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Abstract
We introduce a family of membrane-targeted azobenzenes (MTs) with a push-pull character as a new tool for cell
stimulation. These molecules are water soluble and spontaneously partition in the cell membrane. Upon light
irradiation, they isomerize from trans to cis, changing the local charge distribution and thus stimulating the cell
response. Specifically, MTs photoisomerization induces clear and reproducible depolarization. The most promising
species, MTP2, was extensively studied. Time-resolved spectroscopy techniques provide insights into the excited state
evolution and a complete understanding of its isomerization reaction. Molecular Dynamics simulations reveal the
spontaneous and stable partitioning of the compound into the cellular membrane, without significant alterations to
the bilayer thickness. MTP2 was tested in different cell types, including HEK293T cells, primary neurons, and
cardiomyocytes, and a steady depolarization is always recorded. The observed membrane potential modulation in in-
vitro models is attributed to the variation in membrane surface charge, resulting from the light-driven modulation of
the MT dipole moment within the cell membrane. Additionally, a developed mathematical model successfully
captures the temporal evolution of the membrane potential upon photostimulation. Despite being insufficient for
triggering action potentials, the rapid light-induced depolarization holds potential applications, particularly in cardiac
electrophysiology. Low-intensity optical stimulation with these modulators could influence cardiac electrical activity,
demonstrating potential efficacy in destabilizing and terminating cardiac arrhythmias. We anticipate the MTs approach
to find applications in neuroscience, biomedicine, and biophotonics, providing a tool for modulating cell physiology
without genetic interventions.

Introduction
Light is a clean, non-invasive, and spatio-temporally

precise tool for modulating a variety of biochemical
functions in living cells, provided that the cells can absorb
light. In most cases, this inherent light sensitivity is
lacking, prompting the exploration of various approaches
to confer this capability1–4. One paradigm involves the use

of photochromic transducers, with azobenzenes (ABs)
standing out as the most prominent example5. The AB
isomerization reaction from the stable trans to the
metastable cis form can be exploited to modulate the
activity of proteins, nucleic acids, and ion channels in a
light-controlled fashion6–8. To enhance the potential of
ABs in precisely and remotely regulating specific aspects
of cellular functioning, considerable efforts have been
directed toward optimizing (i) their compatibility with the
biological environment, (ii) their spectral response, (iii)
their switching behaviour and (iv) cell compartments
targeting. Desirable features for these applications include
water solubility, reversible trans–cis isomerization reac-
tion, and spectral operation in the visible-NIR region of
the spectrum to avoid interfering with cell viability.
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The use of ABs in photostimulation mostly relies on the
engineering of light-gated transducers, showcasing the
ability to sensitize endogenous proteins to light without
the need for genetic modification. The latest iterations of
these photoswitches are responsive to visible light and can
induce reversible blocking of voltage- or ligand-gated ion
channels intracellularly at the channel site9. However,
these compounds are limited in their ability to produce
negative contrast information and can pose invasiveness
issues, due to the direct interaction with active compo-
nents of the cell such as proteins, possibly hampering
translation applications.
As an alternative, research started looking into mole-

