDAT -HEK cells labeled with dsRVF5-

VoLDeMo (2.46; 100 nM  dextran/63 nM  dsRVF5, 15 min ) ÞÌÙÌɯÏÌÓËɯÈÛɯǸƚƔ mV and subjected to a 

train  of ten individual voltage spikes of 2  ms length and 100 mV magnitude  at 100 Hz 

frequency. The one-photon excitati on fluorescence data were corrected for photobleaching and 

the mean fluorescence intensity converted to percent DF/F. (A ) A representative raw single-trial 

imaging trace. (B) Ten simulated trains of voltage spikes within panel (A ) were overlaid, 

including 50 ms before and after the stimulation period. The traces of  the ten individual spike 

trains are shown in gray, and their average is represented by the red trace. Excitation filter: 

540 nm (20 nm bandpass), 570 nm dichroic, emission filter: 590 nm (longpass). This experiment 

was carried out by Jihang Wang. 

 

In Chapter 2.2.3, we compared the photostability of di-2-ANEP-VoLDeMo (2.24) with 

that of the respective untethered VSD probe di-2-ANEPEQ (2.25) and observed significantly 

higher photostability of the dextran-tethered VSD. To perform an analogous comparison study 

with our lead PeT-based VSD, we synthesized untethered dsRVF5 (2.50). This probe was 

prepared in three steps from dichlorofluorescein derivative 2.40 analogously to the tethered 

probes (Figure 2.38a). With the reference probe in hand, we next labeled hDAT-HEK cells with 

either dsRVF5-VoLDeMo (2.46; 100 nM dextran/74 nM dsRVF5, 15 min) or untethered dsRVF5 

(2.50, 500 nM, 15 min) and continuously irradiated them with 540 nm light (25 nm bandwidth) 

for 15 min. One-photon excitation fluorescence microscopy images (605 nm emission filter, 

55 nm bandwidth) were collected every 5 s (Figure 2.38b). Unlike for the di-2-ANEP VSDs (see 
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Figure 2.22 on p. 52), we did not observe a significant difference between the photobleaching 

profiles of dsRVF5-VoLDeMo (2.46) and dsRVF5 (2.50; Figure 2.38b). We hypothesize that the 

negatively charged dsRVF5 dye is not as amenable to nucleophilic attack in the excited state as 

the positively charged ANEP dyes, resulting in a diminished protective role of the dextran 

polymer in the case of dsRVF5-VoLDeMo (2.46). 

Figure 2.38: Synthesis of untethered dsRVF5  and comparison of its photostability 

with that of dsRVF5 -VoLDeMo . (A ) Untethered voltage sensor dsRVF5 (2.50) was assembled 

in three steps from dichlorofluo rescein derivative 2.40. (B) hDAT -HEK cells were loaded with 

dsRVF5 (2.50, 500 nM, 15 min), or dsRVF5-VoLDeMo ( 2.46; 100 nM  dextran/74 nM  dsRVF5, 

15 min) and continuously illuminated (15 min) with a xenon lamp using a 540/25 nm excitation 

filter. Fluorescence microscopy images (emission filter: 605/55 nm) were collected at 5 s 

intervals. The normalized fluorescence intensities were plotted vs time.  EÙÙÖÙɯÉÈÙÚɯÈÙÌɯǷ SD for 

n = 4 independent experiments.  
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2.3.4 Targeting and Voltage Sensitivity of dsRVF5-VoLDeMo in Brain Tissue 

In the preliminary characterization of low coverage dsRVF5-VoLDeMo (2.46), we 

observed a clear string-like labeling pattern of this probe in the complex environment of acute 

mouse brain slices (see Figure 2.31 on p. 68). We now systematically evaluated the targeting of 

2.46 to DAT in striatal slices and NET in cortical slices (Figure 2.39). The highly arborizing 

striatal dopaminergic neurons (Figure 2.39a) were labeled with dsRVF5-VoLDeMo (2.46) 

resulting in the expected string-like fluorescence pattern (Figure 2.39b left), which was 

abolished when the labeling experiment was carried out in the presence of the DAT/NET blocker 

nomifensine (Figure 2.39b middle). In addition, only a diffuse background labeling was obtained 

when the labeling experiment was carried out with the untethered dsRVF5 (2.50; Figure 2.39b 

right). We then proceeded to the more challenging environment of the somatosensory cortex, 

where only sparse noradrenergic axons are expected to be labeled by the dichloropane ligand 

(Figure 2.39c). Indeed, a sparse string-like labeling pattern was observed after incubating 

cortical slices with dsRVF5-VoLDeMo (2.46; Figure 2.39d left), which was abolished in the 

presence of nomifensine (Figure 2.39d middle). Similarly as in the striatum, untethered dsRVF5 

(2.50) provided only weak background staining (Figure 2.39d right). These results show that 

even the highly lipophilic, state-of-the-art dsRVF5 voltage sensor can be selectively targeted to 

specific axonal populations using the VoLDe platform, by engaging natively expressed protein 

molecules at physiological expression levels. Compared to the labeling pattern of di-2-ANEP-

VoLDeMo (2.24) in the same system (see Figure 2.23 on p. 54), the images obtained with 

dsRVF5-VoLDeMo (2.46) have higher background and sometimes contain bright spots which 

may represent clusters or precipitates of the probe (Figure 2.39b, d), consistent with the higher 

lipophilicity of the dsRVF5 VSD compared to di-2-ANEP. 



