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Highlights 

• Azocuroniums: azobenzene plus two N-methyl-N-carbocyclic quaternary 

ammonium groups 

• Azocuroniums are easily (E)/(Z)-photoisomerized by irradiation at blue or UV-LED 

• m-Azocuroniums: more potent and selective in muscular nAChR than p-

azocuroniums 

• m-Azocuroniums are selective ligands of muscle-type nAChRs vs. neuronal 

nAChRs 

• m-Azocuroniums are muscular nAChR antagonists, except the pyrrolidine 

derivative 
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Abbreviations 

ACh, acetylcholine; nAChRs: nicotinic acetylcholine receptors; bisQ, 3,3'-bis[α-

(trimethylammonium)methyl]azobenzene; GPCRs, G protein-coupled receptors; LED: 

light-emitting diode; NMBAs, neuromuscular blocking agents; TEVC, two-electrode 

voltage-clamp technique. 
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ABSTRACT 

By linking two N-methyl-N-carbocyclic quaternary ammonium groups to an azobenzene 

scaffold in meta- or para-positions we generated a series of photoswitchable neuromuscular 

ligands for which we coined the term “azocuroniums”. These compounds switched between 

the (E)- and (Z)-isomers by light irradiation at 400-450 nm and 335-340 nm, respectively. 

Meta-azocuroniums were potent nicotinic ligands with a clear selectivity for the muscular 

nAChRs compared to neuronal α7 and α4β2 subtypes, showed good solubility in 

physiologic media, negligible cell toxicity, and would not reach the CNS. 

Electrophysiological studies in muscle-type nAChRs expressed in Xenopus laevis oocytes 

showed that (E)-isomers were more potent than (Z)-forms. All meta-azocuroniums were 

neuromuscular blockers, with the exception of the pyrrolidine derivative that was an 

agonist. These new meta-azocuroniums, which can be modulated ad libitum by light, could 

be employed as photoswitchable muscle relaxants with fewer side effects for surgical 

interventions and as tools to better understand the pharmacology of muscle-type nAChRs. 
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1. Introduction 

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion-channels physiologically 

activated by acetylcholine (ACh), which consist of five protein subunits organized around a 

central pore. They constitute a superfamily of receptors that are critically involved in 

cellular electrical signaling in the nervous and skeletomuscular systems. In general, 

nAChRs are found in either neurons or skeletal muscles, confined in synapses where they 

relay unidirectional electrical information from one cell to another. Neuronal nAChRs are 

made by combinations of alpha (α2-α10) and beta subunits (β2-β4) with variable 

stoichiometry or by alpha homo-pentamers (α7-α9). In the mammalian brain the most 

common neuronal subtypes are α7 and α4β2 nAChRs, which are involved in numerous 

physiological functions such as cognition, learning and memory, physical stimulation, 

cerebral blood flow and metabolism [1,2]. 

In contrast to the neuronal counterparts, muscular nAChRs are composed of four types of 

proteins: two α1, one β1 and one gamma (γ) subunits, accompanied by either an epsilon (ε) 

or a delta (δ) subunit, depending on the developmental stage of the muscle [3,4]. 

Embryonic muscle receptors have a δ subunit, whereas in adults the ε type is present [5,6]. 

In skeletal muscles, nAChRs are confined within the end-plate terminal, which is made of 

specialized synapses linking a motor neuron to individual muscle fibers. Activation of 

nAChRs initiates the electrical signal that triggers action potentials, leading to muscle 

contraction. 

Natural extracts containing neuromuscular blocking agents (NMBAs), such as curare 

alkaloids, have been used for centuries by South American indigenous tribes for hunting. 
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Many plant extract derived-NMBAs have been identified, purified and used as leads in the 

development of muscle relaxants for surgical procedures and other applications, including 

cosmetics (Figure 1). Despite the benefits that these compounds may offer in clinic, some 

of them are known to produce adverse side-effects in patients. For instance, the 

aminosteroid pancuronium is a synthetic curare-mimetic used as a muscle relaxant to 

facilitate endotracheal intubation, which causes several undesirable effects such as 

tachycardia, increase in blood pressure, respiratory depression, and apnea [7]. In this 

context, we recognized that the development of novel NMBAs analogues with manageable 

or null side-effects would produce safer new drugs for surgical interventions and also 

provide a breakthrough in understanding the pharmacology of muscle nAChRs. Towards 

this ideal outcome, we set out to design novel ligands for nAChRs that, in addition to their 

selectivity towards muscular subtypes, they have photoswitchable properties so that they 

can be activated and deactivated by light irradiation at different wavelengths. The quick 

modulation of the biological activity of the photoisomerizable compounds by light allows a 

fine adjustment of their spatial and temporal activity, which can hardly be achieved with 

non-photoswitchable ligands [8]. 

Each muscular nAChR has two binding sites for ACh in the extracellular domain, at αδ and 

either αε or αγ subunit interfaces. In these interfaces, aromatic residues (tryptophan and 

tyrosine) provide negative π-electron clouds that can electrostatically interact with the 

positively charged ammonium group [-N+(CH3)3] of the neurotransmitter ACh [9,10]. In 

these receptors, the cation-π interaction is essential for binding and action. Regarding the 

quaternary ammonium group, it is known that compounds with less sterically hindered 

amino groups tend to be agonists, such as carbachol, suxamethonium, and bisQ. In contrast, 
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compounds with larger and hydrophobic substitutions, including N-carbocycle groups tend 

to be antagonists, such as the case of benzylisoquinoliniums (e.g., atracurium, mivacurium 

and cisatracurium) or aminosteroids (e.g., pancuronium, rocuronium and vecuronium) 

(Figure 1) [11,12]. 

In the early 1970s, the Erlanger’s group reported that bisQ activates nicotinic receptors in 

the electroplax of electric fish Electrophorus electricus. As other azobenzene-based 

compounds, bisQ is photo-isomerizable, being a potent nAChR activator when it is a (E)-

isomer, but not while being a (Z)-isomer [13,14]. From these pioneer studies many 

photoswitchable ligands have been developed and applied to a wide range of biological 

targets, such as G protein-coupled receptors (GPCRs), ion channels, kinases, proteases, etc 

[15-22]. Therapeutic efficacies of photo-isomerizable compounds have been demonstrated 

on the cellular level and some studies have progressed to live animals, such as the vision 

restoration with diazene-based photoswitchable drugs in blind mice [23-26].  

In recent years, new photoswitchable nicotinic ligands have been developed by adding a 

single trimethylammonium head to one extreme of azobenzene scaffolds [27-29]. This 

strategy produced preferentially agonists, with selectivity for activating neuronal nAChRs 

compared to muscle-type receptors. For example, the trimethylammonium derivative 

azocholine is a selective photoswitchable agonist for neuronal α7 nAChRs compared to 

muscular receptors [30].  

Our group is now interested in developing new neuromuscular blockers that, in addition to 

their photoswitchable properties, displayed selectivity towards muscle-type nAChRs 

compared to neuronal receptors. From bibliographic precedents, we rationalized that we 
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could generate photoswitchable antagonists for muscular nAChRs by the replacement of 

two methyl groups of both quaternary ammonium groups of the muscle agonist bisQ by N-

carbocycles, commonly present in curare NMBAs. As a proof of principle, here we have 

designed, synthesized, and tested a series of novel muscular nAChR ligands, named 

azocuroniums (1) due to their structural similarity to curare-like drugs, the activity of which 

can be easily modulated by light (Figure 1) and which functional character depends on 

some structural features evaluated here.  

 

Figure 1. Structures of muscle-type nAChRs agonists (carbachol, suxamethonium and (E)-

bisQ) and antagonists (atracurium and pancuronium). General structure of the new 

azocuroniums (1) on their (E)- and (Z)-isomers.  
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2. Results and discussion 

2.1. Synthesis of azocuroniums 

Reaction of commercially available meta- or para-nitrobenzyl bromide (1 equiv.) with the 

corresponding amine (pyrrolidine, piperidine, azepane, or 1,2,3,6-tetrahydropyridine) (1.2 

equiv.) in basic conditions under mw irradiation at 120 °C for 10 min, gave the 

corresponding nitro derivative m-2(a-d) and p-2(a,b) in excellent yield (91-99%) (Scheme 

1). The subsequent treatment of these nitro compounds with a solution of LiAlH4 in diethyl 

ether (5 equiv.) afforded the required azobenzenes m-3(a-d) and p-3(a,b), in one-step and 

in moderate to excellent yields (61-97%). Asymmetric azocompound m-4b was synthesized 

from 3-(piperidin-1-ylmethyl)aniline [31] and commercial nitrosobenzene in high yield 

(93%) by a Mills reaction. All azo intermediates m-3(a-d), p-3(a,b) and m-4b were purified 

by preparative thin-layer chromatography (TLC), obtaining the (E)-isomer as the major 

isomer, as deduced from HPLC-MS and NMR data [see (E) / (Z)-ratio in Scheme 1]. 

Then, the intermediate tertiary amines were methylated with CH3I (1.3 equiv.) at 120 °C for 

12 min. under mw irradiation, obtaining the desired quarternary ammonium azobenzenes 

m-1(a-d), p-1(a,b) and m-5b, which were purified by crystallization from methanol. 

Remarkably, these azocuronium salts were isolated in their (E)-forms in high isomeric 

purity, equal or greater than 95% [see (E) / (Z)-ratio in Scheme 1]. This fact could be the 

result of the sum of a high temperature (120 ºC) in the mw-oven, which could favor the 

formation of the thermodynamically more stable (E)-isomer, and the crystallization process, 

which could enrich the major species.  
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Scheme 1. Reagents and conditions: (a) Amine (pyrrolidine, piperidine, azepane, or 

1,2,3,6-tetrahydropyridine) (1.2 equiv.), K2CO3, acetone, mw, 120 ºC, 10 min; (b) LiAlH4 

in Et2O (5 equiv.), N2, -78 °C to rt; (c) CH3I (1.3 equiv.), DMF, mw, 120 ºC, 12 min; (d) 

Acetic acid, toluene, 60 ºC, overnight. 

 

All compounds were characterized by their analytical (HPLC, HRMS) and spectroscopic 

data (1H NMR, 13C NMR). Complete NMR assignment of their hydrogen and carbon atoms 

were made by 1H – 13C two-dimensional diagrams, mainly HSQC (heteronuclear single 

quantum correlation) and HMBC (heteronuclear multiple bond correlation) (See 

Supplementary Information for further details). 
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2.2. Evaluation of thermodynamic solubility, in vitro CNS-penetration (PAMPA-BBB 

assay), and cell toxicity  

The thermodynamic solubility of azocuronium salts m-1(a-d), p-1(a,b) and m-5b was 

determined in pH 7.4 phosphate 45 mM buffer following described protocols [32,33] 

(Table 1). As expected and due to their ionic character, in physiological medium all 

azocuronium salts showed high solubility values (5.5 – 38.4 mM). Remarkably, all meta- 

derivatives were found to be more soluble than their para- counterparts, probably due to the 

higher polarity of the former.  

