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Abstract 

Voltage sensitive fluorescent dyes (VSDs) are important tools for probing signal transduction in neurons and 

other excitable cells. These sensors, rendered highly lipophilic to anchor the conjugated -wire molecular 

framework in the membrane, offer several favorable functional parameters including fast response kinetics and 

high sensitivity to membrane potential changes. The impact of VSDs has however been limited due to the lack 

of cell-specific targeting methods in brain tissue or living animals. We address this key challenge by 

introducing a non-genetic molecular platform for cell and molecule specific targeting of synthetic voltage 

sensitive dyes in the brain. We employ a dextran polymer particle to overcome the inherent lipophilicity of 

voltage sensitive dyes by dynamic encapsulation and target the construct to specific axonal extensions using the 

monoamine transporter ligand dichloropane. VoLDeMo (Voltage Sensor-Ligand-Dextran Targeted to 

Monoaminergic Neurons) probes label dense dopaminergic axons in the mouse striatum and sparse 

noradrenergic axons in the mouse cortex in acute brain slices. We also demonstrate in whole adult Drosophila 

brains that VoLDeMo targeting is ligand dependent. VoLDeMo variants bearing either a classical 

electrochromic ANEP dye or state-of-the-art VoltageFluor dye respond to membrane potential changes in a 

similar manner to the parent dyes, as demonstrated by whole-cell patch recording. The VoLDeMo platform 

enables targeting of diffusible VSD probes to specific neuronal cells using endogenous expression levels of 

native components of neurotransmission machinery. We envision that modularity of our platform will enable its 

application to a variety of molecular targets (other receptors and covalent labeling-based tags) and sensors 

(including those in other imaging modalities), as well as lipophilic drugs and signaling modulators. This work 

demonstrates the feasibility of a chemical targeting approach and expands the possibilities of cell-specific 

imaging and pharmacology. 
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Introduction 

Monitoring signal transmission between and within the cells of the nervous system has been and remains one of 

the key challenges in neuroscience. While patch-clamp electrophysiological techniques provided unprecedented 

insight into neuronal function and remain the standard technique to probe membrane potential dynamics in 

excitable cells,1,2 optical techniques have emerged as a powerful complement to electrode-based methods. The 

development of calcium sensitive dyes (CaSDs)3,4 and voltage sensitive dyes (VSDs)5–8 has transformed 

neuroscience and cell biology at large, however the key shortcoming of synthetic sensors has been the lack of 

targeting to specific cell types in brain tissue and in vivo.9–11 Consequently, the advancement of protein based 

calcium and voltage indicators have been intensely pursued, as these genetically encoded tools can be targeted 

to many neuronal cell types via cell-specific, promoter-based genetic methods.12–15 

Synthetic dyes, however, have several key advantages over fluorescent proteins, mainly the availability of the 

entire chemical space for choice, design, and direct modification of the fluorophore, enabling tuning of 

photophysical and functional properties (e.g. absorption and emission profile, photostability, brightness, 

response magnitude (F/F) and kinetics),8,16,17 as well as design of sensors for other imaging modalities, e.g. 

short wave infrared (SWIR)18,19 fluorescence or photoacoustic (PA)20–22 imaging. 

Synthetic voltage sensors are however exceptionally challenging to deliver to selected cell types due to their 

inherent lipophilicity, which causes high background staining and limited diffusibility in tissue. Successful 

attempts to target synthetic VSDs to specific cell types have been scarce and have only been applied to cell 

culture based experimental systems. For example, a chemo-genetic approach taking advantage of cell-surface 

expression of alkaline phosphatase to dephosphorylate and thus induce membrane localization of an 

electrochromic aminonaphthyl-ethene-pyridinium (ANEP) VSD precursor was reported.23–25 A similar strategy 

was adopted recently using a porcine liver esterase to activate a fluorogenically silent precursor of 

VoltageFluor, a photoinduced electron transfer (PeT) based VSD.26 Similarly, a photoactivatable voltage sensor 



5 

 

was reported which could be uncaged in a subset of cells by spatially precise illumination with blue light.27 

However, none of these targeting strategies have been demonstrated in intact tissue preparations ex or in vivo. 

We have pursued chemical targeting strategies to deliver synthetic fluorophores to specific neuronal cells and 

synaptic release sites in intact brain tissue, utilizing native components of the neurotransmission machinery. We 

developed fluorescent false neurotransmitters (FFNs), probes that act as substrates of relevant monoamine 

transporters, label dopaminergic or noradrenergic neurons and their synaptic vesicles, and enable optical 

recording of transmitter release at individual synaptic sites ex vivo and in vivo in rodents.28–33 For example, the 

probe FFN102 labels dopaminergic release sites in the mouse striatum with high selectivity, due to the selective 

transport of FFN102 by the dopamine transporter (DAT) into dopaminergic neurons.30 Encouraged by this 

success, and cognizant of specific endogenous expression of DAT in dopaminergic axons, we hypothesized that 

a high affinity DAT ligand would enable targeting dopaminergic axons in the brain with a variety of sensors and 

actuators, including lipophilic VSDs. The embodiment of this idea required the use and optimization of small 

carbohydrate polymers to accommodate the high lipophilicity of VSDs and serve as a molecular carrier for both 

the VSD and targeting ligand. 

Here we report a chemical platform, which enables targeting of lipophilic VSDs to monoaminergic neurons in 

rodent and Drosophila brains. Our Voltage Sensor-Ligand-Dextran Targeted to Monoaminergic Neurons, or 

VoLDeMo, integrates three modalities into one multifunctional construct to achieve this goal. We selected two 

VSDs for this exploratory study: di-2-ANEPEQ (1), a well-established electrochromic hemicyanine VSD;34,35 

and dsRVF5 (disulfo Rhodol VoltageFluor-5, 2), a disulfonated36 version of a state-of-the-art VSD (Fig. 1a).37 

A second component, the tropane analog dichloropane (3, Fig. 1b), is a potent ligand of dopamine and 

norepinephrine transporters (DAT and NET respectively)38,39 and enables not only cell-type specific but also 

molecule-specific targeting of the VoLDeMo probes. Both the VSD and the ligand are appended to a dextran 

polymer carrier (Fig. 1c), that compensates for the dye’s lipophilicity and decreases non-specific labeling in cell 

cultures and in the mammalian brain. 
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Fig. 1 | Components of the VoLDeMo targeting system. a, Voltage sensitive dyes di-2-ANEPEQ 

(1),34,35 and dsRVF5 (2).36,37 b, Dichloropane (3), a potent DAT and NET ligand. c, a 3D model of 

the VoLDeMo targeting system. A di-2-ANEP VSD (pink) and dichloropane ligand (green) are 

attached through short linkers to a dextran polymer carrier (blue). The dichloropane ligand of the 

construct is shown bound to the dopamine transporter (structure of drosophila DAT40 was used for 

the graphic), and the lipophilic VSD is inserted into the cell membrane. 

 

Results 

Establishment of dichloropane as a targeting ligand. Based on previous reports and examination of DAT’s 

3D structure,40,41 we hypothesized that introducing an N-Boc-4-aminobutyl linker instead of the methyl group 

on the bridgehead nitrogen of dichloropane (3) would largely conserve its affinity to monoamine transporters. 

Indeed, enantiomerically pure dichloropane analog 4 (Fig. 2a) blocked APP+ (an established DAT substrate42) 

uptake by HEK-293 cells stably transfected with human dopamine transporter (hDAT-HEK cells) with an IC50 

of 11 ± 1 nM (Supplementary Fig. S6). We further synthesized rhodamine-labeled dichloropane (5, Fig. 2a),43 

which strongly labeled hDAT-HEK cells in a coronal fashion, compared to null transfected cells, and the 

labeling was efficiently blocked by the DAT inhibitor, nomifensine44 (Supplementary Fig. S7). This system was 

employed as a positive control in subsequent VSD targeting studies. 
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Fig. 2 | Design and synthesis of ligand guided fluorescent probes. a, Dichloropane ligand 

bearing a Boc-4-aminobutyl linker (4) and its transformation into probe 5. b, Schematic illustration 

of ligand–dye fusion concepts. Left: a short linker separates the dye (pink) and ligand (black 

anchor) targeting a membrane protein of interest (red). Right: The dye and ligand are separated by a 

polymer carrier (blue) that enables insertion of the dye into the cell membrane (grey). c, Synthesis 

of azidopropyl-carbamate-dextran(6000) (7-w). Number w reflects the degree of dextran 

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

molecule, see Supplementary Information for details). d, One-pot assembly of VoLDeMo via click 

chemistry by reacting N3-dextran 7-w (w = 3.25 or 2.15, average number of azide functionalities per 

polymer molecule) with a 1:2 mixture of VSD 8 or 9 and ligand 10. 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.45 and 

Supplementary Information). 
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Design, synthesis, and characterization of a non-genetic voltage sensitive dye-targeting platform. 

Targetable probe 5 is schematically illustrated in Fig. 2b-left. The same concept cannot be applied to VSD 

targeting, since a short linker would not enable insertion of the fluorophore into the cell membrane. A long 

linker and/or polymer carrier is needed to separate the ligand and the VSD (Fig. 2b-right) and render the 

construct functional. The first logical choice for a long ligand–VSD separator was a poly(ethylene glycol) 

(PEG) chain. PEG is a widely used polymer in chemical biology due to its solubility, synthetic accessibility, and 

presumed low protein binding.46 It has been successfully applied in wash-free labeling of plasma membrane 

proteins with the lipophilic Nile Red dye.47 We therefore constructed a dichloropane–PEG(3400)–di-2-ANEP 

construct (S71, Supplementary Scheme S8) and tested its targeting specificity in DAT-HEK cells. However, 

DAT-independent cell labeling, as well as internalization of construct S71 was observed (Supplementary 

Fig. S4). We thus concluded that PEG was unable to compensate for the lipophilic character of the VSD and 

render it targetable to specific membrane proteins. 

We next turned our attention to dextran, a bacterial polysaccharide composed of glucopyranose units connected 

through -1,6-glycosidic linkages with occasional 1,3- and less frequently 1,2- and 1,4-branching.48 Dextran 

was an attractive choice due to its clinical use, biocompatibility, slow degradation in mammals, and high 

diffusion rates in tissue including brain.49–51 Based on our exploratory studies, we chose dextran(6000) 

(Mw = 6000 Da) as a compromise between a large-enough hydrophilic surface to compensate for the 

lipophilicity of the VSD and a relatively small size for sufficient diffusion in tissue. We developed a 

functionalization protocol enabling attachment of 3-azidopropyl linker groups to dextran using activated 

carbamate 6 to provide azidopropyl-carbamate-dextran(6000) (7-w, Fig. 2c). This chemical labeling allowed for 

straightforward control of dextran coverage (average number of azide functionalities per polymer molecule – w; 

see Supplementary Information for detailed protocol and discussion of this parameter) with N3-linkers. Next, we 

used strain-promoted azide-alkyne cycloaddition click chemistry to attach functionalized di-2-ANEP (8) or 

dsRVF5 VSD (9) and dichloropane ligand (10). The position of the linker terminated with the clickable 

bicyclo[6.1.0]non-4-yn-9-yl)methyl (BCN) group was chosen based on synthetic feasibility and expected 
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orientation of the VSD in the cell membrane. The ethylene–quaternary ammonium headgroup of di-2-ANEPEQ 

(1) was substituted with a flexible butylene linker terminated with carbamate-bound BCN in the functionalized 

dye 8 (linker attached via the pyridinium nitrogen). Similarly, dsRVF5 9 was functionalized with BCN at the 

pyrrolidine group, which faces the extracellular space upon membrane localization of the VSD. The sensors and 

ligand equipped with the strained alkyne moiety were reacted with the azide functionalized dextran 7-w, 

assembling the final di-2-ANEP-VoLDeMo (11) and dsRVF5-VoLDeMo (12) constructs respectively (Fig. 2d). 

The coverage of the dextran polymer with ligands (y) and VSDs (z) was chosen as follows: to minimize the 

number of polymer molecules which would carry 2 or more lipophilic VSDs (thus increasing the probability of 

non-specific binding), we aimed for y < 1; and to ensure that a vast majority of polymer molecules that carry a 

VSD also carry at least 1 dichloropane ligand, we aimed for z > 1 and y:z = 1:2. di-2-ANEP-VoLDeMo was 

obtained with a coverage of 0.74 ANEP/polymer and 1.38 ligand/polymer; similarly, dsRVF5-VoLDeMo was 

obtained with a comparable coverage of 0.64 dsRVF5/polymer and 1.33 ligand/polymer as determined by 1H 

NMR (Supplementary Fig. S2 and S3). The concentration values in subsequent experiments are calculated based 

on average molecular weights of the constructs (see Supplementary Information for details); therefore, 100 nM 

VoLDeMo probe contains ~74 nM di-2-ANEP VSD or ~64 nM dsRVF5 VSD. 

A significant difference was observed between the 1H NMR spectra of VoLDeMo probes in D2O and 

DMSO-d6. While broad signals were observed in the aromatic region in D2O (Fig. 3a), much sharper peaks 

were observed in DMSO-d6 (Fig. 3b). This observation provides a clue about the conformational behavior of 

these constructs: the structure is likely folded in aqueous environments, wherein the lipophilic dye is concealed 

by the dextran polymer to minimize the unfavorable VSD–water interactions. Restricted flexibility of the VSD 

in such a folded state results in broadened peaks. Signals belonging to the dichlorophenyl group of the 

dichloropane ligand show significantly less broadening (green asterisks in Fig. 3a) reflecting less shielding by 

dextran. Only in the presence of a less polar (and aprotic dipolar) environment (DMSO-d6) will the VoLDeMo 

probe favor an unfolded conformation. We therefore propose the following targeting model for the VoLDeMo 

sensors: in the bulk extracellular environment, the construct exists predominantly in a folded state with the VSD 
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minimally exposed to the aqueous environment, which results in low non-specific binding. Association of the 

dichloropane ligand with DAT or NET increases the effective concentration of the VoLDeMo construct at the 

cell membrane, the conformational equilibrium is shifted, and the VSD partitions into the membrane (Fig. 3c). 

Fig. 3 | Proposed conformational behavior and targeting model of VoLDeMo. a, 1H NMR 

(500 MHz, D2O), zoomed in aromatic region (6.2–9.2 ppm) of di-2-ANEP-VoLDeMo. Broadened 

peaks reflect restrained conformational freedom of the lipophilic VSD which is shielded by the 

dextran carrier. Green asterisks – signals of the dichloropane ligand which are significantly sharper, 

reflecting more conformational freedom of the ligand. b, 1H NMR (500 MHz, DMSO-d6), zoomed 

in aromatic region (6.2–9.2 ppm) of di-2-ANEP-VoLDeMo. Sharp peaks indicate high 

conformational flexibility of the construct in the more solubilizing environment of DMSO. 

c, Targeting model of VoLDeMo: Top – in bulk aqueous environment, the VSD (pink) is 

encapsulated by the dextran carrier (blue spheres) from the solvent. Bottom – after binding of the 

dichloropane ligand (green) to DAT (grey), the equilibrium is shifted and the VSD partitions into 

the cell membrane. 
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VoLDeMo selectively labels DAT-expressing cells and enables optical recording of membrane potential 

changes. hDAT-HEK cells were incubated with di-2-ANEP-VoLDeMo or dsRVF5-VoLDeMo (100 nM) for 

5 min or 15 min respectively at room temperature and washed with DPBS, resulting in membrane-localized 

fluorescence staining. Upon pre- and co-treatment with the DAT inhibitor, nomifensine (2 M), the membrane 

staining of hDAT-transfected cells was significantly diminished (20.2 ± 5.7 fold decrease, n = 3, P = 0.0013 for 

di-2-ANEP-VoLDeMo and 3.4 ± 0.5 fold decrease, n = 3, P < 0.0001 for dsRVF5-VoLDeMo, two-tailed 

unpaired t-test). Additionally, coronal staining was not observed with null-transfected HEK cells under identical 

conditions (8.4 ± 1.5 fold fluorescence decrease with respect to hDAT-HEK cells, n = 3, P = 0.0018 for 

di-2-ANEP-VoLDeMo and 6.0 ± 0.6 fold, n = 3, P < 0.0001 for dsRVF5-VoLDeMo, two-tailed unpaired t-test), 

confirming that binding to DAT is required for localization of the probe to the surface of the membrane (Fig. 4a 

and d, Supplementary Fig. S8). Higher signal to background observed for di-2-ANEP-VoLDeMo compared to 

dsRVF5-VoLDeMo is likely a result of the lower lipophilicity of the di-2-ANEP VSD with respect to dsRVF5, 

which results in a lower extent of non-specific background staining. 
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Fig. 4 | Labeling specificity and membrane potential sensitivity of VoLDeMo probes in hDAT-

HEK cells. a, d, Brightfield (BF, top) and corresponding fluorescence (Fluo, bottom) images of 

HEK cells labeled with di-2-ANEP- (a) and dsRVF5-VoLDeMo (d) probes (100 nM). Labeling was 

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

nomifensine (2 M; middle), and null-transfected HEK cells (right). All fluorescence images are 

equally contrasted for each VoLDeMo probe. b, e, Representative concatenated traces of the 

fractional change in fluorescence of di-2-ANEP- (b) and dsRVF5-VoLDeMo (e) probes (100 nM) 

versus time of a voltage-clamped HEK cell, held at −60 mV and then subjected to 100 ms voltage 

holdings ranging from −100 mV (blue trace) to +80 mV (red trace) in 30 mV intervals. c, f, Plots of 

percent fluorescence change of di-2-ANEP- (c) and dsRVF5-VoLDeMo (f) probes (100 nM) versus 

membrane voltage. ∆F/F per 100 mV = −4.7% ± 1.1%, SNR = 4.5 ± 0.5, n = 5; mean  SEM for di-

2-ANEP-VoLDeMo. ∆F/F per 100 mV = 13.1% ± 3.7%, SNR = 14.2 ± 2.9, n = 5; mean  SEM for 

dsRVF5-VoLDeMo. 

We further verified that di-2-ANEP and dsRVF5 dyes remain voltage sensitive when attached to dextran as a 

part of VoLDeMo probes. hDAT-HEK cells labeled with di-2-ANEP-VoLDeMo or dsRVF5-VoLDeMo 
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(100 nM) were whole-cell voltage clamped. The cells were first held at −60 mV to mimic the resting membrane 

potential of neurons, then subjected to DC holding potentials steps ranging from −100 mV to +80 mV in 30 mV 

intervals and imaged at 200 Hz (Fig. 4b and e). In the case of di-2-ANEP-VoLDeMo, we observed a decrease in 

fluorescence intensity following depolarization of the membrane potential, which is common for electrochromic 

VSDs when excited at the red edge of their absorption band.52 When the fractional fluorescence change was 

plotted against the membrane potential, a linear plot (R2 = 0.998) with a F/F per 100 mV = −4.7%  1.1% was 

obtained (n = 5, Fig. 4c). This result was comparable to what was previously demonstrated for ANEP class 

dyes.52 For dsRVF5-VoLDeMo, in contrast, we observed increased fluorescence intensity with increasing 

membrane potential, as expected for the PeT-based class of VSDs.37 The plot of fractional fluorescence change 

vs. membrane potential was linear (R2 = 0.999) with a F/F per 100 mV = 13.1%  3.7% (n = 5, Fig. 4f). 

Under whole-cell voltage clamp mode, hDAT-HEK cells were also subjected to simulated trains of rapid 

depolarizations to explore the temporal resolution of VoLDeMo probes in resolving AC voltage changes. Cells 

labeled with di-2-ANEP-VoLDeMo or dsRVF5-VoLDeMo (100 nM) were held at −60 mV and subjected to 

bursts of ten individual voltage spikes of 2 ms length and 100 mV magnitude to resemble the membrane action 

potential of a typical neuron. The ten voltage spikes within one burst were applied at 100 Hz in frequency. At 

1 kHz imaging rate, both VoLDeMo probes were able to detect and distinctively resolve individual voltage 

spikes within one burst (Supplementary Fig. S9). 

VoLDeMo probes deliver VSDs to dopamine and norepinephrine axons in mouse brain tissue. The next 

key test for the targeted constructs was the examination of labeling specificity in acute mouse brain tissue, 

specifically in two regions with vastly different density of catecholamine axons, the dorsal striatum and 

somatosensory cortex (Fig. 5). 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 (Fig. 5a).53 Striatal brain slices (living slice preparation, see Supplementary Information) incubated with 

di-2-ANEP-VoLDeMo (100 nM, 30 min) exhibited a string-like, punctate pattern of fluorescent labeling 
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(Fig. 5b, Supplementary Fig. S10a), typical for dopaminergic axons in this region. Quantitative colocalization 

with an established dopamine probe FFN102 gave a high level of colocalization (78.0% ± 3.51%, n = 3, 

Supplementary Fig. S11), which was significantly higher than the respective scrambled control 

(17.3% ± 2.33%, P < 0.0001, two-tailed unpaired t-test). The pattern of the label was similar to that previously 

reported in the striatum of TH-GFP mice, where GFP is expressed under the control of tyrosine hydroxylase 

(TH) promoter, a marker of catecholamine neurons, and that obtained via DAT immunolabel.30 As expected, 

pre-incubation and co-incubation with nomifensine (2 M) diminished the targeting of dopamine axons and 

resulted in predominantly diffuse background labeling, indicating that the axonal labeling is dependent on DAT. 

To further demonstrate the high degree of VoLDeMo selectivity, we incubated striatal brain slices with 

untethered di-2-ANEPEQ (1, 100 nM, 30 min). As expected, a dramatically contrasting pattern corresponding to 

non-specific fluorescent labeling of cell membranes was observed (Fig. 5b). To our knowledge, this is the first 

example of selective delivery of diffusible VSDs to specific neuronal cell types in mammalian brain tissue, as 

well as the first direct targeting to specific axonal projections and release sites. 