79 

 

Figure 2.39: Targeting of dsRVF5-VoLDeMo to catecholamine axons in mouse brain 

slices. (A , C) Nissl stained sagittal slice of a mouse brain (image credit: Allen Institute 133,134) 

with : (A ) a schematic representation of a dopaminergic neuron originating in the SNc and 

highly arborizing in the dSTR ; or (C) a noradrenergic neuron originating in the LC with sparse 

axonal projections in the CTX. The blue rectangle indicates the approximate region where the 

images in panels (B) or (D ), respectively, were acquired via two -photon excitation microscopy. 

(B, D ) Representative images of striatal (B) or cortical (D ) slices labeled with dsRVF5 probes. 

Left: slice incubated with the targeted  dsRVF5-VoLDeM o (2.46; 100 nM  dextran/63 nM VSD, 

30 min, 15 ϟm depth from the tissue surface); middle: an analogous experiment with pre - and co-

incubation with the DAT/NET bl ocker nomifensine (2 ϟM); right: slice incubated with 

untargeted dsRVF5 (2.50, 100 nM, 30 min, 15 ϟm depth). Images within the same panel were 

contrasted equally. Excitation: 820 nm, emission: 570ɬ610 nm. This experiment was carried out by 

Jihang Wang. 

 

Finally, we tested the voltage sensitivity of dsRVF5-VoLDeMo (2.46) in striatal slices 

following the same strategy used for di-2-ANEP-VoLDeMo (2.24) in Chapter 2.2.5. We labeled 

mouse striatal slices with 2.46 (676 nM dextran/500 nM dsRVF5, 30 min; Figure 2.40a), 

followed by electric stimulation (25 pulses at 50 Hz during a 0.5 s period) while recording two-

photon fluorescence microscopy images with spiral scanning (Figure 2.40b) at 30 Hz. An 

increase in fluorescence was observed during the stimulation period with a DF/F of 0.12 ° 0.03% 

(n = 100 from 10 slices, P < 0.0001, two-tailed unpaired t-test; Figure 2.40c, d). 
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Figure 2.40: Two -photon fluorescence recording of evoked activity in striatal 

dopaminergic axons with dsRVF5 -VoLDeMo . (A ) Representative two-photon fluorescence 

image of a striatal  slice labeled with dsRVF5-VoLDeMo (2.46; 676 nM  dextran/500 nM  dsRVF5, 

30 min , 35 ϟÔɯËÌ×ÛÏɯÍÙÖÔɯthe tissue surface). (B) Representative image of a single two-photon 

spiral scan frame from the recording of evoked activity in panels ( C) and (D ), demonstrating the 

field of view and spatial resolution. ( C) Fluorescence trace recorded at 30 Hz from striatal slices 

labeled with dsRVF5-VoLDeMo (2.46; 676 nM  dextran/500 nM  dsRVF5, 30 min ) with electric 

stimulation (25 pulses at 50 Hz, period highlighted in yellow).  The trace is normalized to an 

analogous experiment conducted in the presence of TTX (1 ϟM) and is an average from multiple 

trials (n = 100 from 10 slices). A two-point moving average was applied to smoothen the trace. 

(D ) Mean fluorescence (° SEM) of voltage recording from ( C) during the stimul ation and pre-

stimulation periods. dsRVF5-VoLDeMo (2.46) exhibits a DF/F of (0.12 ° 0.03)% (n = 100 from 10 

slices, P < 0.0001, two-tailed unpaired t-test). This experiment was carried out by Jihang Wang. 

 

The trace shown in Figure 2.40c was obtained analogously as that for di-2-ANEP-

VoLDeMo (2.24; see Figure 2.25e on p. 59). Briefly, the experiment was carried out in the 

absence and in the presence of the sodium channel blocker TTX (1 ɛM; Figure 2.41a, b). Each 

individual trace was corrected for photobleaching and the traces were averaged (Figure 2.41c), 

which revealed a stimulation-dependent artifact even in the presence of TTX. To correct for this 

artifact and isolate the voltage-dependent signal, the two traces were subtracted to provide 

Figure 2.41d. Figure 2.40c was obtained by smoothening Figure 2.41d using a two-point 

moving average. 
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Figure 2.41: Two -photon fluorescence micro scopy recording of evoked activity in 

striatal dopaminergic axons with dsRVF5 -VoLDeMo  ɬ data treatment . Two-photon 

fluorescence traces recorded by spiral scanning at 30 Hz from striatal  slices labeled with 

dsRVF5-VoLDeMo (2.46; 676 nM  dextran/500 nM  dsRVF5, 30 min ) with electric stimulation (25 

pulses at 50 Hz, period highlighted in yellow), without and with TTX (1  ϟM) inhibition. The 

probe was excited at 820 nm and emission collected at 570ɬ610 nm. (A , B) Normalized raw 

traces obtained for dsRVF5-VoLDeMo (A , n = 100) and dsRVF5-VoLDeMo + TTX inhibition ( B, 

n = 50). (C) Averaged traces after bleaching correction (two-phase exponential decay) was 

applied to each indivi dual raw trace from panels (A ) and (B) using t = 0.0 to 0.5 s and 2.0 to 

3.5 s. (D) Subtracted traces from panel (C): dsRVF5-VoLDeMo (red in C) minus dsRVF5-

VoLDeMo + TTX inhibition (green in C). This trace corresponds to Figure 2.40c with an 

expanded x-axis and without applying a box filter.  This experiment was carried out by Jihang 

Wang. 