cular photoactuators, which spontaneously partition
within the cell membrane and can transduce a light sti-
mulus into a perturbation that can be detected and pro-
cessed by cells. In this framework in the past few years, we
developed an amphiphilic AB, namely Ziapin210–13 which
allows photostimulation in a less invasive way compared
to current methods. The cationic terminal groups of
Ziapin2 interact with the polar heads of phospholipids in
the membrane, while the hydrophobic portion of the
molecule stabilizes within the lipidic region. We have
demonstrated that upon illumination, Ziapin2 modulates
neuronal membrane potential and firing both in vitro and
in vivo. In dark conditions, Ziapin2 molecules sitting in
the two opposite membrane leaflets form transmembrane
dimers, which reduce the membrane thickness and
increase its electrical capacitance. Under light (470 nm),
trans–cis photo-isomerization breaks the dimers, leading
to the relaxation of the membrane back to its initial
thickness, thereby reducing its capacitance. This opto-
mechanical effect results in a transient hyperpolarization
of the cell membrane potential followed by depolarization,
without affecting local temperature10. While Ziapin2 has
demonstrated wide and effective applicability for the
photomodulation of the membrane potential in various
cell types, including neurons, cardiac and skeletal muscle
cells, and even in bacteria14–17, at least two challenges
persist, namely, the poor solubility in water and the lack of
a true off/on switching behaviour. Indeed, Ziapin2 already
perturbs the membrane properties under dark conditions,
exhibiting the typical behaviour of amphiphilic molecules
that cause membrane thinning/thickening upon insertion
in the membrane18,19 thus resulting in a biological event
(i.e., the opening of mechano-sensitive channels17,18) in
the absence of exogenous stimuli. Therefore, a fine bal-
ance between water solubility, the affinity of the molecule
for the membrane environment and its dark-state activity
would provide a more general rationale for the precise
photomodulation of cell physiology. Comparable opto-
capacitive effects have also been observed in a recent
publication, in which azobenzenes have been inserted in
the acyl chains of diacylglycerols (OptoDArG)19.

Here, we introduce new tools for cell stimulation,
namely intramembrane ABs with a push–pull character.
These molecules are water soluble and pioneer a different
photostimulation paradigm, that is the light-induced
modulation of the plasma membrane surface charge.
We synthesized a series of new ABs, having in common
the electron acceptor group NO2, and varying numbers of
alkyl chains capped with cationic groups. The latter serves
a dual role as membrane anchors and electron-donor
groups. After the experimental screening of all the
molecules in the series, based on their ability to partition
into the membrane and induce light-dependent mem-
brane potential changes, we selected the best candidate
for physiological applications, namely MTP2. Through
optical spectroscopy, we assessed the push–pull character
of this molecule and its ability to undergo isomerisation in
the biological setting. Subsequently, we evaluated its
biological activity in terms of light-induced depolariza-
tion. Finally, we propose a model that aims to recapitulate
the new MTP2 photostimulation mechanism.

Results
Molecular design and synthesis
We collectively refer to the Membrane-Targeting

push–pull ABs synthesized in this work as MTs. The
replacement of the lipophilic azepane unit of our pre-
viously reported aminoazobenzenes20 with the strong
electron withdrawing NO2 group leads to dramatic
changes in the chemical and photophysical properties21.
Four compounds were synthesized, which differ by the
number of ω-substituted alkyl chains and the type of end-
groups (Scheme 1). The monosubstituted MTs are
obtained by alkylation of the amine of the Disperse
Orange 3 (1 equiv.) with an excess α,ω-dibromohexane
(2.2 equiv.) in acetonitrile under argon atmosphere
(Scheme 1). The reaction was monitored through thin
layer chromatography, showing the formation of the
monosubstituted compound only (MTA1 and MTP1).
This is ascribed to the deactivating effect of the nitro
group, which is a strong acceptor. To obtain the dis-
ubstituted push–pull cationic terminated azobenzenes
(MTA2 and MTP2), the azo-coupling between the dia-
zonium salt of nitrobenzene (4) and the N,N-di-ω-bro-
mohexyl aniline (2) was performed (Scheme 1). Details on
the synthetic procedures and chemical characterization
are reported in the Supplementary Materials and
Methods.
In the Supplementary Materials, we report the results of

the photophysical characterization of the MTs series. We
confirmed that the push–pull character of these
membrane-targeted azobenzenes (MTs) increases their
solubility in water and leads to a red shift in the absorp-
tion with respect to the previously reported aABs20. The
absorption spectra highlight that an increasing number of
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polar heads allows for an even higher solubility in water
(Fig. S1), and they also show that the dialkylated MTs
(MTA2 and MTP2) are more redshifted than the mono-
substituted species (MTA1 and MTP1) (Fig. S2). More-
over, when the ability to spontaneously interact with the
membrane was evaluated by a cell partitioning assay, a
stronger affinity of MTP2 with the cell membrane was
observed (Fig. S3). For all these reasons, we focused the
following study on MTP2.

