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ABSTRACT 36 

 37 

Optical technologies allowing modulation of neuronal activity at high spatio-temporal resolution are 38 

becoming paramount in neuroscience. In this respect, azobenzene-based photoswitches are 39 

promising nanoscale tools for neuronal photostimulation. Here we engineered a novel light-sensitive 40 

azobenzene compound (Ziapin2) that stably partitions into the plasma membrane, and causes its 41 

thinning through trans-dimerization in the dark, resulting in an increased membrane capacitance at 42 

steady state. We demonstrated that in neurons loaded with the compound, millisecond pulses of 43 

visible light induce a transient hyperpolarization followed by a delayed depolarization that triggers 44 

action potential firing. These effects are persistent and can be evoked in vivo up to 7 days, proving the 45 

potential of Ziapin2 for the modulation of membrane capacitance in the millisecond time scale, without 46 

directly affecting ion channels or local temperature.   47 



 4

Optical technologies for the modulation of neuronal activity are becoming increasingly important in cell 48 

biology and neuroscience (1,2). Indeed, the possibility to obtain neuronal excitation or inhibition on 49 

demand not only has allowed an unprecedented power in interrogating and dissecting out the function 50 

of specific brain circuits, but has also opened new perspectives for treating neurological and 51 

psychiatric diseases (3).  52 

Optogenetics is the pioneering technique in neuro-optical technologies (3,4). Similar to optogenetics, 53 

the generation of tethered azobenzene photoswitches targeted to membrane bilayers (5-10) or linked 54 

to ion channels (11-16) allowed modulating ion channel dynamics and/or the electrical properties of 55 

the membrane in a light-dependent fashion.  56 

Extracellular photostimulation by light-sensitive interfaces represent an alternative strategy. Extended 57 

planar organic interfaces were used to achieve light-dependent modulation of the electrical state of 58 

neurons (17-21) that, at high light intensities, also involved a thermal effect (19,22,23). Similar results 59 

were obtained by increasing the local temperature with IR illumination of absorbers in contact with 60 

cells (24,25), thus increasing the membrane capacitance and in turn depolarizing the target cell. 61 

However, temperature rises of several degrees can be harmful to neurons, particularly if administered 62 

repeatedly. 63 

In this work, we engineered an amphiphilic azobenzene-based photoswitch to obtain an 64 

intramembrane actuator for inducing heatless membrane stress/perturbation upon irradiation with 65 

visible light. Our photochromic actuator, named Ziapin2, contains two ionic terminated alkyl chains that 66 

align with the phospholipid headgroups, and the azobenzene moiety end-capped with a hydrophobic 67 

azepane that can be folded/unfolded in a light-dependent manner. Incubation of the compounds with 68 

primary neurons showed that the molecules spontaneously partition into the membrane, where they 69 

preferentially distribute to membrane rafts and induce membrane thinning and increased capacitance 70 

through trans-dimerization. Transcis isomerization triggered by millisecond pulses of visible light 71 

displaces the hydrophobic end-group from the membrane core and causes a sharp and transient 72 

decrease in capacitance due to membrane relaxation that generates a transient hyperpolarization. In 73 
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neurons, the fast return of capacitance to the steady-state level is followed by action potential firing. 74 

Persistent light-evoked stimulation of Ziapin2-labeled mouse somatosensory cortex activity is also 75 

observed in vivo.  76 

 77 

  78 
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Synthesis and characterization of Ziapin2 79 

Amphiphilic azobenzenes have been previously reported for different applications (5). Herein, we were 80 

inspired by the initial work of Fujiwara and Yonezawa who showed that an aliphatic amphiphilic 81 

azobenzene derivative was able to change the capacitance of black lipid membranes in response to 82 

prolonged UV illumination (6-8), and by the subsequent work of Bazan and collaborators who reported 83 

that non-photochromic water-soluble distyrylstilbene oligoelectrolytes (DSSN+), capped at each end 84 

with nitrogen-bound terminally charged pendant groups, effectively localized to the membrane 85 

modifying its optical and electronic properties (9,10). Here, we combined a hydrophobic backbone 86 

containing the photoactive 4-4’ diaminoazobenzene substituted on one side with an azepane and on 87 

the opposite side with alkyl chains that are ω-substituted with cationic groups, i.e. pyridinium salts. 88 

The combination of the alkyl-substituted azobenzenes with a capping cation leads to amphiphilic 89 

species able to dwell inside the cell membrane (Ziapin2; Fig. S1 and Online Methods).  90 

Azobenzene molecules undergo transcis isomerization upon illumination with visible radiation (Fig. 91 

1a), with the reverse cistrans isomerization driven by either light or thermal excitation (26-28). 92 

Ziapin2 shows the typical UV-Vis absorption features of para amino-substituted azobenzenes, with a 93 

strong absorption peak centered at 470 nm (Fig. 1b), attributed to the ππ* transitions of the trans 94 

isomer (28). Irradiation with blue light leads to transcis isomerization as seen from the concomitant 95 

bleaching of the trans isomer absorption and increase of the cis conformer absorption. A well-defined 96 

and relatively fast collective photoswitching dynamics of Ziapin2 in DMSO was detected by measuring 97 

the decrease of absorbance at 470 nm vs irradiation time (Fig. 1c). Also the steep time-dependent 98 

decrease in Ziapin2 photoluminescence (PL) at 540 nm in DMSO upon blue light exposure (Fig. 1d,e) 99 

can be related to the photoisomerization-induced reduction in the trans population, due to the 100 

negligible PL quantum yield of the cis isomer. Indeed, the excitation profile of the normalized change 101 

in PL (Fig. S2a,b) follows the absorption profile of the trans isomer, confirming its relation to the 102 

isomerization process. We estimated a transcis photoisomerization coefficient kτ = 16.9 cm2 J-1 and 103 

a cistrans thermal rate y = 0.06 s-1 (red line in Fig. 1e; see Online Methods). A complete 104 
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suppression of the Ziapin2 photoswitching was observed in water as compared to DMSO (Fig. 1f), 105 

likely caused by strong aggregation of Ziapin2 (29). The formation of aggregates was also 106 

corroborated by the redshift of Ziapin2 PL (82 nm, Fig. S2c,d) and absorption (22 nm, Fig. S2e) in 107 

water. To disentangle a possible fast relaxation behavior from a complete isomerization suppression 108 

of Ziapin2 in water, we carried out time-resolved PL measurements in the picosecond time regime 109 

(Fig. S2f). These data indicate a strong difference in the deactivation path for Ziapin2 in the two 110 

solvents, with a relatively fast emission lifetime in DMSO (8 ps), consistent with the photoisomerisation 111 

reaction, and a marked slowdown of the lifetime in water (26 ps) due to the formation of molecular 112 

aggregates. Interestingly, in SDS we observed a 25% decrease of the lifetime when compared to 113 

water, an effect that can be attributed to the partially recovered isomerization ability of membrane-114 

embedded Ziapin2. Aggregation was also investigated by UV-Vis and PL spectra as a function of 115 

concentration (Fig. S3a-c) and upon water addition (Fig. S3d-f). While normalized absorption spectra 116 

of Ziapin2 show little dependence on concentration, PL exhibits a linear redshift, suggesting the 117 

occurrence of an excited state interaction. Abs/PL spectra for Ziapin2 at fixed concentration (25 µM) 118 

and different DMSO/water ratios show a growing a redshift upon water addition alongside an increase 119 

of PL intensity  (Figure S3d-f). The broad, featureless and Stokes-shifted emission suggests the 120 

formation of aggregates with an excimeric-like deactivation, similarly to what observed for confined 121 

azobenzene derivatives in nanostructured silica (30). 122 

Interestingly, the PL spectra of Ziapin2 in sodium dodecyl sulfate (SDS) micelles, mimicking the 123 

bilayer environment (31), and in cell membranes essentially coincide lying between DMSO and water 124 

spectra (Fig. S2c). Total internal reflection fluorescence (TIRF) microscopy on model bilayers 125 

composed of either phosphatidylcholine (PC) or a mixture of PC, cholesterol and sphingomyelin (SM), 126 

mimicking the composition of lipid rafts, confirmed the spectral overlap between Ziapin2 PL in SDS 127 

micelles, model membranes and raft-like membranes (Fig. S4). Similarly, the photoswitching 128 

dynamics in either SDS micelles (Fig. S2d) or cell membranes (Fig. 1f) resulted intermediate between 129 

the fast photoswitching behavior in DMSO and the frozen photodynamics observed in aqueous media. 130 
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The non-exponential PL decay in the cell membrane (Fig. 1g) reflects the relaxation time distribution 131 