 

The data above show that the state-of-the-art PeT-based dsRVF5 VSD targeted to striatal 

dopaminergic axons in the form of dsRVF5-VoLDeMo (2.46) allows for recording of electrically 

evoked activity after signal averaging of multiple trials. To the best of our knowledge, this is the 
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first example of optical voltage recording from a specific neuronal type without the use of 

genetic manipulation, as well as the first such recording from axons. 

It has to be highlighted that the experiment represented by Figure 2.40 and Figure 2.41 

does not provide a measurement of single action potentials but rather averaged activity of the 

region of interest. Specifically, individual data points in the time series (Figure 2.41a and b) 

were collected every 33 ms which is more than an order of magnitude slower than a typical 

action potential (1 ms). In addition, each data point represents an average of 200 pixels of a 

relatively large circular ROI (84 ɛm in diameter) thus not providing single axon resolution either. 

The brain slice was stimulated by 25 short (100 ɛs) current injection pulses close to the ROI 

during the 500 ms stimulation period. To illustrate the character of the signal that is likely 

obtained during this experiment, let us assume that each stimulation pulse induces a typical 1 ms 

depolarization event in each neuron or extension in its vicinity. Although it is not likely that 

100% of the nearby neurons are activated by the pulse, indirect activation and signal propagation 

may compensate for this and thus we believe our assumption is reasonable for a rough estimate. 

The assumption would mean that the neurons spend 25 out of the 500 ms in the stimulation 

period in a depolarized state, i.e. 5% of the time. Considering the short pixel dwell time during 

data collection (~10 ɛs), for each collected pixel there would be a 5% chance of observing the 

underlying axon in a depolarized state. Due to extensive signal averaging (200 pixels per time 

point, n = 100 trials), the final signal would simply represent a weighted average of fluorescence 

originating from 95% non-depolarized axons and 5% depolarized axons. 

Use of targeted synthetic VSDs in acute brain slice preparations is largely unprecedented, 

therefore a direct comparison of the signal observed in our work with the results of other 

laboratories is not possible. Nevertheless, recent work by Deal et al.98 with targeted 
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VoltageFluor-type VSDs allows for at least a rough comparison. RhoVR-Halo exhibited a ~5% 

ȹF/F for single action potentials in patch clamped neurons imaged in acute slices with one-

photon fluorescence. Considering the following facts allowed us to make a prediction for the 

magnitude of the signal expected with dsRVF5-VoLDeMo in the electrical stimulation 

experiment above: (a) RhoVR-Halo exhibited ~2.5-fold higher ȹF/F per 100 mV and SNR than 

dsRVF5-VoLDeMo in HEK cells ïdirect comparison of the VSDs in a similar experimental 

system; and (b) we assume that the current measurement with dsRVF5-VoLDeMo provides only 

1/20 of the ȹF/F signal of a single action potential (vide supra). These two assumptions lead to a 

prediction of roughly 0.1% ȹF/F signal [= 5% / (2.5 Ĭ 20)], which matches well with the 

observed average fluorescence increase of 0.12 ° 0.03% as shown in Figure 2.40. This match of 

prediction and observation further supports the fact that the signal obtained with dsRVF5-

VoLDeMo represents a real and useful measurement of stimulated neuronal activity in brain 

tissue. 

It is worth noting that the recorded voltage trace (Figure 2.40c) contains a temporary 

decrease in signal during the stimulation period, which may be genuine. We hypothesize that this 

signal ñdipò may represent a circuitry effect ï the initial signal increase could represent direct 

activation of the dopaminergic system, which is followed by a period of relative inactivation, and 

ultimately followed by indirect activation of the dopaminergic neurons by cholinergic 

interneurons. Further studies are underway in the laboratory of Prof. David Sulzer to investigate 

this hypothesis in detail. 
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2.4 Conclusion and Outlook 

In this Chapter, we aimed to develop a platform for the delivery of lipophilic voltage 

sensitive dyes to specific cell types in brain tissue. Inspired by the selectivity of the small 

molecule probe FFN102 which serves as a DAT substrate,20 we chose to target monoaminergic 

neurons by the means of the high affinity dichloropane ligand. Preliminary results with an 

electrochromic ANEP-type VSD and PEG as a linker showed that this approach does not provide 

ligand-dependent labeling due to extensive internalization of the probe. Subsequently, the 

bacterial polysaccharide dextran became our lead polymer carrier. We first developed chemistry 

using activated p-nitrophenyl carbamates to functionalize dextran with azidopropyl carbamate 

linkers in a controlled fashion to allow for further functionalization by strain-promoted azideï

alkyne cycloaddition click chemistry. Then, we showed with model dyes ï a hydrophilic 

fluorescein dye and a lipophilic nile red dye ï that dextran can deliver these probes to cell 

membranes with high fidelity in a ligand-dependent manner. This opened the door to the 

development of targetable voltage sensors, di-2-ANEP-VoLDeMo (2.24) and dsRVF5-

VoLDeMo (2.46). Both these sensors could be selectively targeted to hDAT-expressing HEK 

cells and exhibited good voltage sensitivity in this system. The ultimate challenges in terms of 

targeting and voltage sensitivity lied in the application of these probes in live brain tissue. Both 

di-2-ANEP-VoLDeMo (2.24) and dsRVF5-VoLDeMo (2.46) exhibited unprecedented targeting 

selectivity in mouse striatal and cortical brain slices which was comparable to the polar FFN102 

probe20 or genetically encoded GFP under the control of the TH promoter. 