We next tested labeling of striatal slices with dsRVF5-VoLDeMo bearing the more lipophilic and larger rhodol 

based VSD. Remarkably, STRd brain slices incubated with dsRVF5-VoLDeMo (100 nM, 30 min) exhibited a 

similar string-like pattern of fluorescent labeling as its di-2-ANEP counterpart (Fig. 5c, Supplementary 

Fig. S10b). Pre-incubation and co-incubation with nomifensine (2 M) produced a diffuse background staining 

(Fig. 5c). The high degree of dsRVF5-VoLDeMo selectivity in striatal slice was further demonstrated by 

comparison to untethered dsRVF5 (2, 100 nM, 30 min, Fig. 5c), which labels many cell membrane 

compartments. 
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Fig. 5 | Targeting of VoLDeMo probes to catecholamine axons in mouse brain slices. a, Nissl 

stained sagittal slice of a mouse brain (image credit: Allen Institute54,55) 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 microscopy. b, c, Representative images of striatal slice labeling with di-2-ANEP and 

dsRVF5 probes, respectively. Left: striatal slice incubated with the targeted di-2-ANEP-VoLDeMo 

(100 nM, 30 min, 15 m depth from the tissue surface) or dsRVF5-VoLDeMo (100 nM, 30 min, 

15 m depth) respectively; middle: an analogous experiment with pre- and co-incubation with the 

DAT/NET blocker nomifensine (2 m); right: striatal slice incubated with untargeted 

di-2-ANEPEQ (1, 100 nM, 30 min, 15 m depth) or dsRVF5 (2, 100 nM, 30 min, 15 m depth). 

d, Nissl stained sagittal slice of a mouse brain (image credit: Allen Institute54,55) with a schematic 
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representation of a noradrenergic neuron originating in the LC with sparse axonal projections in the 

CTX. The blue rectangle indicates the approximate region in the somatosensory cortex where the 

images in e and f were acquired via two-photon microscopy. e, f, Representative images of cortical 

slice labeling with di-2-ANEP and dsRVF5 probes, respectively. Left: cortical slice incubated with 

the targeted di-2-ANEP-VoLDeMo (100 nM, 30 min, 15 m depth) or dsRVF5-VoLDeMo (100 nM, 

30 min, 15 m depth), respectively; middle: an analogous experiment with pre- and co-incubation 

with nomifensine (2 M); right: striatal slice incubated with untargeted di-2-ANEPEQ (1, 100 nM, 

30 min, 15 m depth) or dsRVF5 (2, 100 nM, 30 min, 15 m depth). Images labeled by the same 

letter were contrasted equally. ANEP probes were excited at 920 nm and collected at 570–610 nm. 

dsRVF5 probes were excited at 820 nm and collected at 570–610 nm. 

The somatosensory cortex (CTX), unlike the dSTR, contains a far lower density of catecholaminergic axons, 

which we recently reported are mostly noradrenergic extensions expressing NET32 originating in the locus 

coeruleus (LC) (Fig. 5d).56 These sparse projections represent a far more challenging target for VoLDeMo 

probes, due to the greatly lower ratio of target noradrenergic cells to other non-target cells and tissue 

components. Despite this, cortical brain slices incubated with di-2-ANEP-VoLDeMo (100 nM, 30 min) 

exhibited a sparse fluorescent labeling pattern (Fig. 5e, Supplementary Fig. S10c) typical of noradrenergic 

axons in this brain area.32 There appeared to be no prominent non-specific uptake of the probes by resident cell 

bodies, either in the cortex or striatum. Similar control experiments were employed as in the striatal slice: pre-

incubation and co-incubation with nomifensine (2 μM) nearly abolished the string labeling (Fig. 5e); and 

incubation of a cortical brain slice with untethered di-2-ANEPEQ (1, 100 nM, 30 min) produced a pattern 

corresponding to non-specific fluorescent labeling of the brain tissue (Fig. 5e). Consistent with appropriate 

targeting, dsRVF5-VoLDeMo (100 nM, 30 min) produced a sparse string-like fluorescent labeling pattern in the 

cortical slice (Fig. 5f, Supplementary Fig. S10d), albeit with higher background than di-2-ANEP-VoLDeMo 

(Fig. 5e). This construct also showed occasional bright punctate or tubular objects larger than the axonal strings 

or varicosities, which we ascribe to non-specific labeling and/or clustering of the probe. While the combination 
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of a low density of noradrenergic projections in somatosensory cortex together with the higher lipophilicity of 

the dsRVF5 VSD tested the limits of the VoLDeMo delivery system, a dramatic contrast was observed 

compared to images obtained with nomifensine (2 M) inhibition and unmodified dsRVF5 (2, 100 nM, 30 min, 

Fig. 5f).  

Both di-2-ANEP- and dsRVF5-VoLDeMo constructs showed good diffusion in living tissue, capable of 

carrying the embodied lipophilic VSDs to depths typically used in our laboratories in acute slice under the 

standard experimental conditions (100 nM probe concentration, 30 min incubation time, washing, and common 

instrumental settings). The string-like labeling pattern remained distinct up to 30 m below surface in the 

striatum and 100 m below surface in the cortex. The probes showed less penetration in dSTR, presumably due 

to the high density of dopaminergic projections, which erects an additional diffusion barrier by leaving less 

material available for diffusion further from the surface (referred to as the “affinity barrier” in the antibody 

field57). In addition, the less lipophilic di-2-ANEP-VoLDeMo generally penetrated deeper than 

dsRVF5-VoLDeMo under the same conditions. 

Targeting of VoLDeMo probes in whole Drosophila brains. The brain of the adult fruit fly (Drosophila 

melanogaster) is small (~200 m in depth). Combined with the genetic tractability, this organism serves as a 

useful model for studying intact circuitry in the whole brain via multiphoton microscopy.58–60 Therefore, we 

tested targeting of VoLDeMos in whole fly brains. We used adult brains from Drosophila melanogaster 

expressing the GEVI ArcLight60 under the TH promotor and focused on the suboesophageal ganglion (SOG) 

region, due to its easy accessibility for multiphoton imaging and high density of dopamine axonal varicosities. 

Incubating a TH-driven ArcLight fly brain with di-2-ANEP-VoLDeMo (100 nM, 30 min) resulted in sparse 

punctate staining with partial overlap with ArcLight (n = 4 brains, Fig. 6a), which was abolished by pre- and 

co-incubation with excess competing ligand, dichloropane 4 (2 M, 30 min pre-incubation, n = 3 brains), 

leaving only a diffuse labeling pattern consistent with background fluorescence. Incubation of the brains with 

untethered di-2-ANEPEQ (1, 100 nM, 30 min) resulted in similar non-punctate, non-specific labeling (n = 3 
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brains, Fig. 6c), thus highlighting the labeling selectivity of the VoLDeMo probe, and indicating that the 

labeling is ligand-dependent. While there is partial co-localization of VoLDeMo with TH-driven ArcLight, 

which suggests co-localization of the two fluorescent signals to dopamine nerve varicosities, we also observed 

VoLDeMo puncta that were not co-labeled by Arclight. Given that the VoLDeMo probe labels other 

monoaminergic transporters including the serotonin transporter, it is possible that this additional labeling is due 

to association with these related monoamine transporters in Drosophila.61,62 Lastly, incubating a TH-driven 

ArcLight-expressing Drosophila brain with dsRVF5-VoLDeMo (100 nM, 30 min) resulted in a similar punctate 

staining pattern as for the di-2-ANEP targeted probe (n = 3 brains, Fig. 6d). 
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Fig. 6 | Targeting of VoLDeMo probes in whole Drosophila brains. All panels: Excitation 

wavelength: 920 nm. ArcLight (left); the respective synthetic VSD (middle); merged left and middle 

images (right). All images are zoomed in to the suboesophageal ganglion (SOG). The scale bars are 

10 m. a, A TH-driven ArcLight-expressing fly brain incubated with di-2-ANEP-VoLDeMo 

(100 nM, 30 min) resulted in punctate staining with partial overlap with ArcLight-labeled dopamine 

axonal varicosities (representative image; n = 4 brains). Examples of co-localizing puncta are 

highlighted with white arrowheads. b, A TH-driven ArcLight fly brain incubated with 

di-2-ANEP-VoLDeMo (100 nM, 30 min) and pre- and co-incubated with dichloropane 4 (targeting 

ligand of the construct, 2 M, 30 min pre-incubation) as a competing ligand resulted only in 

background staining without any punctate character or overlap with ArcLight localized to dopamine 

terminals (representative image; n = 3 brains). c, A TH-driven ArcLight fly brain incubated with 

untethered di-2-ANEPEQ (1, 100 nM, 30 min) resulted in non-specific staining without any 

punctate character or overlap with ArcLight (representative image; n = 3 brains). d, A TH-driven 

ArcLight fly brain incubated with dsRVF5-VoLDeMo (100 nM, 30 min) resulted in punctate 

staining with partial overlap with ArcLight (representative image; n = 3 brains). Examples of 

co-localizing puncta are highlighted with white arrowheads.  
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Discussion 

We have developed a targeting platform that enables delivery of lipophilic voltage sensitive dyes to specific 

neuronal cell types in brain tissue. This system consists of three components combined into one macromolecular 

sensor: 1) A fluorescent indicator of membrane potential (lipophilic voltage sensitive dye). The classical 

electrochromic di-2-ANEP34,35 and state-of-the-art dsRVF536,37 probes were chosen as model VSDs; 2) a 

dichloropane ligand that binds with high affinity to the family of monoamine transporter membrane proteins 

from the extracellular side;38,39 3) a polar polymer carrier represented by the polysaccharide dextran that 

compensates for the lipophilicity of the VSD by dynamic encapsulation, and so limits non-specific binding of 

the probe to cell membranes while enabling diffusion through tissue. We thus term our probe Voltage Sensor-

Ligand-Dextran Targeted to Monoaminergic Neurons, or VoLDeMo. 

In contrast to previous approaches, which were successful only in targeting VSDs in cell23–25 or neuronal 

cultures,26 and required high expression levels of genetically encoded protein targeting modalities, VoLDeMo 

probes show high targeting selectivity in native brain tissue of rodent brain slices and whole Drosophila brains 

using endogenous membrane proteins at physiological expression levels. This can be advantageous especially in 

genetic models of brain disorders, which often require multiple genetic modifications63 making further 

manipulation in order to install genetically encoded voltage indicators (GEVIs)15 potentially difficult. GEVIs 

also often need to be overexpressed to provide sufficient photon output, which leads to a variety of issues 

including toxicity or increased membrane capacitance.16 A recent approach addressed the photon budget issues 

via a chemogenetic approach, attaching a synthetic fluorophore to a membrane voltage sensing protein 

domain.64 We describe a chemical targeting approach where the entire VSD is delivered to the cells of interest. 

Remarkably, the level of selectivity observed with VoLDeMo in the striatum is comparable to the small 

molecule, highly hydrophilic FFN102 probe, and to the genetically encoded GFP labeling under the control of 

the TH promoter and qualitatively superior to DAT immunohistochemical labeling. Although the binding 

selectivity of VoLDeMo probes is governed by a high affinity dichloropane ligand, the dextran polymer carrier 
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plays a crucial role in the targeting process. The widely used PEG linker did not perform well in these studies 

and led to high intracellular labeling background. The high polarity of the dextran polymer (unlike PEG) 

compensates for the lipophilicity of the VSD, while its flexibility (and to some extent amphiphilic character) 

likely enables dynamic encapsulation of the dye, leading to low background staining and high diffusion through 

the brain tissue. Such dynamic behavior will be studied further to optimize the targeting capacity and tissue 

diffusion of small polymers. 

Synthetic chemistry and molecular design can also directly address the key issues related to the sensor dyes, 

such as photon output,17,64 sensing parameters,65,66 phototoxicity, pharmacological off-targets, and targeting 

properties. Future studies will focus on detailed examination of membrane depolarization events in axons, near 

and at the release sites including active and silent synapses.31 These efforts will guide the future optimization of 

the sensor, linker, and dextran polymer carrier. 

The modular design of dextran-based VoLDeMo offers many possibilities in terms of the potential applications 

and impact. Regarding the payload, we first focused on VSDs since these sensors report on a fundamental 

process in the nervous system – membrane potential changes – and are exceptionally challenging to deliver to 

specific cells and neurites due to their high lipophilicity. In this sense, we selected a high bar for testing the 

targeting efficacy of the designed molecular delivery constructs. The promising results shown here indicate that 

the dextran platform promises a means to accommodate a wide variety of lipophilic cargo molecules. Imaging 

modalities such as photoacoustic (PA) imaging20–22 and short-wave infrared (SWIR) fluorescence imaging18,19 

also utilize lipophilic synthetic imaging agents, and no genetically encoded PA or SWIR probes have been 

developed to date. The concept of the VoLDeMo targeting platform may therefore offer a promising solution to 

cell specific targeting of PA and SWIR probes in the brain. Our platform may also be applied to include 

actuators, signaling modulators, and drugs, thus unlocking chemical and chemo-genetic approaches to cell 

specific imaging and pharmacology.67 
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In terms of the cell-targeting component of VoLDeMo probes, the dichloropane can be substituted for a variety 

of ligands, unlocking the possibilities of targeting phenotype/pathology-associated cell surface molecules. 

Furthermore, the VoLDeMo system will be readily adaptable to chemo-genetic targeting using covalent tagging 

strategies (e.g. SNAP-tag68, Halo-tag69, TMP-tag70 or Spy-tag71) by substituting the dichloropane ligand for a 

suitable electrophile. The incubation concentrations used with VoLDeMo (~ 100 nM) are in the range required 

for the current version of Halo-tag. 

Balancing the noted advantages and exciting potentialities of the chemical probes, there are a number of 

challenges associated with chemical targeting and application of exogenous reagents that need to be addressed 

in future research. In the current version of the VoLDeMo system, targeting DAT or NET by the dichloropane 

ligand perturbs the experimental system by blocking these native neurotransmitter transporters. This is a general 

problem with receptor ligands, as the agonist/antagonist activity of these compounds perturbs the system under 

study. We envision tackling this issue by employing a traceless labeling approach, recently exemplified by 

tagging AMPA receptors with a fluorophore in brain tissue without functional consequences for the receptor.72 

Alternatively, targeting ligands (e.g., small molecules, peptides, and nanobodies) that do not perturb the 

function of the targeted molecule/receptor may be used. We expect a proliferation of such targeting ligands in 

the next decade for a wide range of molecular targets expressed in defined cell types and cell phenotypes. For in 

vivo applications, another major issue that arises is the mode of delivery of exogenous diffusible chemical 

probes to the brain tissue. In small laboratory animals, local injection into brain parenchyma is a feasible 

option.32 However, in the long term, less invasive methods will be required for research in animals, and to pave 

the way toward clinical applications – one of the major rationales for investing effort and resources into the 

development of chemically targeted imaging and pharmacological agents. These may include intrathecal 

administration that circumvents the blood-brain barrier, or intravenous administration coupled with blood-brain-

barrier (BBB) penetration approaches, based on either temporary physical disruption of BBB (e.g., focused 

ultrasound methods) or exploitation of native transporter systems. In anticipation of major advances in the non-
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invasive brain delivery modalities, we believe the exploration and development of cell- and molecule-specific 

targeting systems is imperative. 

In summary, VoLDeMo probes represent the first non-genetic platform for targeting lipophilic voltage sensitive 

dyes to specific neuronal cells and their axons in brain tissue. Although many issues remain to be addressed in 

terms of functional parameters and practical applicability of targeted VSDs, as outlined above, small 

carbohydrate polymers show great promise as the molecular platform for cell-selective imaging and 

pharmacology. We have demonstrated the feasibility of a chemical targeting approach that will be applicable to 

other lipophilic sensors, actuators or drugs. 
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Methods 

All experimental procedures are described in detail in the Supplementary Information. 

General procedure for synthesis of azidopropyl-carbamate dextran(6000) (7–w). Dried dextran(6000) 

(1.0 eq.) and dried LiCl (1.0 mg/mg dextran) were dissolved in dry DMF (20 μL/mg dextran) at 70 °C under Ar 

atmosphere (dissolution was completed within 10 min). Dry DIPEA (1.0 μL/mg dextran) was added, followed 

by addition of N-(3-azidopropyl)-O-(4-nitrophenyl) carbamate (6, 1.1 eq. with respect to expected coverage) 

resulting in immediate change of color from colorless to yellow. The resulting solution was stirred at 70 °C for 

24 h. After cooling to r.t., volatiles were removed by rotary evaporation (40 °C). The resulting thick yellow-

brown oil was dissolved in H2O (2.0 mL) and dialyzed against H2O (Slide-A-Lyzer G2, Thermo Fisher, MWCO 

2000 Da) for 3 days with 2× per day exchange of dialysate for fresh H2O. Removing the aqueous solvent by 

rotary evaporation (40 °C) provided azidopropyl carbamate dextran (7–w) as a white solid. Number w in 7–w 

designates the average number of azidopropyl groups per 6000 Da dextran polymer molecule as determined by 

1H NMR (see Supplementary Information for details). The N3 coverage yield and the total yield were highly 

reproducible for a range of dextran–6 ratios (84 – 87% and 87 – 90% respectively). IR (ATR, diamond) showed 

a band at 2103 cm-1 corresponding to the N3 asymmetric stretch. 

Synthesis of di-2-ANEP-VoLDeMo (11). To 7–3.25 (6.3 mg, 3.2 μmol of N3, 1.0 eq. N3) in a 1 mL V-shaped 

vial with a stir bar was added di-2-ANEPB-BCN (8, 73.9 μL of a 10 mg/mL sol. in DMSO, 0.74 mg, 1.2 μmol, 

1.1×⅓ eq. per N3 group) and dichloropane-BCN (10, 170.8 μL of a 7.7 mg/mL sol. in DMSO, 1.3 mg, 2.3 μmol, 

1.1×⅔ eq. per N3 group). The resulting solution was stirred at r.t. for 48 h. After diluting with H2O (2.0 mL), the 

crude solution was dialyzed against H2O (Slide-A-Lyzer G2, Thermo Fisher, MWCO 3500 Da) for 3 days with 

2× per day exchange of dialysate for fresh H2O. Post-dialysis, the membrane remained red indicating some 

extent of non-specific binding of ANEP to the dialysis membrane. Removing the aqueous solvent by rotary 

evaporation (40 °C) provided di-2-ANEP-VoLDeMo (11) as a red solid. Yield: 6.3 mg (77%). No signal at 

2103 cm-1 was observed in the IR (ATR, diamond) spectrum of 11 which would correspond to the N3 
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asymmetric stretch of the parent 7-3.25. di-2-ANEP-VoLDeMo (11) was obtained with a coverage of 

0.74 ANEP/polymer and 1.38 ligand/polymer as determined by 1H NMR (Supplementary Fig. S2). 

Synthesis of dsRVF5-VoLDeMo (12). To 7–2.15 (5.1 mg, 1.7 μmol of N3, 1.0 eq. N3) in a 1 mL V-shaped vial 

with a stir bar was added dsRVF5-BCN (9, 76.7 μL of a 10 mg/mL sol. in DMSO, 0.77 mg, 0.63 μmol, 

1.1×⅓ eq. per N3 group) and dichloropane-BCN (10, 94.6 μL of a 7.7 mg/mL sol. in DMSO, 0.73 mg, 1.3 μmol, 

1.1×⅔ eq. per N3 group). The resulting solution was stirred at r.t. for 48 h. After diluting with H2O (2.0 mL), the 

crude solution was dialyzed against H2O (Slide-A-Lyzer G2, Thermo Fisher, MWCO 3500 Da) for 3 days with 

2× per day exchange of dialysate for fresh H2O. The membrane was colorless post-dialysis, indicating 

negligible non-specific binding of dsRVF5 to the dialysis membrane (unlike ANEP, vide supra). Removing the 

aqueous solvent by rotary evaporation (40 °C) provided dsRVF5-VoLDeMo (12) as a red solid. Yield: 5.9 mg 

(91%). No signal at 2103 cm-1 was observed in the IR (ATR, diamond) spectrum of 12 which would correspond 

to the N3 asymmetric stretch of the parent 7-2.15. dsRVF5-VoLDeMo (12) was obtained with a coverage of 

0.64 ANEP/polymer and 1.33 ligand/polymer as determined by 1H NMR (Supplementary Fig. S3). 
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Synthesis 

Materials and Methods 

Reagents, solvents and glassware. All reagents and solvents (including anhydrous solvents) were 

obtained from commercial sources and were used without purification unless otherwise stated. 

Synthetic steps were performed under ambient atmosphere unless stated otherwise. Synthetic and 

purification procedures and analyses were performed at 20 °C 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 Å pore diameter, 200 μm layer thickness, 

8.0–12.0 μm particle size, SiliCycle); or polyester plates coated with alumina (200 μm layer 

thickness, < 60 μm particle size, Sigma-Aldrich); or glass plates coated with reverse phase (RP) 

C18-modified silica gel (0.74–0.84 mL g–1 pore volume, 200–270 μm layer thickness, 9.5–11.5 μm 

particle size, EMD Millipore). All TLC plates contained a fluorescent indicator and were 

visualized by UV light (λexc = 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 Å pore diameter, 40–60 μm particle size, SiliCycle), basic alumina 

(60 Å pore diameter, 200 mesh, Agela Technologies) or C18-silica (17 % C, 48–65 μm 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 °C in 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 previously67 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), 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 –OH signals. To achieve more accurate 
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integration of minor signals (linkers, ligands, VSDs) attached to dextran, 512 scans were acquired 

for all samples (5 mg in 500 μL 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. 

Melting point. Melting points of crystalline solids were determined in open-end capillary tubes 

using a non-calibrated DigiMelt MPA160 melting point apparatus. 

Polarimetry. Polarimetric experiments were performed on a Jasco P-2000 automatic polarimeter 

in methanolic solution (c ~ 10 mg mL–1) in 50 mm cuvettes using a sodium lamp as a light source 

(λem = 589 nm). 

 

Nomenclature 

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.1 Hemicyanine di-2-ANEPEQ (1) refers to diethylamino (di-2-A) naphthyl (N) ethene 

(E) pyridinium (P) ethylene (E) quaternary ammonium (Q). The clickable 

di-2-ANEPB-BCN (8) and its precursor di-2-ANEPB-NHBoc (S55) contain a butylene (B) linker 
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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.2,3 dsRVF5 

refers to the disulfonated (ds) version of Rhodol VoltageFluor-5 (RVF5). For the clickable 

dsRVF5-BCN (9) and its precursor dsRVF5-NHBoc (S48), BCN and NHBoc reflect terminal 

functional handles of the molecules but not necessarily direct attachment of these functional groups 

to the dye core. 

(endo-bicyclo[6.1.0]non-4-yn-9-yl)methyl succinimidyl carbonate (S35) is referred to as 

BCN-OSu as established (see e.g. refs4,5), although the technically correct trivial code should be 

(BCN-O)(SuO)CO. 

 

Synthetic Schemes 

N-(3-azidopropyl)-O-(4-nitrophenyl) carbamate (6) for functionalization of dextran was prepared 

in two steps (Supplementary Scheme S1). 

Supplementary Scheme S1 | Two step synthesis of N-(3-azidopropyl)-O-(4-

nitrophenyl) carbamate (6), a reagent used for preparation of azido-group 

functionalized dextran. 

 

The activated carbonate (S35) of (endo-bicyclo[6.1.0]non-4-yn-9-yl)methanol (S34) for strain-

promoted azide-alkyne cycloaddition (SP-AAC) click chemistry was prepared as described 

previously (Supplementary Scheme S2).4,6 
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Supplementary Scheme S2 | Synthesis of BCN-OSu (S35), an activated carbonate 

for attachment of the clickable (endo-bicyclo[6.1.0]non-4-yn-9-yl)methyl (BCN) 

group via SP-AAC. 