in disordered environments, such as lipid rafts or local phase/thickness changes. Although the 132 

molecular event of photoisomerization occurs in the sub-ps time scale, the sizable change observed in 133 

the time evolution of the isomeric populations in the ensemble is associated with a macroscopic 134 

fraction of isomerized molecules.  All these findings suggest that the partition of the molecule in lipid 135 

membranes avoids the aggregation of Ziapin2, enabling effective isomerization and light-controlled 136 

photoswitching.  137 

 138 

Ziapin2 increases membrane capacitance 139 

We performed Molecular Dynamics (MD) simulations placing one molecule of Ziapin2 in trans 140 

conformation in the water region, parallel to a PC membrane and in different orientations. In three 141 

simulations, the molecule entered the bilayer within 100 ns, and remained in the membrane for the 142 

rest of the trajectory (Fig. 2a,b). In all cases Ziapin2 entered the membrane by first piercing it with the 143 

azobenzene side, and then moving towards the center of the bilayer by keeping the elongated axis 144 

almost parallel to the bilayer normal (Fig. 2a; I-IV). The insertion stopped when the positively charged 145 

pyridine rings were at the level of the lipid heads, coordinated by phosphate groups. Interestingly, in a 146 

different simulation, one Ziapin2 molecule placed at the center of the bilayer and parallel to it, reached 147 

very rapidly (< 5 ns) the same equilibrium position. The insertion process was quantitatively studied by 148 

calculating the associated free energy profile (Fig. 2c). We found essentially no barrier for Ziapin2 149 

adsorption in the membrane, a pronounced minimum at the equilibrium position spontaneously 150 

obtained before, and a barrier for membrane desorption to water of ≅12 kcal·mol−1 (0.52 eV).  151 

Before studying the cellular distribution and effects of Ziapin2 in neurons, we demonstrated that 152 

Ziapin2 did not elicit any toxic or inflammatory reaction  in neurons (Fig. S5, Fig. S6).  153 

Next, primary hippocampal neurons loaded with Ziapin2 were live-stained with the plasma membrane 154 

reporter Cell Mask and subjected to 3D confocal imaging (Fig. 2d). The quantification revealed that 155 

more than 70% of Ziapin2 was localized to the neuronal surface, with a coverage of ≈15% of the total 156 
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membrane surface (Fig. 2d-f), that progressively decreased over time (t1/2 = 36.4 h, Fig. S7a). The 157 

occurrence of fluorescence resonance energy transfer (FRET) between Ziapin2 and Cell Mask further 158 

demonstrates that Ziapin2 is strictly localized to the membrane bilayer (Fig. S7b,c).  159 

Given the punctate distribution of Ziapin2 fluorescence on the plasma membrane, we evaluated the 160 

colocalization of Ziapin2 with lipid rafts (32) by live labeling with cholera toxin β-subunit, and high-161 

resolution fluorescence microscopy with structured light (SIM; Fig. 2e). Interestingly, the percentage of 162 

Ziapin2 colocalizing with lipid rafts (≈60%) was only slightly smaller than that observed with Cell Mask 163 

and covered a significantly higher proportion (≈25%) of the total raft surface with respect to Cell Mask 164 

(Fig. 2e,f). To unambiguously demonstrate the propensity of Ziapin2 for lipid rafts, we treated primary 165 

neurons with methyl-β-cyclodextrin (MβCD) to partially deplete membrane cholesterol and decrease 166 

the density of lipid rafts (≈50% decrease based on Filipin staining; Fig. S8a; Fig. 2g). Strikingly, 167 

MβCD markedly altered the punctate distribution of Ziapin2 in the membrane, by decreasing the 168 

density of Ziapin2-positive puncta and increasing the Ziapin2-positive areas, indicative of release of 169 

the probe from the rafts and its dispersion within the membrane (Fig. 2g,h). 170 

Spatially resolved membrane thickness maps calculated from simulations of multiple Ziapin2 171 

molecules in trans or cis conformations revealed the presence of thinner bilayer regions  in the trans 172 

case (Fig. 3a; Fig. S9). Indeed, trans Ziapin2 molecules anchored to the opposite leaflets of the 173 

membrane form dimers via backbone interaction, pulling lipid heads towards the center of the bilayer 174 

and resulting in a local depression of the membrane (Fig. 3a, left panels). Conversely, when Ziapin2 is 175 

in cis conformation, the hydrophobic tails of opposed molecules are too far from each other to 176 

dimerize, leaving the membrane thickness unperturbed (Fig. 3a, right panels). A similar bilayer 177 

depression, associated with trans Ziapin2 dimerization, was observed in a lipid raft model (Fig. 3b).  178 

We then investigated by atomic force microscopy (AFM) whether insertion of Ziapin2 in artificial 179 

membranes affects bilayer thickness. According to MD predictions, incorporation of trans Ziapin2 in 180 

unilamellar liposomes composed of either PC or a raft-like mixture induced a significant reduction in 181 
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membrane thickness that was more extended and pronounced in the raft-mimicking environment (Fig. 182 

3c,d; Fig. S10).  183 

Given the inverse proportionality between capacitance and thickness, we measured the capacitance 184 

of stably preformed planar membranes of PC or raft-like composition after addition of trans Ziapin2 to 185 

one or both sides of the bilayer. Unilateral addition of Ziapin2 increased the bilayer capacitance in both 186 

types of membrane,  an effect that became significantly larger when Ziapin2 was added on both sides 187 

(Fig. 3e; Fig. S11a).  188 

We then checked whether Ziapin2 in the dark had any effect on capacitance in a simple cell model 189 

(Hek293; Fig. 3f).  The addition of Ziapin2 induced a significant increase in capacitance (32.1 ± 1.7 190 

pF), likely attributable to the bilayer thinning caused by Ziapin2 trans-dimerization, while the DMSO 191 

vehicle was ineffective (26.4 ± 1.4 pF; see Suppl. Materials and Fig. S11b-d).  192 

 193 

Light-induced neuronal activity by Ziapin2 in vitro 194 

MD simulations predict that light-induced transcis photoconversion of Ziapin2 would relax the 195 

membrane towards its native thickness (Fig. S12), thereby reversing the effect on membrane 196 

capacitance. When light stimuli were administered to Ziapin2-loaded Hek293 cells, the increased 197 

capacitance returned toward basal levels (mean decrease ± sem: 4.4 ± 0.5 pF), while vehicle-loaded 198 

cells did not respond to light (Fig. S13a; cfr Fig. 3f). Such effect was associated with membrane 199 

hyperpolarization, peaking ≈13 ms after light onset and followed by a delayed depolarization (Fig. 200 

S13b,c), as reproduced  by a numerical simulation of the membrane equivalent circuit (Fig. S13d). 201 

We next tested the physiological effects of Ziapin2 in primary hippocampal neurons (Fig. 4a). In the 202 

dark, a significant capacitance increase was observed (from 32.4 ± 1.7 pF to 53.3 ± 6.0 pF; Fig. 4b), 203 

without significant changes in other passive membrane properties (Figs. S11e-g and S14a). When 204 

Ziapin2-loaded neurons were photostimulated, a fast and significant capacitance drop (mean 205 

decrease ± sem: 6.5 ± 1.1 pF) was observed, followed by a slow return to the pre-illumination level 206 

(Fig. 4b). The change in capacitance peaked few ms after light onset and was not significantly 207 
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different between 20 and 200 ms of light stimulation. Notably, a significant correlation was observed 208 

between the trans Ziapin2 capacitance increase and the light-induced capacitance drop (Fig. 4b).  209 

Ziapin2-labeled neurons showed a biphasic modulation of the membrane potential characterized by an 210 

early hyperpolarization, with a time course overlapping with the capacitance change, followed by a 211 

delayed depolarization of similar amplitude (Fig. 4c,d). While the hyperpolarization peak occurred with 212 

similar latency with 20 or 200 ms, the peak depolarization was delayed with 200 ms stimuli (Fig. 4e). 213 

To distinguish intrinsic effects from the effects of the reverberant network of synaptic connections, we 214 

employed blockers of excitatory and inhibitory synaptic transmission. Under these conditions, the 215 

magnitude and timing of hyperpolarization were unaffected (Fig. 4c,d; p=0.79 and p=0.69, Mann-216 