Photophysical characterization of MTP2
We employed optical spectroscopy techniques to assess

the interaction of MTP2 with the membrane environ-
ment. For this, we used water, as it is the solvent of choice
for the biological application, and a water suspension of

sodium dodecyl sulfate (SDS) micelles [100 mM], which
represents a simple membrane-mimicking medium22. The
photophysical features (peak position and featureless
band shape) are coherent with push–pull azobenzenes
highly reported in the literature21.
The steady-state photoluminescence (PL) spectrum

shows a bathochromic shift from SDS to water, which can
be assigned to the charge-transfer character of the first
trans-isomer excited state (Fig. 1a), and the consequent
reduction of the HOMO-LUMO gap with increasing
solvent polarity. In addition, we observed that the relative
emission yield is smaller in H2O than in SDS. For
push–pull azobenzenes, we must also consider that the PL
amplitude depends on two competitive non-radiative
phenomena12,23: (i) the isomerization from trans to cis,
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which sweeps the population out of the Franck–Condon
region where the radiative transition occurs. Accordingly,
the emitting trans-steady-state population fraction is

given by the equation ntrans ¼ kCT I0þγ
kTCI0

ncis where kCT and

kTC are the light induced rates of cis-trans and trans-cis
reactions, γ is the thermal back transfer from cis while I0
is the CW light intensity; (ii) the internal conversions that
thermally relaxes the excited state population to the
ground state, affecting the PL quantum yield (η) of the
trans isomer transition in the Frank Condon region, η ¼

kR
kRþkNR

where kR and kNR are the radiative and non-

radiative decay rates, respectively. Both non-radiative
decay paths depend on the interaction with the medium
but in different ways.
To gain further insights into the photoisomerization

dynamics of MTP2, we performed transient absorption
(TA) measurements in the sub-nanosecond to millisecond
time scale. Briefly, in TA spectroscopy, a short, intense
pump laser pulse excites the sample, promoting electrons
from the ground state to an excited state. Following a
controlled delay, a second probe laser pulse measures the
sample’s absorption at different time intervals. By varying
the delay between the pump and probe pulses, the evo-
lution of these excited states over time can be monitored.

Transient absorption spectra usually show positive fea-
tures, which correspond to either photobleaching (PB)—
where the ground state is depleted, resulting in increased
probe transmission—or to stimulated emission (SE),
where photon emission gives the appearance of increased
transmission. Conversely, negative features represent
photoinduced absorption (PIA), where absorption from
excited states reduces the probe transmission.
In the sub-ns-TA spectra (Figs. S4 and S5), we observe a

positive ΔT/T signal, peaking around 500 nm, that over-
laps the static absorbance of the molecule (Fig. S6) and is
therefore associated with the ground state bleaching
(GSB), and a negative ΔT/T signal assigned to PIA. We
observed a fast dynamic component, completed in about
10 ps (fitting provides 2.7 ± 0.1 ps and 2.2 ± 0.05 ps in
water and SDS, respectively) followed by a long-lived
signal only seen in the GSB spectral region. We assign the
first to trans–cis isomerization, and the latter to the
depleted trans population. These experiments show that
in both media MTP2 photoisomerizes, possibly with a
larger yield of cis isomer in SDS as suggested by the larger
amplitude of the long-lived plateau. To directly detect the
cis isomer population, we extended TA measurements to
the millisecond time regime. Transient spectra (Fig. 1b, c)
show again a positive signal centred at 500 nm
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corresponding to the GSB signal and a negative signal
below 400 nm assigned to the absorption of the cis isomer
of MTP2. The estimates of the cis isomer lifetimes,
obtained by fitting the dynamics of the GSB band (Fig. 1d)
were 42 ± 4 μs and 300 ± 60 μs in water and SDS,
respectively. Note that the cis lifetime for SDS micelles is
an average between molecules in the micelles and mole-
cules dispersed in water.
To summarize, following photoexcitation MTP2 iso-

merizes in about 10 ps, with a slightly larger yield and a
sixfold longer lifetime of the cis isomer in SDS (300 μs)
compared to water. Hence, the relatively higher PL
amplitude in SDS compared to water is not due to a
reduced isomerization rate, but to the hindering of non-
radiative pathways caused by interactions with the micelle
environment, due to increasing microviscosity and
decreasing polarity, as reported previously for push–pull
azobenzene molecules24.