 

The di-2-ANEP voltage sensitive dye (VSD) equipped with a clickable BCN moiety 

(di-2-ANEPB-BCN, 8) was prepared by a Knoevenagel condensation of the corresponding 

4-picolinium salt (S52) and 6-(diethylamino)-2-naphthaldehyde (S54), followed by Boc 

deprotection and BCN-group attachment (Supplementary Scheme S3c). Compounds S52 and S54 

were prepared from commercial starting materials in 3 and 2 steps, respectively (Supplementary 

Scheme S3a and b respectively). The activated N-hydroxysuccinimidyl (NHS) ester of di-2-ANEP 

(di-2-ANEPB-CO2Su, S59) was prepared by an alternative route from intermediate S53 via Heck 

coupling followed by SN2 attachment of the linker and elaboration of the carboxylic acid functional 

group (Supplementary Scheme S3b). 
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Supplementary Scheme S3 | Synthesis of functionalized di-2-ANEP VSDs. a, 

Synthesis of linker-functionalized pyridinium intermediate S52. b, Synthesis of 

naphthaldehyde intermediate S54 and NHS ester-functionalized di-2-ANEPB-CO2Su 

(S59). c, Synthesis of the clickable di-2-ANEPB-BCN (8). 

 

(E)-N,N-dimethyl-4-(4-vinylstyryl)aniline (S43), the π-wire portion of dsRhodol VSDs 2 and 9 

used in this study was prepared in 3 steps according to Miller et al.7 (Supplementary Scheme S4). 

 

Supplementary Scheme S4 | Synthesis of (E)-N,N-dimethyl-4-(4-vinylstyryl)aniline 

(S43), the π-wire portion of PeT-based dsRVF5 voltage sensitive dyes. 

 

dsRVF5 VSD (2) and its clickable analog 9 were prepared as follows: Disulfodichlorofluoescein 

S45 was prepared in two steps according to Kulkarni et al.3 (Supplementary Scheme S5). Rhodol 

chromophores S46 and S47 were formed by triflation of S45 followed by nucleophilic aromatic 

substitution with pyrrolidine or (N-Boc-aminomethyl)pyrrolidine respectively. Subsequently, π-

wire S43 was attached via Heck coupling providing non-clickable dsRVF5 2 and the NHBoc-

containing version S48. The clickable dsRVF5 9 was obtained from S48 after acid-mediated Boc-

deprotection followed by BCN attachment (Supplementary Scheme S5). 
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Supplementary Scheme S5 | Synthesis of the PeT-based dsRVF5 VSDs 2 and 9. 

 

Dichloropane ligand 8 containing a clickable BCN group connected through a short linker and 

allowing SP-AAC was prepared from tropinone in 9-steps in a 0.9% overall yield (incl. 9% yield 

of the chiral resolution step) (Supplementary Scheme S6). In the first step, tropinone enolate was 

nucleophilically added to dimethylcarbonate yielding racemic methyl carboxylate (±)-S1. Chiral 

resolution of (±)-S1 by preferential crystallization of a (+)-tartarate salt provided (R)-S1 in ~9% 

yield and >90% ee after three crystallization cycles on a 10-g scale. The obtained (R)-S1 was 

transformed into a triflate ester S2 allowing installation of a 3,4-dichlorophenyl ring under Suzuki 

conditions. Reduction with SmI2 and chromatographic purification yielded 3. The N–CH3 bridge 

was demethylated, followed by installation of linker S51 providing 4. Clickable ligand 10 was 

obtained after Boc deprotection and attachment of the strained BCN group. 
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Supplementary Scheme S6 | Synthesis of clickable dichloropane ligand 10. 

 

Dichloropane–rhodamine red-X probe 5 was prepared from dichloropane-NHBoc (4) by acid 

mediated deprotection followed by amidation with commercial rhodamine red-X 

N-hydroxysuccinimidyl ester (Thermo Fisher Scientific; Supplementary Scheme S7). 
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Supplementary Scheme S7 | Synthesis of dichloropane attached through a short 

linker to rhodamine red-X – the positive control probe 5. 

 

The probe connecting the dichloropane ligand with the di-2-ANEP VSD through a PEG(3400) 

linker (Mw = 3400 Da) (dichloropane–PEG(3400)–di-2-ANEP, S71) was prepared by attaching the 

respective functionalities to a heterobifunctional BocNH-PEG(3400)-SVA (SVA = succinimidyl 

valerate) by a sequence of deprotection–amidation steps. (Supplementary Scheme S8). The Boc 

group of dichloropane-NHBoc (4) was deprotected by an acid-mediated reaction, followed by 

amidation with heterobifunctional BocNH-PEG(3400)-SVA. The obtained BocNH-PEG(3400)-

dichloropane (S70) was further deprotected and amidated with di-2-ANEPB-CO2Su (S59) to give 

the final dichloropane–PEG(3400)–di-2-ANEP VSD-construct S71 in 44% overall yield (over 4 

steps). 
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Supplementary Scheme S8 | Synthesis of dichloropane–PEG(3400)–di-2-ANEP 

construct (S71). 
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Synthetic Protocols 

3-Azidopropyl Amine (S21)  

 

Compound S21 was prepared according to a procedure modified from the literature.8 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. After 

cooling down to r.t., the reaction mixture was diluted with Et2O (25 mL) and further cooled to 

0 °C. KOH (4.0 g) was added slowly at 0 °C. 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 (2×30 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 (S21) 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) δ 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) δ 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 (6) 

 

A solution of 3-azidopropyl amine (S21, 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, 
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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 6 was obtained as a white 

crystalline solid. Yield: 171 mg (61%). 

Rf (silica, CH2Cl2): 0.14 

1H NMR (400 MHz, DMSO-d6) δ 8.30 – 8.22 (m, 2H), 8.09 (t, J = 5.7 Hz, 1H), 7.44 – 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) δ 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) (Supplementary Fig. S12) 

m.p. (CH2Cl2): 97–98 °C 

 

(1R,8S,9s,Z)-Ethyl bicyclo[6.1.0]non-4-ene-9-carboxylate (endo-S31) and (1R,8S,9r,Z)-ethyl 

bicyclo[6.1.0]non-4-ene-9-carboxylate (exo-S31) 

 

Compounds endo-S31 and exo-S31 were prepared according to a procedure modified from the 

literature.6 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 
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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 °C). Silica gel column 

chromatography using hexanes–AcOEt (200:1 to 20:1, v/v) provided endo-S31 (higher Rf, 1.96 g, 

24%) and exo-S31 (lower Rf, 3.28 g, 41%) as colorless liquids. 

endo-S31: 

1H NMR (500 MHz, CDCl3) δ 5.67 – 5.57 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 2.57 – 2.45 (m, 2H), 

2.26 – 2.15 (m, 2H), 2.12 – 2.00 (m, 2H), 1.89 – 1.77 (m, 2H), 1.71 (t, J = 8.8 Hz, 1H), 1.45 – 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-S31: 

1H NMR (500 MHz, CDCl3) δ 5.68 – 5.60 (m, 2H), 4.10 (q, J = 7.1 Hz, 2H), 2.35 – 2.26 (m, 2H), 

2.24 – 2.16 (m, 2H), 2.13 – 2.04 (m, 2H), 1.60 – 1.53 (m, 2H), 1.52 – 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) δ 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 (S32) 

 

Compound S32 was prepared according to a procedure modified from the literature.6 LiAlH4 

(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 °C, 

after which a solution of ester endo-S31 (1.95 g, 10 mmol, 1.0 eq.) in dry Et2O (35 mL) was added 
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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 °C and H2O (4 mL) was added dropwise. The reaction 

mixture was stirred at 0 °C 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 S32 as a white solid. Yield: 1.52 g (quantitative). 

1H NMR (500 MHz, CDCl3) δ 5.68 – 5.59 (m, 2H), 3.71 (dd, J = 7.7, 3.6 Hz, 2H), 2.40 – 2.32 (m, 

2H), 2.15 – 2.05 (m, 2H), 2.03 – 1.95 (m, 2H), 1.60 – 1.53 (m, 2H), 1.16 (br s, 1H), 1.15 – 1.09 

(m, 1H), 1.06 – 0.97 (m, 2H). 

MS (APCI+): calculated m/z for [C10H16O – OH]+ = 135.1, found = 135.1. 

 

((1R,8S,9s)-4,5-Dibromobicyclo[6.1.0]nonan-9-yl)methanol (S33) 

 

Compound S33 was prepared according to a procedure modified from the literature.6 A solution 

of S32 (1.52 g, 9.98 mmol) in CH2Cl2 (75 mL) was cooled down to 0 °C 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 × 30 mL of CH2Cl2. The combined organic extracts were dried 

over anhydrous Na2SO4, filtered and concentrated by rotary evaporation to provide dibromide S33 

(mixture of diastereomers) as a white solid which was used in the next step without further 

purification. Yield: 2.90 g (93%). 
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1H NMR (500 MHz, CDCl3) δ 4.88 – 4.78 (m, 2H), 3.81 – 3.72 (m, 2H), 2.76 – 2.63 (m, 2H), 2.32 

– 2.23 (m, 1H), 2.20 – 2.13 (m, 1H), 1.99 – 1.86 (m, 2H), 1.70 – 1.56 (m, 2H), 1.26 (br s, 1H), 

1.24 – 1.15 (m, 2H), 1.15 – 1.06 (m, 2H), 0.90 – 0.78 (m, 1H). 

 

(1R,8S,9p)-Bicyclo[6.1.0]non-4-yn-9-ylmethanol (S34, BCN-OH) 

 

Compound S34 was prepared according to a procedure modified from the literature.6 A solution 

of dibromo alcohol S33 (2.90 g, 9.29 mmol, 1.0 eq.) in dry THF (100 mL) was cooled to 0 °C 

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 °C) 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 3×70 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 S34 as an off-white solid. Yield: 750 mg (54%). 

1H NMR (500 MHz, CDCl3) δ 3.73 (d, J = 7.9 Hz, 2H), 2.36 – 2.18 (m, 6H), 1.67 – 1.56 (m, 2H), 

1.34 (tt, J = 9.2, 7.9 Hz, 1H), 1.14 (br s, 1H), 0.99 – 0.89 (m, 2H). 

13C{1H} NMR (126 MHz, CDCl3) δ 99.0, 60.1, 29.2, 21.65, 21.55, 20.2. 

MS (APCI+): calculated m/z for [C10H14O – OH]+ = 133.1, found = 133.1; calculated m/z for 

[C10H14O – OH + CH3CN]+ = 174.1, found = 174.2. 
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(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl (2,5-dioxopyrrolidin-1-yl) carbonate (S35, 

BCN-OSu) 

 

Compound S35 was prepared according to a procedure modified from the literature.4 A solution 

of BCN-OH S34 (96 mg, 0.64 mmol, 1.0 eq.) and dry DIPEA (450 μL, 2.6 mmol, 4.0 eq.) in dry 

MeCN (2.0 mL) was cooled to 0 °C under 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 °C), the product was 

isolated by silica gel column chromatography using hexanes/ethyl acetate (3:2, v/v) as the mobile 

phase. BCN-OSu (S35) was obtained as a white solid. Yield: 167 mg (90%). 

1H NMR (500 MHz, CDCl3) δ 4.45 (d, J = 8.3 Hz, 2H), 2.84 (s, 4H), 2.37 – 2.19 (m, 6H), 1.63 – 

1.56 (m, 2H), 1.50 (p, J = 8.7 Hz, 1H), 1.11 – 1.02 (m, 2H). 

MS (APCI+): calculated m/z for [C17H15NO5 – CO2 + H]+ = 248.1, found = 248.5. 

 

N-Boc-4-aminobutanol (S50) 

 

Compound S50 was prepared according to a procedure modified from the literature.9 A solution 

of 4-aminobutanol (3.7 g, 42 mmol, 1.0 eq.) in CH2Cl2 (50 mL) was cooled to 0 °C. Boc2O (9.1 g, 

42 mmol, 1.0 eq.) was added dropwise followed by dropwise addition of TEA (6.9 mL, 50 mmol, 

1.2 eq.). The resulting solution was stirred at r.t. for 18 h and subsequently concentrated by rotary 

evaporation to provide N-Boc-4-aminobutanol (S50) as a colorless oil which was used in the next 

step without purification. Yield: 7.9 g (quantitative). 
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1H NMR (500 MHz, CDCl3) δ 4.66 (br s, 1H), 3.72 – 3.63 (m, 2H), 3.21 – 3.09 (m, 2H), 1.92 (br 

s, 1H), 1.64 – 1.53 (m, 4H), 1.44 (s, 9H). 

MS (APCI+): calculated m/z for [C9H19NO3 + H]+ = 190.1, found = 190.1. 

 

N-Boc-4-bromobutyl amine (S51) 

 

Compound S51 was prepared according to a procedure modified from the literature.10 To a stirred 

solution of S50 (7.8 g, 41 mmol, 1.0 eq.) in THF (300 mL) was in portions added PPh3 (20.5 g, 

78.2 mmol, 1.9 eq.), followed by CBr4 (26 g, 78 mmol, 1.9 eq.). The reaction mixture was stirred 

at r.t. for 3 h. Subsequently, the mixture was filtered through a short pad of celite and concentrated 

by rotary evaporation (30 °C). The crude product was purified by silica gel column 

chromatography using hexanes/AcOEt (9:1 to 4:1, v/v) as the mobile phase, providing N-Boc-4-

bromobutyl amine (S51) as a yellowish oil. Yield: 10.2 g (98%). 

1H NMR (500 MHz, CDCl3) δ 4.54 (br s, 1H), 3.43 (t, J = 6.7 Hz, 2H), 3.16 (q, J = 6.7 Hz, 2H), 

1.94 – 1.85 (m, 2H), 1.65 (dd, J = 15.1, 7.5 Hz, 3H), 1.44 (s, 9H). 

13C{1H} NMR (126 MHz, CDCl3) δ 154.8, 79.0, 46.1, 45.8, 28.7, 25.9, 25.1. 

MS (APCI+): calculated m/z for [C9H18BrNO2 + H]+ = 252.1, found = 252.0. 

 

N-(N’-Boc-aminobutyl)-4-methylpyridinium bromide (S52) 
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A solution of S51 (1.40 g, 5.55 mmol, 1.3 eq.) and 4-picoline (0.42 mL, 4.3 mmol, 1.0 eq.) in 

MeCN (5 mL) was heated at 70 °C for 16 h. After cooling to r.t., the reaction mixture was added 

dropwise into stirred Et2O (50 mL) resulting in precipitation of a brown solid. The precipitate was 

collected by vacuum filtration and washed with Et2O (2×50 mL). The crude product was purified 

by chromatography on basic alumina using CH2Cl2/MeOH (50:1 to 9:1, v/v) as the mobile phase, 

providing S52 as a reddish-brown oil. Yield: 118 mg (7.9%). 

Rf (alumina, CH2Cl2/MeOH 9:1, v/v): 0.42. 

1H NMR (400 MHz, CDCl3) δ 9.41 (d, J = 6.4 Hz, 2H), 7.79 (d, J = 6.2 Hz, 2H), 5.15 (br t, J = 

6.3 Hz, 1H), 5.07 – 4.98 (m, 2H), 3.22 (q, J = 6.4 Hz, 2H), 2.09 (p, J = 7.1 Hz, 2H), 1.68 (p, J = 

6.7 Hz, 2H), 1.43 (s, 9H). 

13C{1H} NMR (126 MHz, CDCl3) δ 158.8, 156.6, 144.4, 128.7, 79.2, 60.2, 38.7, 29.0, 28.5, 26.6, 

22.3. 

HRMS (ESI+): calculated m/z for [C15H25N2O2]
+ = 265.1916, found = 265.1912. 

 

6-Bromo-N,N-diethylnaphthalen-2-amine (S53) and 6-bromo-N-ethylnaphthalen-2-amine 

(S53b) 

 

The following procedure was adopted from Kim, Ahn et. al.11 6-Bromo-naphth-2-ol (10.0 g, 

44.8 mmol, 1.0 eq.) and sodium metabisulfite (17.9 g, 93.9 mmol, 2.1 eq.) were weighted into a 

heavy-walled high-pressure vessel and suspended in water (100 mL). Then, diethylamine (23 mL, 

224 mmol, 5.0 eq.) was added in one batch and the vessel was sealed. The reaction mixture was 

stirred for 4 days at 200°C, and then cooled down to r.t. The crude mixture was extracted with 

CH2Cl2 (3 × 50 mL). The combined organic layers were washed with brine (50 mL), dried over 

anhydrous Na2SO4, filtered and volatiles were removed under reduced pressure. The obtained 
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waxy residuum was separated by silica gel column chromatography using ethyl acetate/hexanes 

(1:19, v/v) to yield pure products. 

6-Bromo-N,N-diethylnaphthalen-2-amine (S53). Yield: 1.67 g (14 %). Yellowish crystalline solid. 

This compound has also been characterized elsewhere.12 

Rf (silica; ethyl acetate/hexanes 1:19, v/v): 0.2. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.23 (t, 6H, J = 7.0 Hz), 3.46 (q, 4H, J = 7.0 Hz), 6.82 (d, 

1H, J = 2.4 Hz), 7.11 (dd, 1H, J1 = 9.1 Hz, J2 = 2.6 Hz), 7.39 (dd, 1H, J1 = 8.7 Hz, J2 = 2.0 Hz), 

7.48 (d, 1H, J = 8.8 Hz), 7.59 (d, 1H, J = 9.2 Hz), 7.80 (d, 1H, J = 1.8 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 14.9, 38.6, 104.2, 115.21, 119.0, 127.8, 128.2, 128.7, 

129.6, 129.8, 134.0, 146.6. 

MS (ESI+): calculated m/z for [C14H16BrN + H]+ = 278.1, found = 278.3 

IR (ATR, diamond, cm–1): 2968, 2928, 2886, 1618, 1582, 1498, 1446, 1398, 1350, 1268, 1224, 

1176, 1150, 1124, 1056, 1010, 924, 872, 838, 808, 792, 650, 468. 

m.p. (AcOEt/hexanes): 59.5–61.0 °C. 

 

6-Bromo-N-ethylnaphthalen-2-amine (S53b). Yield: 1.64 g (15 %). White crystalline solid. This 

compound has also been characterized elsewhere.12 

Rf (silica; ethyl acetate/hexanes 1:19, v/v): 0.1. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.33 (t, 3H, J = 7.1 Hz), 3.26 (q, 2H, J = 7.1 Hz), 3.79 (bs, 

1H, >NH), 6.75 (d, 1H, J = 2.2 Hz), 6.88 (dd, 1H, J1 = 8.8 Hz, J2 = 2.3 Hz), 7.41 (dd, 1H, J1 = 8.8 

Hz, J2 = 1.9 Hz), 7.49 (d, 1H, J = 8.8 Hz), 7.53 (d, 1H, J = 8.8 Hz), 7.81 (d, 1H, J = 1.7 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 14.9, 38.6, 104.2, 115.1, 119.0, 127.8, 128.2, 128.7, 

129.6, 129.8, 134.0, 146.6. 
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6-(Diethylamino)-2-naphthaldehyde (S54) 

 

n-Butyllithium (1.6 mL, 2.5 mol dm–3 in hexanes, 4.05 mmol, 1.2 eq.) was dropwise added to a 

solution of 6-bromo-N,N-diethylnaphthalen-2-amine (S53, 0.94 g, 3.38 mmol, 1.0 eq.) in dry THF 

(20 mL) at –78 °C under dry Ar atmosphere and was further stirred for 30 minutes at –78 °C. Then, 

dry DMF (0.32 mL, 4.05 mmol, 1.2 eq.) was added dropwise and the reaction mixture was stirred 

overnight, allowed to warm up to r.t. and subsequently diluted with sat. aq. NH4Cl (30 mL). The 

aqueous layer was extracted with CH2Cl2 (3 × 30 mL). The combined organic layers were washed 

with brine (30 mL), dried over anhydrous Na2SO4, filtered and volatiles were removed under 

reduced pressure. The obtained residuum was purified by silica gel column chromatography 

(EtOAc/hexanes, 1:9 to 1:4, v/v) to afford pure product. White crystalline solid. Yield: 0.45 g 

(59%). 

Rf (silica; AcOEt/hexanes 1:4, v/v): 0.5. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.29 (t, 6H, J = 7.1 Hz), 3.54 (q, 4H, J = 7.1 Hz), 6.87 (d, 

1H, J = 2.6 Hz), 7.15 (dd, 1H, J1 = 9.1 Hz, J2 = 2.6 Hz), 7.62 (d, 1H, J = 8.6 Hz), 7.81 (dd, 1H, J1 

= 8.8 Hz, J2 = 1.7 Hz), 8.13 (s, 1H), 10.00 (s, 1H). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 12.9, 44.8, 104.7, 116.1, 123.7, 124.8, 126.7, 130.5, 

131.2, 135.0, 139.2, 148.5, 198.0. 

HRMS (ESI+) calculated m/z for [C15H18NO + H]+ = 228.1388; found = 228.1383. 

IR (ATR, diamond, cm–1): 2972, 2931, 2898, 2869, 2813, 1680, 1614, 1507, 1492, 1478, 1428, 

1400, 1377, 1354, 1276, 1206, 1168, 114, 1076, 1013, 848, 806, 689, 475. 

m.p. (AcOEt/hexanes): 101.5–102.5 °C. 
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(E)-N,N-Diethyl-6-(2-(pyridin-4-yl)vinyl)naphthalen-2-amine (S56). 

 

This procedure was adopted from Loew et al.13 4-Vinylpyridine (0.19 g, 1.80 mmol, 1.25 eq.) was 

added in one batch to a suspension of 6-bromo-N,N-diethylnaphthalen-2-amine (S53; 0.40 g, 

1.44 mmol, 1.0 eq.) and PdCl2[P(o-tolyl)3]2 (0.28 g, 0.36 mmol, 25 mol. %) in Et3N (50 mL) in a 

pre-dried high-pressure reaction vessel and stirred for two days at 110°C. The reaction mixture 

was then allowed to cool down to r.t. and volatiles were removed under reduced pressure. The 

obtained residuum was dissolved in CH2Cl2 (50 mL) and washed with H2O (50 mL). The aqueous 

phase was further extracted with CH2Cl2 (2 × 50 mL). The combined organic extracts were dried 

over anhydrous Na2SO4, filtered and volatiles were removed under reduced pressure. The obtained 

residuum was purified by silica gel column chromatography (CH2Cl2/hexanes 1:1, v/v → 5 vol. % 

Et3N in CH2Cl2/hexanes 1:1, v/v). Yellow crystalline solid. Yield: 0.14 g (32%). 

Rf (silica; 5 vol.% Et3N in CH2Cl2/hexanes 1:1, v/v): 0.25. 