Whitney U-test), while the amplitude of the depolarization was significantly decreased (Fig. 4c,d; 217 

p<0.01 for both 20 and 200 ms stimuli, Mann-Whitney U-test), similarly to that observed in Hek293 218 

cells (Fig. S13b,c). These data indicate that light-induced hyperpolarization is an intrinsic effect 219 

resulting from the drop in capacitance, while the late depolarization response of neurons is amplified 220 

by the network synaptic transmission.  221 

We then ran voltage-clamp experiments in Ziapin2-loaded neurons to build I/V plots of the light-222 

induced transient capacitive current. Light stimulation (20 ms) elicited outward and inward currents at 223 

negative and positive potentials respectively, with an inversion at approximately 0 mV, as expected by 224 

a pure capacitive current. Consistently, no changes were observed in the I/V plots when choline 225 

replaced extracellular Na+, or a cocktail of ion channel blockers for passive and active conductances 226 

was used (Fig. S15a,b; see Online Methods). These treatments also left unaltered the 227 

hyperpolarization response to light when the recording was switched to current-clamp (Fig. S15c,d). 228 

The hyperpolarization response to light of neurons that had been partially depleted of membrane 229 

cholesterol by MβCD (see above; Fig. S8a,b) was then investigated. Cholesterol depletion reduced 230 

the amplitude of light-evoked hyperpolarization in Ziapin2-labeled neurons, suggesting that clustering 231 

of Ziapin2 molecules at cholesterol-enriched membrane domains is essential for enhancing the light-232 

dependent effects on membrane thickness (Fig. S8b,c).  233 
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Morphological studies indicated that ~30% of the initial Ziapin2 labeling was present on the plasma 234 

membrane 7 days after loading, with a parallel reduction of light-evoked hyperpolarization with respect 235 

to acute Ziapin2 (Fig. 4f, Fig. S7). However, the delayed depolarization was only slightly decreased 236 

(Fig. 4f), suggesting that the reduced membrane Ziapin2 concentration decreases the extent of light-237 

evoked capacitance drop, leaving the return to basal capacitance relatively unaffected.  238 

The steady increase in membrane capacitance induced by Ziapin2 in the dark significantly increased 239 

the rheobase and slowed down APs spontaneous frequency. Analysis of the AP waveform by phase 240 

plane plot revealed a slowdown of the rising and repolarizing slopes and an increased AP half-width, 241 

in the absence of changes in AP amplitude (Fig. S14b,c). We then examined the ability of light 242 

stimulation to elicit APs in Ziapin2-loaded neurons acutely and 7 days after membrane labeling (Fig. 243 

5a-c). Light stimulation elicited a significant increase of AP frequency (Fig. 5a). Such result was even 244 

more striking in the presence of synaptic blockers that abolished spontaneous light-independent firing 245 

(Fig. 5b). Light-evoked firing was persistent over time, as shown 7 days after Ziapin2 labeling in the 246 

presence of synaptic blockers (Fig. 5c). Peristimulus time histogram (PSTH) analysis showed that 247 

light reliably induced AP firing activity. AP firing peaked after light offset for short stimuli and during the 248 

light phase for long stimuli (Fig. 5d-g). Interestingly, repetitive firing was obtained with light pulse 249 

trains of 200 ms at 1 Hz or 20 ms at 5 Hz, with only occasional failures (Fig. 5h). Phase plane plot 250 

analysis of AP waveforms (Fig. 5i) revealed that light-evoked APs were characterized by increased 251 

rising/repolarization slopes and peak amplitudes, consistent with the light-induced drop in membrane 252 

capacitance. 253 

Comparable light-evoked physiological effects of Ziapin2 described in murine neurons were also 254 

observed in human neurons differentiated from induced pluripotent stem cell (iPSC) clones generated 255 

from skin fibroblasts of healthy volunteers (Fig. S16; 33). We also compared the Ziapin2 effects with 256 

the photostimulation of primary neurons transduced with the ultrafast microbial opsin ChETA, a light-257 

dependent cationic channel (34) (Fig. S17). As expected from a light-gated ion channel, ChETA 258 

induced a larger Vm modulation than Ziapin2 at all stimulus durations, although the peak-to-peak 259 
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difference reached significance only in the presence of synaptic blockers (Fig. S17a). Notably, no 260 

significant differences were observed in the latency to the peak Vm change in the absence of APs (Fig. 261 

S17a), as well as in the light-induced firing probability measured both at the resting membrane 262 

potential (-53.6 ± 0.9 mV) and with neurons depolarized near threshold (-35 mV; Fig. S17c). However, 263 

ChETA was faster in the latency to the first light-induced AP (Fig. S17d). Waveform analysis of light-264 

evoked APs failed to detect differences between ChETA- and Ziapin2-labeled neurons, indicating that 265 

the light-induced decrease in capacitance in Ziapin2-loaded neurons normalized the AP dynamics 266 

(Fig. S17e). 267 

 268 

Light-induced cortical activity by Ziapin2 in vivo 269 

Ziapin2 or vehicle was injected in the somatosensory cortex of mice, subsequently implanted with a 270 

multielectrode array coupled with an optical fiber (Fig. 6a). Cortical responses to light-stimuli were 271 

measured shortly after surgery (30-60 min) and 1, 4 and 7 days after the Ziapin2 injection. Ziapin2 272 

fluorescence analyzed in brain slices showed a diffusion diameter in the range of 1 mm and persisted 273 

up to 7 days from injection (Fig. 6b). Immunohistochemistry in cortical slices at the injection site 274 

performed 7 days after the injection demonstrated that Ziapin2 did not alter the inflammatory reaction 275 

to the surgery, as evaluated by the expression of GFAP and Iba1, specific markers for astrocytes and 276 

microglia, respectively (Fig. S18). Optical stimulation at various power densities induced activation of 277 

cortical activity evaluated as extracellular local field potentials (LFPs) that peaked at about 200 ms 278 

after light-onset (Fig. 6c). Ziapin2 induced a significant dose-dependent increase in the LFP amplitude 279 

with respect to vehicle-injected animals that was more pronounced for 200 ms stimuli (Fig. 6d). 280 

Analysis of the time-course of the light-evoked LFP responses revealed that the optical stimulation of 281 

cortical activity persisted up to 7 days after injection (Fig. 6e,f). 282 

 283 

Conclusions 284 
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We report here on a new opto-mechanical effect driven by intramembrane molecular machines 285 

composed of clustered photochromic molecules. The predictions by MD simulations, confirmed by 286 

experimental observations on artificial membranes, are consistent with a model in which the 287 

hydrophobic azepane-substituted aniline in the amphiphilic azobenzenes on the two sides of the 288 

membrane interact when in trans configuration, retracting to cis after photoconversion. This brings 289 

about shrinkage of the membrane upon trans Ziapin2 loading, that eventually relaxes to the natural 290 

thickness following light-induced Ziapin2 dissociation. The evoked relaxation increases membrane 291 

thickness, thus transiently decreasing its capacitance.  292 

Ziapin2 differentiates from previously reported capacitance-changing azobenzene-cored amphiphilic 293 

probes containing long alkyl chains (6-8, 35,36) for distinctive functional groups and features, namely: 294 

(i) the two hexyl chains ω-terminated with pyridinium bromide that target the membrane (35,36); (ii) the 295 

presence of an amine on both azobenzene sides that, as strong electron-donor group, red-shifts 296 

azobenzene absorption to the visible; (iii) the azepane moiety that mediates the formation of trans-297 

Ziapin2 dimers through the interaction between two facing Ziapin2 molecules on opposite bilayer 298 

leaflets.  Thanks to these features, Ziapin2 responds to millisecond range visible light stimuli by 299 

deforming the membrane and causing the fast physiological effects. 300 

The light-induced capacitance drop generates a pure capacitive current responsible for a 301 

hyperpolarizing shift that depends on membrane coverage and rate of capacitance change. These 302 

effects do not involve ion channels, being recapitulated by Hek293 cells and neurons subjected to 303 

intra/extracellular blockade of membrane conductances. Thus, we are exploiting a novel membrane 304 

nanomachine with a mechanical effect at the molecular scale. 305 

 Although the existence of lipid rafts is a matter of controversy (37), photochromic molecules 306 

have been already targeted to lipid rafts (38). The propensity of Ziapin2 to localize to cholesterol and 307 

sphingolipid-enriched membrane microdomains is functionally important. Indeed, the membrane 308 

thinning effect, evaluated by AFM, was amplified in raft-like bilayers, and disruption of lipid rafts 309 

caused disappearance of Ziapin2 clusters and decrease of light-induced hyperpolarization. 310 
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 Several papers reported a link between temperature-dependent decrease in membrane 311 

thickness, increased capacitance and depolarization (22-25), demonstrating that membrane 312 

capacitance is effective in modulating neuronal activity. In the dark, Ziapin2-induced increase in 313 

capacitance renders neurons less excitable and more refractory to membrane-voltage changes. This 314 

stabilization of neuronal activity is a potentially exploitable effect in the regulation of network 315 

excitability and in demarcating the discharge areas in neuronal networks. In response to light 316 

stimulation, Ziapin2 controls AP firing through two cooperating mechanisms: (i) the fast light-induced 317 