 

Table 1. Thermodynamic solubility (mM) in water at pH 7.4 and in vitro CNS permeability 

data of azocuroniums m-1(a-d), p-1(a,b) and m-5b.a 

 Solubility at pH 7.4 (mM) PAMPA-BBB (Pe, 10-6 cm s-1) 

m-1a 36.3 ± 3.1 < 1.0 (cns -) 

 p-1a 14.8 ± 1.2 < 1.0 (cns -) 

m-1b 38.4 ± 3.5 < 1.0 (cns -) 

 p-1b 34.9 ± 3.2 < 1.0 (cns -) 

m-1c 5.9 ± 0.5 < 1.0 (cns -) 

m-1d 16.3 ± 0.1 < 1.0 (cns -) 

m-5b 5.5 ± 0.1 2.0 ± 0.2 (cns +/-) 

aResults are the mean ± SD of three independent experiments. bPredictive CNS penetration: 

cns- denotes compounds that are no able to penetrate into the CNS; cns +/- denotes 

uncertain CNS penetration.  
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To check if new azocuroniums m-1(a-d), p-1(a,b) and m-5b could be able to reach the 

CNS, we used the in vitro parallel artificial membrane permeability assay to model the 

blood-brain barrier (PAMPA-BBB) described by Di et al. [34], and partially modified and 

validated by us [35-40]. The passive CNS-permeation of azocuroniums through a lipid 

extract of porcine brain was measured at rt. In each experiment, 11 commercial drugs of 

known brain permeability were also tested and their permeability values normalized to the 

reported PAMPA-BBB data (See Table S1 in the Supporting Information). According to Pe 

values previously described [34], compounds with Pe exceeding 4·10-6 cm s-1 would be able 

to cross the BBB (cns+), whereas those displaying Pe less than 2·10-6 cm s-1 would not 

reach the CNS (cns-) via passive diffusion. Between these two values the prediction is 

uncertain (cns +/-). While the asymmetric derivative m-5b with only one positive charge 

displayed an uncertain CNS penetration, the azocuronium salts with two positive charges, 

m-1(a-d) and p-1(a,b), were predicted not able to cross the BBB (Table 1).  

Cytotoxicity of azocuroniums salts m-1(a-d), p-1(a,b) and m-5b was determined in Raw 

264.7 macrophages, using the quantitative colorimetric assay MTT (3-[4,5-dimethylthiazol-

2-yl]-2,5-diphenyltetrazolium bromide) [41]. Compounds at a concentration of 10 μM were 

incubated with the cell line at 37 ºC during 24 h and then, the mitochondrial activity of 

living cells was measured by the absorbance change at 540 nm. All tested compounds 

showed cell viabilities in the same range than the basal experiment, pointing out that none 

of them showed any significant cytotoxic effect in this model. 

As required for further development as potential therapeutic or research tools, we 

demonstrate that the new azocuronium salts m-1(a-d) and p-1(a,b) are soluble in 



13 

physiological medium, lack toxicity in vitro and are predicted to be CNS-impermeable via 

passive diffusion.  

 

2.3. Photochemical characterization by UV/vis and 1H-NMR 

To study the photochemical behavior of new azocuroniums, we performed their 

spectroscopic characterization by UV/vis and 1H-NMR. 

UV/vis spectra of azocuroniums m-1(a-d), p-1(a,b) and m-5b were recorded in water at rt 

and the photochemical characterization of m-1b is given as an example (see Figure S1 in 

Supplementary Information for further details). The thermally equilibrated spectrum of m-

1b (Figure 2B, black line) showed the two absorption bands characteristic of azobenzene 

derivatives. The most intense band maxima at 315 nm was assigned to the π-π* electronic 

transition of the (E)-azobenzene moiety, while the other maxima around 425 nm is due to 

the forbidden n-π* electronic transition. After irradiation with 335-340 nm light using a 

LED-based source (UV LED-light), the amplitude of the 315-nm band decreased along 

increasing irradiation time, while the amplitude of the 425-nm peak increased (red line). As 

previously reported, this spectral change is due to the (E)-to-(Z) isomerization of 

azobenzene molecules, which was reverted by irradiating with light of 400-450 nm (blue 

LED, blue line in Figure 2B) [14]. The insert in Figure 2B shows details of the UV/vis 

spectra between 375 nm and 525 nm.  

To check the stability of new azocuroniums in the photoswitching process, we performed 

three consecutive cycles of interconversion, monitoring the absorption at 315 nm of m-1b 
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throughout alternating irradiation with blue LED and UV LED (Figure 2C). After each 

cycle, each species showed its characteristic absorption value namely, 0.54 AU for the (E)-

isomer and 0.19 AU for the (Z)-form. Therefore, no evidence of photo-fatigue was 

observed under conditions close to functional studies in muscle-type nAChRs expressed in 

Xenopus laevis oocytes, where no more than two photoswitching cycles were used (see 

Section 2.5). 

 

 

Figure 2. Photoswitched properties of m-1b. A) (E)-to-(Z) Isomerization of the azobenzene 

scaffold. B) UV/vis spectra of m-1b (50 μM) in water at rt, thermally relaxed (black line), 

irradiated with UV LED (red trace) and blue LED (blue trace). The inset shows a 

magnification of the n−π* band. C) Reversibility study of the photoisomerization of m-1b 

over three cycles, monitoring the absorption at 315 nm throughout alternating irradiation 

with blue LED (blue circle) and UV LED (red circle). D) Expansion of 1H-NMR spectra of 

azocuronium m-1b at the indicated conditions.  
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The (E)-(Z) conversion of azocuroniums was also quantified by 1H-NMR technique, using 

deuterium oxide (D2O) as solvent. Solutions were irradiated under UV or blue LED-light 

into a round-bottom flask and then transferred to a NMR tube for registering 1H-NMR 

spectra under darkness. The isomeric percentage was calculated from the integral of signals 

attributable to common protons in each species. The photo-induced (E)-to-(Z) isomerization 

of azocuroniums is more appreciable in the aromatic area, as explained below for m-1b (an 

expansion of this area is shown in Figure 2D). Firstly, the 1H-NMR spectrum of the non-

irradiated m-1b showed two groups of aromatic signals integrated for 8 protons, which 

were assigned to the (E)-azobenzene isomer (upper spectrum in Figure 2D). After LED 

irradiation under UV light at 335-340 nm, the photostationary state (PSSUV) containing 

96% of (Z)-isomer was reached (see Supplementary Information, page S23). Afterward, the 

solution was irradiated at 400-450 nm (blue LED) obtaining again the (E)-isomer in around 

90% yield.  

 

2.4. Radioligand binding assays at nAChRs  

(E)-Azocuroniums m-1(a-d), p-1(a,b) and m-5b were assayed in human nicotinic receptors 

in radioligand-displacement experiments, using muscular nAChR and two neuronal-type 

nAChRs (α7 and α4β2) [42]. The radioligands used were [125I]α-bungarotoxin (for muscle-

type and α7 nAChRs) and [3H]cytisine (for α4β2 nAChRs). The percentage of radioligand 

displacement of compounds at a single concentration (10 µM) was calculated for each 

receptor type and then, binding constants (Ki) were calculated for azocuroniums that 

produced a displacement percentage above 60%, using a range of 5 different concentrations 
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in 3 independent experiments (Table 2 and Figure S2 for further details). Standard 

reference compounds were α-bungarotoxin (muscle-type nAChR), epibatidine (α7 nAChR) 

and nicotine bitartrate (α4β2 nAChR), which were tested in each experiment at several 

concentrations to obtain competition curves, from which Kis were calculated.  

 

Table 2. Binding constants at human nAChRs of muscular and neuronal-type (α7 and 

α4β2), or percentage of radioligand displacement (in brackets) at the specified 

concentration, of azocuroniums m-1(a-d), p-1(a,b) and m-5b.a  

 Ki (nM) 

 Muscle-type Neuronal α7 Neuronal α4β2 

m-1a 42 ± 4 2500 ± 210 >10,000 (31%) 

 p-1a 200 ± 20 930 ± 80 >10,000 (45%) 

m-1b 35 ± 3 910 ± 90 >10,000 (7%) 

 p-1b 1,100 ± 100 >10,000 (16%) 1,500 ± 130 

m-1c 220 ± 20 1,900 ± 180 >10,000 (29%) 

m-1d 100 ± 9 730 ± 70 >10,000 (32%) 

m-5b >10,000 (45%) >10,000 (48%) >10,000 (39%) 

α-bungarotoxin 1.0 ± 0.1 n.d. n.d. 

epibatidine n.d. 120 ± 10 n.d. 

nicotine n.d. n.d. 1.5 ± 0.1 

aResults are the mean ± SEM of three independent experiments. nd: not determined. 
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In general, meta-substitution in azocuronium salts favored the interactions with muscle-

type nicotinic receptors (Ki = 10-8 M) as compared to neuronal subtypes α7 (Ki = 10-6 – 10-7 

M) and α4β2 (Ki > 10-5 M). Azocuroniums bearing para-substitutions were less active in all 

nAChRs and showed no selectivity towards the muscular type. For instance, the pyrrolidine 

derivative p-1a that was the most active para-azocuronium compound in muscular nAChR 

(Ki = 200 nM) showed α7-nAChR affinity in the same order of magnitude (Ki = 930 nM). 

Similarly, para-piperidine azocuronium p-1b was not selective either, this time between 

muscle-type and neuronal α4β2, as its binding constants were in the same range (Ki = 1,100 

and 1,400 nM, respectively). 

In muscle-type nAChRs, the most potent ligands were the meta-pyrrolidine m-1a and the 

meta-piperidine m-1b azocuroniums, with binding affinities in the nanomolar range (Kis = 

42 nM and 35 nM, respectively). These ligands also showed a clear muscle-type selectivity 

as their affinities were in the micromolar range for α7 (Kis = 2,500 and 910 nM, 

respectively), and above in the case of α4β2 (Kis >10,000 nM). Thus, m-1a and m-1b 

displayed high binding affinity and selectivity ratios towards muscle-type nAChRs 

compared to the neuronal subtypes α7 (60- and 26-fold) and α4β2 (>240- and >290-fold). 