Molecular dynamics simulations of MTP2 partition into the
cell membrane
To investigate the spontaneous insertion of MTP2 into

the cellular membrane, we conducted five independent,
500 ns-long, atom-detailed Molecular Dynamics (MD)

simulations. All trajectories started with a single MTP2 in
the dark state at a random orientation within bulk water.
In all instances, the molecule entered the bilayer before
200 ns (Fig. 2b), by first inserting its nitro-group moiety. It
then remained embedded throughout the simulated tra-
jectory, with the positively charged pyridine rings coor-
dinated by the lipid heads phosphate groups (Fig. 2a).
Inside the membrane, MTP2 maintained its longitudinal
axis mostly parallel to the bilayer’s normal (Fig. S7), and
no trans-bilayer movement was observed. We then
simulated for 1 µs the behaviour of MTP2 molecules
within a solvated membrane, distributed four per leaflet,
separately in trans (dark) and cis (light) states (Fig. 2c).
Again, no MTP2 molecule was seen to leave the bilayer
during the simulated time interval. Also, no interaction
between molecules from opposing leaflets was observed,
resulting in no discernible modulation of the membrane
thickness (Fig. 2d). Finally, to explore larger space and
time scales, a coarse-grained (CG) system of 120 trans-
MTP2 in a 270 × 270 Å2 POPC solvated membrane
(Fig. S8) was simulated for 10 µs. Once more, no sig-
nificant changes in the bilayer thickness were found when
compared to a solvated membrane of the same size that
does not contain MTP2 (Fig. 2e).
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Light-evoked modulation of the membrane potential in
HEK293T cells
To study the possible interaction between MTP2 and

the biological matter, we used the human embryonic
kidney (HEK293T) cell line as a biological model for the
initial characterization of the compound.
Firstly, the proliferation of MTP2-loaded

HEK293T cells was assessed through AlamarBlue viabi-
lity assay. Cell viability was evaluated up to 96 h after
incubation with two concentrations of MTP2 (5 and
10 μM). Half of the samples were also exposed to 470 nm
light at 200 μWmm−2 continuously for 30 s to exclude
phototoxic effects. The assay does not show any sig-
nificant change in cell viability/proliferation under both
dark and light conditions (Fig. S9).
Next, we investigated the possible membrane potential

modulation upon irradiation in HEK293T cells loaded
with different concentrations of MTP2 (5 and 10 µM in
saline) through the patch-clamp technique in whole-cell

current-clamp configuration. Cells were stimulated with
20ms light pulses at increasing power densities (27, 54,
79, and 105mWmm−2) (Fig. 3). As shown in Fig. 3a,
MTP2 photoisomerization induces a rapid depolarization
of the membrane potential (3.0 ± 0.4 mV for 10 µM at
105mWmm−2; Figs. 3b and S10) that reaches the peak
within 10ms after the onset of the light stimulus. Right
after the end of the light stimulation, a fast repolarization
of the membrane potential occurs, followed by a slight
hyperpolarization (−0.7 ± 0.1 mV for 10 µM at
105mWmm−2; Fig. 3c). The depolarization and hyper-
polarization amplitudes are found to be dependent on
both the MTP2 concentration and the light power
density.
No significant changes in the resting membrane

potential and capacitance were observed in HEK293T
cells loaded with MTP2 (Fig. 3d, e). Furthermore, mem-
brane capacitance was recorded while exciting the mole-
cule with 200 ms light pulses. Interestingly, illumination
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does not result in significant variations in the membrane
capacitance compared to the dark condition (Fig. 3f). This
finding significantly differs from the insertion of Ziapin2
into the membrane, which induces an increase in cell
capacitance, attributed to membrane thinning due to the
formation of trans-Ziapin2 dimers across the membrane.
To further confirm the hypothesis that the partitioning