Compared to GEVIs or hybrid chemogenetic sensors98,108 which rely on overexpressed 

sensors or self-labeling enzymes, respectively, VoLDeMo probes face a major limitation in the 

number of delivered sensors as they rely on targeting natively expressed monoamine transporter 
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proteins at their physiological expression levels. Therefore, the number of photons collected 

from VoLDeMo probes is perhaps two to three orders of magnitude lower than that from an 

overexpressed genetic sensor. An additional challenge was to perform recordings from the 

axonal structures that VoLDeMo probes label in the striatum. These thin projections cannot be 

easily visualized with one-photon excitation fluorescence and therefore, the slower two-photon 

excitation fluorescence approach had to be used. Given the limited photon budget and low 

temporal resolution of two-photon excitation fluorescence, we were not able to record single 

action potentials in brain tissue. Ultimately, we were able to obtain useful signal of electrically 

evoked activity of striatal dopaminergic axons after signal averaging of multiple trials (n = 50 to 

100). di-2-ANEP-VoLDeMo (2.24), carrying the classical electrochromic ANEP-type VSD, 

provided signal at the very edge of detectability. However, the state-of-the-art PeT-based VSD in 

dsRVF5-VoLDeMo (2.46) provided improved signal. To the best of our knowledge, this is the 

first example of optically recording depolarization events from a specific neuronal subtype 

without the use of genetic manipulation. Our proof-of-concept study delineates the limits of 

voltage imaging with probes relying on protein targets at their low native expression levels and 

serves as useful insight for future development of improved voltage sensors, as well as imaging 

hardware and software to enable more facile voltage recording in wild type species. Functional 

imaging without genetic manipulation is highly desirable, e.g. in the context of less-common 

model animals without well explored genetics, or in genetic disease models where introducing 

further genetic alterations is challenging.115 

Using the VoLDe platform, we have shown selective targeting of two lipophilic voltage 

sensors differing significantly in structure and charge. We therefore believe that our strategy of 

using small dextran polymers which dynamically encapsulate their lipophilic cargo to enable fast 
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diffusion and low background labeling in brain tissue is versatile and could be applied to other 

lipophilic molecules. We first explored lipophilic VSDs as one of the most challenging classes of 

lipophilic cargoes. However, we believe that lipophilic drug molecules represent another key 

cargo type, for which cell-selective pharmacology strategies could be developed. Based on the 

work shown in this chapter, we hypothesize that small carbohydrate polymers could play an 

important role in this direction. 

In conclusion, we have developed a functionalization protocol for easy and reliable 

preparation of dextran polymers carrying N3 groups for click chemistry. We used this platform to 

assemble delivery vehicles for lipophilic voltage sensors targeted to monoaminergic neurons via 

a high affinity ligand. We show that VoLDeMo probes target lipophilic sensors in ex vivo brain 

tissue with high fidelity. In terms of voltage sensing, we overcame the challenge of low 

physiological expression levels of our protein targets and demonstrated that voltage imaging with 

our VoLDeMo probes is feasible, albeit signal averaging is necessary to obtain useful signal. 

Overall, this work introduces two novel concepts: (I) a versatile design of a targeting platform 

for lipophilic payloads; and (II) demonstration of the limits of targeted voltage imaging in brain 

tissue without genetic manipulation. 
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2.5 Experimental Section 

2.5.1 General Considerations 

Reagents, solvents and glassware. All reagents and solvents (including anhydrous 

solvents) were obtained from commercial sources and were used without purification unless 

stated otherwise. Synthetic steps were performed under ambient atmosphere unless stated 

otherwise. Synthetic and purification procedures and analyses were performed at 20 ÁC unless 

stated otherwise. All glassware was oven-dried prior to use when water- and/or air-sensitive 

reagents were used. 

Thin layer and column chromatography. Thin-layer chromatography (TLC) was 

performed on glass or polyethylene plates coated with silica gel (60 ¡ pore diameter, 200 ɛm 

layer thickness, 8.0ï12.0 ɛm particle size, SiliCycle); or polyester plates coated with alumina 

(200 ɛm layer thickness, < 60 ɛm particle size, Sigma-Aldrich); or glass plates coated with 

reverse phase (RP) C18-modified silica gel (0.74ï0.84 mL gï1 pore volume, 200ï270 ɛm layer 

thickness, 9.5ï11.5 ɛm particle size, EMD Millipore). All TLC plates contained a fluorescent 

indicator and were visualized by UV light (ɚexc = 254 or 366 nm) or by staining in an iodine 

chamber, or with acidic ninhydrin solution, basic KMnO4 solution or methanolic H2SO4 

solutions prepared according to standard procedures. All column chromatography purification 

procedures were performed on columns packed with silica (60 ¡ pore diameter, 40ï60 ɛm 

particle size, SiliCycle), neutral alumina (58 ¡ pore diameter, 40ï160 ɛm particle size, Millipore 

Sigma), basic alumina (60 ¡ pore diameter, 200 mesh, Agela Technologies) or C18-silica (17 % 

C, 48ï65 ɛm particle size, Acros Organics). 

NMR. NMR spectra were recorded on 400 (equipped with a BBI or TBO probe) or 500 

(equipped with a H/C/N or BBFOplus probe) MHz spectrometers at 27 ÁC in acetone-d6, 
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acetonitrile-d3, chloroform-d, dimethylsulfoxide-d6, methanol-d4, water-d2, or their mixtures. The 

signals in 1H and 13C NMR spectra were referenced to tetramethylsilane (TMS) or to the residual 

peak of the (major) solvent as reported previously143 except for D2O, while those of the 1H and 

13C NMR spectra in D2O and 19F NMR in all solvents were unreferenced. The multiplicities of 

signals are reported as singlet (s), doublet (d), triplet (t), quartet (q), pentet (p), multiplet (m), 

broad (br) or a combination of these. 