Relative to the piperidine-substituted m-1b, both the ring expansion in the meta-azepane 

derivative m-1c or the introduction of a double bond to provide the meta-1,2,3,6-

tetrahydropyridine derivative m-1d, decreased the binding affinity in muscle-type nAChR 

(Kis = 220 and 100 nM, respectively) and also diminished selectivity indexes between 

muscular and neuronal nAChRs. Finally, asymmetric derivative m-5b was poorly active in 

all nicotinic receptors assayed (Table 2), pointing out the importance of the presence of two 

cationic moieties for a successful nAChRs binding.   
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2.5. Functional characterization in nAChRs  

We evaluated the effect of meta-azocuroniums in muscular nAChR expressed in Xenopus 

laevis oocytes. To activate nAChRs, a solution of ACh (50 μM, 2.3-18.4 nL) was delivered 

on the surface of the oocytes using a nano-injector (Figure 3A). This small volume of ACh 

(“puff”) was washed out by perfusing the oocytes with a recirculating recording solution 

propelled by a pump attached to the chamber (Figure 3A). Above the oocyte, two LEDs 

were placed to drive photo-isomerization. These LEDs, hereafter referred to as “UV LED” 

and “blue LED”, had their emission spectra centered at 335-340 nm and 400-450 nm, 

respectively. Receptor activity was assessed by measuring ionic currents through the 

plasma membrane mediated nAChR using the two-electrode voltage-clamp (TEVC) 

technique (Figure 3A). For current recordings, the membrane potential was held at -60 mV. 

Thus, nAChR activation will result in a downward deflection of the current trace, as the 

result of the net inward current through the receptors. 

Under voltage-clamp, oocytes have a basal conductance, yielding relatively small 

background currents in the order of 0.05-0.2 μA. Oocytes displaying higher background 

currents were discarded. An ACh puff was applied after the recirculation pump was turned 

off. This allowed ACh to reach the membrane which activated nAChR, resulting in an 

increase of the membrane conductance (Figure 3B). Then, the pump was turned on, 

washing ACh from the oocyte’s vicinity, deactivating nAChR. The deactivation of nAChR 

was made apparent by the decrease of the inward current amplitude (Figure 3B). Although 

the decay of the current amplitude was due to removal of ACh by activation of the pump, 

we cannot rule out the possibility that a small fraction of this is due to receptor 

desensitization. To address this we observed that with “no pumping” the decay of the 
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current was much slower (see Figure S3 in Supplementary Information), indicating that 

desensitization plays a minor role in our observations. Thus, we concluded that this 

approach allows us to evaluate the effect of the meta-azocuronium salts on muscular 

nAChRs.  

 

Figure 3. A) TEVC technique. Ionic currents were measured in Xenopus oocytes 

expressing embryonic mouse muscular nAChR. The membrane potential was held at –60 

mV. Two LEDs (UV and blue) were used to drive isomerization, a nano-injector to deliver 

ACh (2.3-18.4 nL, 50 µM, 46 nL/s) on the surface of the oocytes, and a pump to circulate 

the solution and wash out ACh from oocytes. B) Record obtained by adding an ACh puff 

while the pump is turned off, as a control (no compound). The current increases due to the 

receptor activation. 

 

2.5.1. Piperidine-derived azocuronium salt m-1b blocks muscular nAChR 

Under voltage-clamp, inward currents were observed in oocytes expressing muscle-type 

nAChR upon application of an ACh puff (Figure 4A, green trace). This response was 

inhibited by the addition of the meta-piperidine azocuronium m-1b (5 μM) to the recording 
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solution. Such inhibition was observed by a decrease in the maximum amplitude of the 

currents (Figure 4A, black trace). The inhibitory effect of m-1b on current amplitude was 

partially reverted when oocytes and the surrounding solution were irradiated with the UV 

LED for 5 minutes before applying a ACh puff and during the recording (Figure 4A, red 

trace). The inhibitory effect of m-1b was recovered by irradiating with the blue LED. These 

observations suggested that m-1b acted on the deactivated (closed) receptors.  

To understand whether compound m-1b could act on activated (open) receptors, nAChR 

currents were recorded in the presence of m-1b (0.5 μM) which was held in its (Z)-isomer 

by constant irradiation with the UV LED. We performed this assay with no perfusion to 

prolong the activating effect of ACh on the receptor. Following nAChR activation and blue 

LED irradiation [(E)-isomer], a faster decay of the ACh-induced current was observed 

(Figure 4B, red trace) with respect to the case when constant UV radiation was applied 

(Figure 4B, black trace). Since the perfusion pump was switched off, the decay observed 

during constant UV LED was likely due to receptor desensitization. Swapping the UV LED 

for the blue LED radiation [(E)-isomer] caused a faster decrease in the current amplitude 

(Figure 4B, red trace), indicating that m-1b was like affecting receptors in any isomeric 

form. 
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Figure 4. Effects of m-1b in the electrical signal at indicated conditions. A) A “puff” of 

ACh (green trace) evoked currents in oocytes that decreased after adding (E)-m-1b, 

showing an almost complete inhibition of the receptors (black trace). After that, UV LED 

lighting [(Z)-isomer] partially reversed the effect of (E)-isomer (red trace). B) Currents 

evoked by the (Z)-isomer (black trace); exchange the UV LED for the blue LED radiation 

[(E)-isomer] caused a faster decrease in the current amplitude (red trace).  

 

 

To further characterize the action of m-1b on nAChR, we evaluate the relationship between 

drug concentration and receptor inhibition. For this purpose, we performed recordings of 

ACh activity in the presence of the thermally relaxed m-1b [(E)-isomer]. As the 

concentration of m-1b increased, the response to ACh puff decreased (Figure 5A, left). This 

inhibitory effect was partially reverted upon irradiation with UV LED for 5 minutes [(Z)-

isomer] (Figure 5A, right). To assess the inhibitory effect of m-1b in detail, we performed 

recordings in the presence of a range of concentrations of m-1b (0.05-20 μM) thermally 

relaxed [(E)-isomer] (Figure 5B, black trace) and after UV radiation [(Z)-isomer] (Figure 

5B, red trace) and we plotted the average of current amplitude normalized with respect to 
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recording in the absence of the drug. The current-vs-dose plots were fitted to a simple one-

site binding model, yielding an apparent half-maximum inhibitory constant (Ki) of 0.46 ± 

0.06 μM (n = 24) for the thermally relaxed m-1b (Figure 5B, black trace) and 2.6 ± 0.5 μM 

(n = 24) for the UV-irradiated m-1b (Figure 5B, red trace). 

 

 

Figure 5. Compound m-1b is a light-dependent antagonist. A) AChR currents recorded 

upon application of an ACh “puff” (50 μM, 9.2 nL) in the absence (black trace) and 

presence of 0-5 μM m-1b thermally relaxed (left) or while irradiating with the UV LED. B) 

The maximum amplitude of the currents was normalized with respect to the maximal 

amplitude observed in the absence of m-1b when it was thermally relaxed (black symbols) 

or after irradiation at 340 nm (red symbols).  

 

 

We noticed that the variability in current amplitude for the UV-irradiated drugs was slightly 

higher than for their thermally relaxed counterparts. Although we consider this issue to be 

beyond the scope of the present study, we argue that such increase in variability could be 
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attributed to variations in the effective intensities of the UV radiation that reached oocytes. 

We did not evaluate this issue systematically, yet we noticed that it depended on the angle 

of the incidence of the LED beam and the recording chamber. For this reason, we opted to 

skip to further analyzing the (E)-to-(Z) isomerization time course for this study. 

 

2.5.2. Pyrrolidine-based azocuronium salt m-1a acts as a muscular nAChR agonist  

Next, we proceed to evaluate the compound m-1a which differed from m-1b on the smaller 

ring size of the quaternary amine. We observed that exposing the oocytes to thermally 

relaxed m-1a [(E)-isomer] produced the activation of the nAChR current and thus, we 

proceeded with a different approach. Voltage-clamped oocytes were exposed to m-1a under 

constant UV irradiation to keep the compound as (Z)-isomer. To test the effect of the (E)-

isomer, a 5-second pulse of blue radiation was applied while turning off the UV LED. After 

5 seconds, the UV LED was turned back on [(Z)-isomer]. Turning on the blue LED 

activated nAChRs, as a robust inwards current was detected (Figure 6A). This agonist 

behavior was observed at different concentrations of m-1a, ranging from 0.5 to 10 μM. 

Activation of the current showed a clear concentration dependence, with an apparent half-

maximum activity constant of 4.2 ± 0.4 μM (n = 4) (Figure 6B).  
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Figure 6. Azocuronium m-1a is a light-dependent agonist of the nAChR. A) Current 

recordings in the presence of 0.5-10 µM m-1a. Constant irradiation with the UV LED made 

m-1a inactive as agonist. Inducing the isomerization to the (E)-isomer with a 5-second 

pulse of blue LED resulted in a robust increase of the nAChR current. This activation was 

readily reverted by turning back to irradiation with the UV LED. B) Average normalized 

current measure following 5 seconds of activation showed a clear concentration-

dependence for activation.  

 

Per our initial hypothesis, the hydrophobic character of the molecule’s quaternary amine 

seems to determine whether the agonist/antagonist activity profile. To this point, the 

piperidine-based m-1b functions as an antagonist of nAChR, while the pyrrolidine-based 

m-1a behaves as an agonist.  
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2.5.3. Azepane-derived azocuronium salt m-1c behaves as a muscular nAChR antagonist  

The compound m-1c bears a larger hydrophobic moiety (azepane fragment) associated to 

the quaternary amine. Consistent with our initial hypothesis, m-1c inhibited ACh-induced 

current in oocytes expressing nAChRs. Fitting the normalized current-vs-dose plots to a 

one-site binding model for the thermally relaxed m-1c [(E)-isomer] yielded a Ki of 0.33 ± 

0.04 μM (n = 26) (not shown). However, the plot for the UV-irradiated drug was not 

properly fitted to the one-site model, leading us to consider the fact that muscular nAChR 

have two distinct ACh binding sites with different pharmacology. Therefore, we chose to fit 

plots to a Hill equation, from which we calculated Kis of 0.30 ± 0.02 μM and 2.6 ± 0.5 μM 

for the (E) and (Z)-isomer, respectively (Figure 7). As expected, the Hill coefficient for the 

thermally relaxed m-1c was near one (0.97 ± 0.05), consistent with the previous fit. In the 

case of the UV-irradiated m-1c, the Hill coefficient was 0.56 ± 0.07. It is well-known that 

ACh binding and activation of the muscular nAChR is highly cooperative, where the 

binding of one ACh leads to an increase in affinity for the second ACh molecule [9,43]. 