Cm decrease, generating hyperpolarization, followed by a slower Cm increase at the light offset, 318 

associated with rebound depolarization, as predicted by the equivalent circuit simulation; (ii) 319 

membrane hyperpolarization may cause an “anode break excitation” at the light-offset, decreasing 320 

outward K+ current and removing Na+ channel inactivation (39). The rebound post-hyperpolarization 321 

AP firing depends on the duration of membrane hyperpolarization (40), explaining the limitation in the 322 

maximal stimulation frequency that can be achieved. 323 

Neurons display larger depolarization, with respect to Hek293 cells, that is sensitive to synaptic 324 

transmission, which instead does not affect hyperpolarization. Depolarization may contribute to the 325 

light-evoked firing through a positive feedback within the network mediated by excitatory synaptic 326 

transmission. In this respect, using conjugated polymer interfaces, we previously showed that light-327 

induced inhibition is followed by a rebound depolarization and firing (19,23), indicating that the fast 328 

return of capacitance and voltage to basal levels is responsible for neuronal activation.  329 

 With respect to optogenetic light-gated ion channels such as ChETA, Ziapin2 does not 330 

interfere with ionic fluxes or reversal potential of membrane conductances, but directly targets passive 331 

membrane properties. Although the Ziapin2 effect is slower than that of a light-driven ion channel, it 332 

has a comparable ability in eliciting of APs.  333 

 Ziapin2 is not harmful to primary neurons, and neuronal activation by Ziapin2 is persistent in 334 

vitro, in spite of the slow decrease of the plasma membrane concentration due to membrane turnover. 335 

Moreover, Ziapin2 is effective in inducing a light-dependent electrical activation of the cortical 336 
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networks after in vivo injection in the somatosensory cortex of the mouse, with a sustained effect of 337 

photostimulation and a complete absence of inflammatory responses to the compound, paving the 338 

way to their potential future in vivo applications. 339 

 In conclusion, our new amphiphilic photochromic molecules have several characteristics that 340 

differentiate them from previous compounds, namely: (i) marked affinity for the hydrophobic 341 

environment of the membrane; (ii) high tolerability and sensitivity to the visible spectrum; (iii) reversible 342 

photoinduction of local membrane deformations altering membrane capacitance, potential and firing in 343 

the absence of heat generation; (iv) effectiveness and prolonged effects in vivo. In view of these 344 

features, these molecules display a high potential for future applications in neurosciences and 345 

biomedicine. 346 
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FIGURE LEGENDS 549 

 550 

Figure 1. Transcis isomerisation of Ziapin2 in various environments 551 

(a) Schematics of the isomerisation process in Ziapin2. (b,c) Changes in the Ziapin2 absorbance 552 

spectrum (25 μM in DMSO) as a function of time (b) and time-course of absorbance at 450 nm upon 553 

illumination with a diode laser (c). The collective photoswitching dynamics upon light exposure, 554 

reveals a well-defined and relatively fast photoreaction dynamics of Ziapin2 in DMSO, reaching a 555 

photostationary population after about 100 s of illumination and achieving a complete recovery with a 556 

t1/2 of 108 s in the dark at room temperature. While the photoisomerisation process occurs typically in 557 

the picosecond range, the population dynamics toward the photostationary state takes much longer, 558 

depending on the conformer thermodynamic stability and molecular environment. (d,e) Changes in the 559 

Ziapin2 PL spectrum (25 μM in DMSO) as a function of time (d) and time course of the emission at 560 

540 nm upon excitation at 450 nm with a Xenon lamp (e). The red line is the numerical model 561 

employed to describe the time-evolution of the fluorescence signal. (f) Photoswitching/relaxation 562 

dynamics of Ziapin2 in DMSO, Hek293 cells and water acquired by exciting at 450 nm and collecting 563 

the emission at 540, 580 and 620 nm, respectively. (g) Zoom on the PL dynamics in Hek293 cells, 564 

highlighting the stretched exponential decay. Such function takes into account the distribution of 565 

relaxation times occurring in disordered environments. 566 

 567 

Figure 2. Ziapin2 distributes to the plasma membrane and lipid rafts in neurons 568 

(a) Snapshots extracted from an MD simulation showing Ziapin2 (trans) spontaneously entering the 569 

membrane (PC lipid model) at consecutive time frames (I-IV); lipid phosphate atoms are shown as 570 

orange spheres, and acyl chains as grey lines; water molecules are not reported for clarity.  (b) Time 571 

dependence of the distance between the center of mass (COM) of Ziapin2 and the bilayer center in 572 

three independent simulations; the dashed line indicates the interface between water and lipid head 573 

groups. (c) Free Energy profile for Ziapin2 (trans) entering the membrane bilayer, calculated versus 574 
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the distance between the bilayer center and the center of mass of the two pyridinic nitrogens of 575 

Ziapin2. (d) Primary neurons pulse exposed to Ziapin2 for 7 min were stained with the specific plasma 576 

membrane reporter Cell Mask (red) to evaluate the membrane incorporation of Ziapin2 (green). Scale 577 

bars: (d) 10 and 20 μm for large and small panels, respectively. (e) Primary neurons pulse exposed to 578 

Ziapin2 (green) for 7 min were stained with the specific lipid raft marker Vybrant™ Alexa Fluor™ 555 579 

(red) with or without pretreatment with methyl-β-cyclodextrin (MβCD) to deplete cholesterol and 580 

imaged by Structured Illumination Microscopy (SIM). Scale bars: 5 and 2 μm for large and small 581 

panels, respectively. (f) Analysis of z-stack confocal images of Cell Mask/Ziapin2 and Vybrant/Ziapin2 582 

double-stained neurons. Upper panel: Partitioning of Ziapin2 to the plasma membrane and lipid rafts 583 

was evaluated as the percentage of total cell Ziapin2 fluorescence colocalizing with the respective 584 

marker 7 min after loading and subsequent washout. Means ± sem with individual experimental points 585 

are shown. Lower panel: Percentage of the total plasma membrane (Cell Mask staining) or lipid raft 586 

domains (Vybrant staining) that were positive for Ziapin2 7 min after loading. Means ± sem with 587 

individual experimental points are shown. The Vibrant/Cell Mask surface ratio, determined in parallel 588 

samples double labeled with the two probes was 71 ± 2%. **p<0.01; ***p<0.001, unpaired Student's t-589 

test (n = 26 and 39 for Cell Mask and Vybrant staining, respectively, from 3 independent primary 590 

neuronal preparations). (g) Effects of cholesterol depletion on the membrane distribution of Ziapin2. 591 

Representative images of Ziapin2 clusters acquired by SIM imaging in control neurons and neurons 592 

pretreated with MβCD. Scale bars: 2 μm. The line-scan fluorescence intensity plots reveal a dot-593 

pattern profile for Ctrl samples (black traces) and a more diffuse signal for MβCD-treated cells (red 594 

traces). (h) The density of Ziapin2 clusters and of Vybrant-labeled rafts (puncta/μm2) and their 595 

average size were evaluated washout in untreated (Ctrl) and MβCD-treated neurons after 7 min of 596 

Ziapin2 labeling and subsequent live staining with Vybrant to label lipid rafts. Means ± sem with 597 

individual experimental points are shown. **p<0.01; ***p<0.001, Kruskal-Wallis/Dunn’s test (n = 20 for 598 

Ctrl and MβCD, respectively, from 3 independent neuronal preparations). 599 

 600 
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Figure 3. Ziapin2 reversibly modifies membrane thickness in artificial membranes, cell lines 601 

and neurons 602 

(a) Upper panels: Average membrane thickness maps, shown perpendicular to the bilayer plane, for 603 

the simulations of Ziapin2 (8 molecules) in trans (left) and cis (right) conformations, respectively. 604 

Ziapin2 molecules were embedded in phosphatidylcholine (PC) model membranes. For the two 605 

Ziapin2 conformations, simulations (200 ns/trajectory) were started with the molecule in the 606 

equilibrium position. In both cases, the position along the bilayer normal was stationary over the whole 607 

trajectory, while the orientation fluctuated between a parallel and a perpendicular state. Axis and 608 

thickness values are in Å. Lower panels: Snapshots from simulations of Ziapin2 (8 molecules) in trans 609 