1H NMR (400 MHz, C6D6): δ (ppm) 0.95 (t, 6H, J = 7.1 Hz), 3.07 (q, 4H, J = 7.1 Hz), 6.81 (d, 

1H, J = 16.3 Hz), 6.89 (d, 1H, J = 2.4 Hz), 6.94 (dd, 1H, J1 = 9.2 Hz, J2 = 2.6 Hz), 6.98 (d, 1H, J 

= 1.75 Hz), 6.99 (d, 1H, J = 1.5 Hz), 7.22 (d, 1H, J = 16.3 Hz), 7.54 (dd, 1H, J1 = 8.6 Hz, J2 = 1.6 

Hz), 7.59–7.66 (m, 3H), 8.62 (d, 1H, J = 1.5 Hz), 8.63 (d, 1H, J = 1.6 Hz). 

MS (APCI+): calculated m/z for [C21H22N2 + H]+ = 303.2, found = 303.3. 

m.p. (CH2Cl2/hexanes/Et3N): >200 °C (decomp.). 
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(E)-1-(5-(tert-Butoxy)-5-oxopentyl)-4-(2-(6-(diethylamino)naphthalen-2-yl)vinyl)pyridin-1-

ium bromide (S57). 

 

A flask with solid S56 (139 mg, 0.46 mmol, 1.0 eq.) was dried under high vacuum and back-filled 

with dry Ar. Dry DMF (5 mL) was added followed by tert-butyl 5-bromopentanoate (S51, 218 mg, 

0.92 mmol, 2.0 eq.) and the reaction mixture was further stirred overnight at 80 °C. The reaction 

mixture was then allowed to cool down to r.t. and volatiles were removed under reduced pressure. 

The obtained residuum was purified by column chromatography on basic alumina (MeOH/CH2Cl2 

1:49 → 1:19, v/v) to yield pure product. Dark violet crystalline solid. Yield: 65 mg (26%). 

Rf (alumina; MeOH/CH2Cl2 1:49, v/v): 0.05. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.22 (t, 6H, J = 7.0 Hz), 1.39 (s, 9H), 1.62 (p, 2H, J = 7.4 

Hz), 1.96–2.06 (m, 2H), 2.27 (t, 2H, J = 7.2 Hz), 3.45 (q, 4H, J = 7.0 Hz), 4.71 (t, 2H, J = 7.2 Hz), 

6.77 (d, 1H, J = 2.0 Hz), 7.02–7.08 (m, 2H), 7.52 (d, 1H, J = 8.8 Hz), 7.57 (d, 1H, J = 8.8 Hz), 

7.67 (d, 1H, J = 9.1 Hz), 7.75 (d, 1H, J = 16.0 Hz), 7.79 (s, 1H), 7.96 (d, 2H, J = 6.3 Hz), 9.04 (d, 

1H, J = 6.3 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 12.9, 21.5, 28.3, 31.0, 34.6, 44.7, 60.1, 80.7, 105.0, 

116.1, 119.3, 123.6, 124.0, 125.6, 127.0, 127.7, 130.5, 131.6, 137.2, 143.3, 143.9, 147.6, 154.0, 

172.4. 

MS (ESI+) calculated m/z for [C30H39N2O2]
+ = 459.3; found = 459.4. 

HRMS (ESI+) calculated m/z for [C30H39N2O2]
+ = 459.3006; found = 459.3011 

IR (ATR, diamond, cm–1): 3366 (br), 2973, 2927, 1724, 1642, 1593, 1490, 1466, 1360, 1262, 

1206, 1149, 970, 854, 809, 666, 579, 526, 474. 

m.p. (MeOH/ CH2Cl2): 196–199 °C. 
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(E)-4-(2-(6-(Diethylamino)naphthalen-2-yl)vinyl)-1-(4-carboxybutyl)pyridin-1-ium bromide 

(S58). 

 

Trifluoroacetic acid (5 mL) was dropwise added to a stirred solution of S57 (63 mg, 0.117 mmol, 

1.0 eq.) in CH2Cl2 (25 mL) at 0°C and stirred for 1 h at 0 °C. Volatiles were then carefully removed 

under reduced pressure and the obtained residuum was co-evaporated with toluene (1.0 mL). The 

obtained residuum was further dried under high vacuum to yield pure product. Red waxy solid. 

Yield: 54 mg (96 %). 

1H NMR (400 MHz, methanol-d4): δ (ppm) 1.18 (t, 6H, J = 7.0 Hz), 1.68 (p, 2H, J = 7.5 Hz), 2.06 

(p, 2H, J = 7.5 Hz), 2.40 (t, 2H, J = 7.1 Hz), 3.74 (q, 4H, J = 7.0 Hz), 4.55 (t, 2H, J = 7.3 Hz), 7.58 

(d, 1H, J = 16.3 Hz), 7.65 (d, 1H, J = 8.7 Hz), 7.94–8.05 (m, 3H), 8.09 (d, 1H, J = 16.3 Hz), 8.15 

(d, 1H, J = 8.8 Hz), 8.20–8.26 (m, 3H), 8.81 (d, 2H, J = 6.2 Hz). 

13C{1H} NMR (100 MHz, methanol-d4): δ (ppm) 11.1, 22.4, 31.6, 33.9, 53.2, 61.6, 120.0, 124.9, 

125.5, 126.5, 129.87, 129.92, 131.1, 132.9, 133.6, 135.2, 135.66, 135.72, 142.4, 145.3, 155.2, 

176.6.. 

HRMS (ESI+) calculated m/z for [C26H31N2O2]
 + = 403.2380; found = 403.2385. 

IR (ATR, diamond, cm–1): 3412, 3052, 2968, 2931, 1667, 1618, 1588, 1470, 1412, 1355, 1168, 

1126, 966, 878, 829, 798, 719, 518, 478. 
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(E)-4-(2-(6-(Diethylamino)naphthalen-2-yl)vinyl)-1-(5-((2,5-dioxopyrrolidin-1-yl)oxy)-5-

oxopentyl)pyridin-1-ium bromide (S59). 

 

This procedure was adopted from Mascareñas et al.14 A flask with solid S58 (76 mg, 0.157 mmol, 

1.0 eq.) was dried under high vacuum and back-filled with dry Ar. Dry DMF (5 mL) and Et3N 

(90 µL, 0.63 mmol, 4.0 eq.) were added and reaction mixture was stirred 5 min at 20 °C. 

Disuccinimidyl carbonate [(SuO)2CO, 48 mg, 0.189 mmol, 1.2 eq.] was added in one batch and 

the reaction mixture was further stirred overnight at 20 °C. The reaction mixture was loaded on a 

short silica pad (~2 cm) and washed with AcOEt. The silica (red colored) was collected, carefully 

dried under high vacuum and extracted with dimethylformamide (3 × 10 mL). All extracts were 

combined and filtered. Volatiles were removed under reduced pressure and the obtained residuum 

was further dried under high vacuum to yield a ca. 1:1 mixture of pure product and 

triethylammonium bromide. This mixture was used in the next step without further purification. 

Red waxy solid. Yield: 64 mg (72%). 

Rf (silica; AcOEt): 0.05. 

1H NMR (400 MHz, acetone-d6): δ (ppm) 1.22 (t, 6H, J = 7.0 Hz; (CH3CH2)3NH+Br–), 1.32 (t, 

6H, J = 7.3 Hz), 1.80–1.89 (m, 2H), 2.16–2.25 (m, 2H), 2.76 (t, 2H, J = 7.2 Hz), 2.88 (s, 4H), 3.19 

(q, 4H, J = 7.2 Hz), 3.54 (q, 4H, J = 7.0 Hz; (CH3CH2)3NH+Br–), 4.75 (t, 2H, J = 7.2 Hz), 6.97 (d, 

1H, J = 2.1 Hz), 7.14–7.26 (m, 2H), 7.45 (d, 1H, J = 16.2 Hz) 7.65 (d, 1H, J = 8.8 Hz), 7.75 (dd, 

2H, J1 = 9.1 Hz, J2 = 2.7 Hz), 7.98 (s, 1H), 8.12 (d, 1H, J = 16.2 Hz), 8.25 (d, 2H, J = 6.0 Hz), 

9.02 (d, 2H, J = 6.0 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 8.8, 13.0, 22.0, 26.0, 26.3, 30.7, 30.9, 45.1, 46.5, 60.4, 

105.7, 116.6, 117.0, 119.5, 121.0, 124.4, 124.7, 126.4, 127.7, 129.2, 131.0, 131.8, 138.0, 143.6, 

144.9, 148.4, 155.2, 161.6, 169.4, 170.6. 

HRMS (ESCI+) calculated m/z for [C30H34N3O4]
 + = 500.2544; found = 500.2548. 
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(E)-1-(4-((tert-Butoxycarbonyl)amino)butyl)-4-(2-(6-(diethylamino)naphthalen-2-

yl)vinyl)pyridin-1-ium bromide (S55; di-2-ANEPB-NHBoc) 

 

A solution of S52 (75 mg, 0.22 mmol, 1.0 eq.), S54 (59 mg, 0.26 mmol, 1.2 eq.) and pyrrolidine 

(250 μL) in abs. EtOH (25 mL) was sealed in a pressure vessel and heated at 100 °C for 30 min 

during which the solution turned dark red. After cooling to r.t., the reaction mixture was 

concentrated by rotary evaporation. Purification by chromatography on basic alumina using 

CH2Cl2/MeOH (50:1 to 12:1, v/v) as the mobile phase provided di-2-ANEPB-NHBoc (S55) as a 

dark red solid. Yield: 98 mg, (81%). 

Rf (alumina; CH2Cl2/MeOH 19:1, v/v): 0.26. 

1H NMR (500 MHz, methanol-d4) δ 8.62 (d, J = 6.4 Hz, 2H), 8.05 (d, J = 6.4 Hz, 2H), 7.98 (d, J 

= 16.0 Hz, 1H), 7.90 (s, 1H), 7.76 – 7.70 (m, 2H), 7.61 (d, J = 8.7 Hz, 1H), 7.30 (d, J = 16.1 Hz, 

1H), 7.17 (dd, J = 9.2, 2.6 Hz, 1H), 6.90 (d, J = 2.5 Hz, 1H), 4.43 (t, J = 7.6 Hz, 2H), 3.53 (q, J = 

7.1 Hz, 4H), 3.10 (t, J = 6.8 Hz, 2H), 1.96 (p, J = 7.7 Hz, 2H), 1.53 (p, J = 6.9 Hz, 2H), 1.43 (s, 

9H), 1.24 (t, J = 7.1 Hz, 6H). 

13C{1H} NMR (126 MHz, methanol-d4) δ 158.6, 155.9, 148.8, 144.6, 144.3, 138.4, 132.3, 131.3, 

129.4, 127.9, 127.0, 124.7, 124.4, 120.7, 117.2, 106.0, 80.0, 61.0, 45.5, 40.2, 29.5, 28.8, 27.7, 13.1. 

HRMS (ESI+): calculated m/z for [C30H40N3O2]
+ = 474.3121, found = 474.3119. 

FTIR (ATR, diamond, cm–1): 1690 (C=O) (Supplementary Fig. S13). 
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1-(4-(((((1R,8S,9S)-Bicyclo[6.1.0]non-4-yn-9-yl)methoxy)carbonyl)amino)butyl)-4-((E)-2-(6-

(diethylamino)naphthalen-2-yl)vinyl)pyridin-1-ium bromide (8; di-2-ANEPB-BCN) 

 

A solution of S55 (40 mg, 72 μmol, 1.0 eq.) in CH2Cl2 (1.0 mL) was cooled to 0 °C, followed by 

dropwise addition of CF3CO2H (2.0 mL) during which the originally red solution turned yellow. 

The reaction mixture was stirred at 0 °C for 1 h. The volatiles were removed by rotary evaporation 

(30 °C) and the crude mixture was co-evaporated with toluene (2 × 1.5 mL) to remove residual 

CF3CO2H (indicated by the color of the mixture changing from yellow to red). Without 

purification, the ammonium salt intermediate was dissolved in dry DIPEA (125 μL, 718 μmol, 

10 eq.) and dry DMF (250 μL). BCN-OSu (S35, 23 mg, 79 μmol, 1.1 eq.) was added and the 

reaction mixture was stirred at r.t. for 67 h. The volatiles were removed by rotary evaporation 

(40 °C), after which the crude product was purified by chromatography on basic alumina using 

MeOH (0 to 8 vol. %) in CH2Cl2 as the mobile phase. di-2-ANEPB-BCN (8) was obtained as a 

dark red solid. Yield: 21 mg (46%). 

Rf (alumina, CH2Cl2/MeOH 19:1, v/v): 0.28. 
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1H NMR (500 MHz, methanol-d4) δ 8.61 (d, J = 6.4 Hz, 2H), 8.03 (d, J = 6.4 Hz, 2H), 7.96 (d, J 

= 16.1 Hz, 1H), 7.91 – 7.87 (m, 1H), 7.75 – 7.68 (m, 2H), 7.61 (d, J = 8.7 Hz, 1H), 7.29 (d, J = 

16.1 Hz, 1H), 7.16 (dd, J = 9.2, 2.6 Hz, 1H), 6.89 (d, J = 2.5 Hz, 1H), 4.42 (t, J = 7.5 Hz, 2H), 4.12 

(d, J = 8.1 Hz, 2H), 3.52 (q, J = 7.1 Hz, 4H), 3.16 (t, J = 6.8 Hz, 2H), 2.28 – 2.08 (m, 6H), 1.96 

(p, J = 7.8 Hz, 2H), 1.62 – 1.51 (m, 4H), 1.35 (p, J = 8.7 Hz, 1H), 0.91 (ddd, J = 10.7, 6.0, 2.3 Hz, 

2H). 

13C{1H} NMR (126 MHz, methanol-d4) δ 159.4, 155.9, 148.8, 144.6, 144.3, 138.4, 132.3, 131.3, 

129.4, 127.9, 127.0, 124.8, 124.5, 124.4, 120.7, 117.2, 106.0, 99.5, 63.7, 60.9, 45.5, 40.6, 30.1, 

29.4, 27.6, 21.9, 21.4, 18.9, 13.1. 

HRMS (ESI+): calculated m/z for [C36H44N3O2]
+ = 550.3434, found = 550.3440. 

 

N,N-Dimethyl-4-vinylaniline (S41) 

 

Compound S41 was prepared according to a procedure modified from the literature.7 

Triphenylmethylphosphonium bromide (4.37 g, 12.2 mmol, 1.8 eq.) was suspended in dry THF 

(21 mL) under Ar atmosphere and cooled to –78 °C. A 2.5 M solution of n-BuLi in hexanes 

(4.8 mL, 12 mmol, 1.8 eq.) was added dropwise. The mixture was stirred for 5 min at –78 °C, then 

for 30 min at r.t. resulting in formation of a yellow solution of the corresponding phosphonium 

ylide. 4-(Dimethylamino)benzaldehyde (1.00 g, 6.70 mmol, 1.0 eq.) was added in one portion. The 

reaction mixture was stirred under Ar at r.t. overnight (16 h) and subsequently poured into hexanes 

(100 mL) resulting in precipitation of a white solid. The precipitate was filtered off on a short pad 

of celite and washed with hexanes (2 × 15 mL). The combined filtrates were concentrated by rotary 

evaporation (30 °C). The crude yellow oil was passed through a pad of silica gel (⌀ 24 mm, height 

20 mm) eluting with AcOEt providing N,N-dimethyl-4-vinylaniline (S41) as a yellowish liquid. 

Yield: 937 mg, (95%). 
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1H NMR (400 MHz, CDCl3) δ 7.36 – 7.28 (m, 2H), 6.74 – 6.66 (m, 2H), 6.65 (dd, J = 17.6, 

10.9 Hz, 1H), 5.55 (dd, J = 17.6, 1.1 Hz, 1H), 5.03 (dd, J = 10.9, 1.1 Hz, 1H), 2.97 (s, 6H). 

13C{1H} NMR (101 MHz, CDCl3) δ 150.4, 136.7, 127.3, 126.4, 112.5, 109.5, 40.7. 

MS (APCI+): calculated m/z for [C10H13N + H]+ = 148.1, found = 148.3. 

 

(E)-4-(4-(Dimethylamino)styryl)benzaldehyde (S42) 

 

Compound S42 was prepared according to a procedure modified from the literature.7 A solution 

of S41 (897 mg, 6.09 mmol, 1.2 eq.) and 4-bromobenzaldehyde (939 mg, 5.08 mmol, 1.0 eq.) in 

dry DIPEA (3.0 mL) was stirred at 120 °C under dry Ar atmosphere for 17 h. After cooling to r.t., 

the resulting orange to brownish slurry was dissolved in CH2Cl2 (30 mL), washed with sat. aq. 

NH4Cl (2 × 10 mL) and brine (2 × 10 mL). The organic layer was dried over anhydrous Na2SO4, 

filtered and concentrated by rotary evaporation (30 °C) until an orange solid started emerging. The 

suspension was diluted with hexanes (100 mL) resulting in further precipitation of an orange solid 

which was collected by filtration, washed with hexanes (2 × 10 mL) and dried under high vacuum 

to yield aldehyde S42. Yield: 1.05 g (82%). 

1H NMR (500 MHz, CDCl3) δ 9.96 (s, 1H), 7.83 (d, J = 8.3 Hz, 2H), 7.60 (d, J = 8.3 Hz, 2H), 

7.44 (d, J = 8.8 Hz, 2H), 7.21 (d, J = 16.2 Hz, 1H), 6.93 (d, J = 16.2 Hz, 1H), 6.72 (d, J = 8.8 Hz, 

2H), 3.01 (s, 6H). 

13C{1H} NMR (126 MHz, CDCl3) δ 191.7, 150.8, 144.7, 134.7, 132.7, 130.4, 128.3, 126.4, 124.9, 

122.8, 112.4, 40.5. 

MS (APCI+): calculated m/z for [C17H17NO + H]+ = 252.1, found = 252.3. 

m.p. (hexanes/CH2Cl2): >210 °C (decomp.). 
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(E)-N,N-Dimethyl-4-(4-vinylstyryl)aniline (S43) 

 

Compound S43 was prepared according to a procedure modified from the literature.7 

Triphenylmethylphosphonium bromide (2.55 g, 7.14 mmol, 1.8 eq.) was suspended in dry THF 

(15 mL) under dry Ar atmosphere and cooled to –78 °C. A 2.5 M solution of n-BuLi in hexanes 

(2.8 mL, 7.0 mmol, 1.8 eq.) was added dropwise. The reaction mixture was stirred for 2 h at 0 °C 

resulting in formation of the corresponding phosphonium ylide. A suspension of S42 (1.0 g, 

4.0 mmol, 1.0 eq.) in dry THF (5 mL) was added dropwise at 0 °C. The reaction mixture was 

stirred at r.t. overnight. The resulting suspension was dissolved in CH2Cl2 (30 mL) and passed 

through a pad of basic alumina (⌀ 40 mm, height 20 mm) eluting with CH2Cl2 (75 mL). After 

concentrating by rotary evaporation (30 °C), the crude yellow solid was triturated with ice-cold 

95% aq. EtOH (2 × 20 mL) providing styrene S43 as a yellow crystalline solid. Yield: 0.83 g 

(84%). 

1H NMR (500 MHz, CDCl3) δ 7.43 (d, J = 8.3 Hz, 2H), 7.41 (d, J = 8.6 Hz, 2H), 7.37 (d, J = 8.4 

Hz, 2H), 7.05 (d, J = 16.3 Hz, 1H), 6.90 (d, J = 16.3 Hz, 1H), 6.74 – 6.67 (m, 3H), 5.74 (dd, J = 

17.6, 0.9 Hz, 1H), 5.21 (dd, J = 10.9, 0.9 Hz, 1H), 2.98 (s, 6H). 

13C{1H} NMR (126 MHz, CDCl3) δ 150.1, 137.8, 136.6, 135.9, 128.8, 127.6, 126.5, 126.1, 125.7, 

123.9, 113.1, 112.4, 40.5. 

MS (APCI+): calculated m/z for [C18H19N + H]+ = 250.2, found = 250.4. 

m.p. (THF/CH2Cl2): 189–191 °C. 
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4-Bromo-2,6-disulfobenzaldehyde disodium salt (S44) 

 

Compound S44 was prepared according to a procedure modified from the literature.3 4-Bromo-

2,6-difluorobenzaldehyde (1.0 g, 4.5 mmol, 1.0 eq.), Na2SO3 (1.14 g, 9.04 mmol, 2.0 eq.) and 

NaHSO3 (94 mg, 0.90 mmol, 0.2 eq.) in H2O/EtOH (1:1, v/v; 10 mL) were sealed in a pressure 

vessel and heated at 140 °C for 16 h. After cooling to r.t., the reaction mixture was poured into 

MeOH (15 mL) to precipitate out the inorganic salts. The suspension was filtered, and the filtrate 

was concentrated by rotary evaporation. The resulting white solid was dissolved in MeOH (5 mL) 

and reprecipitated by addition of Et2O (20 mL). Product S44 was collected by filtration and dried 

under high vacuum. Yield: 1.64 g (93%), purity: 80% (1H NMR). 

1H NMR (400 MHz, DMSO-d6) δ 10.26 (s, 1H), 7.75 (s, 2H). 

MS (ESI–): calculated m/z for [C7H3BrO7S2 + H]– = 342.9, found = 342.9. 

m.p. (MeOH): >260 °C. 

 

4’-Bromo-2,7-dichloro-2’,6’-disulfofluorescein (S45) 

 

Compound S45 was prepared according to a procedure modified from the literature.3 A solution 

of aldehyde S44 (1.01 g, 2.60 mmol, 1.0 eq.) and 4-chlororesorcinol (838 mg, 5.80 mmol, 2.2 eq.) 
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in methanesulfonic acid (12 mL) was stirred at 120 °C in an open flask for 18 h. After cooling to 

r.t., the reaction mixture was diluted with CH2Cl2 (12 mL) and subsequently added dropwise into 

stirred Et2O (200 mL) resulting in precipitation of a brown solid. The precipitate was collected by 

filtration, washed with Et2O (2 × 20 mL) and dried under high vacuum. The crude product at this 

stage could be used in subsequent steps but with highly reduced yields. To obtain pure S45, the 

crude solid was co-evaporated with conc. aq. HCl (10 mL) in MeOH (50 mL), followed by RP 

C18-silica column chromatography using 0.035% aq. HCl as the mobile phase. Pure S45 was 

obtained as an orange solid. Yield: 475 mg (31%). 

1H NMR (500 MHz, DMSO-d6) δ 8.14 (s, 2H), 6.98 (s, 2H), 6.91 (br s, 3H+H2O), 6.85 (s, 2H). 

13C{1H} NMR (126 MHz, DMSO-d6) δ 166.4, 154.9, 154.3, 149.5, 131.4, 130.7, 124.1, 123.4, 

122.3, 117.7, 102.4. 

MS (ESI–): calculated m/z for [C19H9BrCl2O9S2 – H]– = 592.8, found = 593.6; calculated m/z for 

[C19H9BrCl2O9S2 – 2H]2– = 295.9, found = 296.2. 

m.p. (MeOH): >260 °C. 