Based on this we speculate that, assuming that m-1c binds to the ACh sites, the interaction 

of m-1c on one site induces a reduction of the affinity of the other site for this drug. Since 

both sites are allosterically coupled, we speculate that there were at least two m-1c 

molecules bound to each nAChR, with the first molecule inducing a conformational change 

that leads to a decrease in the affinity of the receptor for the second one. Accordingly, we 

speculate that the (E)-isomer of m-1c (and m-1b) to occupy one of the ACh binding sites, 

hindering further steps in the activation of the receptor. However, the (Z)-isomer of m-1c 

seems to be competed out by ACh so that the binding of ACh allosterically decreases the 

affinity of the receptor for m-1c. Notwithstanding the importance of determine the 
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underlying process, pinpointing the mechanism responsible for this reduction in the Hill 

coefficient was beyond the scope of this study. 

 

Figure 7. Inhibition of nAChR current by m-1c when thermally relaxed (black squares) and 

under irradiation with UV LED (red circles). The current-vs-[m-1c] plots were fitted to a 

Hill equation, yielding a Ki value of 0.30 ± 0.02 μM and 2.6 ± 0.5 μM, respectively. The 

corresponding Hill coefficients were 0.97 ± 0.05 and 0.56 ± 0.07 (n = 26).  

 

 

2.5.4. The rigidity of the N-cycle is important for activity  

Next, we explored the effect of the rigidity of the N-cycle on the action of the drug. For this 

purpose, we used piperidine derivative m-1b as reference and compared it to the double-

bond bearing piperidine compound m-1d. The latter N-cycle has less flexible, more planar 

geometry than the one of m-1b. Like this reference compound, m-1d behaved as an 

antagonist of nAChR. Both the thermal relaxed and UV-irradiated m-1d showed very 

similar Ki values of 0.84 ± 0.09 μM and 0.88 ± 0.11 μM (n = 15), respectively (Figure 8). 
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In spite of the similarity in the receptor’s affinity for both isomers, the efficacy for drug 

action was isomer-dependent. Per the fitting analysis, the fractions of active receptors at 

saturating concentration of m-1d were 0.11 ± 0.04 and 0.35 ± 0.03 for the thermally relaxed 

and UV-irradiated m-1d, respectively. This indicated that this drug was likely operating 

with a distinct mechanism that those ones described above. Furthermore, it is noteworthy, 

that Hill coefficients fitted for both isomers were similar, 3.5 ± 1.3 and 2.9 ± 1.1, and 

higher than those of the drugs tested here. These values indicated that a highly cooperative 

process underlies the inhibition by m-1d. Understanding the nature of this process was 

beyond the scope of this study. 

 

Figure 8. Inhibition of nAChR current by thermally relaxed m-1d (black squares) and 

under irradiation with UV LED (red circles). Fitting to a Hill equation, yielded a Ki of 0.84 

± 0.09 μM and 0.88 ± 0.11 μM, respectively. The current fraction at maximum inhibition 

was 0.11 ± 0.04 and 0.35 ± 0.03 for the thermal relaxed and UV-irradiated m-1d, 

respectively. The corresponding Hill coefficients were 3.5 ± 1.3 and 2.9 ± 1.1 (n = 15). 
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3. Conclusions 

Azocuroniums were designed by adding two N-methyl-N-carbocyclic quaternary 

ammonium groups to an azobenzene scaffold in meta- or para-position. These new 

photoswitchable compounds showed good solubility in physiologic media, negligible 

toxicity in vitro and as expected, they would not penetrate into the CNS. They can be easily 

photoisomerized between the (E)- and (Z)-forms by irradiation at 400-450 nm (blue LED) 

and 335-340 nm (UV-LED), respectively.  

In radioligand binding assays at nAChRs, meta-substituted azocuroniums were more potent 

and selective towards neuromuscular receptors than their para-substituted counterparts. 

Derivatives with smaller cationic heads, namely the meta-pyrrolidine m-1a and the meta-

piperidine m-1b azocuroniums emerged as the most potent and selective ligands in muscle-

type nAChRs, with binding affinities in the nanomolar range (Kis = 42 nM and 35 nM, 

respectively). Moreover, they presented lower affinities for α7 (Kis = 2,500 and 910 nM, 

respectively) and were almost inactive in α4β2 (Kis >10,000 nM), showing interesting 

subtype selectivity. In contrast, azocuroniums with increased volume or rigidity in the N-

carbocycle, namely the meta-azepane and the meta-1,2,3,6-tetrahydropyridine derivatives 

(m-1c and m-1d), showed reduced binding constants in muscular-type nAChR (Kis = 220 

and 100 nM, respectively) with diminished selectivity indexes between muscular and 

neuronal nAChRs.  

Using the two-electrode voltage-clamp technique, we evaluated the functional activity of 

meta-azocuroniums m-1(a-d) in muscular nAChR expressed in Xenopus laevis oocytes. By 

irradiation with blue-LED or UV-LED while recording electrical currents, in all cases the 
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(E)-conformation was found to be more potent than the corresponding (Z)-isomer. The 

volume and hydrophobic character of the ammonium groups seemed to determine whether 

these azocuronium salts would block or activate the receptor. All meta-azocuroniums 

behaved as antagonists of muscular nAChR, with the exception of the smallest pyrrolidine 

derivative m-1a. When m-1a was constantly irradiated with blue LED to obtain the (E)-

isomer, a robust increase of the nAChR current was observed in a concentration-dependent 

manner, giving an apparent half-maximum binding constant of 4.2 ± 0.4 μM. (E)-Isomer of 

azocuronium salts derived from piperidine (m-1b), azepane (m-1c) or 1,2,3,6-

tetrahydropyridine (m-1d) behaved as antagonists of muscular nAChR and retained greater 

activity than their (Z)-isomer counterparts. 

The selectivity, photoswitchable properties, synthetic accessibility along with the ability to 

control their qualitative effect via modification of the quaternary ammonium residues 

makes this family of compounds interesting tools to better understand the dynamics of 

activation and blockade of muscular nAChRs and potential candidates for the development 

of light-targeted muscle relaxants. 
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4. Experimental section 

4.1. Chemistry. General methods 

High-grade reagents and solvents were purchased from common commercial suppliers, 

mostly Sigma-Aldrich, and were used without further purification. Reactions were followed 

either by analytical thin-layer chromatography (TLC) or by high-performance liquid 

chromatography – mass spectrometry (HPLC-MS). TLC were carried out on Merck silica 

gel 60 F254 plates, by visualization with UV-light (λ = 254 or 365 nm) and/or by staining 

with ninhydrin solution in ethanol. HPLC-MS were performed on an analytical Waters 

equip (Alliance Watters 2695) composed of a SunFire C18 (3.5 μm, 4.6 mm x 50 mm) 

column and a UV-visible photodiode array detector (λ = 190-700 nm) coupled to a 

quadrupole mass spectrometer (Micromass ZQ). Spectra were acquired in an electrospray 

ionization (ESI) interface working in the positive or negative-ion mode. Reactions under 

mw irradiation were performed in a Biotage Initiator 2.5 reactor. Products were purified by 

preparative TLC on Merck silica gel 60 F254 plates or crystallization. HPLC analyses were 

used to confirm the purity of all compounds (≥ 95%) and were performed on Waters 2690 

equipment, at a flow rate of 1.0 mL/min, with a UV-visible photodiode array detector (λ = 

190 - 700 nm), using SunFire C18 (3.5 μm, 4.6 mm x 50 mm) column. The gradient mobile 

phase consisted of H2O:ACN with 0.1% formic acid as solvent modifiers, the gradients 

time (g.t.) and the retention time (tR) are indicated for each compound. Melting points (mp, 

uncorrected) were determined in a MP70 apparatus (Mettler Toledo). Nuclear magnetic 

resonance (1H NMR and 13C NMR) spectra were obtained in CD3OD, DMSO-d6, CDCl3 or 

D2O solutions using the following NMR spectrometers: Varian INOVA-300, Varian 
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INOVA-400, Varian Mercury-400 or Varian Unity-500. Chemical shifts (δ) are reported in 

parts per million (ppm) relatives to internal tetramethylsilane scale (δH 00). In the case of 

D2O solutions, 13C shifts were determined relative to 1,4-dioxane (δC 67.19). Coupling 

constants (J) are described in hertz (Hz). 2D NMR experiments – homonuclear correlation 

spectroscopy (H, H-COSY), heteronuclear multiple quantum correlation (HMQC) and 

heteronuclear multiple bond correlation (HMBC) – of representative compounds were 

acquired to assign protons and carbons of new structures. The high-resolution mass spectra 

(HRMS) were carried out by using an Agilent 1200 Series LC system (equipped with a 

binary pump, an auto sampler, and a column oven) coupled to a 6520 quadrupole-time of 

flight (QTOF) mass spectrometer. ACN:H2O (75:25, v:v) was used as mobile phase at 0.2 

mL/min. The ionization source was an ESI interface working in the positive-ion mode. The 

electrospray voltage was set at 4.5 kV, the fragmentor voltage at 150 V and the drying gas 

temperature at 300 °C. Nitrogen (99.5% purity) was used as nebulizer (207 kPa) and drying 

gas (6 mL/min). 

 

4.2. General procedure for the synthesis of nitro derivatives m-2(a-d) and p-2(a,b) 

The appropriate amine (1 equiv.) and K2CO3 (1.2 equiv.) in dry acetone (7 mL/mmol) was 

stirred 10 min at rt. Then, benzyl bromide (1 equiv.) was added and the mixture was heated 

at 120 ºC under mw irradiation for 10 min. The solvent was evaporated under reduced 

pressure. EtOAc was added and the organic phase washed with H2O and brine, dried 

(MgSO4), filtered, and evaporated under reduced pressure. Nitro derivatives were obtained 

and used without further purification. With the exception of m-2d, the rest of these 



32 

intermediates were previously described (m-2a [44], p-2a [45], m-2b [46], p-2b [47], m-2c 

[48]). 

 

4.2.1. 1-[(3-Nitrophenyl)methyl]-1,2,3,6-tetrahydropyridine (m-2d) 

Yellow-brown solid (quantitative yield) of mp 90-93 ºC. 1H NMR (400 MHz, CDCl3): δ 

8.22 (bs, 1H, Ho), 8.11 (d, J = 8.2 Hz, 1H, Hp), 7.71 (d, J = 7.6 Hz, 1H, Ho'), 7.48 (t, J = 7.9 

Hz, 1H, Hm'), 5.80-5.74 (m, 1H, H4), 5.69-5.63 (m, 1H, H3), 3.66 (s, 2H, Hα), 3.02- 2.96 (m, 

2H, H2), 2.57 (t, J = 5.7 Hz, 2H, H6), 2.20-2.15 (m, 2H, H5). 
13C NMR (101 MHz, CDCl3): 

δ 148.5 (Cm), 141.2 (Ci), 135.1 (Co'), 129.3 (Cm'), 125.4 (C4), 125.2 (C3), 123.9 (Co), 122.3 

(Cp), 62.1 (Cα), 52.9 (C2), 49.9 (C6), 26.2 (C5). HPLC-MS (2:30- g.t.5 min) tR 1.47 min, m/z 

= 219.28 [M+H]+. 