(left) and cis (right) conformations, respectively.  (b) Upper panels: Average thickness maps of a raft 610 

membrane model (simulations with 8 Ziapin2 molecules in trans (left) and cis (right) conformations, 611 

respectively). The raft membrane model is composed of a mixture of PC, SM and cholesterol (CHO) 612 

(1:1:1). Axis and thickness values are in Å.  Lower panels: Snapshots from the simulations of 8 613 

Ziapin2 molecules in trans (left) and cis (right) conformations. PC lipid molecules are shown as grey 614 

lines, and phosphate atoms as orange spheres; cholesterol and SM molecules are shown as red and 615 

blue lines, respectively; water molecules and ions are not reported for clarity. (c) AFM maps realized 616 

in liquid environment on lipid bilayers formed either by PC (top) or PC:SM:CHO (bottom) on mica and 617 

exposed to Ziapin2 or DMSO. Maps of Ziapin2-containing bilayers show the spatial distribution of 618 

depressed areas and the fine structure of the roughness modulation (left and middle panels at 619 

different magnification), while DMSO containing bilayers show a very well preserved uniformity (right). 620 

(d) Top: Bilayer thickness after Ziapin2 incorporation in the dark with respect to the untreated nominal 621 

value (broken line). Bottom: Ratio between the area of depressed membrane and the total lipid-622 

covered area. Raft-like bilayers show a higher decrease in thickness (top) and a more extended area 623 

of depression (bottom) when exposed to Ziapin2 if compared with single PC bilayers. The effects of 624 

Ziapin2 on thickness and depressed area are statistically significant for both types of bilayer (p<0.05 625 

for both PC and PC:SM:CHO, one sample Student t-test) and significantly more pronounced in raft-626 
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like than in pure PC membranes (***p<0.001, Mann-Whitney U-test, n = 7 and 9 for PC and 627 

PC:SM:CHO, respectively). (e) Planar lipid membrane experiments realized with PC (left) or 628 

PC:SM:CHO (right) show a systematic increase of capacitance measured across the bilayers when 629 

Ziapin2 was present in both recording chambers with respect to the sole insertion in one of the two 630 

sides. *p<0.05, Mann-Whitney U-test (n = 6 and 5 for Ziapin2 and DMSO, respectively for each type of 631 

bilayer). (f) Evaluation of cell capacitance changes (means ± sem) by patch-clamp recordings after 632 

exposure of Hek293 cells to either DMSO (0.25% v/v; black) or Ziapin2 (5 µM in DMSO; red) in the 633 

dark. °°°p<0.001, Mann Whitney U-test (n = 8  and 9 for DMSO and Ziapin2, respectively).    634 

 635 

Figure 4. Light-evoked membrane voltage modulation by Ziapin2 in primary neurons  636 

(a) Primary hippocampal neurons at 14 DIV were incubated with Ziapin2 for 7 min, washed and 637 

recorded by whole-cell patch-clamp either immediately after pulse labeling or 7 days after. Scale bar, 638 

20 μm.  (b) Left: Representative averaged capacitance traces of neurons pulse labeled with either 639 

DMSO (0.25% v/v; black traces) or Ziapin2 (5 µM in DMSO; red traces), washed and recorded in 640 

current-clamp configuration in the presence of synaptic blockers before and after light stimulation (470 641 

nm; 18 mW/mm2; cyan-shaded areas). In the bottom panel, single cell correlation between the 642 

capacitance increase in the dark upon Ziapin2 addition (X-axis) and the phasic capacitance drop 643 

induced by light (Y-axis). Pearson's correlation coefficient -0.801, p<0.05. Right: Box plots of the peak 644 

capacitance changes after exposure of neurons to either DMSO (0.25% v/v; black) or Ziapin2 (5 µM in 645 

DMSO; red) in the dark (DMSO, n=11; Ziapin2, n=13) and subsequent illumination in the presence of 646 

the compound and of synaptic blockers. The same neurons were recorded under basal conditions, 647 

added with either DMSO or Ziapin2 and finally stimulated with light. **p<0.01; ***p<0.001; Ziapin2 vs 648 

DMSO, Friedman/Dunn's tests. (c) Representative whole-cell current-clamp traces recorded from 649 

neurons incubated with either 0.25% (v/v) DMSO (black traces) or 5 µM Ziapin2 in DMSO (red traces) 650 

in the absence (Ctrl) or presence of synaptic blockers (SB; see Materials and Methods), and after 7 651 

days of incubation in the presence of synaptic blockers. The duration of the light stimulation (20 and 652 
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200 ms) is shown as a cyan-shaded area (470 nm; 18 mW/mm2). In the insets, traces are shown in an 653 

expanded time scale. (d) Box plots of the peak hyperpolarization (left) and peak depolarization (right) 654 

changes in primary neurons exposed to DMSO/Ziapin2 and subjected to 20/200 ms light stimulation in 655 

the absence (Ctrl) or presence of synaptic blockers. Hyperpolarization and depolarization were 656 

measured as the minimum and maximum voltage, respectively, reached within 350 ms from light-657 

onset. The box plots show that the peak hyperpolarization response generated by the presence of 658 

Ziapin2 is an intrinsic response of the neuron and is not affected by the presence of blockers of 659 

synaptic transmission, while depolarization, already present in synaptically isolated neurons, is 660 

enhanced by active synaptic transmission. (e) Time-to-peak hyperpolarization, depolarization and 661 

capacitance changes as a function of the light stimulus duration under Ctrl and synaptic block 662 

conditions. Data (means ± sem) represent the time necessary to reach the minimum and maximum 663 

membrane voltages in the above-mentioned time windows. (f) Persistence of the light response over 664 

time. The residual light-induced hyperpolarization (left) and depolarization (right) effects observed 7 665 

days after the initial Ziapin2 loading in the presence of synaptic blockers are expressed in percentage 666 

of the corresponding effects measured acutely after Ziapin2 loading. Box plots are shown for both 20 667 

and 200 ms light stimuli. All experiments with neurons were carried out at 24 ± 1 °C. *p<0.05; 668 

**p<0.01; ***p<0.001 DMSO vs Ziapin2, Mann Whitney U-test. Ziapin2-treated neurons: n = 19, 20, 15 669 

(20 ms) and n = 20, 19, 14 (200 ms) for Ctrl, SB and 7d/SB, respectively; DMSO-treated neurons: Ctrl, 670 

SB, 7d/SB: n = 10, 7, 10 for both 20 and 200 ms. 671 

 672 

Figure 5. Light-evoked firing activity in primary neurons loaded with Ziapin2  673 

(a-c) Representative averaged traces recorded in current-clamp configuration from neurons incubated 674 

with either DMSO (0.25% v/v, black traces) or Ziapin2 (5 µM in DMSO, red traces) in the absence (a; 675 

Ctrl) or presence of synaptic blockers (b). In (c) recordings were performed 7 days after Ziapin2 676 

labeling with synaptic blockers. Light stimulation (470 nm; 18 mW/mm2) is shown as a cyan-shaded 677 

area. (d-f) Peristimulus time histograms (PSTHs; bin=20 ms) reconstructed from the firing rate of 678 
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neurons recorded in the absence (d) or presence of synaptic blockers 7 min (e) and 7 days (f) after 679 

DMSO /Ziapin2 labeling, respectively and subjected to either 20 ms (upper panel) or 200 ms (lower 680 

panel) light stimulation. Ziapin2-treated neurons: n = 7, 11, 5 (20 ms) and n = 6, 10, 4 (200 ms) for 681 

Ctrl, synaptic blockers, 7d/synaptic blockers, respectively; DMSO-treated neurons: n = 4, 7, 10 (20 682 

and 200 ms) for Ctrl, synaptic blockers, 7d/synaptic blockers, respectively. *p<0.05; **p<0.01; 683 

***p<0.001 DMSO vs Ziapin2, Mann-Whitney U-test on 160 ms bins (20 ms stimulation) and 240 ms 684 

bins (200 ms stimulation). (g) PSTH areas of AP firing in response to 20/200 ms light stimulation in the 685 

presence of synaptic blockers recorded either acutely or 7 days after Ziapin2 exposure. N=10 (acute); 686 

N=5 (7 days); ns, not significant, Mann Whitney U-test. (h) Representative AP firing activities recorded 687 

from neurons incubated with Ziapin2 (5 µM) in the absence of synaptic blockers and stimulated with 688 

200 ms light pulses administered at 1 Hz (upper traces) or with 20 ms light pulses administered at 5 689 