 

5-Bromo-2-(2,7-dichloro-3-oxo-6-(pyrrolidin-1-yl)-3H-xanthen-9-yl)benzene-1,3-disulfonate 

(S46) 

 

S45 (51 mg, 86 μmol, 1.0 eq.) and N-phenyl-bis(trifluoromethanesulfonimide) (PhNTf2, 46 mg, 

0.13 mmol, 1.5 eq.) were dissolved in dry DIPEA (150 μL, 0.861 mmol, 10 eq.) and dry DMF 

(500 μL) in an oven-dried screw-cap vial with a stir bar under Ar atmosphere. The reaction mixture 

was stirred at r.t. for 60 min during which the color of the solution turned from pink to dark orange 

indicating formation of the intermediate triflate ester. Pyrrolidine (1.0 mL, 12.2 mmol, ~100 eq.) 
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was added, resulting in almost immediate change of color to pink. The resulting solution was 

heated in the sealed vial at 100 °C for 24 h. Volatiles were removed by rotary evaporation (40 °C), 

after which the crude oil was purified by RP C18-silica column chromatography using 0.1% aq. 

TEA as the mobile phase. Rhodol S46 was obtained as a pink solid in sufficient purity to be used 

in the next step. Yield: 10 mg (14%). 

Rf (C18-silica, H2O/MeCN 2:1, v/v): 0.69. 

1H NMR (500 MHz, methanol-d4) δ 8.46 (s, 2H), 7.14 (s, 1H), 7.00 (s, 1H), 6.85 (s, 1H), 6.51 (s, 

1H), 3.77 – 3.68 (m, 4H), 3.17 (q, J = 7.3 Hz, 12H), 2.05 – 1.98 (m, 4H), 1.28 (t, J = 7.3 Hz, 18H). 

HRMS (ESI–): calculated m/z for [C23H14BrCl2NO8S2 + H]+ = 645.8800, found = 645.8806. 

 

5-Bromo-2-(6-(3-(((tert-butoxycarbonyl)amino)methyl)pyrrolidin-1-yl)-2,7-dichloro-3-oxo-

3H-xanthen-9-yl)benzene-1,3-disulfonate (S47) 

 

The purity of commercial 3-(N-Boc-aminomethyl)pyrrolidine (Small Molecules, Inc.) was 

unsatisfactory as revealed by 1H NMR (not shown). Therefore, the commercial chemical was 

purified by column chromatography on basic alumina using MeOH in CH2Cl2 (0 to 15 vol. %) as 

the mobile phase prior to use. 

S45 (209 mg, 351 μmol, 1.0 eq.) and PhNTf2 (154 mg, 0.431 mmol, 1.2 eq.) were dissolved in dry 

DIPEA (305 μL, 1.75 mmol, 5.0 eq.) and dry DMF (1.5 mL) in an oven-dried screw-cap vial with 

a stir bar under Ar atmosphere. The reaction mixture was stirred at r.t. for 60 min during which 

the color of the solution turned from pink to dark orange indicating formation of the intermediate 

triflate ester. The solution was transferred into a 25 mL round-bottom flask with dried 3-(N-Boc-
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aminomethyl)pyrrolidine (370 mg, 1.85 mmol, 5.3 eq.) in dry DMF (0.5 mL) under dry Ar 

atmosphere. The resulting mixture was heated at 100 °C for 24 h. After cooling to r.t., the crude 

mixture was diluted with TEA (10 mL) and partitioned between H2O (70 mL) and Et2O (50 mL). 

Some precipitates were formed which were insoluble in either of the two phases; their dissolution 

was aided by adding a small amount of MeCN and CH2Cl2. The organic layer was separated, and 

the aqueous phase was washed with further Et2O (2 × 50 mL). The combined organic washes were 

then extracted with H2O (2 × 40 mL). All aqueous phases were combined and volatiles were 

removed by rotary evaporation (40 °C) with azeotropic co-evaporation with plenty of MeCN. The 

resulting pink solid was dissolved in DMF/H2O 1:5 and pre-purified by passing through a short 

column with RP C18-silica eluting with aq. MeCN (5 to 30 vol. %MeCN, containing 0.1% TEA). 

All fractions containing the desired product were collected, concentrated and dissolved in MeOH 

(20 mL; some colorless solid remained undissolved). The suspension was filtered through a 

0.45 μm hydrophilic filter. After concentrating the filtrate by rotary evaporation, the pink solid 

was subject to purification by RP C18-silica column chromatography using aq. MeCN (0 to 

3 vol. %, containing 0.75% TEA) as the mobile phase. Rhodol S47 was obtained as a pink solid. 

Yield: 134 mg (39%). 

Rf (C18-silica, H2O/MeCN 2:1, v/v): 0.54. 

1H NMR (500 MHz, DMSO-d6) δ 8.84 (br s, 2H), 8.14 (s, 2H), 7.02 (t, J = 5.8 Hz, 1H), 6.83 (s, 

1H), 6.75 (s, 1H), 6.68 (s, 1H), 6.22 (s, 1H), 3.70 – 3.56 (m, 3H), 3.40 (dd, J = 10.6, 7.0 Hz, 1H), 

3.07 (q, J = 7.3 Hz, 12H), 3.03 – 2.97 (m, 2H), 2.42 – 2.33 (m, 1H), 2.04 – 1.96 (m, 1H), 1.72 – 

1.63 (m, 1H), 1.39 (s, 9H), 1.15 (t, J = 7.3 Hz, 18H). 

13C{1H} NMR (126 MHz, DMSO-d6) δ 175.9, 157.8, 155.8, 151.7, 149.7, 149.6, 149.5, 148.9, 

132.2, 131.0, 130.7, 124.8, 121.7, 116.9, 115.4, 114.9, 102.9, 100.7, 77.6, 54.6, 50.6, 45.8, 42.1, 

38.8, 28.6, 28.2, 8.7. 

HRMS (ESI–): calculated m/z for [C29H25BrCl2N2O10S2 + H]– = 774.9589, found = 774.9615. 
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2-(2,7-Dichloro-3-oxo-6-(pyrrolidin-1-yl)-3H-xanthen-9-yl)-5-((E)-4-((E)-4-

(dimethylamino)styryl)styryl)benzene-1,3-disulfonate (dsRVF5, 2) 

 

dsRhodol S46 (9.0 mg, 11 μmol, 1.0 eq.), π-wire S43 (3.8 mg, 15 μmol, 1.4 eq.) and PdCl2[P(o-

tolyl)3]2 (2.8 mg, 3.6 μmol, 34 mol. %) were dissolved in dry TEA (70 μL) and dry DMF (70 μL) 

in an oven-dried screw-cap vial with a stir bar under Ar atmosphere. The reaction mixture was 

stirred at 110 °C for 24 h. After cooling to r.t., the crude mixture was diluted with water (2 mL) 

and purified by RP C18-silica column chromatography using aq. MeCN (5 to 25 vol. %, containing 

0.1% TEA) as the mobile phase. Pure dsRVF5 (2) was obtained as a red solid. Yield: 3.3 mg 

(32%). 

Rf (C18-silica; H2O/MeCN 2:1, v/v): 0.34. 

1H NMR (500 MHz, methanol-d4) δ 8.52 (s, 2H), 7.64 (d, J = 8.4 Hz, 2H), 7.55 (d, J = 8.3 Hz, 

2H), 7.47 (d, J = 16.2 Hz, 1H), 7.44 (d, J = 8.6 Hz, 2H), 7.39 (d, J = 16.3 Hz, 1H), 7.24 (s, 1H), 

7.15 (d, J = 16.3 Hz, 1H), 7.10 (s, 1H), 6.98 (d, J = 16.3 Hz, 1H), 6.86 (s, 1H), 6.78 (d, J = 8.9 Hz, 

2H), 6.53 (s, 1H), 3.77 – 3.68 (m, 4H), 3.00 (q, J = 7.3 Hz, 12H), 2.98 (s, 6H), 2.04 – 1.99 (m, 

4H), 1.27 (t, J = 7.3 Hz, 18H). 

HRMS (ESI–): calculated m/z for [C41H32Cl2N2O8S2 + H]– = 815.1055, found = 815.1027. 
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2-(6-(3-(((tert-Butoxycarbonyl)amino)methyl)pyrrolidin-1-yl)-2,7-dichloro-3-oxo-3H-

xanthen-9-yl)-5-((E)-4-((E)-4-(dimethylamino)styryl)styryl)benzene-1,3-disulfonate 

(dsRVF5-NHBoc, S48) 

 

dsRhodol S47 (7.9 mg, 8.1 μmol, 1.0 eq.), π-wire S43 (3.5 mg, 14 μmol, 1.7 eq.) and PdCl2[(P(o-

tolyl)3]2 (2.1 mg, 2.7 μmol, 33 mol. %) were dissolved in dry TEA (60 μL) and dry DMF (60 μL) 

in an oven-dried screw-cap vial with a stir bar under dry Ar atmosphere. The reaction mixture was 

stirred at 110 °C for 24 h. After cooling to r.t., the crude mixture was diluted with water (1.5 mL) 

and purified by RP C18-silica column chromatography using aq. MeCN (10 to 20 vol. % MeCN, 

containing 0.1% TEA) as the mobile phase. Pure dsRVF5-NHBoc (S48) was obtained as a red 

solid. Yield: 5.9 mg (64%). 

Rf (C18-silica; H2O/MeCN 2:1, v/v): 0.29. 

1H NMR (500 MHz, methanol-d4) δ 8.52 (s, 2H), 7.64 (d, J = 8.4 Hz, 2H), 7.55 (d, J = 8.4 Hz, 

2H), 7.49 – 7.37 (m, 4H), 7.24 (s, 1H), 7.15 (d, J = 16.3 Hz, 1H), 7.09 (s, 1H), 6.97 (d, J = 16.2 

Hz, 1H), 6.86 (s, 1H), 6.77 (d, J = 8.9 Hz, 2H), 6.53 (s, 1H), 3.82 – 3.71 (m, 3H), 3.52 (dd, J = 

10.7, 7.4 Hz, 1H), 3.23 – 3.17 (m, 2H), 3.14 (q, J = 7.3 Hz, 12H), 2.98 (s, 6H), 2.47 (dt, J = 14.5, 

7.1 Hz, 1H), 2.11 (dq, J = 11.9, 6.1 Hz, 1H), 1.76 (dq, J = 16.0, 8.1 Hz, 1H), 1.45 (s, 9H), 1.26 (t, 

J = 7.3 Hz, 18H). 



38 

 

13C{1H} NMR (126 MHz, methanol-d4) δ 179.0, 160.4, 158.6, 154.9, 154.1, 152.3, 151.9, 147.4, 

147.3, 141.0, 140.0, 136.4, 134.2, 133.0, 132.6, 131.1, 130.4, 128.7, 128.5, 128.4, 127.4, 126.7, 

126.4, 124.8, 119.2, 118.8, 117.0, 113.8, 104.5, 101.7, 80.1, 56.3, 52.3, 47.9, 46.6, 43.5, 43.4, 40.8, 

35.4, 30.0, 28.8, 25.0, 11.6, 9.2. 

HRMS (ESI–): calculated m/z for [C47H43Cl2N3O10S2 + H]– = 944.1845, found = 944.1829. 

 

2-(6-(3-(((((1R,8p,9s)-Bicyclo[6.1.0]non-4-yn-9-

ylmethoxy)carbonyl)amino)methyl)pyrrolidin-1-yl)-2,7-dichloro-3-oxo-3H-xanthen-9-yl)-5-

((E)-4-((E)-4-(dimethylamino)styryl)styryl)benzene-1,3-disulfonate (dsRVF5-BCN, 9) 

 

A suspension of dsRVF5-NHBoc (S48, 5.5 mg, 4.8 μmol, 1.0 eq.) in CH2Cl2 (0.5 mL) was cooled 

to 0 °C followed by dropwise addition of CF3CO2H (1 mL). The resulting solution was stirred at 

0 °C for 60 min. Subsequently, volatiles were removed by rotary evaporation (30 °C) and the solid 

material was co-evaporated with toluene (2 × 1.5 mL) to remove residual acid, providing the 

intermediate ammonium salt. After short drying under high vacuum (1 h), the dark purple solid 

was dissolved in dry DMF (500 μL) and dry DIPEA (8.3 μL, 48 μmol, 10 eq.) under argon 

atmosphere, followed by addition of BCN-OSu (S35, 4.0 mg, 14 μmol, 2.9 eq.). The resulting 

solution was stirred at r.t. for 19 h. After diluting with water (3 mL), the crude product was purified 

by RP C18-silica column chromatography using aq. MeCN (10 to 30 vol. % MeCN, containing 
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0.1% TEA) as the mobile phase. Pure dsRVF5-BCN (9) was obtained as a red solid. Yield: 4.3 mg 

(73%). 

Rf (C18-silica; H2O/MeCN 1:1, v/v): 0.66. 

1H NMR (500 MHz, methanol-d4) δ 8.54 (s, 2H), 7.66 (d, J = 8.5 Hz, 2H), 7.57 (d, J = 8.3 Hz, 

2H), 7.49 (d, J = 16.2 Hz, 1H), 7.46 (d, J = 8.6 Hz, 2H), 7.41 (d, J = 16.3 Hz, 1H), 7.26 (s, 1H), 

7.17 (d, J = 16.2 Hz, 1H), 7.12 (s, 1H), 7.00 (d, J = 16.3 Hz, 1H), 6.88 (s, 1H), 6.80 (d, J = 8.9 Hz, 

2H), 6.55 (s, 1H), 4.18 (d, J = 8.2 Hz, 2H), 3.85 – 3.74 (m, 3H), 3.66 (s, 6H), 3.54 (dd, J = 10.7, 

7.3 Hz, 1H), 3.18 (q, J = 7.3 Hz, 12H), 2.52 (p, J = 6.9 Hz, 1H), 2.33 – 2.10 (m, 7H), 1.85 – 1.73 

(m, 1H), 1.64 (d, J = 12.2 Hz, 2H), 1.46 – 1.39 (m, 1H), 1.30 (t, J = 7.3 Hz, 18H), 1.03 – 0.92 (m, 

2H). 

HRMS (ESI–): calculated m/z for [C53H47Cl2N3O10S2 + H]– = 1020.2158, found = 1020.2162. 

 

rac-N-Methyl-2-carbomethoxy-8-azabicyclo[3.2.1]octanone (rac-S1). 

 

This procedure was adopted from Lewin et al.15 Dimethyl carbonate (24.4 mL, 0.29 mol, 2.2 eq.) 

was added dropwise to a slurry of NaH (10.6 g, 0.264 mol, 2.0 eq., unwashed 60% dispersion in 

oil) in cyclohexane (30 mL) and heated to reflux. A cyclohexane (75 mL) solution of dried 

tropinone16 (18.36 g, 0.132 mmol, 1.0 eq.) was added dropwise into the reaction mixture and 

refluxed for further 2 h (evolution of gas finished within this time). MeOH (0.5 mL) was added to 

the reaction mixture and stirred for further 30 min while allowing to cool down to r.t. Water 

(200 mL) was then carefully added to the reaction mixture and the organic layer was separated and 

extracted with more water (2 × 50 mL). The combined aqueous layers were saturated with NH4Cl 

(~90 g was necessary) and extracted with CH2Cl2 (8 × 20 mL). The combined organic layers were 
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washed with brine (50 mL), dried over anhydrous Na2SO4, filtered and volatiles were removed 

under reduced pressure. The material was judged to be sufficiently pure by 1H NMR. An analytical 

sample was obtained by silica gel column chromatography purification (MeOH/CH2Cl2 3:97 to 

1:9, v/v; Rf = 0.15 in MeOH/CH2Cl2 1:19, v/v). Yield: 17.7 g (68 %). Yellowish powder. 

The spectral characteristics were the same as those found for (2R)-N-methyl-2-carbomethoxy-8-

azabicyclo[3.2.1]octanone (S1). 

 

(2R)-N-Methyl-2-carbomethoxy-8-azabicyclo[3.2.1]octanone (S1). 

 

This procedure was adopted from Kuznetsov.17 A solution of (+)-tartaric acid (7.32 g, 48.8 mmol, 

1.0 eq.) in water (19 mL) was added to a stirred solution of rac-N-methyl-2-carbomethoxy-8-

azabicyclo[3.2.1]octanone (rac-S1, 9.62 g, 48.8 mmol, 1.0 eq.) in CH2Cl2 (60 mL) and stirred for 

15 min at r.t. The aqueous layer (including grown crystals) was transferred to a round bottom flask 

and diluted with methanol (59 mL). The slurry was heated to reflux until all the crystals dissolved 

and was subsequently allowed to cool down to r.t. with slow stirring. Crystals emerged in ~1 h and 

the mixture was stirred for another 30 minutes and crystals were collected by vacuum filtration on 

a Büchner funnel. The crystalline solid was further washed with cold methanol (2 × 5 mL) and 

acetone (2 × 10 mL) and dried under high vacuum to yield white crystals predominantly composed 

of the (+)-tartarate salt of S1 (7.49 g, 44% yield). The obtained crystals were suspended in water 

(100 mL) and slowly added to a stirred sat. aq. K2CO3 (50 mL). When the evolution of carbon 

dioxide stopped (~2 min), pH was checked to be in the basic region (~ 9) and the solution was 

extracted with CH2Cl2 (6 × 20 mL). The combined organic phases were washed with brine 

(50 mL), dried over anhydrous magnesium sulfate, filtered and the solvent was removed under 
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reduced pressure. The solid was further dried under high vacuum and judged to be chemically pure 

by 1H NMR. Yield: 3.05 g (32 %) after one crystallization. White powder. 

Note: Three crystallization cycles were necessary to obtain samples with >90% ee of S1. The 

overall yield after three crystallization cycles was 9%. The enantiomeric composition of the 

material was checked after each crystallization cycle. 

Rf (silica; MeOH/CH2Cl2 1:19, v/v): 0.15. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.49–1.58 (m, 1H), 1.75–1.83 (m, 1H), 1.89 (d, 1H, J = 

18.5 Hz), 2.05–2.27 (m, 3H), 2.35 (s, 3H), 2.76 (ddd, 1H, J1 = 18.6 Hz, J2 = 4.8 Hz, J3 = 1.4 Hz), 

3.31–3.36 (m, 1H), 3.77 (s, 3H), 3.78 (d, 1H, J = 5.3 Hz). 

FTIR (ATR, cm–1) = 3089, 2996, 2950, 2727, 1652, 1517, 1428, 1405, 1348, 1246, 1222, 1174, 

1118, 1042, 965, 926, 909, 832, 816, 784, 764. 

MS (ESI+): calculated m/z for [C10H15NO3 + H]+ = 198.1, found = 198.3. 

m.p. (CH2Cl2): 111.5–112.5 °C (ref.18 111 °C; ref.19 104–105 °C). 

Note: 13C NMR gave complicated spectra, showing the enol tautomer20 (>20% in CDCl3 and ~50% 

in DMSO-d6). 

 

The optical purity of samples of (2R)-N-methyl-2-carbomethoxy-8-azabicyclo[3.2.1]octanone 

(S1) was determined by two independent methods: 

1) Determination of optical activity in methanolic solution (c = 1.0 g/100 mL) and comparison to 

published data. However, the published values range from [α]21
D = +18.3° (c = 1 g/100 mL, 

MeOH)21 and [α]21
D = +18.6° (c = 1 g/100 mL, MeOH)19 to +25.4° (c = 1 g/100 mL, MeOH),22 

thus optical activity was used solely as a qualitative, not quantitative, indicator of optical purity. 

2) A sample of S1 (20 mg, 0.101 mmol, 1.0 eq.) was dried under high vacuum, dissolved in dry 

THF (5 mL) under dry Ar atmosphere. n-Butyllithium (2.5 M in hexanes; 45 μL, 0.115 mmol, 

1.1 eq.) was dropwise added to the solution of S1 at –78°C and stirred for further 15 min. 

(1S)-(–)-Camphanic chloride (24 mg, 0.115 mmol, 1.1 eq.) was then added in one portion and the 



42 

 

reaction mixture was allowed to warm-up to r.t. Water (5 mL) was added to the reaction mixture 

and the organic layer was separated, dried over anhydrous Na2SO4, filtered and volatiles were 

removed under reduced pressure. The obtained residuum was dissolved in CDCl3 and integrals of 

diagnostic camphanate methyl groups: δ (ppm) 1.04 (s, 3H), for (1S, 1’S)-S7 and 1.05 (s, 3H) for 

(1R, 1’S)-S7; were used to calculate enantiomeric excess (ee). This procedure was adopted from 

Meltzer et al.23 

 

Methyl (1R,5S)-8-methyl-3-(((4R)-4,7,7-trimethyl-3-oxo-2-oxabicyclo[2.2.1]heptane-1-

carbonyl)oxy)-8-azabicyclo[3.2.1]oct-2-ene-2-carboxylate (S7). 

 

Yield: 35 mg (90%). Off-white powder. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.06 (s, 3H), 1.13 (s, 3H), 1.14 (s, 3H), 1.62–1.69 (m, 1H), 

1.69–1.77 (m, 1H), 1.82 (d, 1H, J = 18.4 Hz), 1.91–2.01 (m, 2H), 2.11–2.21 (m, 3H), 2.45 (s, 3H), 

2.46–2.55 (m, 1H), 2.74 (dd, 1H, J1 = 18.3 Hz, J2 = 4.6 Hz), 3.38 (m, 1H), 3.71 (s, 3H), 3.92 (d, 

1H, J = 5.4 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 9.9, 16.85, 16.96, 29.1, 30.5, 31.3, 33.4, 35.08, 35.16, 

51.9, 54.5, 55.1, 57.3, 59.5, 91.0, 121.6, 152.1, 164.5, 165.1, 178.0. 

FTIR (ATR, diamond, cm–1) = 2956, 2886, 1790, 1760, 1718, 1656, 1448, 1428, 1304, 1256, 

1224, 1146, 1104, 1054, 1038, 956, 932, 828, 512. 

m.p. (THF): >270 °C. 
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Methyl (1R,5S)-8-methyl-3-(((trifluoromethyl)sulfonyl)oxy)-8-azabicyclo[3.2.1]oct-2-ene-2- 

carboxylate (S2). 

 

This procedure was adopted from Meltzer et al.24 Sodium bis(trimethylsilyl)amide (1.0 M in dry 

THF; 67.5 mL, 67.5 mmol, 1.15 eq.) was dropwise added to a stirred solution of S1 (11.47 g, 

58.2 mmol, 1.0 eq.) in dry THF (160 mL) at –78°C under dry Ar atmosphere and further stirred 

for 30 minutes. Solid N-phenyl-trifluoromethanesulfonimide (22.9 g, 64.0 mmol, 1.15 eq.) was 

then added in one portion and further stirred overnight, while allowing to warm-up to r.t. Volatiles 

were then removed under reduced pressure and the obtained residuum was dissolved in AcOEt 

(200 mL), washed with water (200 mL), brine (100 mL), dried over anhydrous Na2SO4, filtered 

and volatiles were removed under vacuum to yield a brown oil. The crude product was further 

dissolved in Et2O (200 mL), washed with water (2 × 100 mL), brine (100 mL) and filtered through 

a short pad of silica (~3 cm). The product was further eluted with Et3N/Et2O (1:19, v/v) until all 

the product was recovered (TLC). Fractions containing the product were combined and volatiles 

were removed under vacuum to yield a yellowish oil which was judged pure (>95 % by 1H NMR). 