 

4.3. General procedure for the synthesis of symmetric azobenzene derivatives m-3(a-d) and 

p-3(a,b) 

A solution of LiAlH4 in Et2O (1M or 2M, 5 equiv.) was added dropwise to the stirred 

solution of a nitro derivative m-2(a-d) or p-2(a,b) (1 equiv.) in dry Et2O at -78 ºC. After 15 

min, the mixture was allowed to warm to rt and then stirred overnight. The excess of 

LiAlH 4 was carefully quenched with H2O. The reaction mixture was filtered and washed 

with cold H2O several times. The mixture was acidified with a solution of citric acid (10%) 

and the organic phase was separated and evaporated under reduced pressure. The residue 

was purified by preparative TLC in the corresponding gradient. 
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4.3.1. 1,2-Bis[3-(pyrrolidin-1-ylmethyl)phenyl]diazene (m-3a) 

Following the general procedure, from nitro derivative m-2a (159 mg, 0.77 mmol) and 

LiAlH 4 (1.93 mL, 3.85 mmol) diazene m-3a was prepared. After a purification by TLC 

(EtOAc:MeOH, 90:10), a mixture of (E):(Z)-isomers (ca. 80:20) of m-3a was obtained as 

orange crystals (121 mg, 90% yield) of mp 62-64 ºC. 1H NMR (500 MHz, CD3OD) (E)-

Isomer: δ 7.92 (s, 2H, Ho), 7.86 – 7.83 (m, 2H, Ho’), 7.55 – 7.50 (m, 4H, Hm’, Hp), 3.76 (s, 

4H, Hα), 2.62 – 2.57 (m, 8H, H2), 1.84 (tt, J = 3.8, 1.9 Hz, 8H, H3); (Z)-Isomer: δ 7.29 (t, J 

= 7.8 Hz, 2H, Hm’), 7.14 (dt, J = 6.6, 1.0 Hz, 2H, Hp), 6.88 (d, J = 7.9 Hz, 2H, Ho’), 6.72 (s, 

2H, Ho), 3.49 (s, 4H, Hα), 2.32 – 2.30 (m, 8H, H2), 1.74 – 1.71 (m, 8H, H3). 
13C NMR (126 

MHz, CD3OD) (E)-Isomer: δ 154.1 (Ci), 140.9 (Cm), 133.2 (Cp), 130.3 (Cm’), 124.4 (Co), 

123.10 (Co’), 61.15 (Cα), 54.98 (C2), 24.15 (C3). (Z)-Isomer: δ 155.3 (Ci), 140.3 (Cm), 130.0 

(Cp), 129.3 (Cm’), 121.60 (Co), 121.03 (Co’), 60.70 (Cα), 54.62 (C2), 24.04 (C3). HPLC-MS 

(2:30 - g.t. 10 min) tR 5.96 min, m/z = 349.47 [M+H]+. HRMS [ESI+] m/z = 348.23092 

[M], calcd for [C22H28N4] 348.2314.  

 

4.3.2. 1,2-Bis[4-(pyrrolidin-1-ylmethyl)phenyl]diazene (p-3a) 

Diazene p-3a was prepared from nitro derivative p-2a (138 mg, 0.67 mmol) and LiAlH4 

(1.67 mL, 3.34 mmol) following the general procedure. After a preparative TLC using 

EtOAc:MeOH (95:5) as eluent, compound p-3a was obtained (brown oil, 108 mg, 93%) as 

a mixture of (E):(Z)-isomers in proportion 95:5. 1H NMR (500 MHz, CD3OD) (E)-Isomer: 

δ 8.27 (d, J = 8.4 Hz, 4H, Ho), 7.92 (d, J = 8.4 Hz, 4H, Hm), 4.12 (s, 4H, Hα), 2.99 (m, 8H, 

H2), 2.25 – 2.20 (m, 8H, H3). (Z)-Isomer: δ 7.65 (d, J = 8.3 Hz, 4H, Ho), 7.21 (d, J = 8.3 Hz, 
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4H, Hm) 3.57 (s, 4H, Hα), 2.51 – 2.47 (m, 8H, H2), 1.80 – 1.77 (m, 8H, H3). 
13C NMR (126 

MHz, CD3OD) (E)-Isomer: δ 153.3 (Ci), 143.0 (Cp), 131.2 (Cm), 123.8 (Co), 61.06 (Cα), 

55.0 (C2), 24.2 (C3). HPLC-MS (2:30 - g.t.10 min) tR 6.22 min, m/z = 349.21 [M+H]+. 

HRMS [ESI+] m/z = 348.23157 [M], calcd for [C22H28N4] 348.2314. 

 

4.3.3. 1,2-Bis[3-(piperidin-1-ylmethyl)phenyl]diazene (m-3b) 

Diazene m-3b was obtained from nitro m-2b (150 mg, 0.68 mmol) and LiAlH4 (3.41 mL, 

3.41 mmol) following the general procedure, as orange crystals (124 mg, 97%) of mp 89-92 

ºC. Purification by preparative TLC (EtOAc:MeOH 90:10). 1H NMR (500 MHz, CD3OD) 

mixture of isomers (E):(Z) (75:25), δ 7.93 - 7.89 (bs, 2H, Ho E), 7.85 (dt, J = 7.3, 1.9 Hz, 

2H, Ho’, E), 7.52 (t, J = 5 Hz, 2H, Hm’, E), 7.50 (dt, J = 10, 2 Hz, 2H, Hp, E), 7.30 (t, J = 7.7 

Hz, 2H, Hm’, Z), 7.13 (ddd, J = 7.6, 1.7, 1.1 Hz, 2H, Ho’, Z), 6.94 (ddd, J = 7.9, 2.1, 1.1 Hz, 

2H, Hp, Z), 6.64 (m, 2H, Ho, Z), 3.63 (s, 4H, Hα,E), 3.35 (s, 4H, Hα, Z), 2.49 (s, 8H, H2), 

1.63 (p, J = 5.7 Hz, 8H, H3), 1.50 (m, 4H, H4). 
13C NMR (126 MHz, CD3OD) (E)-Isomer: δ 

154.0 (Ci), 133.7 (Cm), 130.2 (Cm’), 124.9 (Cp), 123.1 (Co), 121.8 (Co’), 64.4 (Cα), 55.4 (C2), 

26.5 (C3), 25.2 (C4). HPLC-MS (2:30 - g.t.10 min) tR 6.22 min, m/z = 377.47 [M+H]+. 

 

4.3.4. 1,2-Bis[4-(piperidin-1-ylmethyl)phenyl]diazene (p-3b) 

Following the general procedure, from nitro derivative p-2b (150 mg, 0.68 mmol) and 

LiAlH 4 (1M, 3.41 mL, 3.41 mmol) diazene p-3b was prepared. After a purification by TLC 

(EtOAc:MeOH, 95:5), a mixture of (E):(Z)-isomers (ca. 90:10) of p-3b was obtained as 
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orange crystals (122 mg, 95% yield) of mp 141-142 ºC. In 1H and 13C-NMR only picks of 

the (E)-isomer have been characterized. 1H NMR (300 MHz, CD3OD): δ 7.88 (d, J = 8.3 

Hz, 4H, Ho), 7.52 (d, J = 8.2 Hz, 4H, Hm), 3.58 (s, 4H, Hα), 2.47 (s, 8H, H2), 1.62 (s, 8H, 

H3), 1.48 (s, 4H, H4). 
13C NMR (75 MHz, CD3OD): δ 153.3 (Ci), 139.9 (Cp), 131.6 (Cm), 

123.6 (Co), 64.3 (Cα), 55.5 (C2), 26.6 (C3), 25.2 (C4). HPLC-MS (2:30 - g.t.10 min) tR 6.15 

min, m/z = 377.18 [M+H]+. 

 

4.3.5. 1,2-Bis[3-(azepan-1-ylmethyl)phenyl]diazene (m-3c) 

Diazene m-3c was prepared from nitro m-2c (540 mg, 2.31 mmol) and LiAlH4 (1M, 11.55 

mL, 11.55 mmol) following the general procedure. After a preparative TLC using 

EtOAc:MeOH (70:30) as eluent, (E)-m-3c was obtained as an orange oil (283 mg, 61 %), 

with an isomeric purity >99%. 1H NMR (500 MHz, DMSO): δ 7.84 (s, 2H, Ho), 7.76 (dt, J 

= 7.1, 2.0 Hz, 2H, Ho'), 7.55 (t, J = 7.5 Hz, 2H, Hm'), 7.53 – 7.50 (m, 2H, Hp), 3.73 (s, 4H, 

Hα), 2.63 – 2.59 (m, 8H, H2, H7), 1.65 – 1.54 (m, 16H, H3, H4, H5, H6). 
13C NMR (126 

MHz, DMSO): δ 152.0 (Ci), 141.5 (Cm), 131.5 (Cp), 129.2 (Cm'), 122.1 (Co), 121.3 (Co'), 

61.4 (Cα), 55.0 (C2, C7), 27.9 (CH2), 26.5 (CH2). HPLC-MS (2:30- g.t.10 min) tR 9.66 min, 

m/z = 405.38 [M+H]+, λmax = 320 nm [(E)-isomer]. HRMS [ESI+] m/z = 404.29324 [M]+, 

calcd for [C26H36N4]
+ 404.2940. 
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4.3.6. 1,2-Bis{3-[(3,6-dihydropyridin-1(2H)-yl)methyl]phenyl}diazene (m-3d) 

From nitro derivative m-2d (300 mg, 1.37 mmol) and LiAlH4 (1M, 6.87 mL, 6.87 mmol) 

compound m-3d was prepared. After a preparative TLC using EtOAc:MeOH (95:5) as 

eluent, a mixture of (E):(Z)-isomers (ca. 90:10) of diazene m-3d was obtained as orange 

crystals (126 mg, 49%) of mp 90-93 ºC. 1H NMR (500 MHz, CDCl3) (E)-Isomer: δ 7.89 (t, 

J = 1.9 Hz, 2H, Ho), 7.81 (dt, J = 7.5, 1.7 Hz, 2H, Ho'), 7.50 (dt, J = 7.6, 1.6 Hz, 2H, Hp), 

7.46 (t, J = 7.6 Hz, 2H, Hm'), 5.77 (dtt, J = 9.4, 3.7, 2.1 Hz, 2H, H4), 5.68 (dtt, J = 10.1, 3.3, 

1.8 Hz, 2H, H3), 3.68 (s, 4H, Hα), 3.02 (p, J = 2.8 Hz, 4H, H2), 2.61 (t, J = 5.7 Hz, 4H, H6), 

2.19 (tp, J = 5.7, 2.8 Hz, 4H, H5). (Z)-Isomer: δ 7.21 (t, J = 7.7 Hz, 2H, Hm'), 7.12 (d, J = 