Hz (lower traces). (i) Left: Representative phase plane plot analysis of AP waveforms generated in the 690 

same Ziapin2-loaded neuron before (grey trace) and after (blue trace) light stimulation (470 nm; 20 ms 691 

pulses @ 20 mW/mm2). Right: Quantification of the maximal rising and repolarizing slopes and of the 692 

AP peak amplitude before and after illumination. *p<0.05; **p<0.01, paired Student's t-test (n=7 693 

neurons). 694 

 695 

Fig. 6. Light-evoked cortical responses in vivo in mice loaded with Ziapin2 in the 696 

somatosensory cortex 697 

(a) Schematic representation of the stereotaxic injection of Ziapin2 (200 μM in 1 μl 10% DMSO) in the 698 

somatosensory cortex (S1ShNc, 2 mm anterior to lambda, 2 mm lateral to midline, and – 723 μm 699 

ventral to brain surface) and of the 16-microelectrode array implant for local field potential (LFP) 700 

recordings coupled with optical fiber for photostimulation. (b) Bright field image (left) and endogenous 701 

LC339 fluorescence micrograph (right) of unfixed slices from the injected somatosensory cortex taken 702 

1, 4 and 7 days after Ziapin2 administration. The injection site and the diffusion of the compound are 703 

visible. Scale bar, 150 μm. (c) Representative recordings of LFPs evoked in the somatosensory cortex 704 
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by 20 and 200 ms light stimulation (43 mW/mm2) in mice injected with either DMSO (black trace) or 705 

Ziapin2 (red trace) 1 day before. The cyan-shaded areas represent the light stimulation. Potentials 706 

were considered significant above 2-fold the standard deviation range (broken horizontal lines). (d) 707 

Dose-response analysis of LFP responses in DMSO- (black) or Ziapin2- (red) injected mice as a 708 

function of power and duration of the light stimulus (20 and 200 ms; open and closed symbols, 709 

respectively). The peak amplitude of light evoked LFPs was normalized by the averaged noise 710 

amplitude calculated from the non-responding channels over the same epoch. Photostimulation at 711 

increasing power from 4 to 116 mW/mm2 triggered significant responses in Ziapin2-injected animals 712 

that were already significant at 25 mW/mm2 (200 ms stimulus). No significant responses were 713 

recorded in DMSO-treated animals. (e,f) Time-course of the normalized LFP amplitude recorded in the 714 

somatosensory cortex 1, 4 and 7 days after intracortical injection of either DMSO (black) or Ziapin2 715 

(red). LFPs were evoked by 20 (open symbols) and 200 (closed symbols) ms light stimuli at 43 (e) and 716 

116 (f) mW/mm2. 20 ms: xxp<0.01, xxxp<0.001; 200 ms: °°p<0.01; °°°p<0.001; repeated measure 717 

ANOVA/Tuckey’s tests vs DMSO-injected control (n=3 mice for each experimental group). 718 

719 



 32

ONLINE METHODS 720 

 721 

Synthesis and characterization of Ziapin2. The synthetic route consists in the reduction of the nitro 722 

group of the Disperse Dye Orange 3 in amine, which is then alkylated with α,ω-dibromohexane and 723 

finally treated with pyridine to yield the terminated pyridinium bromide.  724 

Unless otherwise stated, all chemicals and solvent were commercially available and used without 725 

further purification. Thin layer chromatography (TLC) was performed using silica gel on aluminum foil 726 

(Sigma Aldrich). 1H and 13C NMR spectra were collected with a Bruker ARX400. Mass spectroscopy 727 

was carried out with a Bruker Esquire 3000 plus.  728 

4-[2-(4-aminophenyl)diazen-1-yl]aniline (1)  729 

A mixture of Disperse Orange 3 (Sigma Aldrich, 1.21 g, 5.0 mmol) and Na2S·9H2O (3.60 g  15.0 730 

mmol) dissolved in 100 mL of MeOH is refluxed overnight under stirring. Then the mixture is cooled to 731 

room temperature and the solvent is removed under reduced pressure. The resulting red powder is 732 

washed with DCM and Et2O, the combined organic layers are collected, and the solvent is evaporated 733 

under reduced pressure, to give 540 mg of the desired product 1 as an orange powder in 51% yield. 734 

1H NMR: (400MHz, DMSO) δ 7.56 (d, J= 8.82Hz, 2H), 6.62 (d, J=8.82Hz, 2H), 5.70 (s, 4H) 735 

4,4’-Bis-(N,N-di-ω-bromohexyl)diaminoazobenzene (Azo-Br4), Azo-Br1, Azo-Br2.  736 

537 mg of 1 (2.53 mmol) is stirred in 10 ml of previously degassed acetonitrile. 2.20 g of K2CO3 (15.9 737 

mmol) and 1.6 ml of 1,6-dibromohexane (10.4 mmol) are added dropwise to the reaction mixture and 738 

refluxed for 72 hours, while monitored by TLC. The reaction mixture is filtered and the solid is washed 739 

three times with diethyl ether, ethylacetate and dichloromethane. The excess of dibromohexane is 740 

removed under reduced pressure (3 10-1 mbar) at 70 °C. The raw material is purified by flash 741 

chromatography with silica gel using hexane: Et2O 3:1 as eluent to give 52 mg of 4,4’-Bis-(N,N-di-ω-742 

bromohexyl)diaminoazobenzene (Azo-Br4, 2.4 % yield), 32 mg of Azo-Br1 (2.8 % yield) and 33 mg 743 

Azo-Br2 (2.1 % yield) are also recovered. 744 

Azo-Br4: 1H-NMR: (400MHz, DMSO) δ (ppm) 7.62 (d, J= 8.80 Hz, 4H), 6.72 (d, J=8.80 Hz, 4H), 3.53 745 
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(t, 16H), 1.82 (m, 8H), 1.56 (m, -CH2-,8H), 1.44 (m, -CH2-,8H), 1.35 (m, -CH2-, 8H); MS : 865 (M + H)+, 746 

887 (M + Na)+ 747 

Azo-Br1: 1H-NMR: (400MHz, DMSO) δ (ppm) 7.63 (d, J= 8.80Hz, 2H), 7.58 (d, J= 8.80 Hz, 2H), 6.77 748 

(d, J= 8.80Hz, 2H), 6.64 (d, J= 8.80Hz, 2H), 6.21 (t, -NH, 1H), 3.54 (t, -N-CH2-, 6H), 3.09 (m, CH2-NH, 749 

2H), 1.83-1.42 (m, 1 CH2-, 6H); MS: 458 (M + H)+ 750 

Azo-Br2: 1H-NMR: (400MHz, DMSO) δ (ppm) 7.63 (d, J= 8.80Hz, 4H), 6.77 (d, J= 8.80 Hz, 2H), 6.72 751 

(d, J= 8.80Hz, 2H), 3.53 (t, -N-CH2-, 8H), 3.35 (t, -CH2-Br), 1.82-1.35 (m, -CH2-, 24H); MS : 621 (M + 752 

H)+ 753 

1-{6-[(4-{2-[4-(azepan-1-yl) phenyl]diazen-1-yl}phenyl)[6-(pyridin-1-ium-1-yl) hexyl] amino] 754 

hexyl} pyridin-1-ium dibromide (Ziapin 2) 755 

12 mg of Azo-Br2 are dissolved in 3 ml of pyridine and stirred at room temperature for 42 hrs. Then 3 756 

ml of methanol are added and further stirred for 60 hrs. The excess of pyridine and methanol are 757 

removed from the reaction mixture under reduced pressure to give a solid in quantitative yield that is 758 

further washed with small portions of hexane. 759 

1H NMR: (400MHz, DMSO) δ 9.09 (d, Pyr, 4H), 8.61 (t, Pyr, 2H), 8.16 (t, Pyr, 4H), 7.62 (d, J= 8.8 Hz, 760 

Ph, 4H), 6.78 (d, J=8.8 Hz, Ph, 2H), 6.70 (d, J= 8.8 Hz, Ph, 2H), 4.60 (t, -CH2-Pyr-, 4H), 3.54 (t, N-761 

CH2-, 4H), 2.97-1.24 (m, 24H). 13C NMR: (400 MHz, DMSO) δ 150.29, 149.45, 145.97, 145.21, 762 

143.00, 128.56, 124.38, 124.24, 111.65, 111.36, 61.22, 50.54, 49.50, 31.15, 27.27, 27.15, 26.75, 763 

26.27, 25.86. MS: 618 (M -2Br)+ 764 

The chromatographic analysis of Ziapin2 was performed by means of a Waters HPLC system 765 

equipped with a Waters 600 Controller, a Waters 996 Photodiode Array Detector and a Jupiter 5μ C18 766 