Yield: 17.34 g (90%). Yellowish oil. 

Rf (silica; AcOEt/hexanes 1:1, v/v): 0.1. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.52–1.62 (m, 1H), 1.90–2.00 (m, 2H), 2.10–2.19 (m, 2H), 

2.37 (s, 3H), 2.82 (dd, 1H, J1 = 18.8 Hz, J2 = 4.9 Hz), 3.36–3.42 (m, 1H), 3.78 (s, 3H), 3.90 (d, 

1H, J = 5.2 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 30.1, 33.3, 34.8, 35.1, 52.3, 57.7, 60.3, 118.4 (q, 1JC–

F = 320 Hz), 125.4, 149.3, 164.0. 

19F NMR (376 MHz, CDCl3): δ (ppm) –74.9 (s). 

FTIR (ATR, diamond, cm–1) = 2952, 2804, 1720, 1420, 1266, 1202, 1140, 1078, 1032, 878, 850, 

828, 620, 584, 502. 
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MS (ESI+): calculated m/z for [C11H14F3NO5S + H]+ = 330.1, found = 330.1. 

 

Methyl (1R,5S)-3-(3,4-dichlorophenyl)-8-methyl-8-azabicyclo[3.2.1]oct-2-ene-2-carboxylate 

(S3). 

 

This procedure was adopted from Meltzer et al.25 Aqueous Na2CO3 (2.0 M; 48.5 mL, 97 mmol, 

2.0 eq.) was added in one portion to a suspension of S2 (15.96 g, 48.5 mmol, 1.0 eq.), 

3,4-dichlorophenylboronic acid (12.49 g, 65.4 mmol) and LiCl (4.52 g, 107 mmol, 2.2 eq.) in 

diethoxymethane (130 mL) and was bubbled with dry Ar for 30 minutes. Then, 

bis(dibenzylideneacetone)palladium(0) (Pd(dba)2, 1.77 g, 1.9 mmol, 4 mol. %) was added in one 

portion and the reaction mixture was refluxed for 2 hours (the reaction progress was monitored by 

TLC (Et3N/Et2O 1:19, v/v). The reaction mixture was then cooled down to r.t. and filtered through 

a short pad of celite (~2 cm). The celite pad was further washed with Et2O (200 mL). The 

combined filtrates were basified with conc. aq. NH3 (until pH ~9) and washed with brine (100 mL). 

The organic phase was dried over anhydrous Na2SO4, filtered and volatiles were removed under 

vacuum. The obtained orange oil was purified by silica gel column chromatography (Et3N/Et2O 

1:99 to 1:19, v/v) to provide pure product. Yield: 15.82 g (96%). Yellowish viscous oil. 

Rf (silica; Et3N/Et2O 2.5:97.5, v/v): 0.25. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.51–1.59 (m, 1H), 1.85–1.93 (m, 2H), 2.05–2.19 (m, 2H), 

2.35 (s, 3H), 2.65 (dd, 1H, J1 = 18.8 Hz, J2 = 4.4 Hz), 3.24–3.29 (m, 1H), 3.44 (s, 3H), 3.77 (d, 

1H, J = 5.4 Hz), 6.90 (dd, 1H, J1 = 8.2 Hz, J2 = 2.0 Hz), 7.15 (d, J = 2.0 Hz), 7.29 (d, 1H, J = 8.2 

Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 30.0, 34.1, 36.1, 37.6, 51.4, 57.3, 60.2, 126.4, 128.7, 

129.9, 131.2, 131.8, 132.0, 141.2, 141.5, 167.4. 
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FTIR (ATR, diamond, cm–1) = 2946, 2876, 2796, 1706, 1468, 1434, 1352, 1258, 1222, 1152, 

1112, 1044, 1030, 948, 810, 678, 596, 496, 442. 

MS (APCI+): calculated m/z for [C16H17Cl2NO2 + H]+ = 326.1, found = 326.2. 

 

Methyl (1R,2S,3S,5S)-3-(3,4-dichlorophenyl)-8-methyl-8-azabicyclo[3.2.1]octane-2-

carboxylate (3). 

 

This procedure was adopted from Meltzer et al.25 A solution of S3 (7.23 g, 22.2 mmol, 1.0 eq.) in 

dry THF (57 mL) was dropwise added to a solution of SmI2 (0.1 M in dry THF; 842 mL, 

84.2 mmol, 3.8 eq.) at –78°C and under dry Ar atmosphere and stirred for 45 min. Then, dry 

MeOH (57 mL) was added and the reaction mixture was further stirred for 3 h at –78°C. Then, 

CF3CO2H (28.5 mL) was cautiously added dropwise, followed by H2O (581 mL) and the reaction 

mixture was allowed to warm up to r.t. and subsequently basified with conc. aq. NH3 until pH ~10 

and filtered through a short silica pad (~3 cm). The product was further eluted with Et2O (300 mL) 

and sat. aq. NaHSO3 (150 mL). The aqueous solution was extracted with Et2O (2 × 200 mL). The 

combined organic layers were washed with brine (200 mL), dried over anhydrous Na2SO4, filtered 

and volatiles were evaporated under reduced pressure. The obtained yellow oil was purified by 

silica gel column chromatography (Et3N/Et2O 1:399 to 1:99, v/v) to give pure product. Yield: 

2.51 g (35%). Yellowish viscous oil. 

Rf (silica; Et3N/Et2O 2.5:97.5, v/v): 0.3. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.55–1.75 (m, 3H), 2.05–2.21 (m, 2H), 2.22 (s, 3H), 2.52 

(dt, 1H, J1 = 12.5 Hz, J2 = 2.7 Hz), 2.85–2.89 (m, 1H), 2.94 (td, 1H, J1 =12.5 Hz, J2 = 5.2 Hz), 

3.33–3.38 (m, 1H), 3.52 (s, 3H), 3.58 (dd, 1H, J1 = 6.8 Hz, J2 = 2.7 Hz), 7.09 (dd, 1H, J1 = 8.4 Hz, 

J2 = 2.1 Hz), 7.29–7.33 (m, 2H). 
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13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 25.3, 26.0, 33.5, 34.1, 42.0, 51.4, 52.7, 62.3, 65.4, 

126.9, 129.6, 129.8, 130.0, 132.0, 143.8, 171.9. 

FTIR (ATR, diamond, cm–1) = 2948, 2878, 2847, 2798, 1742, 1472, 1434, 1352, 1234, 1174, 

1132, 1122, 1029, 1009, 818, 753, 672, 604. 

MS (APCI+): calculated m/z for [C16H19Cl2NO2 + H]+ = 328.1, found = 328.2. 

 

Note: methyl (1R,2S,3R,5S)-3-(3,4-dichlorophenyl)-8-methyl-8-azabicyclo[3.2.1]octane-2-

carboxylate (Rf = 0.45 in Et3N/Et2O 2.5:97.5, v/v) was isolated as a side-product. Yield: 2.55 g 

(35%). Off-white solid. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.26–1.37 (m, 1H), 1.44–1.52 (m, 1H), 1.55–1.63 (m, 1H), 

2.08–2.18 (m, 1H), 2.20–2.30 (m, 1H), 2.25 (s, 3H), 2.40–2.50 (m, 2H), 3.24–3.40 (m, 3H), 3.61 

(s, 3H), 7.05 (dd, 1H, J1 =8.3 Hz, J2 = 2.0 Hz), 7.28 (d, 1H, J = 2.0 Hz), 7.31 (d, 1H, J = 8.3 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 29.0, 29.1, 35.8, 41.1, 52.1, 56.2, 59.6, 63.3, 127.5, 

129.8, 130.3, 130.4, 132.4, 144.9, 174.8. 

FTIR (ATR, cm–1) = 2953, 2876, 2847, 2796, 1725, 1469, 1434, 1306, 1193, 1165, 1131, 1027, 

836, 744, 672, 599, 475, 440. 

MS (APCI+): calculated m/z for [C16H19Cl2NO2 + H]+ = 328.1, found = 328.2. 

m.p. (Et3N/Et2O): 89–90 °C. 

 

Methyl (1R,2S,3S,5S)-3-(3,4-dichlorophenyl)-8-azabicyclo[3.2.1]octane-2-carboxylate (S5). 
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This procedure was adopted from Cha et al.26 Sodium carbonate (2.44 g, 23.0 mmol, 4.0 eq.) and 

1-chloroethyl chloroformate (2.51 mL, 23.0 mmol, 4.0 eq.) were consecutively added to a solution 

of 3 (1.89 g, 5.76 mmol, 1.0 eq.) in dry 1,2-dichloroethane (25 mL) under dry Ar atmosphere, and 

the reaction mixture was refluxed for 18 h. The reaction mixture was then cooled down to r.t. and 

volatiles were removed under reduced pressure. The obtained brownish oil (3.09 g) was dissolved 

in methanol (20 mL) and further stirred overnight at r.t. The solvent was removed under reduced 

pressure and the obtained oily residuum was purified by silica gel column chromatography 

(Et3N/Et2O 1:9, v/v) to give pure product. Yield: 1.26 g (79% at 88% conversion). White 

crystalline solid. A small amount of starting material 3 (0.22 g, 12%) was regenerated. 

Rf (silica; Et3N/Et2O 1:9, v/v): 0.15. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.57–1.78 (m, 3H), 1.95–2.05 (m, 1H), 2.06–2.13 (m, 1H), 

2.35 (dt, 1H, J1 = 12.9 Hz, J2 = 2.9 Hz), 2.48 (br s, 1H, >NH), 3.17 (td, 1H, J1 = 12.9 Hz, J2 = 5.4 

Hz), 3.44 (s, 3H), 3.70–3.75 (m, 2H), 7.04 (dd, 1H, J1 = 8.4 Hz, J2 = 2.1 Hz), 7.28 (d, 1H, J = 2.1 

Hz), 7.33 (d, 1H, J = 8.4 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 27.9, 29.3, 33.8, 35.2, 127.0, 129.7, 130.3, 130.5, 

132.4, 143.0, 173.5. 

FTIR (ATR, diamond, cm–1) = 3320, 2948, 2874, 1718, 1470, 1443, 1406, 1376, 1232, 1168, 

1078, 1028, 962, 872, 818, 760, 684, 602. 

MS (APCI+): calculated m/z for [C15H17Cl2NO2 + H]+ = 314.1, found = 314.2. 

m.p. (Et3N/Et2O): 94–95.5 °C. 

 

Methyl (1R,2S,3S,5S)-8-(4-((tert-butoxycarbonyl)amino)butyl)-3-(3,4-dichlorophenyl)-8-

azabicyclo[3.2.1]octane-2-carboxylate (4). 
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This procedure was adopted from Cha et al.26 A solution of S5 (1.17 g, 3.72 mmol, 1.0 eq.), 4-

(Boc-amino)butyl bromide (S51, 1.13 g, 4.47 mmol, 1.2 eq.) and K2CO3 (1.03 g, 7.45 mmol, 

2.0 eq.) in DMF (20 mL) was stirred for 16 h at 60 °C. The reaction mixture was then cooled down 

to r.t. and water (50 mL) was added and subsequently extracted with ethyl acetate (3 × 50 mL). 

The combined organic extracts were dried over anhydrous Na2SO4, filtered and solvents were 

removed under reduced pressure. The obtained yellow oil was dissolved in Et2O (50 mL) and 

washed with sat. aq. LiCl (3 × 20 mL), H2O (3 × 20 mL) and brine (20 mL). Volatiles were 

removed under reduced pressure and the obtained viscous oil was purified by silica gel column 

chromatography (Et3N/Et2O 1:399, v/v) to give pure product. Yield: 1.42 g (80%). Yellowish 

crystalline solid. 

Rf (silica; Et3N/Et2O 2.5:97.5, v/v): 0.7. 

1H NMR (400 MHz, CDCl3): δ (ppm) 1.36–1.42 (m, 2H), 1.44 (s, 9H), 1.47–1.54 (m, 2H), 1.57–

1.73 (m, 2H), 1.94–2.15 (m, 2H), 2.21–2.30 (m, 2H), 2.53 (dt, 1H, J1 = 12.5 Hz, J2 = 2.1 Hz), 

2.85–2.90 (m, 1H), 2.95 (td, 1H, J1 = 12.6 Hz, J2 = 4.8 Hz), 3.05–3.13 (m, 2H), 3.35–3.40 (m, 1H), 

3.50 (s, 3H), 3.65–3.70 (m, 1H), 4.85 (br s, 1H, –NH–CO–), 7.09 (dd, 1H, J1 = 8.4 Hz, J2 = 1.6 

Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 26.08, 26.16, 26.33, 27.4, 28.7, 34.0, 34.2, 40.5, 51.3, 

52.85, 52.94, 61.5, 62.8, 79.0, 127.0, 129.68, 129.78, 129.91, 132.0, 144.0, 156.2, 172.0. 

FTIR (ATR, diamond, cm–1) = 3362, 1743, 1694, 1512, 1472, 1391, 1364, 1349, 1249, 1169, 

1135, 1029, 867, 783, 673, 604, 438. 

HRMS (APCI+): calculated m/z for [C24H34Cl2N2O4 + H]+ = 485.1974, found = 485.1977. 

m.p. (Et3N/Et2O): 86–88 °C. 

 

(1R,2S,3S,5S)-Methyl 8-(4-((((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-

ylmethoxy)carbonyl)amino)butyl)-3-(3,4-dichlorophenyl)-8-azabicyclo[3.2.1]octane-2-

carboxylate (dichloropane-BCN, 10) 
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A solution of dichloropane-NHBoc (4, 13.6 mg, 28.0 μmol, 1.0 eq.) in CH2Cl2 (0.5 mL) was 

cooled to 0 °C followed by dropwise addition of CF3CO2H (1 mL). The resulting solution was 

stirred at 0 °C for 60 min. Subsequently, volatiles were removed by rotary evaporation (40 °C) and 

the solid material was co-evaporated with toluene (2 × 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 μL, 0.11 mmol, 4.0 eq.) under dry Ar atmosphere, followed by addition 

of a solution of BCN-OSu (S35, 10 mg, 34 μmol, 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 (2×10 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 (10) was obtained as a thick colorless oil. Yield: 12.5 mg 

(79%). 

Rf (silica; CH2Cl2/MeOH 9:1, v/v): 0.18. 

1H NMR (400 MHz, CDCl3) δ 7.35 – 7.28 (m, 2H), 7.08 (dd, J = 8.4, 2.1 Hz, 1H), 5.10 (br s, 1H), 

4.13 (d, J = 8.0 Hz, 2H), 3.73 – 3.62 (m, 1H), 3.49 (s, 3H), 3.42 – 3.33 (m, 1H), 3.22 – 3.09 (m, 

2H), 3.00 – 2.91 (m, 1H), 2.91 – 2.85 (m, 1H), 2.54 (t, J = 12.4 Hz, 1H), 2.35 – 2.15 (m, 8H), 2.15 

– 1.93 (m, 1H), 1.75 – 1.48 (m, 7H), 1.46 – 1.30 (m, 3H), 1.00 – 0.89 (m, 2H). 
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13C{1H} NMR (101 MHz, CDCl3) δ 171.9, 156.9, 143.9, 132.0, 129.9, 129.8, 129.6, 126.9, 99.0, 

99.0, 77.4, 62.8, 62.6, 61.5, 52.8 (2 inequivalent C), 51.3, 40.9, 34.1, 33.9, 29.2, 27.3, 26.0, 21.6, 

20.2, 18.0. 

FTIR (ATR, diamond, cm-1): 1707 (C=O) (Supplementary Fig. S14). 

HRMS (ESI+): calculated m/z for [C30H38Cl2N2O4 + H]+ = 561.2287, found = 561.2289. 

 

5-(N-(6-((4-((1R,2S,3S,5S)-3-(3,4-dichlorophenyl)-2-(methoxycarbonyl)-8-

azabicyclo[3.2.1]octan-8-yl)butyl)amino)-6-oxohexyl)sulfamoyl)-2-(6-(diethylamino)-3-

(diethyliminio)-3H-xanthen-9-yl)benzenesulfonate (5) 

 

A solution of dichloropane-NHBoc (4, 5.0 mg, 10.0 μmol, 1.3 eq.) in CH2Cl2 (0.5 mL) was cooled 

to 0 °C followed by dropwise addition of CF3CO2H (1 mL). The resulting solution was stirred at 

0 °C for 60 min. Subsequently, volatiles were removed by rotary evaporation (r.t.) and the solid 

material was co-evaporated with toluene (2 × 1.5 mL) to remove residual acid, providing the 
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intermediate ammonium salt. The colorless amorphous solid was dissolved in dry DMF (700 μL) 

and DIPEA (57 μL, 0.33 mmol, 42 eq.), followed by addition of rhodamine red-X 

N-hydroxysuccinimidyl ester (6.0 mg, 7.8 μmol, 1.0 eq.). The reaction mixture was stirred at 35 °C 

overnight (19 h). After removal of volatiles by rotary evaporation, the crude product was purified 

by column chromatography on basic alumina using CH2Cl2/MeOH (30:1, v/v) as the mobile phase. 

Pure 5 was obtained as a dark purple solid. Yield: 7.4 mg (91%). 

Rf (alumina; CH2Cl2/MeOH 19:1, v/v): 0.35. 

1H NMR (400 MHz, CDCl3) δ 1.27–1.34 (m, 15 H), 1.38–1.68 (m, 8H), 1.68 (s, 6H), 2.06–2.12 

(m, 2H), 2.14–2.21 (m, 2H), 2.45 (t, 1H, J = 10.5 Hz)., 2.84–2.96 (m, 2H), 3.02–3.14 (m, 4H), 

3.35 (s, 1H), 3.47 (m, 3H), 3.51–3.63 (m, 8H), 5.71 (bs, 1H, >NH), 6.68 (d, 2H, J = 2.3 Hz), 6.84 

(td, 1H, J1 = 9.5 Hz, J2 = 2.7 Hz), 6.93 (bs, 1H, >NH), 7.08 (d, 1H, J = 8.3 Hz), 7.22 (d, 1H, J = 

7.9 Hz), 7.27 (s, 1H), 7.28–7.32 (m, 3H), 8.02 (dd, 1H, J1 = 7.9 Hz, J2 = 1.7 Hz), 8.80 (d, 1H, J = 

1.8 Hz). 
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dichloropane–PEG(3400)–di-2-ANEP (S71). 

 

Trifluoroacetic acid (1.0 mL) was slowly dropwise added (over ~5 min) to a stirred solution of 4 

(3.2 mg, 6.50 µmol, 1.25 eq.) in dry dichloromethane (0.5 mL) at 0 °C under dry Ar atmosphere 

and the reaction mixture was further stirred for 1 h at 0 °C. Volatiles were removed under reduced 
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pressure and the obtained residuum was co-evaporated with toluene (2 × 2 mL). The obtained 

slightly orange residuum was dried under high vacuum overnight. The dried ammonium 

trifluoroacetate salt intermediate was dissolved in dry DMF (0.5 mL), DIPEA (2 drops) was added 

and the reaction mixture was stirred for 5 min at r.t. under dry Ar atmosphere. BocNH-PEG(3400)-

SVA (17.7 mg, 5.2 µmol, 1.0 eq.) was added in one portion and the reaction mixture was further 

stirred at 35 °C overnight under dry Ar atmosphere. Volatiles were removed under reduced 

pressure and the obtained residuum was dissolved in water (2.5 mL). This solution was transferred 

into a dialysis cassette (Slide-A-Lyzer, 2000 MWCO, ThermoFisher) and purified by dialysis in 

water (400 mL). The dialysate was exchanged every 2 h during the first five cycles and every 12 h 

for the next three days. The solution from the dialysis cassette was then transferred into a 25 mL-

flask, volatiles were removed under reduced pressure and the obtained residuum was further dried 

under high vacuum overnight to yield S70 as a white solid. Yield: 20 mg. Purity of the obtained 

material was satisfactory (1H NMR, CDCl3) to be used in the next step without further purification. 

Note: We did not notice any decomposition of S70 upon long-term storage (3 months) at –20 °C. 

Trifluoroacetic acid (1.0 mL) was slowly dropwise added (over ~5 min) to a stirred solution of 

S70 (3.2 mg, 6.50 µmol, 1.25 eq.) in dry CH2Cl2 (0.5 mL) at 0 °C under dry Ar atmosphere and 

the reaction mixture was stirred for 1 h at 0 °C. Volatiles were removed under reduced pressure 

and the obtained residuum was co-evaporated with toluene (2 × 1 mL). The obtained residuum 

was further dried under high vacuum overnight. The dried material was dissolved in dry DMF 

(0.5 mL) and DIPEA (2 drops) was added and the reaction mixture was stirred for 5 min at 20 °C 

under dry Ar atmosphere. di-2-ANEPB-CO2Su (S59, 5.0 mg, 6.50 µmol, 1.25 eq.) was added in 

one portion and the reaction mixture was further stirred at 35 °C overnight under dry Ar 

atmosphere. Volatiles were removed under reduced pressure and the obtained residuum was 

dissolved in water (2.5 mL) and transferred into a dialysis cassette (Slide-A-Lyzer, 2000 MWCO, 

ThermoFisher) and purified by dialysis in water (400 mL). The dialysate was exchanged every 2 h 

during the first five cycles and every 12 h for the next three days (the dialysate solution was turning 

red for the first 1.5 days, with gradually decreasing color density). The solution from the dialysis 

cassette was then transferred into a 25 mL-flask, volatiles were removed under reduced pressure 

and the obtained residuum was further dried under high vacuum overnight to yield 15 mg of S71. 
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Purity of the obtained material was satisfactory (1H NMR, CDCl3) to be used without further 

purification. 

1H NMR (400 MHz, CDCl3) δ (only diagnostic signals in the aromatic region are shown and 

aliphatic region is omitted for clarity) 6.84 (d, 1H, J = 1.7 Hz), 7.09 (dt, 2H, J1 = 8.5 Hz, J2 = 1.4 

Hz), 7.32 (d, 1H, J = 1.1 Hz), 7.37 (d, 1H, J = 8.3 Hz), 7.58–7.68 (m, 2H), 7.70–7.81 (m, 2H), 

7.84 (s, 1H), 7.90 (br, 1H), 8.93 (br s, 1H). 
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Dextran Chemistry 

Functionalization with azidopropyl carbamate linkers 

 

Commercial dextran (avg. Mw = 6000, Chem-Impex International) was dried under high vacuum 

for 4 days (until constant mass, ~6% weight loss) prior to use. 