7.7 Hz, 2H, Hp), 6.83 (dt, J = 7.9, 1.5 Hz, 2H, Ho'), 6.72 (s, 2H, Ho), 5.73 – 5.70 (m, 2H, 

=CH) 5.58 (dtd, J = 10.0, 3.4, 1.7 Hz, 2H, =CH), 3.42 (s, 4H, Hα), 2.75 (dt, J = 5.3, 2.6 Hz, 

4H, H2), 2.35 (t, J = 5.7 Hz, 4H, H6), 2.06 (dt, J = 5.7, 2.8 Hz, 4H, H5). 
13C NMR (126 

MHz, CDCl3) (E)-Isomer: δ 152.9 (Ci), 139.8 (Cm), 131.8 (Cp), 129.1 (Cm'), 125.5 (C4), 

125.4 (C3), 123.6 (Co), 121.8 (Co'), 62.8 (Cα), 53.0 (C2), 49.9 (C6), 26.3 (C5). (Z)-Isomer: δ 

154.7 (Ci), 139.3 (Cm), 128.7 (Cm'), 128.0 (Cp), 125.3 (2 =CH), 120.7 (Co), 119.8 (Co'), 62.5 

(Cα), 52.6 (C2), 49.6 (C6), 26.2 (C5). HPLC-MS (2:30- g.t.10 min) tR 7.63 min, m/z = 373.28 

[M+H] +. λmax = 319 nm [(E)-isomer]. HRMS [ESI+] m/z = 372.23053 [M]+, calcd for 

[C24H28N4]
+ 372.2314. 

 

4.3.7. 1-[3-(Phenyldiazenyl)benzyl]piperidine (m-4b) 

To a solution of commercial nitrosobenzene (100 mg, 0.93 mmol) in anhydrous toluene (5 

mL), 3-(piperidin-1-ylmethyl)aniline (178 mg, 0.93 mmol) and acetic acid (21 µL, 3.75 
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mmol) were added orderly under N2 and the reaction was stirred at 60 ºC overnight. The 

mixture was extracted with EtOAc, washed with water and brine, dried with MgSO4, 

filtered and concentrated under reduced pressure. The residue was purified in reverse phase 

flash column, from H2O to ACN. After lyophilization of the appropriate fractions diazene 

m-4b was obtained as orange oil (241 mg, 93% yield), with an (E)-isomeric purity >99%. 

1H NMR (500 MHz, DMSO): δ 7.90 (dd, J = 6.6, 1.5 Hz, 2H, Hm''), 7.80 (t, J = 1.5 Hz, 1H, 

Ho), 7.78 (dt, J = 7.7, 1.8 Hz, 1H, Ho'), 7.63 – 7.57 (m, 3H, Ho'', Hp'), 7.54 (t, J = 7.6 Hz, 

1H, Hm'), 7.49 (dt, J = 7.6, 1.4 Hz, 1H, Hp), 3.53 (s, 2H, Hα), 2.39 – 2.31 (m, 4H, H2, H6), 

1.50 (p, J = 5.6 Hz, 4H, H3, H5), 1.40 (q, J = 6.0 Hz, 2H, H4).
13C NMR (126 MHz, DMSO): 

δ 152.0 (Ci'), 151.9 (Ci), 140.4 (Cm), 131.9 (Cp), 131.5 (Cp'), 129.5 (Co''), 129.3 (Cm'), 122.5 

(Cm''), 122.4 (Co), 121.5 (Co'), 62.4 (Cα), 53.9 (C2), 25.6 (C3), 24.0 (C4). HPLC-MS (15:95- 

g.t.10 min) tR 1.44 min, m/z = 280.28 [M+H]+ (Z)-isomer; 4.97 min, m/z = 280.21 [M+H]+ 

(E)-isomer. λmax = 285, 425 nm [(Z)-isomer]; 319 nm [(E)-isomer)]. HRMS [ESI+] m/z = 

279.17353 [M]+, calcd for [C18H21N3]
+ 279.17355. 

 

4.4. General procedure for the synthesis of azocuronium salts m-1(a-e), p-1(a,b) and m-5b 

A solution of the appropriate diazene compound m-3(a-d), p-3(a,b) or m-4b (1 equiv.) and 

CH3I (1.25 equiv. per amine) in anhydrous DMF (1.5 mL/mmol) was heated under mw 

irradiation at 120 ºC for 12 min. Solvent was evaporated under reduced pressure and the 

residue was solved in H2O and washed with EtOAc. The aqueous layer was lyophilized to 

give the desired azocuronium salt that was crystallized in methanol. 
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4.4.1. 1,1'-{[Diazene-1,2-diylbis(3,1-phenylene)]bis(methylene)}bis(1-methylpyrrolidin-1-

ium) diiodide (m-1a) 

Following the general procedure, from diazene m-3a (50 mg, 0.14 mmol) and CH3I (26 μL, 

0.40 mmol) azocuronium salt m-1a was obtained as an orange solid (47 mg, 89% yield) of 

mp 53-55 ºC. (E)-Isomeric purity: 98%. 1H NMR (500 MHz, CD3OD): δ 8.24 (d, J = 1.6 

Hz, 2H, Ho), 8.13 (dd, J = 7.9, 1.6 Hz, 2H, Ho'), 7.81 (dd, J = 7.6, 1.5 Hz, 2H, Hp), 7.75 (t, J 

= 7.7 Hz, 2H, Hm'), 4.77 (s, 4H, Hα), 3.79 (dt, J = 12.5, 7.0 Hz, 4H, H2eq), 3.60 – 3.52 (m, 

4H, H2ax), 3.09 (s, 6H, Hβ), 2.39 – 2.24 (m, 8H, H3). 
13C NMR (126 MHz, CD3OD): δ 154.2 

(Ci), 136.5 (Cp), 131.5 (Cm'), 131.3 (Cm), 128.2 (Co), 125.8 (Co'), 67.4 (Cα), 65.0 (C2), 48.8 

(Cβ), 22.3 (C3). λmax = 319 nm [(E)-isomer]. HRMS [ESI+] m/z = 378.27908 [M]2+, calcd 

for [C24H34N4]
2+ m/z = 378.27835.  

 

4.4.2. 1,1'-{[Diazene-1,2-diylbis(4,1-phenylene)]bis(methylene)}bis(1-methylpyrrolidin-1-

ium) diiodide (p-1a) 

According to the general method, from diazene p-3a (50 mg, 0.14 mmol) and CH3I (26 μL, 

0.40 mmol) azocuronium salt p-1a was obtained as an orange solid (46 mg, 88% yield) of 

mp 153-156 ºC. (E)-Isomeric purity: 99%. 1H NMR (400 MHz, CD3OD): δ 8.08 (d, J = 8.4 

Hz, 4H, Ho), 7.85 (d, J = 8.4 Hz, 4H, Hm), 4.74 (s, 4H, Hα), 3.81 – 3.70 (m, 4H, H2eq), 3.60 

– 3.51 (m, 4H, H2ax), 3.07 (s, 6H, Hβ), 2.38 – 2.24 (m, 8H, H3). 
13C NMR (101 MHz, 

CD3OD): δ 154.8 (Ci), 134.9 (Cm), 133.1 (Cp), 124.6 (Co), 67.1 (Cα), 64.9 (C2), 48.6 (Cβ), 

22.3 (C3). λmax = 322 nm [(E)-isomer]. HRMS [ESI+] m/z = 378.27836 [M]2+, calcd for 

[C24H34N4]
2+ m/z = 378.27835. 
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4.4.3. 1,1'-{[Diazene-1,2-diylbis(3,1-phenylene)]bis(methylene)}bis(1-methylpiperidin-1-

ium) diiodide (m-1b) 

Following the general procedure, from diazene m-3b (45 mg, 0.12 mmol) and CH3I (17.9 

μL, 0.49 mmol) azocuronium salt m-1b was obtained as an orange solid (67 mg, 85% yield) 

of mp 174-176 ºC. (E)-Isomer purity: 95%. 1H NMR (500 MHz, CD3OD) (E)-isomer: δ 

8.24 (bs, 2H, Ho), 8.14 (dt, J = 7.6, 1.7 Hz, 2H, Ho’), 7.79 (dt, J = 7.7, 1.6 Hz, 2H, Hp), 7.75 

(t, J = 7.6 Hz, 2H, Hm’), 4.78 (s, 4H, Hα), 3.55 (m, 4H, H2eq), 3.50 – 3.42 (m, 4H, H2ax), 3.10 

(s, 6H, Hβ), 2.08 – 1.93 (m, 8H, H3), 1.87 – 1.76 (m, 2H, H4eq), 1.76 – 1.61 (m, 2H, H4ax). 

13C NMR (126 MHz, CD3OD) (E)-isomer: δ 154.0 (Ci), 137.1 (Cp), 131.4 (Cm’), 130.0 

(Cm), 129.0 (Co), 125.8 (Co’), 68.6 (Cα), 62.1 (C2), 47.2 (Cβ), 22.2 (C4), 21.1 (C3). After UV 

irradiation, (Z)-isomer was obtained with a purity of 96%. 1H NMR (500 MHz, CD3OD) 

(Z)-isomer: δ 7.57 (d, J = 7.8 Hz, 2H, Hm'), 7.45 – 7.43 (d, J = 7.8 Hz, 2H, Hp), 7.36 (d, J = 

8.1 Hz, 2H, Ho'), 6.93 (s, 2H, Ho), 4.39 (s, 4H, Hα), 3.14 (t, J = 5.8 Hz, 8H, H2), 2.78 (s, 6H, 

Hβ), 1.89 – 1.82 (m, 8H, H3), 1.77 – 1.69 (m, 2H, H4eq), 1.57 – 1.46 (m, 2H, H4ax). 
13C 

NMR (126 MHz, CD3OD) (Z)-isomer: δ 152.5 (Ci), 132.6 (Cp), 130.1 (Cm'), 127.8 (Cm), 

123.8 (Co), 123.7 (Co'), 67.0 (Cα), 60.6 (C2), 46.1 (Cβ), 30.1, 20.4 (C4), 19.4 (C3). λmax = 320 

nm [(E)-isomer]. HRMS [ESI+] m/z = 406.31014 [M]2+, calcd for [C26H38N4]
2+ m/z = 

406.30965. 
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4.4.4. 1,1'-{[Diazene-1,2-diylbis(4,1-phenylene)]bis(methylene)}bis(1-methylpiperidin-1-

ium) diiodide (p-1b) 

Following the general procedure, from diazene p-3b (31 mg, 0.08 mmol) and CH3I (14.35 

μL, 0.23 mmol) azocuronium salt p-1b was obtained as an orange solid (43 mg, 82% yield) 

of mp 291-231 ºC. (E)-Isomer purity: 95%. 1H NMR (300 MHz, CD3OD): δ 8.09 (d, J = 

8.4 Hz, 4H, Ho), 7.82 (d, J = 8.4 Hz, 4H, Hm), 4.72 (s, 4H, Hα), 3.58 – 3.47 (m, 4H, H2 eq), 

3.46 – 3.36 (m, 4H, H2ax), 3.08 (s, 6H, Hβ), 2.08 – 1.94 (m, 8H, H3), 1.87 – 1.75 (m, 2H, H4 

eq), 1.75 – 1.64 (m, 2H, H4 ax). 
13C NMR (75 MHz, CD3OD): δ 54.8 (Ci), 135.5 (Co), 131.8 

(Cp), 124.5 (Cm), 68.4 (Cα), 62.2 (C2), 55.9 (Cβ), 22.2 (C4), 21.1 (C3). λmax = 321 nm [(E)-

isomer]. HRMS [ESI+] m/z = 406.30984 [M]2+, calcd for [C26H38N4]
2+ 406.30965.  