300A Phenomenex column. The measurement was carried out using a gradient program with 25% 767 

CH3CN / 75% H2O (both HiPerSolv Chromanorm grade solvents, from VWR Chemicals) initial eluent 768 

mixture for 5 min progressively modified into 100% CH3CN over a total period of 25 min. The spectrum 769 

of the isolated compound absorbs at nearly 470 nm.  770 

 771 
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UV-VIS absorption measurements. For the UV-VIS absorption measurements, we used a Perkin 772 

Elmer Lambda 1050 spectrophotometer, equipped with deuterium (180-320 nm) and tungsten (320-773 

3300 nm) lamps and three detectors (photomultiplier 180-860 nm, InGaAs 860-1300 nm and PbS 774 

1300-3300 nm). For further details see Supplementary Information.  775 

 776 

Photoluminescence measurements. The PL measurements in solution (25 μM in DMSO, water and 777 

sodium dodecyl sulfate (SDS; 100 mM) were taken with a Horiba Nanolog Fluorometer, equipped with 778 

a xenon lamp, two monochromators and two detectors (photomultiplier and InGaAs). Human 779 

Embryonic Kidney-239 cells (Hek293), used as a source of cell membranes, were obtained from 780 

ATCC. The emission of azobenzene in the membrane environment at 450 nm was elicited by using a 781 

CW diode laser (excitation energy of 10 mW mm-2, matching the one of electrophysiology 782 

experiments). The emission was collected with a 50x objective (Zeiss), filtered to remove the 783 

wavelength excitation and sent to the camera (Hamamatsu, acquisition time 100 ms). The system was 784 

illuminated for a shorter time (10 s) than the PL measurements in solution, to avoid cells damaging. 785 

For further details see Supplementary Information.  786 

 787 

Molecular dynamics (MD) simulations. All-atom Molecular Dynamics (MD) simulations of Ziapin2 in 788 

trans and cis conformations in a model membrane bilayer of 1-palmitoyl-2-oleoyl-phosphatidylcholine 789 

(POPC) made of 160 lipid molecules (80 per leaflet) and water. A starting conformation for the bilayer 790 

in water was generated using pre-equilibrated lipid structures from the CHARMM-GUI webserver (41). 791 

All simulations were run with NAMD v2.12 code (42) using the CHARMM36 force field (43) and TIP3P 792 

model for water molecules. CHARMM-compatible topology and parameters for Ziapin2 were obtained 793 

using the CHARMM General Force Field (CGenFF), and atomic charges were calculated at the 794 

B3LYP/cc-pVTZ level. The total electrostatic charge of each system was neutralized by the addition of 795 

physiological concentrations of counter ions. The time-step for integrating the equation of motion was 796 

2 fs. Simulations were performed using periodic boundary conditions (PBC) in the NPT ensemble, i.e. 797 
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at constant pressure (1 atm) and temperature (310 K), using a Langevin piston with a constant decay 798 

of 100 ps-1 and an oscillation period of 200 fs and a Langevin thermostat with a damping constant of 5 799 

ps-1. Flexible unit cell was used with constant ratio in the x-y plane. Long-range electrostatic 800 

interactions were computed using the Particle Mesh Ewald method, with a fourth-order spline and 1 Å 801 

grid spacing. The PC/water system was simulated for 30 ns to equilibrate, and then the following 802 

simulations were performed: three runs of spontaneous trans Ziapin2 insertion in the membrane (two 803 

for 175 ns and one for 300 ns); two runs of a single Ziapin2 in the membrane, one in trans and one in 804 

cis conformation (200 ns each); two runs each with four copies of Ziapin2 in the membrane, in trans 805 

and cis conformation (200 ns each); two runs each with eight copies of Ziapin2 in the membrane, in 806 

trans and cis conformation (200 ns each); one run with sixteen copies of Ziapin2 in the membrane in 807 

trans conformation (200 ns). When multiple copies of Ziapin2 were considered, they were distributing 808 

symmetrically in the upper and in the lower leaflet, aligned with the respective lipid headgroups. For 809 

the cis systems, the initial positions were determined by aligning the pyridine branches with those of 810 

the trans molecules. To determine the free energy profile for moving Ziapin2 from bulk water into the 811 

PC bilayer we integrated a set of mean force values (i.e. minus the derivative of the free energy) 812 

calculated at 34 different positions of the molecule along the axis normal to the bilayer. The different 813 

values of the mean force were computed by restraining the center of mass of the pyridine nitrogen 814 

atoms of Ziapin2 at positions spaced by 1 Å along the normal with a force constant of 100 kcal·mol-1·Å-815 

2. The center of mass of the bilayer was kept fixed in all mean force simulations. At each position the 816 

simulation lasted for 10-20 ns, until convergence of the mean force estimator was observed. To 817 

simulate the effect of light-induced transcis Ziapin2 conformational change on the membrane, we 818 

extracted a pinched bilayer conformation from the simulation with eight trans Ziapin2, deleted the 819 

photochromic molecules, inserted eight Ziapin2 in cis conformations and run a standard MD trajectory 820 

for 200 ns. For further details see Supplementary Information. 821 

 822 
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Atomic force microscopy. Atomic force microscopy data were acquired using an Oxford Instrument 823 

Cypher AFM, equipped with a liquid droplet probe holder. AFM scans were acquired in liquid in AC 824 

mode (free amplitude ~6 nm) using BL-AC40TS cantilevers (Olympus), with a nominal resonance 825 

frequency in air of 110 kHz and a nominal spring constant of 0.09 N/m. 826 

Liposomes were prepared as previously reported (46). Bilayers were prepared starting from a 6 mg/ml 827 

large unilamellar vesicles (LUV) solution in phosphate buffer (150mM NaCl, 15 mM sodium 828 

phosphate, pH 7.4), exposed to Ziapin2 (2 mM in DMSO) for 7 min at RT, at a molar ratio lipid/Ziapin2 829 

of around 50. In control experiments we added to the LUVs instead of the Ziapin2 solution, the same 830 

volume of pure DMSO. Samples were then diluted in phosphate buffer at a final lipid concentration of 831 

2 mg/ml (PC bilayers) or of 1 mg/ml (ternary membranes, PC:SM:Chol 1:1:1 - mol:mol:mol), and 832 

supplemented with 1 mM CaCl2 to help the vesicle fusion on the mica substrate. SLB were deposited 833 

on freshly cleaved mica discs (Ted Pella), incubating for 10 min a 100 μl droplet of the LUV/Ziapin2 834 

(LUV/DMSO) suspension. Excess of vesicles was removed by gently washing the samples with 835 

phosphate buffer. At least three samples for every condition were analyzed. Data were imported in 836 

ImageJ for image plane fitting and line-by-line flattening, rendering and analysis.  837 

 838 

Planar lipid bilayer experiments. Solvent-free planar lipid membranes (PLM) were formed over a 839 

100–180 μm diameter hole sparkling drilled in a 25-μm thick Teflon septum thus separating two 840 

compartments, as previously described (47). Each chamber was filled with 2 mL buffer solution (150 841 

mM NaCl, 15 mM sodium phosphate, pH 7.4) and stable bilayers were formed between the two 842 

chambers.  Micromolar concentrations of Ziapin2 (5 μM) were sequentially added to the cis and to the 843 

trans sides of a stable preformed bilayer. Lipid compositions used were pure PC or PC:CHO:SM 844 

57:33:10 (molar ratio). Currents were recorded with a patch-clamp amplifier (Axopatch 200B, Axon 845 

Instruments) and a PC equipped with a DigiData 1550 A/D converter (Axon Instruments) was used for 846 

data acquisition. Current traces were filtered at 2 kHz and acquired at 10 kHz by the computer using 847 

Clampex 10.5 software (Axon Instruments). All measurements were performed in the dark at room 848 
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temperature. Membrane capacitance was measured via continuous symmetrical triangular ramps (100 849 

Hz in frequency), as summarized in Schmitt and Koepsell (48). The membrane capacitance (Cm) is 850 

connected to the membrane characteristic features, e.g. area (A) and thickness (d), through the 851 

following equation (1): 852 

(1) Cm(pF) = A(nm2) ϵrϵ0 (pF/nm) / d(nm) 853 

For a stable membrane formed by a defined lipid class or composition, we can consider A and ϵr being 854 

constant for each experiment, therefore a measured increase in the membrane capacitance reflects a 855 

linear reduction in the membrane thickness. The membrane capacitance (Cm) was obtained by 856 

subtracting the capacity of the septum, which is 30 pF in our conditions. 857 

 858 

Electrophysiology. Whole-cell patch-clamp recordings of Hek293 cells and low-density primary 859 

hippocampal neurons (between 14 and 18 days in vitro, DIV) were performed at room temperature 860 