Commercial LiCl (anhydrous, Alfa Aesar) was dried under high vacuum at 150 °C overnight prior 

to use. 

General procedure for synthesis of azidopropyl-carbamate dextran(6000) (7–w): See the 

Methods section in the main text. 

IR characterization: IR (ATR, diamond) spectra of all 7–w samples showed a band at 

2103 cm–1 corresponding to the N3 asymmetric stretch. Representative spectra of 7–2.15 and 

7–4.42 are shown in Supplementary Fig. S15 and S16 respectively in the Infrared Spectra section. 

NMR determination of coverage with azidopropyl groups: All samples of 7–w were co-

evaporated with D2O (1.5 mL) prior to NMR analysis to reduce the intensity of the –OH signal via 

H/D exchange. 1H NMR (500 MHz; D2O/CD3CN 5:1, v/v) provided clearly separated signals of 

the dextran backbone and all azidopropyl CH2 groups (the zoomed-in spectrum of 7–2.15 is shown 

in Supplementary Fig. S1; full spectra of 7–w with five different w are shown in Supplementary 

Fig. S78 to S82 in the NMR spectra section). The total integration of dextran C–H signals was set 

to 258.26 (the theoretical number of glucose units in a 6000 Da dextran is 36.89, each of which 

has 7 non-exchangeable C-H protons). The coverage with azidopropyl linker groups was 

determined from integration of the CH2 signal at δ 1.81 ppm (most separated from the dextran 
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signals; Supplementary Fig. S1) and interpreted as an average number of these linker groups per 

ideal 6000 Da dextran polymer molecule (N3/polymer). 

Supplementary Fig. S1 | 1H NMR (500 MHz; D2O/CD3CN 5:1, v/v) of 7–2.15. The 

total integration of all dextran C–H signals (red numbers, assignment based on ref.27) 

was set to 258.26 (7 C–H protons × 36.89 glucose units per 6000 Da dextran). The 

integral of signal (green B) was used to determine the average number of azidopropyl 

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

N3 coverage yield: Defined as the ratio between linker coverage as determined by 1H NMR (vide 

supra) and maximum theoretical coverage (n(6) / n(dextran)). Example: To prepare 7–2.15, 

41.1 μmol of 6 was allowed to react with 16.8 μmol of dextran(6000), while the experimental 

coverage is 2.15 N3/pol. The N3 coverage yield is thus 2.15 × 16.8 μmol / 41.1 μmol = 0.88 (88%). 

Total yield: 100% total yield was defined as 100% material recovery with a maximum theoretical 

linker coverage. Attachment of one azidopropoyl carbamate group increases the Mw by 

126.12 g mol–1. Example: For 7–2.15, the maximum theoretical linker coverage was 41.1 μmol 6 
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/ 16.8 μmol of dextran(6000) = 2.44. The theoretical average Mw of the product is thus 

6000 g mol–1 + 2.44 × 126.12 g mol–1 = 6308 g mol–1. 101 mg of used dextran(6000) implies a 

theoretical total yield of (6308 / 6000) × 101 mg = 106 mg. An isolated yield of 92 mg thus 

corresponds to 87%. 

Regioselectivity of functionalization: We did not study the regioselectivity of this reaction. 

Dupayage et al.28 reported that the nucleophilicity of dextran –OH groups follows the following 

trend: C2 > C4 > C3 (see Supplementary Fig. S1 for numbering). Therefore, we assume that 

attachment of azidopropyl carbamate linkers presented herein follows this trend. For simplicity 

and clarity, only the azidopropyl carbamate attached to C2 is shown in all figures throughout this 

article. However, it is likely that a minor portion of linkers is also attached to C4, C3 and the 

terminal C6. 

Specific examples of 7–w synthesis: 

7–2.15: 101 mg of dextran(6000) (16.8 μmol, 1.00 eq.), 10.9 mg of 6 (41.1 μmol, 2.44 eq.), 

100 μL of dry DIPEA and 2.0 mL of dry DMF were used. 92 mg of product was isolated. 

Coverage: 2.15 N3/polymer, N3 coverage yield: 88%, total yield: 87%. 

7–3.25: 100 mg of dextran(6000) (16.7 μmol, 1.00 eq.), 16.3 mg of 6 (61.5 μmol, 3.69 eq.), 

100 μL of dry DIPEA and 2.0 mL of dry DMF were used. 92 mg of product was isolated. 

Coverage: 3.25 N3/ polymer, N3 coverage yield: 88%, total yield: 85%. 

7–4.42: 110 mg of dextran(6000) (18.3 μmol, 1.00 eq.), 23.8 mg of 6 (89.7 μmol, 4.90 eq.), 

100 μL of dry DIPEA and 2.0 mL of dry DMF were used. 102 mg of product was isolated. 

Coverage: 4.42 N3/ polymer, N3 coverage yield: 90%, total yield: 84%. 

7–5.37: 103 mg of dextran(6000) (17.2 μmol, 1.00 eq.), 27.3 mg of 6 (103 μmol, 5.99 eq.), 100 μL 

of dry DIPEA and 2.0 mL of dry DMF were used. 100 mg of product was isolated. Coverage: 5.37 

N3/ polymer, N3 coverage yield: 90%, total yield: 86%. 

7–5.94: 108 mg of dextran(6000) (18.0 μmol, 1.00 eq.), 32.7 mg of 6 (123 μmol, 6.85 eq.), 100 μL 

of dry DIPEA and 2.0 mL of dry DMF were used. 107 mg of product was isolated. Coverage: 5.94 

N3/ polymer, N3 coverage yield: 87%, total yield: 87%. 
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di-2-ANEP-VoLDeMo (11) 

 

For the procedure, see the Methods section in the main text. 

IR characterization: No signal at 2103 cm–1 was observed in the IR (ATR, diamond) spectrum 

of di-2-ANEP-VoLDeMo (11) corresponding to the N3 asymmetric stretch in the parent 7–3.25, 

indicating full functionalization of linker groups in the starting material. 

NMR characterization: The coverage of di-2-ANEP-VoLDeMo (11) with di-2-ANEP VSD and 

dichloropane ligand was determined by 1H NMR (500 MHz; DMSO-d6/D2O 5:1, v/v) as follows: 

The integration of the major dextran acetal C–H peak was set to the same value as observed for 

the corresponding parent azidopropyl carbamate dextran 7–3.25 (vide supra). Such integration 
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corresponds to an ideal dextran(6000) polymer molecule with 36.89 glucose units. di-2-ANEP and 

dichloropane peaks in the aromatic region (~ 6.5 to 9.0 ppm) were used to determine the average 

number of these tags per polymer molecule (Supplementary Fig. S2; see Supplementary Fig. S83 

in the NMR Spectra section for the full spectrum). The 1H NMR signals at δ 6.88, 7.64, 7.73, 7.79, 

8.09 and 8.69 ppm correspond exclusively to ANEP. Therefore, a normalized (to 1H) average 

integral of these signals was used to determine the average ANEP coverage (0.74 ANEP/pol.). The 

multiplets at 7.17 and 7.40 ppm are overlapping signals of ANEP (1H in both signals) and the 

dichloropane ligand (1H and 2H respectively). The average ANEP integral of 0.74 was thus 

subtracted from each of the multiplet’s integrals. Then, a normalized average integral of these 

signals provided the average dichloropane ligand coverage (1.38 ligand/pol.). The expected 1:2 

ANEP–ligand ratio thus translated into the final product. The overall coverage (0.74 + 1.38 = 2.12) 

in the product is lower than the original coverage of the parent azidopropyl carbamate dextran 

(3.25 N3/pol.) likely due to non-specific binding of higher coverage species to the dialysis 

membrane (vide supra). 
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Supplementary Fig. S2 | 1H NMR (500 MHz; DMSO-d6/D2O 5:1, v/v) 

characterization of di-2-ANEP-VoLDeMo (11). Coverage of the dextran carrier with 

ANEP units (0.74 ANEP/polymer) was obtained from the normalized average 

integration values of ANEP signals at δ 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 ANEP 

integral. 

Yield: 100% yield was defined as all dextran material recovered with 3.25 linkers/polymer 

functionalized in a 1:2 ratio with di-2-ANEP (i.e. 1.08 ANEP/polymer) and dichloropane 

(2.17 ligand/polymer). 

Average molecular weight: The average molecular weight of the product was estimated from the 

coverage of dextran with di-2-ANEP and dichloropane as determined by 1H NMR. The dextran 

average molecular weight (6000 Da) was added to the molecular weight of the linkers 

(2.12 × 261.12 Da), di-2-ANEPB-BCN (0.74 × 630.67 Da) and dichloropane-BCN 
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(1.38 × 561.54 Da) resulting in an average molecular weight of 7509 Da for 

di-2-ANEP-VoLDeMo. 
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dsRVF5-VoLDeMo (12) 
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For the procedure, see the Methods section in the main text. 

IR characterization: No signal at 2103 cm–1 was observed in the IR (ATR, diamond) spectrum 

of dsRVF5-VoLDeMo (12) corresponding to the N3 asymmetric stretch in the parent 7–2.15, 

indicating full functionalization of linker groups in the starting material. 

NMR characterization: The coverage of dsRVF5-VoLDeMo (12) with dsRVF5 VSD and 

dichloropane ligand was determined by 1H NMR (500 MHz, DMSO-d6/D2O 5:1 v/v) similarly as 

for di-2-ANEP-VoLDeMo (11): The integration of the major dextran acetal C–H peak was set to 

the same value as observed for the corresponding parent azidopropyl carbamate dextran 7–2.15 

(vide supra). dsRVF and dichloropane peaks in the aromatic region (~ 6.0 to 8.5 ppm) were used 

to determine the average number of these tags per polymer molecule (Supplementary Fig. S3; see 

Supplementary Fig. S84 in the NMR Spectra section for the full spectrum). The 1H NMR signals 

at δ 6.31, 6.74, 6.95 and 8.23 ppm correspond exclusively to dsRVF. The signals at 6.31, 6.95 and 

8.23 ppm all pointed to a dsRVF coverage of 0.64 dsRVF/pol. (the signal at 6.74 ppm has a slightly 

higher integral intensity than expected which we attribute to overlap with a small impurity signal). 

The multiplets at 7.16 ppm and 7.35–7.65 ppm are overlapping signals of dsRVF (2H and 8H 

respectively) and the dichloropane ligand (1H and 2H respectively). Therefore, the corresponding 

multiple of the dsRVF coverage value of 0.64 was subtracted from each of the multiplet’s integrals. 

Then, a normalized average integral of these signals provided the average dichloropane ligand 

coverage (1.33 ligand/polymer). The expected 1:2 dsRVF–ligand ratio thus translated into the final 

product. The overall coverage (0.64 + 1.33 = 1.97) in the product is close to the original coverage 

of the parent azidopropyl carbamate dextran (2.15 N3/polymer). 
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Supplementary Fig. S3 | 1H NMR (500 MHz; DMSO-d6/D2O 5:1, v/v) 

characterization of dsRVF5-VoLDeMo (12). Coverage of the dextran carrier with 

dsRVF5 units (0.64 ANEP/polymer) was obtained from the normalized average 

integration values of dsRVF5 signals at δ 6.31, 6.95 and 8.23 ppm. Similarly, the 

coverage with dichloropane ligand units (1.33 ligand/pol.) was obtained from the 7.16 

and 7.35 – 7.65 ppm signals after subtraction of the average dsRVF5 integral. 

Yield: The per cent yield of dsRVF5-VoLDeMo was defined analogically to the one of 

di-2-ANEP-VoLDeMo. 

Average molecular weight: The average molecular weight of dsRVF5-VoLDeMo was calculated 

analogically to the one of di-2-ANEP-VoLDeMo. The dextran average molecular weight 

(6000 Da) was added to the molecular weight of the linkers (1.97 × 261.12 Da), 

dsRVF5-BCN (0.74 × 1225.39 Da) and dichloropane-BCN (1.33 × 561.54 Da) resulting in an 

average molecular weight of 7780 Da for dsRVF5-VoLDeMo. 
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Biological Characterizations 

Preparation and Storage of Stock Solutions 

All compounds were dissolved in dimethyl sulfoxide (DMSO) to prepare stock solutions. Stock 

solutions of VoLDeMo probes, di-2-ANEP (AnaSpec, Fremont, CA), and dsRVF5 were made at 

200 M (2000) and stored at −80 C. Stock solutions of nomifensine (Sigma-Aldrich, St. Louis, 

MO), APP+, and FFN102 were made at 10 mM (5000) and stored at −20 C. 

In HEK Cell Culture 

Growth of HEK cell culture. A human embryonic kidney 293 (HEK) EM4 cell line stably 

transfected with human dopamine transporter (hDAT) and an empty-vector transfected EM4 cell 

line29 were provided by Dr. Jonathan Javitch and Dr. Mark Sonders of the Department of 

Psychiatry at New York State Psychiatric Institute/Columbia University Medical Center. They 

were cultured in Dulbecco’s modified Eagle medium (DMEM) with GlutaMAX (Gibco-Thermo 

Fisher Scientific, Waltham, MA) supplemented with 10% FBS and 1% Penicillin-Streptomycin. 

Determination of IC50 of dichloropane 4 to hDAT. hDAT-HEK cells (Passage # 15 – 20) were 

plated at a density of 1.5  105 cells/well onto a white, clear-bottom 96-well plate pre-coated with 

Poly–D–lysine solution (0.1 mg/mL, Sigma-Aldrich) and allowed to grow for 24 h to provide 

around 100% confluency. Prior to experiment, experimental media [phenol red-free DMEM 

(Gibco) supplemented with 1% FBS and 1% Penicillin-Streptomycin] was first prepared 

containing eight different concentrations of dichloropane 4 (0.1 nM, 1 nM, 5 nM, 10 nM, 25 nM, 

50 nM, 100 nM, and 1 M) plus either nomifensine (a potent inhibitor of DAT;30 2 µM, 0.05% w/v) 

or DMSO (vehicle, 0.02% v/v). Each of the sixteen experimental conditions (eight concentrations 

of dichloropane 4, nomifensine/DMSO) were carried out in six replicates in each plate utilizing all 

96 wells. During the experiment, the growth media was replaced with experimental media with 

sixteen different conditions and pre-incubated for 30 min at 37 C. APP+ (a known fluorescent 

hDAT substrate;29 2 M) was then added to all wells and cells were further incubated for 10 min 

at room temperature. After incubation, cells were washed 3 with Dulbecco's phosphate-buffered 

saline (DPBS; HyClone, GE Healthcare Life Sciences, Pittsburgh, PA) and maintained in DPBS 

during the remainder of APP+ fluorescence uptake measurement, which was performed with a 
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H1MF plate reader (BioTek, Winooski, VT) using 3  3 area scan and bottom-read mode. The 

excitation and emission wavelengths were set at 420 nm and 500 nm, respectively. For data 

analysis, the mean fluorescence of six inhibited wells (containing nomifensine) was subtracted 

from that of six non-inhibited wells (with vehicle) for each probe concentration. The same 

experiment was performed on three different days for n = 3 experiments and all data were 

normalized to the maximum fluorescence intensity of each experiment. The IC50 of dichloropane 

4 to hDAT was determined by non-linear regression using a 1:1 binding model (Supplementary 

Fig. S6) measuring the dose-dependent inhibition of APP+ uptake (GraphPad Prism version 6, 

GraphPad Software Inc., San Diego, CA). 

Measurement of excitation and fluorescence spectra of VSDs. hDAT-HEK cells (Passage # 15–

20) were plated at a density of 1.5  105 cells/well onto a white, clear-bottom 96-well plate pre-

coated with Poly–D–lysine solution (0.1 mg/mL, Sigma-Aldrich) and allowed to grow for 24 h to 

provide around 100% confluency. During the experiment, the growth media was replaced with 

experimental media and pre-incubated for 30 min at 37 C. VSDs were then added at 100 M 

concentration and cells were further incubated for 15 min at room temperature. After incubation, 

cells were washed 3 with DPBS and maintained in DPBS during the remainder of the 

measurement, which was performed with a H1MF plate reader (BioTek) using bottom-read mode. 

The emission spectra were first measured with 1 nm resolution, with 480 nm excitation for 

di-2-ANEPEQ and di-2-ANEP-VoLDeMo or 530 nm for dsRVF5 and dsRVF5-VoLDeMo. The 

excitation spectra were then measured with 1 nm resolution, at 600 nm emission for 

di-2-ANEPEQ and di-2-ANEP-VoLDeMo or at 590 nm emission for dsRVF5 and 

dsRVF5-VoLDeMo. All spectra were normalized to their maximum fluorescence intensities and 

displayed using GraphPad Prism 6 software (Supplementary Fig. S5). 

Preparation of HEK cells for imaging and electrophysiological experiments. Cells (passage 

# 15–20) were plated at a density of 4  105 cells/coverslip or 1.5  105 cells/coverslip onto acid-

washed 15 mm coverslips pre-coated with poly–D–lysine solution (0.1 mg/mL, Sigma-Aldrich, St. 

Louis, MO) and allowed to grow for 24 h to provide around 70% or 30% confluency for imaging 

or electrophysiological experiments, respectively. Prior to imaging, the growth media were 

replaced with experimental media containing either nomifensine (2 µM, 0.05% w/v) or DMSO 

(vehicle, 0.02% v/v) as control. After 30 min of pre-incubation at 37 C, stock solution of the dye 
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was added to the cells and incubated at room temperature (for 5 min for di-2-ANEP-VoLDeMo 

and for 15 min for dsRVF5-VoLDeMo). After incubation, cells were washed 3 with DPBS 

(HyClone) and maintained in HEPES-buffered Tyrode’s solution (in mM: 118.6 NaCl, 3 KCl, 

2.7 HEPES sodium salt, 3.3 HEPES, 1.2 MgCl2, 2 CaCl2, 10 D-Glucose; pH = 7.30; 250 mOsm) 

during the course of the imaging and electrophysiological experiments. 

Imaging HEK cells with one-photon epifluorescence. Imaging was carried out with a BX51WI 

epifluorescence microscope (Olympus, Tokyo, Japan) equipped with an Olympus mercury lamp. 

Images were obtained with a LUMFL water-immersion objective (60/ 1.10 NA; Olympus) and 

an ORCA-Flash4.0 sCMOS camera (Hamamatsu Photonics, Hamamatsu City, Japan). Filters used 

for di-2-ANEP-VoLDeMo include a 480 nm excitation filter (40 nm bandpass, Chroma 

Technology Corp., Bellows Falls, VT), a 570 nm dichroic (Olympus), and a 590 nm longpass 

emission filter (Olympus). Filters used for dsRVF5-VoLDeMo include a 540 nm excitation filter 

(20 nm bandpass), a 570 nm dichroic, and a 590 nm longpass emission filter (all from Olympus). 

Images were collected using the HCImage software (Hamamatsu Photonics). Figures showing 

specific labeling (Fig. 4a and d) were resolved in 2048  2048 pixel2 in a 225  225 m2 field of 

view. For voltage imaging, regions of interest (ROIs) of 400  100 pixel2 were used to achieve fast 

sampling rates of 200 Hz for simulated voltage steps and 1 kHz for simulated spiking events. 

Whole-cell voltage clamping of HEK cells. Patching pipettes were pulled using a DMZ-

Universal Puller (Zeitz Instruments, Martinsried, Germany) with borosilicate glass (Sutter 

Instrument Company, Novato, CA; O.D. = 1.5 mm, I.D. = 0.86 mm) to the resistance of 5–7 M. 

Internal solution (in mM: 115 K-gluconate, 20 KCl, 10 HEPES, 2 MgCl2, 4 MgATP, 0.3 NaGTP, 

10 EGTA; pH = 7.25; 280 mOsm) was filtered with Ultrafree Centrifugal Filters (0.22 m; 

MilliporeSigma, Burlington, MA) before every experiment. Electrical signals were obtained with 

a Multiclamp 700B amplifier (Molecular Devices, San Jose, CA) and digitized with a BNC-2090 

(National Instruments, Austin, TX) with a sampling rate of 10 kHz. Electrical signals were 

recorded with PackIO, a PC-based open-source software developed by Adam Packer of the Yuste 

lab (www.packio.org).31 Pipette resistance was corrected by adjusting the bridge balance and fast 

capacitance was compensated in cell-attached mode. Recordings were only collected from cells 

when the access resistance of the whole-cell voltage clamp was below 30 M. 
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In Acute Murine Brain Slice 

Preparation of acute murine brain slices. All animal protocols were approved by the 

Institutional Animal Care and Use Committee of New York State Psychiatric Institute/Columbia 

University Medical Center. All protocols followed the Guide for the Care and Use of Laboratory 

Animals by National Institute of Health (NIH). All animals used were C57BL/6, wild-type mice 

from The Jackson Laboratory (Bar Harbor, ME), included both males and females, and sacrificed 

between 8 to 10 weeks. Coronal slices (300 µm thick) were cut by a Leica VT1200 vibratome in 

ice-cold slicing solution (in mM: 194 sucrose, 30 NaCl, 4.5 KCl, 26 NaHCO3, 1 MgCl26H2O, 

1.2 NaH2PO4, 10 D-Glucose), and transferred to oxygenated (95% O2 + 5% CO2), 37 C artificial 

cerebrospinal fluid (ACSF, in mM: 124 NaCl, 4.5 KCl, 26 NaHCO3, 1 MgCl26H2O, 2 CaCl2, 

1.2 NaH2PO4, 10 D-Glucose; pH = 7.30; 295 mOsm) in a slice chamber for 15 min. Slices were 

then incubated in oxygenated ACSF at room temperature for 30 min before imaging. 

Two-photon imaging of acute murine brain slices. Slices were transferred to a QE-1 imaging 

chamber and held in place by a SHD-26H/2 slice anchor (both by Warner Instruments LLC, 

Hamden, CT). Slices were maintained in a bath of ~ 2 mL, oxygenated ACSF during probe 

incubation. Slices were perfused with oxygenated ACSF at 2 mL/min during the course of 

imaging. For inhibited conditions, slices were first pre-incubated in a bath of ~ 2 mL, oxygenated 

ACSF with nomifensine (2 M, 0.05% w/v) for 15 min. The probe was then added to the bath so 

that slices were co-incubated with nomifensine during probe incubation (at 100 nM concentration 

for 30 min, same for all probes shown in Fig. 5). Slices were imaged with a Prairie Ultima 

Multiphoton Microscopy System (Bruker Corp., Billerica, MA), a Ti:sapphire Chameleon Ultra II 

laser (Coherent Inc., Santa Clara, CA), and a Zeiss water-immersion objective (63/ 0.9 NA; Zeiss, 

Oberkochen, Germany). di-2-ANEP-VoLDeMo was excited at 920 nm and collected at 

570 – 610 nm. dsRVF5-VoLDeMo was excited at 820 nm and collected at 570 – 610 nm. Images 

were collected with the Prairie View software (version 5.3) in the format of 16-bit, 

1024  1024 pixel2, 10 s/pixel dwell time, and 4 optical zoom (55  55 m2 field of view; 

Fig. 5b, c, e, and f; Supplementary Fig. S10). 
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In Drosophila Brain 

Drosophila strains. All Drosophila melanogaster strains were grown and maintained on standard 

cornmeal-molasses media at 25 °C under a 12:12 h light-dark schedule. Strains include UAS-

ArcLight (a gift of Dr. M. Nitabach, Yale University, New Haven, CT),32 and the expression driver 

line TH-GAL4 (a gift of Dr. S. Birman, Université Aix-Marseille II-III, Marseille, France)33 for 

expression in presynaptic neurons. 