 

4.4.5. 1,1'-{[Diazene-1,2-diylbis(3,1-phenylene)]bis(methylene)}bis(1-methylazepan-1-

ium) diiodide (m-1c) 

Following the general method, from diazene m-3c (80 mg, 0.20 mmol) and CH3I (18.3 μL, 

0.50 mmol) azocuronium salt m-1c was obtained as a yellow-orange solid (115 mg, 90%) 

of mp 145 ºC (decomposes). (E)-Isomeric purity: 98%. 1H NMR (500 MHz, D2O) (E)-

isomer: δ 8.09 – 8.06 (m, 2H, Ho'), 8.06 (bs, 2H, Ho), 7.76 – 7.73 (m, 4H, Hm', Hp), 4.63 (s, 

4H, Hα), 3.62 (dt, J = 14.2, 5.0 Hz, 4H, H2eq, H7eq), 3.39 (dt, J = 14.0, 4.8 Hz, 4H, H2ax, 

H7ax), 3.03 (s, 6H, CH3), 1.99 – 1.90 (m, 8H, H3, H6), 1.75 – 1.68 (m, 8H, H4, H5). 
13C 

NMR (126 MHz, D2O) (E)-isomer: δ 152.9 (Ci), 136.7 (Cp), 131.0 (Cm'), 129.5 (Cm), 127.6 

(Co), 125.1 (Co'), 68.5 (Cα), 64.7 (C2, C7), 50.6 (CH3), 28.0 (C4, C5), 21.8 (C3, C6). (Z) δ 

153.3 (Ci), 133.3 (Cp), 130.8 (Cm'), 129.5 (Cm), 124.7 (Co), 124.2 (Co'), 64.6 (C2, C7), 50.3 
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(CH3), 27.9 (C4, C5), 21.7 (C3, C6). (Z)-Isomer was obtained after UV irradiation. 1H NMR 

(500 MHz, D2O) (Z)-isomer: δ 7.55 (t, J = 7.9 Hz, 2H, Hm'), 7.43 (d, J = 7.7 Hz, 2H, Hp), 

7.30 (d, J = 8.0, 1.9 Hz, 2H, Ho'), 6.97 (s, 2H, Ho), 4.36 (s, 4H, Hα), 3.30 (dt, J = 14.0, 5.0 

Hz, 4H, H2eq, H7eq), 3.16 (dt, J = 14.0, 4.8 Hz, 4H, H2ax, H7ax), 2.76 (s, 6H, CH3), 1.85 – 

1.78 (m, 8H, H3, H6), 1.67 – 1.61 (m, 8H, H4, H5). 
13C NMR (126 MHz, D2O) (Z)-isomer: δ 

153.3 (Ci), 133.3 (Cp), 130.8 (Cm'), 129.5 (Cm), 124.7 (Co), 124.2 (Co'), 64.6 (C2, C7), 50.3 

(CH3), 27.9 (C4, C5), 21.7 (C3, C6). λmax = 319 nm [(E)-isomer]. HRMS [ESI+] m/z = 

434.34076 [M]2+, calcd for [C28H42N4]
2+ 434.34095. 

 

4.4.6. 1,1'-{[Diazene-1,2-diylbis(3,1-phenylene)]bis(methylene)}bis(1-methyl-1,2,3,6-

tetrahydropyridin-1-ium) diiodide (m-1d) 

Following the general procedure, from diazene m-3d (60 mg, 0.16 mmol) and and CH3I 

(14.6 μL, 0.40 mmol) azocuronium salt m-1d was obtained as a yellow-orange solid (82 

mg, 78% yield) of mp: 200 ºC (decomposes). (E)-Isomeric purity >99%. 1H NMR (500 

MHz, D2O) (E)-isomer: δ 8.12 – 8.09 (m, 2H, Ho), 8.08 (bs, 2H, Ho'), 7.79 – 7.76 (m, 4H, 

Hp, Hm'), 6.10 (d, J = 10.2 Hz, 2H, H4), 5.78 (d, J = 10.0 Hz, 2H, H3), 4.75 (d, J = 13.2 Hz, 

4H, 1Hα), 4.63 (d, J = 13.2 Hz, 2H, 1Hα), 4.10 (d, J = 16.5 Hz, 2H, H2eq), 3.78 (d, J = 16.4 

Hz, 2H, H2ax), 3.67 – 3.56 (m, 4H, H6), 3.09 (s, 6H, Hβ), 2.65 – 2.56 (m, 4H, H5). 
13C NMR 

(126 MHz, D2O) (E)-isomer: δ 153.0 (Ci), 136.7 (Cp), 131.0 (Cm'), 128.8 (Cm), 127.6 (Co), 

125.6 (C4), 125.3 (Co'), 118.9 (C3), 67.5 (Cα), 58.7 (C2), 57.8 (C6), 47.4 (Cβ), 21.6 (C5). 

After UV irradiation, (Z)-isomer was obtained. 1H NMR (500 MHz, D2O) (Z)-isomer: δ 

7.60 (t, J = 7.9 Hz, 2H, Hm'), 7.46 (d, J = 7.8 Hz, 2H, Hp), 7.39 (d, J = 8.2 Hz, 2H, Ho'), 6.94 
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(s, 2H, Ho), 6.03 (d, J = 10.4 Hz, 2H, H4), 5.66 (d, J = 10.6 Hz, 2H, H3), 4.47 (d, J = 13.2 

Hz, 2H, 1Hα), 4.37 (d, J = 13.1 Hz, 2H, 1Hα), 3.71 (d, J = 16.5 Hz, 2H, H2eq), 3.53 (d, J = 

16.5 Hz, 2H, H2ax), 3.39 – 3.32 (m, 2H, H6), 3.22 (dt, J = 12.9, 6.2 Hz, 2H, H6), 2.83 (s, 6H, 

Hβ), 2.48 (s, 4H, H5). 
13C NMR (126 MHz, D2O) (Z)-isomer: δ 153.3 (Ci), 133.3 (Cp), 130.9 

(Cm'), 128.3 (Cm), 125.5 (C4), 124.6 (Co'), 124.5 (Co), 118.6 (C3), 67.2 (Cα), 58.4 (C2), 57.4 

(C6), 47.2 (Cβ), 21.5 (C5). λmax = 321 nm [(E)-isomer]. HRMS [ESI+] m/z = 402.27886 

[M] 2+, calcd for [C26H34N4]
2+ 402.27835. 

 

4.4.7. 1-Methyl-1-[3-(phenyldiazenyl)benzyl]piperidin-1-ium iodide (m-5b) 

Following the general procedure, from diazene m-4b (125 mg, 0.45 mmol) and and CH3I 

(41.2 μL, 1.13 mmol) azocuronium salt m-1d was obtained as brown oil (110 mg, 58% 

yield). (E)-Isomer purity >99%. 1H NMR (500 MHz, CD3OD): δ 8.09 (t, J = 1.8 Hz, 1H, 

Ho), 8.07 (d, J = 7.8 Hz, 1H, Ho'), 7.97 – 7.93 (m, 2H, Ho''), 7.71 (t, J = 7.6 Hz, 1H, Hm'), 

7.70 – 7.64 (m, 1H, Hp), 7.59 – 7.54 (m, 3H, Hm'', Hp'), 4.44 (s, 2H, Hα), 3.54 – 3.49 (m, 2H, 

H2eq), 3.03 (dd, J = 12.0, 2.6 Hz, 2H, H2eq), 2.70 (s, 3H, CH3), 1.97 (dt, J = 15.4, 2.6 Hz, 

2H, H3eq), 1.85 (dt, J = 13.1, 3.8 Hz, 1H, H4eq), 1.79 – 1.73 (m, 2H, H3ax), 1.54 (dt, J = 12.7, 

3.8 Hz, 1H, H4ax). 
13C NMR (126 MHz, CD3OD): δ 154.4 (Ci), 153.8 (Ci'), 134.8 (Cp), 

132.9 (Cp'), 131.7 (Cm), 131.4 (Cm'), 130.4 (Cm''), 126.0 (Co), 125.8 (Co'), 123.9 (Co''), 61.4 

(Cα), 54.2 (C2), 35.4 (CH3), 24.1 (C3). λmax = 318 nm [(E)-isomer]. HRMS [ESI+] m/z = 

294.19714 [M]+, calcd for [C19H24N3]
+ 294.19702. 
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4.5. Thermodynamic solubility studies 

The solubility experiments were performed following described protocols [32,33]. From 

UV-spectra of compounds maximums were determined between wavelengths 270 and 400 

nm. A 10 mM stock solution of the corresponding compound in pH 7.4 phosphate 45 mM 

buffer was prepared and a calibration line was built by measuring the absorbance at the 

corresponding maximum wavelength of sequential dilutions of the stock solution in buffer 

in a 96-well plate containing 200 µL per point. The calibration line was accepted if 

R2>0.990, the residual value of each point <15% and the relative error of the quality control 

standard <15%. The solubility determination was made as follows: 200 µL of buffer 

solution were added over approximately 1 mg accurately weighted of the corresponding 

compound in order to achieve a saturated solution. The mixture was kept at rt in an orbital 

stirrer at 320 rpm for 24h and then centrifuged at 135 rpm for 15 min. 160 µL of the 

supernatant were transferred to a 96-well plate and diluted with 40 µL of buffer. The 

solubility was determined by extrapolation to the calibration line within the linearity range 

and expressed in mol/L. The experiments were run in triplicates. 