(22-24 °C) using 3-4 MΩ borosilicate patch pipettes (Kimble, Kimax, Mexico) and under GΩ patch 861 

seal. Cells with leak currents > 200 pA or series resistance (Rs) > 15 MΩ were discarded. The Rs was 862 

compensated 80% (2 μs response time) and the compensation was readjusted before stimulation. The 863 

shown potentials were not corrected for the measured liquid junction potential (9 mV). Voltage-clamp 864 

recordings were sampled at 20 kHz and low-pass filtered at 4 kHz. Current-clamp recordings were 865 

sampled at 50 kHz and low-pass filtered at 10 kHz.  Patch-clamp recordings were carried out using 866 

either an Axopatch 200B (Molecular Devices, San José, CA) or an EPC10 (HEKA Elektronik, 867 

Reutlingen, Germany) amplifier.  868 

For Hek293 cell recordings, patch electrodes (3–4 MΩ) were filled with an intracellular solution 869 

containing (mM): 140 NaCl, 2 MgCl2, 5 Hepes (pH 7.4). Cells were bathed during whole-cell 870 

recordings in an extracellular solution containing (mM): 140 NaCl, 2 MgCl2, 5 Hepes (pH 7.4) unless 871 

stated in the text. For recordings in primary neurons, the standard extracellular solution contained (in 872 

mM): 135 NaCl, 5.4 KCl, 1 MgCl2, 1.8 CaCl2, 5 Hepes, 10 glucose adjusted to pH 7.4 with NaOH. The 873 

standard intracellular solutions contained (in mM): 126 K-Gluconate, 4 NaCl, 1 MgSO4, 0.02 CaCl2, 874 
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0.1 EGTA, 10 Glucose, 5 Hepes, 3 ATP-Na2, and 0.1 GTP-Na. When indicated, recordings were 875 

performed in the presence of the synaptic blockers D-AP5 (50 μM)/CNQX (10 μM) and bicuculline 876 

(BIC; 30 µM) (Tocris, Bristol, UK) to block excitatory and inhibitory synaptic transmission, respectively.  877 

To investigate the contribution of ionic conductances in the capacitive currents evoked by light 878 

stimulation, the standard internal solution was used in combination with an extracellular solution where 879 

Na+ was replaced by choline or, alternatively, an "external blocking solution" containing (mM): NaCl 880 

130, TEA Cl 3, CaCl2 1.8, MgCl2 1, CdCl2 5, NiCl2 1, GdCl3 1, Hepes 5, Glucose 10, Ouabain 1, in the 881 

presence of 30 µM Tetrodotoxin (TTX), in combination with an "internal blocking solution", containing 882 

(mM): CsMES 120, NaCl 4, CaCl2 0.02, EGTA 0.1, MgSO4 1, phosphocreatine 10, ATP-Na2 3, GTP-883 

Na 0.1, Hepes 10 was used. Solution exchange was performed using gravity flow controlled by pinch 884 

valves (Warner Instruments, Hamden, CT). All chemicals were purchased from Sigma Aldrich (St. 885 

Louis, MO, USA), except for TTX from Tocris. 886 

Capacitance recordings. Capacitance measurements were performed using the “sine + dc” method 887 

(49,24,25) implemented as the ‘‘sine 1 dc’’ feature of the PULSE lock-in module (50). A sine wave 888 

function (1-5 mV peak-to-peak) was superimposed to the holding potential of -70 mV at a frequency of 889 

150-300 Hz corresponding to the Cm sampling rates. To determine changes of membrane capacitance 890 

induced by light stimulation in Ziapin2-treated cells, the Cm was first averaged over 500 ms preceding 891 

the light stimulus and then subtracted from the peak value induced by the stimulation.  892 

Equivalent circuit simulations. We numerically solved the equivalent circuit as shown in Fig.S13, 893 

starting from the equilibrium position according to the input parameters E = -60 mV, starting capacity 894 

Cm = 30 pF, 1/g = 300 MΩ. The RC time constant of the circuit was 90 μs. In the simulation, we 895 

changed Cm in time and calculated the predicted Vm, by keeping g constant, according to the 896 

experimental observations.  897 

Data analysis. Data were analyzed using pCLAMP 10 or FitMaster v2x90.1, together with Prism 6.07 898 

(GraphPad) and OriginPro 9 (OriginLab) softwares 899 

For further details see Supplementary Information. 900 
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 901 
Photostimulation. Illumination of neurons during electrophysiological experiments for both Ziapin2 902 

and ChETA was provided by an LED system (Lumencor Spectra X) fibre-coupled to an upright Nikon 903 

FN1 microscope. The light source emission peaked at 470 nm to match the Ziapin2 absorption 904 

spectrum and the power density of 20 mW/mm2, as measured at the output of the microscope 905 

objective.  906 

 907 

In vivo experiments. Surgery. Mice were anaesthetized with Isoflurane and placed in a stereotaxic 908 

frame, where anesthesia was maintained with an isoflurane flow. Ziapin2 (200 μM in 1 μl 10% DMSO 909 

in PBS) or vehicle was injected with a 5 μl Hamilton syringe in the primary somatosensory cortex 910 

(S1ShNc) of the left hemisphere using the following stereotaxic coordinates: 2 mm anterior to lambda, 911 

2 mm lateral to midline, and – 723 μm ventral to brain surface. Injection was done at a rate of 100 912 

nl/min with a nano-jector (World Precision Instruments, Fl, USA). Five minutes after, to let the 913 

molecules diffuse within brain tissue, the craniotomy was extended by 1 mm laterally and 1 mm 914 

medially to accommodate the microwire array (16 electrodes in 2 rows of 8, 33 μm diameter, 250 μm 915 

pitch, 375 μm between rows (Tucker Davis Technologies). The two central microwires were inserted at 916 

a depth of 723 μm, before being cleaned with saline and topped with silicone sealant (Kwik-cast, WPI). 917 

A hole was drilled 1 mm caudally to the injection hole and a fiber optic cannula (MFC_400/430-918 

0.66_10mm_ZF1.25_FLT, Doric Lenses) was inserted at a depth of 1 mm and an angle of 65° from 919 

the vertical. Two surgical screws were inserted in the skull contralateral to the implants to be used as 920 

reference/ground for the microwires and support. The skull was then covered with dental cement and 921 

Diclofenac was systemically administered at a dose of 100 μl/20 g. In vivo recordings. For the 922 

evaluation of the acute effects of Ziapin2 loading, in vivo optical stimulations were performed in freely 923 

moving C57BL6 mice that had been previously injected with either DMSO (N=3) or Ziapin2 (N=3) and 924 

left to recover for 60 min before electrophysiological recordings. Light stimulation was delivered at 925 

0.25 Hz with 40 % jitter for either 20 or 200 ms at irradiances of 4, 25, 43 or 116 mW/mm2 with a 473 926 
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nm laser (Shanghai Dream Lasers) to the freely moving rats. Each condition was repeated 25 times. 927 

Extracellular signals in response to stimulation were amplified, digitized and sampled at 1017 Hz by 928 

commercially available hardware (System 3, Tucker-Davis Technologies) before being saved for 929 

offline analysis using custom Matlab scripts (The Mathworks). During acquisition, data were high-pass 930 

(1 Hz) and low pass (100 Hz) filtered to extract local field potentials (LFPs). The peak amplitude of the 931 

LFP waves, recorded within the correct latency range after the light onset, was normalized by the 932 

averaged noise amplitude calculated from the non-responding channels over the same epoch.  For the 933 

analysis of the persistence of the Ziapin2 effects over time, implanted C57BL6 mice that had been 934 

injected with either DMSO (N=3) or Ziapin2 (N=4) at time = 0 were photostimulated and recorded as 935 

described above 1, 4 and 7 days after Ziapin2 administration. Mice that received Ziapin2 injection, but 936 

were not implanted, were euthanized at the same times after the injection and the brain processed for 937 

Ziapin2 fluorescence microscopy and immunohistochemical analysis of astro- and micro-glial reaction. 938 

 939 

For further details about Numerical model of the PL signal dynamics in solution, Total Internal 940 

Fluorescence Microscopy (TIRFM), Primary neuron preparations, Differentiation of human 941 

neurons from induced pluripotent stem cells, Cell Viability Assays, Fluorescence imaging of 942 

the plasma membrane, Immunofluorescence Staining and Statistical analysis see 943 

Supplementary Information. 944 

 945 
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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