Compound treatments. All drugs were diluted in adult hemolymph-like saline (AHL; in mM: 108 

NaCl, 5 KCl, 2 CaCl2, 8.2 MgCl2, 1 NaH2PO4, 10 sucrose, 5 trehalose, 5 HEPES, 4 NaHCO3; pH 

7.50, 265 mOsm) as described previously.34 For VSD experiments, brains were loaded to steady 

state with the respective VSDs [100 nM of di-2-ANEPEQ (1), di-2-ANEP-VoLDeMo (11), or 

dsRVF5-VoLDeMo (12)] which were applied to the brain by bath superfusion into a flow chamber 

at 50 mL/hour at room temperature (25 °C). This was followed by 30 min of washing in AHL to 

remove potential non-specific background staining. To further validate the specificity of di-2-

ANEP-VoLDeMo staining, brains were first pre-treated with the targeting ligand of the construct, 

dichloropane 4 (2 M, 30 min pre-incubation), followed by co-incubation with di-2-ANEP-

VoLDeMo (100 nM, 30 min). Brains were subsequently washed for 30 min in AHL prior to 

imaging. 

Imaging. An isolated, ex vivo whole adult fly brain preparation was obtained by rapid removal 

and microdissection of the brain from decapitated flies as described previously.34,35 The brain was 

placed in a recording chamber (JG-23, Warner Instruments, Hamden, CT) for rapid drug 

application and exchange. Brain preparations were imaged under continuous flow on a Bergamo 

II resonant-scanning two-photon microscope (Thorlabs, Inc., Newton, NJ) using a 20 (1.0 NA) 

water immersion objective lens (Olympus) and the tunable output of an Insight X3 laser (Spectra-

Physics) mode-locked at 920 nm. Typically, < 50 mW mean power was delivered through the 

objective. Fluorescent emission was collected using a 607/70 nm full-width half-maximum 

(FWHM) bandpass emission filter for VSDs and a 525/50 nm FWHM bandpass filter for ArcLight.  

Data acquisition was performed with ThorImage 3.1 software (Thorlabs, Inc.). Images were 16-

bit, 1024  1024 pixels2, 100 nm per xy pixel with 4 frame averaging. Z-stacks of optical sections 

were acquired through a 20 m depth in 1 m steps to capture the entire dopaminergic innervation 
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of the SOG region. Z-projections of the respective image stacks were generated using the 

Fiji/ImageJ image-processing package (National Institutes of Health, Bethesda, MD). VoLDeMo 

probes produced punctate staining (puncta ~1 m size), some of which co-localized with puncta 

in the TH promoter-driven ArcLight channel. Examples of such co-localizing puncta are 

highlighted in Fig. 6a and d by white arrowheads.  

 

Data Analysis 

Quantification of VoLDeMo labeling in HEK cells. For each experimental condition (hDAT, 

hDAT + Nomi, or Null), ROIs strictly surrounding individual cell bodies were selected using the 

“Freehand selections” tool from the brightfield (BF) image without prior knowledge of the 

respective epifluorescence (FL) image. Only then were these ROIs applied to the corresponding 

FL image to measure the mean fluorescence intensity within each ROI (ImageJ, NIH). Each data 

point (n) represented the average of 10 ROIs (five ROIs per image, two images per experiment). 

The same number of ROIs were also selected in cell-free areas following the same procedure and 

this average used for background subtraction. In very rare circumstances, ROIs selected from the 

BF image included exceedingly uniform bright circular spots in the corresponding FL image, and 

these ROIs were discarded. The resulting fluorescence intensity for each probe was normalized to 

the mean of the hDAT-transfected, non-inhibited condition (hDAT). The quantified results were 

displayed using GraphPad Prism 6 software (Supplementary Fig. S7b and S8). 

Analysis of whole-cell voltage clamp in HEK cells. ROIs of background strictly following the 

outer contour of the clamped cell body were drawn using the “Freehand selections” tool in ImageJ. 

The background for each time frame was calculated using the Nonuniform Background Removal 

plugin (Cory Quammen, UNC) and subtracted with the Image Calculator (both in ImageJ). The 

resulting image stack was analyzed together with the electrical recording file using a custom 

MATLAB routine with MATLAB 9.0 software. Specifically, ROIs strictly surrounding individual 

cell bodies were manually drawn and the mean F/F calculated over all pixels within each ROI 

over all time frames at known stimulation profiles. The photobleached baseline was corrected 

using one-phase exponential decay function (GraphPad Prism 6). Imaging frames from all 

stimulated epochs were overlaid to give Fig. 4b, e and Supplementary Fig. S8b, d. The mean F/F 
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over all frames within each stimulated voltage step was calculated and plotted against the 

corresponding applied voltage to give Fig. 4c and f. The results were displayed using GraphPad 

Prism 6 software. 

Colocalization of di-2-ANEP-VoLDeMo labeling with FFN102 labeling. The Multiple 

Thresholds plugin for ImageJ (Damon Poburko, Simon Fraser University) was used to identify 

biologically-relevant puncta from FFN102 labeled images based on the following 

criteria: > 0.6 SD above background in fluorescence intensity, 0.5 – 4 m2 in size,  0.6 circularity 

in shape, and well-defined boundaries. The auto-picked puncta (ROIs) were then applied as a mask 

to the corresponding di-2-ANEP-VoLDeMo labeled images. Each punctum was defined as 

positively colocalized if more than 50% of the pixels within the punctum were more than two SDs 

brighter than the background fluorescence. The quantified results were displayed using GraphPad 

Prism 6 software (Supplementary Fig. S11b).  
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Supplementary Figure S4 | S71 labeling in HEK cells. Representative 

epifluorescence images showing the labeling of dichloropane–PEG(3400)–di-2-ANEP 

(S71, 100 nM) in HEK cells following the same procedure as that for di-2-ANEP-

VoLDeMo (see Fig. 4a). Labeling was compared in hDAT-HEK cells (left), hDAT-

HEK cells pre-incubated with the hDAT inhibitor nomifensine30 (2 M; middle), and 

null-transfected HEK cells (right). All fluorescence images are equally contrasted. 

PEG-based constructs carrying VSDs showed intracellular labeling independent of 

functional hDAT, in contrast to the dextran-based probes (see Fig. 4). 
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Supplementary Figure S5 | Normalized excitation and fluorescence spectra of 

VSDs in hDAT-HEK cells. All spectra were measured in hDAT-HEK cells 

maintained in DPBS. a, di-2-ANEPEQ (1, 100 M), excitation spectrum at 600 nm 

emission, emission spectrum with 480 nm excitation. b, dsRVF5 (2, 100 M), 

excitation spectrum at 590 nm emission, emission spectrum with 530 nm excitation. c, 

di-2-ANEP-VoLDeMo (11, 100 M), excitation spectrum at 600 nm emission, 

emission spectrum with 480 nm excitation. c, dsRVF5-VoLDeMo (12, 100 M), 

excitation spectrum at 590 nm emission, emission spectrum with 530 nm excitation.   
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Supplementary Figure S6 | Determination of IC50 of dichloropane 4 to hDAT with 

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

inhibition of APP+ uptake by dichloropane 4 in hDAT-HEK cells, normalized to the 

maximum fluorescence intensity of each experiment (see experimental section for 

details). Error bars are  SEM for n = 3 experiments, 6 replicates per independent 

experiment (error bars of some data points are too small to display). 
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Supplementary Figure S7 | Labeling specificity of control probe 5 in hDAT-HEK 

cells. a, Brightfield (BF, top) and corresponding fluorescence (Fluo, bottom) images 

of HEK cells labeled with 5 (1 nM). Labeling was compared in hDAT-HEK cells (left), 

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

HEK cells (right). All fluorescence images were equally contrasted. b, Quantification 

of labeling specificity following the same procedure as that for the VoLDeMo probes, 

normalized to the mean fluorescence intensity of the hDAT-transfected, non-inhibited 

condition (see Data Analysis section for details). Error bars are  SD for n = 3 

experiments. From two-tailed unpaired t-tests: 53.5 ± 6.8 fold decrease in labeling, 

n = 3, P = 0.0004 for hDAT+Nomi vs. hDAT; and 39.1 ± 4.3 fold decrease in labeling, 

n = 3, P = 0.0004 for Null vs. hDAT. 
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Supplementary Figure S8 | Quantification of VoLDeMo labeling in HEK cells. Mean 

fluorescence intensity of randomly selected cell bodies (n = 3, 10 ROIs per n; see Data Analysis 

section for details) stained with 100 nM di-2-ANEP-VoLDeMo (a) or dsRVF5-VoLDeMo (b), 

normalized to the mean of the hDAT-transfected, non-inhibited condition (left panel in Fig. 4a or 

d). Error bars are  SD for n = 3 experiments. All from two-tailed unpaired t-test: a, 20.2 ± 5.7 fold 

decrease in labeling, n = 3, P = 0.0013 for hDAT+Nomi vs. hDAT; and 8.4 ± 1.5 fold decrease in 

labeling, n = 3, P = 0.0018 for Null vs. hDAT; b, 3.4 ± 0.5 fold decrease in labeling, n = 3, 

P < 0.0001 for hDAT+Nomi vs. hDAT; and 6.0 ± 0.6 fold decrease in labeling, n = 3, P < 0.0001 

for Null vs. hDAT). 



77 

 

 

Supplementary Figure S9 | Whole-cell voltage clamp of hDAT-HEK cells with simulated 

trains of spiking events. Cells were held at −60 mV and subjected to bursts of ten individual 

voltage spikes of 2 ms length and 100 mV magnitude. The ten voltage spikes within one burst 

were applied at 100 Hz in frequency. Photobleaching was corrected and mean fluorescence 

intensity converted to percent F/F (see Data Analysis section for details). Raw single-trial 

imaging traces of di-2-ANEP-VoLDeMo (a) and dsRhoVF5-VoLDeMo (b) (both at 100 nM), 

respectively. Ten simulated bursts within a and c were overlaid to give b and d, respectively, 

including 50 ms before and after the stimulated period. The traces of ten individual bursts are 

shown in gray, and their average is represented by the red trace. 
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Supplementary Figure S10 | Additional representative images of VoLDeMo labeling of 

catecholamine axons in acute murine brain slices. Images were obtained following the same 

procedure as that used for Fig. 5. Images in the same lettered-panel were three replicates acquired 

under the same conditions. Each image was contrasted individually. a, Striatal slices labeled with 

di-2-ANEP-VoLDeMo. b, Striatal slices labeled with dsRVF5-VoLDeMo. c, Cortical slices 

labeled with di-2-ANEP-VoLDeMo. d, Cortical slices labeled with dsRVF5-VoLDeMo. 
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Supplementary Figure S11 | Colocalization of di-2-ANEP-VoLDeMo labeling with that of 

FFN102. a, Representative images showing colocalization of di-2-ANEP-VoLDeMo (100 nM, 

30 min, 15 m depth from tissue surface) and FFN102 (2 M, 30 min), a known marker of 

dopaminergic synapses36 in mouse striatal slice. Left: di-2-ANEP-VoLDeMo channel (exc. 

920 nm, em. 570–610 nm); middle: FFN102 channel (exc. 760 nm, em. 435–485 nm); right: 

overlaid image of the two channels. b, Quantification of di-2-ANEP-VoLDeMo colocalization 

with FFN102. The “Not Scrambled” column represents the percentage of di-2-ANEP-VoLDeMo 

signal that colocalized with FFN102 puncta from the same field of view. The “Scrambled” column 

represents analogical colocalization of randomly selected di-2-ANEP-VoLDeMo and FFN102 

figures from different fields of view (see Data Analysis section for details). Error bars are  SD 

for n = 3 experiments. The “Not Scrambled” images gave higher level of colocalization 

(78.0% ± 3.51%, n = 3) than the “Scrambled” control (17.3% ± 2.33%, n = 3, P < 0.0001, two-

tailed unpaired t-test). 
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Infrared Spectra 

 

Supplementary Fig. S12 | FTIR (ATR, diamond) spectrum of carbamate 6.  
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Supplementary Fig. S13 | FTIR (ATR, diamond) spectrum of di-2-ANEPB-NHBoc (S55).
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Supplementary Fig. S14 | FTIR (ATR, diamond) spectrum of dichloropane-BCN (10). 
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Supplementary Fig. S15 | FTIR (ATR, diamond) spectrum of azidopropyl-carbamate dextran(6000) (7-2.15) containing 

2.15 N3/polymer.
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Supplementary Fig. S16 | FTIR (ATR, diamond) spectrum of azidopropyl-carbamate dextran(6000) (7-4.42) containing 

4.42 N3/polymer. 
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Supplementary Fig. S17 | FTIR (ATR,  diamond) spectrum of di-2-ANEP-VoLDeMo (11). 
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Supplementary Fig. S18 | FTIR (ATR, diamond) spectrum of dsRVF5-VoLDeMo (12).  
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NMR Spectra 

 

Supplementary Figure S19 | 1H NMR (400 MHz, CDCl3) of 3-azidopropyl amine (S21). 
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Supplementary Figure S20 | 13C{1H} NMR (75 MHz, CDCl3) of 3-azidopropyl amine (S21).  
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Supplementary Figure S21 | 1H NMR (400 MHz, DMSO-d6) of N-(3-azidopropyl)-O-(4-nitrophenyl) carbamate (6). 
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Supplementary Figure S22 | 13C{1H} NMR (75 MHz, CDCl3) of N-(3-azidopropyl)-O-(4-nitrophenyl) carbamate (6).  
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Supplementary Figure S23 | 1H NMR (500 MHz, CDCl3) of compound endo-S31.  
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Supplementary Figure S24 | 1H NMR (500 MHz, CDCl3) of compound exo-S31.
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Supplementary Figure S25 | 13C{1H} NMR (126 MHz, CDCl3) of compound exo-S31.  
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Supplementary Figure S26 | 1H NMR (500 MHz, CDCl3) of compound S32.   
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Supplementary Figure S27 | 1H NMR (500 MHz, CDCl3) of compound S33. 
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Supplementary Figure S28 | 1H NMR (500 MHz, CDCl3) of BCN-OH (S34). 
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Supplementary Figure S29 | 13C{1H} NMR (126 MHz, CDCl3) of BCN-OH (S34).
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Supplementary Figure S30 | 1H NMR (500 MHz, CDCl3) of BCN-OSu (S35).  
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Supplementary Figure S31 | 1H NMR (500 MHz, CDCl3) of N-Boc-4-aminobutanol (S50).  
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Supplementary Figure S32 | 1H NMR (500 MHz, CDCl3) of N-Boc-4-bromobutyl amine (S51). 
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Supplementary Figure S33 | 13C{1H} NMR (126 MHz, CDCl3) of N-Boc-4-bromobutyl amine (S51).  
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Supplementary Figure S34 | 1H NMR (400 MHz, CDCl3) of N-(N’-Boc-aminobutyl)-4-methylpyridinium bromide (S52).  
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Supplementary Figure S35 | 13C{1H} NMR (126 MHz, CDCl3) of N-(N’-Boc-aminobutyl)-4-methylpyridinium bromide (S52). 
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Supplementary Figure S36 | 1H NMR (CDCl3, 400 MHz) of 6-bromo-N,N-diethylnaphthalen-2-amine (S53).  
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Supplementary Figure S37 | 13C{1H} NMR (CDCl3, 100 MHz) of 6-bromo-N,N-diethylnaphthalen-2-amine (S53). 
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Supplementary Figure S38 | 1H NMR (CDCl3, 400 MHz) of 6-bromo-N-ethylnaphthalen-2-amine (S53b).  
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Supplementary Figure S39 | 13C{1H} NMR (CDCl3, 100 MHz) of 6-bromo-N-ethylnaphthalen-2-amine (S53b).  
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Supplementary Figure S40 | 1H NMR (CDCl3, 400 MHz) of 6-(diethylamino)-2-naphthaldehyde (S54).  
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Supplementary Figure S41 | 13C{1H} NMR (CDCl3, 100 MHz) of 6-(diethylamino)-2-naphthaldehyde (S54). 
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Supplementary Figure S42 | 1H NMR (CDCl3, 400 MHz) of compound S56.  
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Supplementary Figure S43 | 1H NMR (CDCl3, 400 MHz) di-2-ANEPB-CO2
tBu (S57).  
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Supplementary Figure S44 | 13C{1H} NMR (CDCl3, 100 MHz) of di-2-ANEPB-CO2
tBu (S57).  
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Supplementary Figure S45 | 1H NMR (CDCl3, 400 MHz) of di-2-ANEPB-CO2H (S58).  
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Supplementary Figure S46 | 13C{1H} NMR (CDCl3, 100 MHz) of di-2-ANEPB-CO2H (S58).  
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Supplementary Figure S47 | 1H NMR (CDCl3, 400 MHz) of di-2-ANEPB-CO2Su (S59).  
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Supplementary Figure S48 | 13C{1H} NMR (CDCl3, 100 MHz) of di-2-ANEPB-CO2Su (S59).   
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Supplementary Figure S49 | 1H NMR (500 MHz, methanol-d4) of di-2-ANEPB-NHBoc (S55).  
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Supplementary Figure S50 | 13C{1H} NMR (126 MHz, methanol-d4) of di-2-ANEPB-NHBoc (S55).  
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Supplementary Figure S51 | 1H NMR (500 MHz, methanol-d4) of di-2-ANEPB-BCN (8).  
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Supplementary Figure S52 | 13C{1H} NMR (126 MHz, methanol-d4) of di-2-ANEPB-BCN (8).



121 

 

 
Supplementary Figure S53 | 1H NMR (400 MHz, CDCl3) of N,N-dimethyl-4-vinylaniline (S41). 
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Supplementary Figure S54 | 13C{1H} NMR (101 MHz, CDCl3) of N,N-dimethyl-4-vinylaniline (S41).  



123 

 

 
Supplementary Figure S55 | 1H NMR (500 MHz, CDCl3) of (E)-4-(4-(dimethylamino)styryl)benzaldehyde (S42).
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Supplementary Figure S56 | 13C{1H} NMR (126 MHz, CDCl3) of (E)-4-(4-(dimethylamino)styryl)benzaldehyde (S42).
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Supplementary Figure S57 | 1H NMR (500 MHz, CDCl3) of (E)-N,N-dimethyl-4-(4-vinylstyryl)aniline (S43). 
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Supplementary Figure S58. 13C{1H} NMR (126 MHz, CDCl3) of (E)-N,N-dimethyl-4-(4-vinylstyryl)aniline (S43).
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Supplementary Figure S59 | 1H NMR (400 MHz, DMSO-d6) of 4-bromo-2,6-disulfobenzaldehyde disodium salt (S44).  
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Supplementary Figure S60 | 1H NMR (500 MHz, DMSO-d6) of 4’-bromo-2,7-dichloro-2’,6’-disulfofluorescein (S45). 
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Supplementary Figure S61 | 13C{1H} NMR (126 MHz, DMSO-d6) of 4’-bromo-2,7-dichloro-2’,6’-disulfofluorescein (S45).  
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Supplementary Figure S62 | 1H NMR (500 MHz, methanol-d4) of dsRhodol S46.  
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Supplementary Figure S63 | 1H NMR (500 MHz, methanol-d4) of dsRhodol S47. 
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Supplementary Figure S64 | 13C{1H} NMR (126 MHz, DMSO-d6) of dsRhodol S47.  
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Supplementary Figure S65 | 1H–1H COSY NMR (500 MHz, methanol-d4) of dsRhodol S47.  
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Supplementary Figure S66 | 1H–13C HSQC NMR (500 MHz, methanol-d4) of dsRhodol S47.  
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Supplementary Figure S67. 1H NMR (500 MHz, methanol-d4) of dsRVF5 (2).   
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Supplementary Figure S68 | 1H NMR (500 MHz, methanol-d4) of dsRVF5-NHBoc (S48).   
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Supplementary Figure S69 | 13C{1H} NMR (126 MHz, DMSO-d6) of dsRVF5-NHBoc (S48).  
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Supplementary Figure S70 | 1H NMR (500 MHz, methanol-d4) of dsRVF5-BCN (9).  
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Supplementary Figure S71 | 1H NMR (CDCl3, 400 MHz) of dichloropane-NHBoc (4).  
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Supplementary Figure S72 | 13C{1H} NMR (CDCl3, 100 MHz) of dichloropane-NHBoc (4). 
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Supplementary Figure S73 | 1H NMR (400 MHz, CDCl3) of dichloropane-BCN (10).   
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Supplementary Figure S74 | 13C{1H} NMR (101 MHz, CDCl3) of dichloropane-BCN (10).  
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Supplementary Figure S75 | 1H–1H COSY NMR (400 MHz, CDCl3) of dichloropane-BCN (10).  
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Supplementary Figure S76 | 1H–13C HSQC NMR (400 MHz, CDCl3) of dichloropane-BCN (10).  
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Supplementary Figure S77 | 1H–13C HMBC NMR (400 MHz, CDCl3) of dichloropane-BCN (10).  
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Supplementary Figure S78 | 1H NMR (500 MHz; D2O/CD3CN 5:1, v/v) of azidopropyl-carbamate dextran(6000) (7-2.15).  
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Supplementary Figure S79 | 1H NMR (500 MHz; D2O/CD3CN 5:1, v/v) of azidopropyl-carbamate dextran(6000) (7-3.25).  
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Supplementary Figure S80 | 1H NMR (500 MHz; D2O/CD3CN 5:1, v/v) of azidopropyl-carbamate dextran(6000) (7-4.42).  
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Supplementary Figure S81 | 1H NMR (500 MHz; D2O/CD3CN 5:1, v/v) of azidopropyl-carbamate dextran(6000) (7-5.37).  
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Supplementary Figure S82 | 1H NMR (500 MHz; D2O/CD3CN 5:1, v/v) of azidopropyl-carbamate dextran(6000) (7-5.94).  
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Supplementary Figure S83 | 1H NMR (500 MHz; DMSO-d6/D2O 5:1, v/v) of di-2-ANEP-VoLDeMo (11).  
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Supplementary Figure S84 | 1H NMR (500 MHz; DMSO-d6/D2O 5:1, v/v) of dsRVF5-VoLDeMo (12). 
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