 

4.6. In vitro evaluation of the CNS-penetration (PAMPA-BBB assay)  

Prediction of the brain penetration was evaluated using the PAMPA-BBB assay, in a 

similar manner as previously described [34-40]. Pipetting was performed with a semi-

automatic robot (CyBi®-SELMA) and UV reading with a microplate spectrophotometer 

(Multiskan Spectrum, Thermo Electron Co.). Commercial drugs, phosphate buffered saline 

solution at pH 7.4 (PBS), and dodecane were purchased from Sigma, Aldrich, Acros, and 
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Fluka. Millex filter units (PVDF membrane, diameter 25 mm, pore size 0.45 μm) were 

acquired from Millipore. The porcine brain lipid (PBL) was obtained from Avanti Polar 

Lipids. The donor microplate was a 96-well filter plate (PVDF membrane, pore size 0.45 

μm) and the acceptor microplate was an indented 96-well plate, both from Millipore. The 

acceptor 96-well microplate was filled with 200 μL of PBS: EtOH (70:30) and the filter 

surface of the donor microplate was impregnated with 4 μL of porcine brain lipid (PBL) in 

dodecane (20 mg mL-1). Compounds were dissolved in PBS: EtOH (70:30) at 100 μg mL-1, 

filtered through a Millex filter, and then added to the donor wells (200 μL). The donor filter 

plate was carefully put on the acceptor plate to form a sandwich, which was left 

undisturbed for 240 min at 25 ºC. After incubation, the donor plate is carefully removed 

and the concentration of compounds in the acceptor wells was determined by UV/vis 

spectroscopy. Every sample is analyzed at five wavelengths, in four wells and at least in 

three independent runs, and the results are given as the mean ± standard deviation. In each 

experiment, 11 quality control standards of known BBB permeability were included to 

validate the analysis set. 

 

4.7. Measurement of cell viability with MTT 

Cell viability, virtually the mitochondrial activity of living cells, was measured by 

quantitative colorimetric assay with MTT (3-[4,5- dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide, Sigma Aldrich, Madrid, Spain), based on the ability of viable 

cells to reduce yellow MTT to blue formazan as described previously [41]. Briefly, cells 

were plated in wells of 96-well plates and incubated in presence of compounds at 37 °C for 
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24 h. At the end of the treatment, the medium was removed and the cells were incubated 

with 100 µl of MTT (5 mg/ml in phosphate buffered saline; PBS) in a fresh medium for 4 h 

at 37 °C. After 4 h, formazan crystals, formed by mitochondrial reduction of MTT, were 

solubilized in DMSO (150 µL per well). After mixing, the absorbance of the cells was 

measured at 540 nm. 

 

4.8. Photochemical characterization by UV/vis 

A solution of the corresponding azocuronium salt in H2O (100 μM) was placed in a 1 mL 

quartz cuvette (10 mm diameter) and absorption spectrum was recorded in a diodo-array 

UV-vis spectrophotometer (DH2000) under thermal relaxed conditions. Then, the solution 

was irradiated under either UV or blue light with a LED and the UV-vis spectrum was 

registered again.  

 

4.9. Radioligand binding assays at muscle-type nAChRs expressed in TE671 cells 

Cell membrane homogenates (60 µg protein) are incubated for 120 min at 22 °C with 0.5 

nM [125I]α-bungarotoxin in the absence or presence of the tested compound in a buffer 

solution containing 20 mM Hepes/NaOH (pH 7.3), 118 mM NaCl, 4.8 mM KCl, 2.5 mM 

CaCl2, 1.2 mM MgSO4 and 0.1% BSA. Nonspecific binding is determined in the presence 

of 5 µM α-bungarotoxin. Following incubation, the samples are filtered rapidly under 

vacuum through glass fiber filters (GF/B, Packard) presoaked with 0.3% PEI and rinsed 

several times with an ice-cold buffer containing 50 mM Tris-HCl, 500 mM NaCl and 0.1% 
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BSA using a 96-sample cell harvester (Unifilter, Packard). The filters are dried then 

counted for radioactivity in a scintillation counter (Topcount, Packard) using a scintillation 

cocktail (Microscint 0, Packard). The results are expressed as a percent inhibition of the 

control radioligand specific binding. The standard reference compound is α-bungarotoxin, 

which is tested in each experiment at several concentrations to obtain a competition curve 

from which its IC50 is calculated [49]. 

 

4.10. Radioligand binding assays at α7 neuronal nAChRs expressed in transfected SH-

SY5Y cells 

Cell membrane homogenates (20 µg protein) are incubated for 120 min at 37 °C with 0.05 

nM [125I]-bungarotoxin in the absence or presence of the tested compound in a buffer 

solution containing 50 mM K2HPO4/KH2PO4 (pH 7.4), 10 mM MgCl2 and 0.1% BSA. 

Nonspecific binding is determined in the presence of 1 µM α-bungarotoxin. After 

incubation, the samples are filtered rapidly under vacuum through glass fiber filters (GF/B, 

Packard) presoaked with 0.3% PEI and rinsed several times with ice-cold 50 mM Tris-HCl 

and 150 mM NaCl using a 96-sample cell harvester (Unifilter, Packard). The filters are 

dried then counted for radioactivity in a scintillation counter (Topcount, Packard) using a 

scintillation cocktail (Microscint 0, Packard). The results are expressed as a percent 

inhibition of the control radioligand specific binding. The standard reference compound is 

(+/-)-epibatidine, which is tested in each experiment at several concentrations to obtain a 

competition curve from which its IC50 is calculated [50]. 
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4.11. Radioligand binding assays at α4β2 neuronal nAChRs expressed in transfected SH-

SY5Y cells 

Cell membrane homogenates (60 µg protein) are incubated for 120 min at 22 °C with 0.5 

nM [125I]α-bungarotoxin in the absence or presence of the tested compound in a buffer 

solution containing 20 mM Hepes/NaOH (pH 7.3), 118 mM NaCl, 4.8 mM KCl, 2.5 mM 

CaCl2, 1.2 mM MgSO4 and 0.1% BSA. Nonspecific binding is determined in the presence 

of 5 µM α-bungarotoxin. Following incubation, the samples are filtered rapidly under 

vacuum through glass fiber filters (GF/B, Packard) presoaked with 0.3% PEI and rinsed 

several times with an ice-cold buffer containing 50 mM Tris-HCl, 500 mM NaCl and 0.1% 

BSA using a 96-sample cell harvester (Unifilter, Packard). The filters are dried then 

counted for radioactivity in a scintillation counter (Topcount, Packard) using a scintillation 

cocktail (Microscint 0, Packard). The results are expressed as a percent inhibition of the 

control radioligand specific binding. The standard reference compound is α-bungarotoxin, 

which is tested in each experiment at several concentrations to obtain a competition curve 

from which its IC50 is calculated [51]. 

 

4.12. Preparation of oocytes and RNA injections 

Xenopus laevis oocyte isolation, preparation and RNA injection were performed using 

methods published from the lab and elsewhere [52,53]. Animal protocols were approved by 

Institutional Animal Care and Use Committees at University of the Pacific and conform to 

the requirements in the Guide for the Care and Use of Laboratory Animals from the U.S. 

National Academy of Sciences. Frogs were purchased from Xenopus 1 (Dexter, MI). 
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Oocytes were maintained at 16-17 oC in an incubation solution of (in mM): 99 NaCl, 1 

KCl, 2 CaCl2, 1 MgCl2 or MgSO3, 10 HEPES, 2 pyruvic acid, and 20-50 mg/L of 

gentamycin. The incubation solution was titrated to pH 7.5 with NaOH. Results from many 

batches of oocytes were combined. 

For expression, plasmids encoding for the α1, β1, δ1, and γ1 subunits of the embryonic 

nAChR from rat were prepared in the laboratory from original samples kindly gifted by Dr. 

Roger Papke. The plasmids were transcribed into cRNA using a SP6 RNA polymerase kit 

(mMessage mMachine, Ambion). Oocytes were injected with a mix containing 2.5 ng of 

each in vitro-transcribed cRNA. Injected oocytes were kept in incubation solution at 16-17 

oC for 2-4 days before recordings. 

 

4.13. Electrophysiology 

Ionic currents were recorded using the two-electrode voltage-clamp (TEVC) technique 

employing a GeneClamp amplifier (Axon Instruments). For these recordings, the 

membrane potential was held at -60 mV with constant perfusion by recirculation. Two 

custom-made LEDs system built in the Villalba-Galea lab were used to drive 

photoisomerization. The LEDs were powered with 3.5-5V linear power sources. Their 

emission spectra were centered at 335-340 nm (UV light, Marktech Optoelectronics, 

MTE340H21-UV) and 400-450 nm (blue light, Marktech Optoelectronics, MT0380-UV-A, 

MTE4600P) were used to induce photo-isomerization of the compounds. All LED emission 

spectra had a 20-35 nm full width at half maximum per manufacturer specifications. The 
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LEDs were powered using an in house-built circuit controlled by the acquisition system to 

synchronize LED irradiation with the electrophysiological recordings. 

Receptor activation was driven by external application of ACh using a nano-injector 

(Nanoject II, Drummond Scientific) with a sharpen glass capillary. Briefly, 2.3 to 18.4 nL 

of 50 μM of ACh were applied on the surface of the oocytes at a rate of 46 nL/s. These 

“puffs” of ACh were allowed to freely diffuse for 100-1000 ms and subsequently washed 

out by recording solution recirculation. The wide range of “puff” volume used were 

adjusted to maximize response from the oocytes as 50 μM of ACh was already a saturating 

concentration for these receptors, as embryonic nAChR display an affinity for ACh below 

10 μM [9]. An in house-made micro-recirculation system was built using a piezoelectric-

based peristaltic pump (Bartels Mikrotechnik, Germany). The powering system for the 

pump was controlled by the acquisition system. The chamber volume was 100-150 μL and 

the total “dead” volume of the tubing and pump was 100 μL. 

For TEVC recordings, oocytes were bathed in a recording solution containing (in mM): 99 

NaCl, 1 KCl, 2 CaCl2, 1 MgCl2 or MgSO3, and 10 HEPES titrated to pH 7.4 with NaOH. 

Glass sharp electrodes (resistance = 0.2-2.0 MΩ) were filled with a solution containing (in 

mM) 1000 KCl, 10 HEPES and 10 EGTA, at pH 7.4 (KOH). Voltage control and current 

acquisition was performed using a USB-6251 multi-function acquisition board (National 

Instruments) controlled by an in house-made program coded in LabVIEW (National 

Instruments) (C.A. Villalba-Galea, details available upon request). In addition, the nano-

injector delivering the “ACh puffs”, the LEDs and the micro-recirculation system were 

controlled with the multi-function board to synchronize their actions. Current signals were 

filtered at 100 kHz, oversampled at 1-2 MHz, and stored at 5-25 kHz for offline analysis. 
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Data were analyzed using a custom Java-based software (C.A. Villalba-Galea, details 

available upon request) and Origin 2018 (OriginLab). 
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