Samples of all dextran constructs were co-evaporated with D2O prior to NMR 

experiments to reduce the intensity of the otherwise overwhelming ïOH signals. To achieve 

more accurate integration of minor signals (linkers, ligands, VSDs) attached to dextran, 512 

scans were acquired for all samples (5 mg in 500 ɛL solvent, 500 MHz instrument with a H/C/N 

probe). Manual phase correction and ablative baseline correction (5 points, high enough number 

of passes to avoid artificial lowering of high intensity signals) were applied. 

MS. Low-resolution mass spectra (LRMS) were recorded on an Advion expression-L 

CMS quadrupole mass spectrometer. The samples were loaded via flow injection, a Plate 

Express TLC plate reader system, or an atmospheric solids analysis probe (ASAP) and ionized 

by atmospheric pressure chemical ionization (APCI) or electrospray ionization (ESI). High-

resolution mass spectrometry (HRMS) experiments were carried out by Dr. Brandon Fowler on a 

Waters XEVO G2XS QToF mass spectrometer equipped with a UPC2 SFC inlet and ionized by 

ESI or APCI. 

FTIR.  Infrared (IR) spectra of neat solid or liquid samples were obtained on a Perkin 

Elmer FT-IR Spectrum Two spectrometer in the attenuated total reflectance (ATR) sampling 

mode on a diamond crystal. 
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GPC. GPC was conducted on an Agilent 1260 Infinity GPC system equipped with a 

refractive index detector, and a UV/VIS detector and a PLgel 5 ɛm MIXED-D 300 Ĭ 7.5 mm 

column (Agilent Technologies, Santa Clara, CA). The experiments were carried out with 0.02% 

aqueous NaN3 as the eluent at 0.8 mL/min flow rate with the column oven set to 40 ÁC. 

Melting point.  Melting points of crystalline solids were determined in open-end capillary 

tubes using a non-calibrated DigiMelt MPA160 melting point apparatus. 

Nomenclature. International Union for Pure and Applied Chemistry (IUPAC) names are 

used for small molecules with short comprehensible names. For molecules with longer IUPAC 

names, semi-trivial or trivial nomenclature (vide infra) is used, or the molecules are exclusively 

referred to using bold numbering. 

The short-code nomenclature for electrochromic hemicyanine VSDs has been described 

previously.144 Hemicyanine di-2-ANEPEQ (2.25) refers to diethylamino (di-2-A) naphthyl (N) 

ethene (E) pyridinium (P) ethylene (E) quaternary ammonium (Q). The clickable 

di-2-ANEPB-BCN (2.23) and its precursor di-2-ANEPB-NHBoc (2.22) contain a butylene (B) 

linker and are terminated with (endo-bicyclo[6.1.0]non-4-yn-9-yl)methyl (BCN; the exact 

carbamate linkage is omitted for simplicity) or NHBoc groups respectively. 

The short-code nomenclature for PeT-based VSDs has been introduced by Miller et 

al.86,87 For example, dsRVF5 refers to the disulfonated (ds) version of Rhodol VoltageFluor-5 

(RVF5). For the clickable dsRVF5-BCN (2.27) and its precursor dsRVF5-NHBoc (2.42), BCN 

and NHBoc reflect terminal functional handles of the molecules but not necessarily direct 

attachment of these functional groups to the dye core. 



90 

 

(endo-bicyclo[6.1.0]non-4-yn-9-yl)methyl succinimidyl carbonate (2.11) is referred to as 

BCN-OSu as established (see e.g. refs131,145), although the technically correct trivial code should 

be (BCN-O)(SuO)CO. 
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2.5.2 Synthetic Protocols 

Compound ECN127 (2.2) 

A solution of dichloropane-NHBoc (2.1, 5.0 mg, 10.0 ɛmol, 1.3 eq.; kindly provided by 

Dr. Peter Ġebej) in CH2Cl2 (0.5 mL) was cooled to 0 ÁC followed by dropwise addition of 

CF3CO2H (1 mL). The resulting solution was stirred at 0 ÁC for 60 min. Subsequently, volatiles 

were removed by rotary evaporation (r.t.) and the solid material was co-evaporated with toluene 

(2 Ĭ 1.5 mL) to remove residual acid, providing the intermediate ammonium salt. The colorless 

amorphous solid was dissolved in dry DMF (700 ɛL) and DIPEA (57 ɛL, 0.33 mmol, 42 eq.), 

followed by addition of rhodamine red-X N-hydroxysuccinimidyl ester (6.0 mg, 7.8 ɛmol, 

1.0 eq.). The reaction mixture was stirred at 35 ÁC overnight (19 h). After removal of volatiles by 

rotary evaporation, the crude product was purified by column chromatography on basic alumina 
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using CH2Cl2/MeOH (30:1, v/v) as the mobile phase. Pure ECN127 (2.2) was obtained as a dark 

purple solid. Yield: 7.4 mg (91%). 

Rf (alumina; CH2Cl2/MeOH 19:1, v/v): 0.35. 

1H NMR  (500 MHz, CD3OD) ŭ 8.65 (d, J = 1.9 Hz, 1H), 8.09 (dd, J = 8.0, 1.9 Hz, 1H), 

7.48 (d, J = 7.9 Hz, 1H), 7.40 (d, J = 2.2 Hz, 1H), 7.34 (d, J = 8.4 Hz, 1H), 7.16 (dd, J = 8.5, 2.1 

Hz, 1H), 7.10 (dd, J = 9.5, 2.0 Hz, 2H), 6.99 (dt, J = 9.6, 2.0 Hz, 2H), 6.93 (d, J = 2.5 Hz, 2H), 

3.75 ï 3.65 (m, 1H), 3.67 (q, J = 7.2 Hz, 8H), 3.46 (s, 3H), 3.42 ï 3.36 (m, 1H), 3.19 ï 2.97 (m, 

6H), 2.44 (t, J = 12.3 Hz, 1H), 2.38 ï 2.23 (m, 2H), 2.18 (t, J = 7.5 Hz, 2H), 2.15 ï 2.08 (m, 1H), 

2.08 ï 1.98 (m, 1H), 1.87 ï 1.76 (m, 1H), 1.71 ï 1.64 (m, 2H), 1.60 (p, J = 7.6 Hz, 2H), 1.56 ï 

1.46 (m, 4H), 1.41 ï 1.34 (m, 4H), 1.30 (t, J = 7.2 Hz, 12H). 

13C{1H} NMR (126 MHz, CD3OD) ŭ 175.9, 173.8, 159.4, 157.9, 157.2, 147.3, 145.8, 

144.3, 135.3, 133.6, 132.6, 132.4, 130.8, 130.6, 130.3, 129.2, 128.4, 127.7, 115.3, 115.1, 97.0, 

64.0, 62.8, 53.9, 51.7, 46.8, 44.0, 40.1, 37.0, 34.9, 34.7, 30.7, 30.4, 27.9, 27.3, 26.9, 26.7, 26.6, 

26.4, 12.9. 

HRMS (ESI+): calculated m/z for [C52H65N5O9S2Cl2 + H]+ = 1038.3679, 

found = 1038.3683. 

 

3-Azidopropyl Amine (2.4)  

 

Compound 2.4 was prepared according to a modified procedure from the literature.146 

3-Bromopropylamine hydrobromide (3.28 g, 15.0 mmol, 1.0 eq.) and NaN3 (3.30 g, 50.8 mmol, 

3.4 eq.) were dissolved in H2O (25 mL). The resulting solution was heated at reflux for 15 h. 
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After cooling down to r.t., the reaction mixture was diluted with Et2O (25 mL) and further cooled 

to 0 ÁC. KOH (4.0 g) was added slowly at 0 ÁC. After complete dissolution of KOH, the mixture 

was diluted with further Et2O (25 mL) and the organic layer was separated. The aqueous layer 

was extracted with more Et2O (2Ĭ30 mL). The combined organic extracts were dried over 

anhydrous MgSO4, filtered and carefully concentrated by rotary evaporation (Caution: The 

product is volatile!) to provide 3-azidopropyl amine (2.4) as a yellowish liquid. The compound 

was used in the next step without further purification. Yield: 0.74 g (49%). 

1H NMR  (400 MHz, CDCl3) ŭ 3.35 (t, J = 6.7 Hz, 2H), 2.79 (t, J = 6.8 Hz, 2H), 1.71 (p, 

J = 6.7 Hz, 2H), 1.41 (s, 2H). 

13C{1H} NMR  (75 MHz, CDCl3) ŭ 49.3, 39.4, 32.5. 

MS (APCI+): calculated m/z for [C3H8N4 + H]+ = 101.1, found = 101.3. 

 

N-(3-Azidopropyl) -O-(4-nitrophenyl) Carbamate (2.5) 

A solution of 3-azidopropyl amine (2.4, 100 mg, 1.00 mmol, 1.0 eq.) in CH2Cl2 (4 mL) 

was added dropwise over 10 min to a stirred solution of bis(4-nitrophenyl) carbonate (304 mg, 

1.00 mmol, 1.0 eq.) in CH2Cl2 (3 mL) and the resulting solution was stirred at r.t. for 4 h. A 

solution of sodium hydroxide (45 mg, 1.0 mmol, 1.1 eq.) in water (5 mL) was then cautiously 

added to the reaction mixture and shaken. The organic layer was separated, dried over anhydrous 

MgSO4, filtered and concentrated by rotary evaporation. The crude oil was purified by silica gel 

column chromatography using CH2Cl2 as the mobile phase. Carbamate 2.5 was obtained as a 

white crystalline solid. Yield: 171 mg (61%). 
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Rf (silica, CH2Cl2): 0.14 

1H NMR  (400 MHz, DMSO-d6) ŭ 8.30 ï 8.22 (m, 2H), 8.09 (t, J = 5.7 Hz, 1H), 7.44 ï 

7.36 (m, 2H), 3.43 (t, J = 6.8 Hz, 2H), 3.17 (q, J = 6.6 Hz, 2H), 1.75 (p, J = 6.8 Hz, 2H). 

13C{1H} NMR  (75 MHz, CDCl3) ŭ 156.0, 153.3, 145.0, 125.3, 122.1, 49.4, 39.3, 29.0. 

HRMS (ESI+): calculated m/z for [C10H11N5O4 + H]+ = 266.0889, found = 266.0882. 

FTIR  (ATR, diamond, cm-1): 2102 (N3). 

m.p. (CH2Cl2): 97ï98 ÁC. 

 

Compounds endo-2.7 and exo-2.7 

 

Compounds endo-2.7 and exo-2.7 were prepared according to a modified procedure from 

the literature.130 Rh2(OAc)4 (790 mg, 1.79 mmol, 4.3 mol. %) was put under argon atmosphere in 

an oven-dried 500 mL round bottomed flask followed by addition of dry CH2Cl2 (20 mL) and 

cycloocta-1,5-diene (41 mL, 0.33 mol, 8.1 eq.). A solution of ethyl diazoacetate (Aldrich, cont. 

13 wt. % CH2Cl2, 5.4 g, 41 mmol, 1.0 eq.) in dry CH2Cl2 (20 mL) was added dropwise slowly 

over the course of 7 h at constant stirring. The reaction mixture was stirred at r.t. for further 

2 days. The resulting solution was concentrated by rotary evaporation (40 ÁC). Silica gel column 

chromatography using hexanesïAcOEt (200:1 to 20:1, v/v) provided endo-2.7 (higher Rf, 1.96 g, 

24%) and exo-2.7 (lower Rf, 3.28 g, 41%) as colorless liquids. 
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endo-2.7: 

1H NMR  (500 MHz, CDCl3) ŭ 5.67 ï 5.57 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 2.57 ï 2.45 

(m, 2H), 2.26 ï 2.15 (m, 2H), 2.12 ï 2.00 (m, 2H), 1.89 ï 1.77 (m, 2H), 1.71 (t, J = 8.8 Hz, 1H), 

1.45 ï 1.34 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

MS (APCI+): calculated m/z for [C12H19O2 + H]+ = 195.1, found = 195.1. 

exo-2.7: 

1H NMR  (500 MHz, CDCl3) ŭ 5.68 ï 5.60 (m, 2H), 4.10 (q, J = 7.1 Hz, 2H), 2.35 ï 2.26 

(m, 2H), 2.24 ï 2.16 (m, 2H), 2.13 ï 2.04 (m, 2H), 1.60 ï 1.53 (m, 2H), 1.52 ï 1.44 (m, 2H), 

1.25 (t, J = 7.1 Hz, 3H), 1.18 (t, J = 4.6 Hz, 1H). 

13C{1H} NMR  (126 MHz, CDCl3) ŭ 174.6, 130.1, 60.4, 28.4, 28.0, 27.9, 26.8, 14.5. 

MS (APCI+): calculated m/z for [C12H19O2 + H]+ = 195.1, found = 195.1. 

 

(1R,8S,9s,Z)-Bicyclo[6.1.0]non-4-en-9-ylmethanol (2.8) 

 

Compound 2.8 was prepared according to a modified procedure from the literature.130 

LiAlH 4 (0.38 g, 10 mmol, 1.0 eq.) was put under argon atmosphere in an oven-dried 500 mL 

round bottomed flask followed by addition of dry Et2O (35 mL). The suspension was cooled to 

0 ÁC, after which a solution of endo-2.7 (1.95 g, 10 mmol, 1.0 eq.) in dry Et2O (35 mL) was 

added dropwise over 30 min. Cooling was removed, and the reaction mixture was stirred at r.t. 

for 15 min. The resulting suspension was cooled to 0 ÁC and H2O (4 mL) was added dropwise. 
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The reaction mixture was stirred at 0 ÁC until the color of the present solid changed from grey to 

white. Et2O (100 mL) was added and the reaction mixture was allowed to warm-up to r.t. After 

drying with anhydrous Na2SO4 for 1 h, the solution was filtered and concentrated by rotary 

evaporation to provide alcohol 2.8 as a white solid. Yield: 1.52 g (quantitative). 

1H NMR  (500 MHz, CDCl3) ŭ 5.68 ï 5.59 (m, 2H), 3.71 (dd, J = 7.7, 3.6 Hz, 2H), 2.40 ï 

2.32 (m, 2H), 2.15 ï 2.05 (m, 2H), 2.03 ï 1.95 (m, 2H), 1.60 ï 1.53 (m, 2H), 1.16 (br s, 1H), 

1.15 ï 1.09 (m, 1H), 1.06 ï 0.97 (m, 2H). 

MS (APCI+): calculated m/z for [C10H16O ï OH]+ = 135.1, found = 135.1. 

 

((1R,8S,9s)-4,5-Dibromobicyclo[6.1.0]nonan-9-yl)methanol (2.9) 

 

Compound 2.9 was prepared according to a modified procedure from the literature.130 A 

solution of 2.8 (1.52 g, 9.98 mmol) in CH2Cl2 (75 mL) was cooled down to 0 ÁC followed by 

dropwise addition of a Br2 solution in CH2Cl2 (0.26 g/mL) at constant stirring as long as the 

resulting solution was decolorizing. When a yellowish color persisted, a solution of 

Na2S2O3 5H2O (2.0 g) in H2O (20 mL) was added to quench excess Br2. The organic layer was 

separated, and the aqueous phase was extracted with further 2 Ĭ 30 mL of CH2Cl2. The combined 

organic extracts were dried over anhydrous Na2SO4, filtered and concentrated by rotary 

evaporation to provide dibromide 2.9 (mixture of diastereomers) as a white solid which was used 

in the next step without further purification. Yield: 2.90 g (93%). 



97 

 

1H NMR  (500 MHz, CDCl3) ŭ 4.88 ï 4.78 (m, 2H), 3.81 ï 3.72 (m, 2H), 2.76 ï 2.63 (m, 

2H), 2.32 ï 2.23 (m, 1H), 2.20 ï 2.13 (m, 1H), 1.99 ï 1.86 (m, 2H), 1.70 ï 1.56 (m, 2H), 1.26 (br 

s, 1H), 1.24 ï 1.15 (m, 2H), 1.15 ï 1.06 (m, 2H), 0.90 ï 0.78 (m, 1H). 

 

(1R,8S,9p)-Bicyclo[6.1.0]non-4-yn-9-ylmethanol (2.10, BCN-OH) 

 

Compound 2.10 was prepared according to a modified procedure from the literature.130 A 

solution of 2.9 (2.90 g, 9.29 mmol, 1.0 eq.) in dry THF (100 mL) was cooled to 0 ÁC under dry 

Ar atmosphere. A solution of tBuOK (1 m in THF, 31 mL, 31 mmol, 3.3 eq.) was added 

dropwise at constant stirring. Cooling was removed, and the reaction mixture was heated at 

reflux (85 ÁC) for 2 h. After cooling to room temperature, sat. aq. NH4Cl (100 mL) was added 

with vigorous stirring. The organic layer was separated, and the aqueous layer was extracted with 

further 3Ĭ70 mL of CH2Cl2. The combined organic extracts were dried over anhydrous Na2SO4, 

filtered and concentrated by rotary evaporation to provide a brownish liquid. Purification by 

silica gel column chromatography using hexanes/ethyl acetate (9:1 to 2:1, v/v) as a mobile phase 

provided product 2.10 as an off-white solid. Yield: 750 mg (54%). 

1H NMR  (500 MHz, CDCl3) ŭ 3.73 (d, J = 7.9 Hz, 2H), 2.36 ï 2.18 (m, 6H), 1.67 ï 1.56 

(m, 2H), 1.34 (tt, J = 9.2, 7.9 Hz, 1H), 1.14 (br s, 1H), 0.99 ï 0.89 (m, 2H). 

13C{1H} NMR  (126 MHz, CDCl3) ŭ 99.0, 60.1, 29.2, 21.65, 21.55, 20.2. 
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MS (APCI+): calculated m/z for [C10H14O ï OH]+ = 133.1, found = 133.1; calculated m/z 

for [C10H14O ï OH + CH3CN]+ = 174.1, found = 174.2. 

 

(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl (2,5-dioxopyrrolidin -1-yl) carbonate 

(2.11, BCN-OSu) 

 

Compound 2.11 was prepared according to a modified procedure from the literature.131 A 

solution of BCN-OH (2.10, 96 mg, 0.64 mmol, 1.0 eq.) and dry DIPEA (450 ɛL, 2.6 mmol, 

4.0 eq.) in dry MeCN (2.0 mL) was cooled to 0 ÁC under dry Ar atmosphere. (SuO)2CO 

(242 mg, 0.94 mmol, 1.5 eq.) was added in one portion, cooling was removed, and the resulting 

mixture was stirred at r.t. under dry Ar atmosphere for 6 h. After concentrating by rotary 

evaporation (25 ÁC), the product was isolated by silica gel column chromatography using 

hexanes/ethyl acetate (3:2, v/v) as the mobile phase. BCN-OSu (2.11) was obtained as a white 

solid. Yield: 167 mg (90%). 

1H NMR  (500 MHz, CDCl3) ŭ 4.45 (d, J = 8.3 Hz, 2H), 2.84 (s, 4H), 2.37 ï 2.19 (m, 

6H), 1.63 ï 1.56 (m, 2H), 1.50 (p, J = 8.7 Hz, 1H), 1.11 ï 1.02 (m, 2H). 

MS (APCI+): calculated m/z for [C17H15NO5 ï CO2 + H]+ = 248.1, found = 248.5. 
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Dichloropane-BCN (2.12) 

A solution of dichloropane-NHBoc (2.1, 13.6 mg, 28.0 ɛmol, 1.0 eq.; kindly provided by 

Dr. Peter Ġebej) in CH2Cl2 (0.5 mL) was cooled to 0 ÁC followed by dropwise addition of 

CF3CO2H (1 mL). The resulting solution was stirred at 0 ÁC for 60 min. Subsequently, volatiles 

were removed by rotary evaporation (40 ÁC) and the solid material was co-evaporated with 

toluene (2 Ĭ 1.5 mL) to remove residual acid, providing the intermediate ammonium salt. The 

colorless amorphous solid was dissolved in dry DMF (1.0 mL) and DIPEA (20 ɛL, 0.11 mmol, 

4.0 eq.) under dry Ar atmosphere, followed by addition of a solution of BCN-OSu (2.11, 10 mg, 

34 ɛmol, 1.2 eq.) in dry DMF (0.4 mL). The reaction mixture was stirred at r.t. under dry Ar for 

16 h. Subsequently, the solution was diluted with Et2O (20 mL), washed with H2O (2Ĭ10 mL), 

sat. aq. LiCl (10 mL) and brine (10 mL) and dried over anhydrous Na2SO4. After filtration and 

removal of volatiles by rotary evaporation, the crude product was purified by silica gel column 

chromatography using CH2Cl2/MeOH (15:1, v/v) as the mobile phase. Pure dichloropane-BCN 

(2.12) was obtained as a thick colorless oil. Yield: 12.5 mg (79%). 

Rf (silica; CH2Cl2/MeOH 9:1, v/v): 0.18. 












































































































































































































































































































































































































































































































































































































































































































































































