of MTP2 does not induce any structural or mechanical
distortion of the membrane, we tested the MTP2 effects
in cells exogenously expressing mechano-sensitive chan-
nels (Fig. S11). For this experiment, the mechano-
sensitive K+ channel TRAAK was chosen, as it has pre-
viously been shown to be activated by Ziapin2 insertion
into the membrane16. Data revealed that, in
HEK293T cells transfected with TRAAK, MTP2 generates
a light-dependent depolarization accompanied by a pho-
tocurrent, whose amplitudes were comparable to those
observed in non-transfected cells. These results dismiss
the inference of MTP2 as a photo-mechanical modulator
of the membrane thickness.
We also comparatively examined the light-induced

physiological effects of the MTs family including MTA2,
MTP1 and MTA1 (Fig. S12). When HEK293T cells were
incubated in the presence of 10 µM of either compound,
the light-evoked effects were qualitatively similar to those
described for MTP2 and their magnitude progressively
increased with the power density of the light stimulation
(from 27 to 105mW/mm2). However, the comparison
clearly shows the superior performance of MTP2.
Light-dependent response in cells loaded with MTP2

was also evaluated in the voltage-clamp configuration.
Photocurrents are evoked by applying a short light pulse
while maintaining cells at fixed potentials from –100 to
100mV (Fig. 4). MTP2 photoisomerization generated a
fast photocurrent that reached its maximum peak after
about 2 ms; then, the photocurrent amplitude decayed
maintaining a plateau for the entire illumination period
(Fig. 4a–d). Under dark conditions, either in the presence
or absence of MTP2, cells do not show any difference in
current amplitude as a function of voltage. On the con-
trary, the light-evoked current depends on MTP2 con-
centration (Fig. 4e, f).

Light-evoked modulation of the membrane potential in
excitable cells: primary neurons and hiPSC-derived
cardiomyocytes
Given the ability of MTP2 to modulate membrane

potential upon light stimulation, an exploration of its
effects on intrinsically excitable cells became impera-
tive. To extend our understanding, the impact of the
molecule was first evaluated on primary cultures of
mouse hippocampal neurons. Initial assessments of
biocompatibility revealed no significant differences in
propidium iodide staining between control neurons

and those incubated with various compounds at a
concentration of 5 µM and specifically MTP2 also at
10 µM (Figs. S13 and 14).
Subsequently, patch-clamp experiments in whole-cell

configuration were conducted on primary neurons loaded
with the different molecules. Cells were stimulated with
20 and 200ms light pulses in the cyan region of the
spectrum (470 nm), and membrane voltage modulation
was recorded within a 300ms time window from light
onset. The representative traces (Figs. 5a, b and S15A)
illustrate that all molecules induced a transient depolar-
ization. Notably, compounds featuring two polar branches
(MTA2, MTP2) led to an approximate 1 mV depolariza-
tion, while those with a single branch (MTA1, MTP1)
induced an average depolarization of 1.5 mV (Figs.
5c and S15B). Notably, the depolarization reached its
maximum value within 20ms after the light pulse onset.
This phenomenon occurred even if the illumination was
prolonged (200 ms). As shown in Fig. 5a, the depolariza-
tion returned to physiological values before the end of the
stimulus likely due to the rise of intrinsic compensatory
mechanisms. Although no differences in the amplitude of
the evoked depolarization were observed between the two
stimulation times, a rebound hyperpolarization became
evident after the 200ms stimulation, likely attributed to
the long-lasting depolarization during light exposure. This
data reaffirms the MTs’ ability to modulate membrane
potential, extending our findings from HEK293T cells to
primary neurons, even at the lowest concentration tested.
To further corroborate the functional impact of MTP2,

we investigated its effectiveness in a distinct category of
electrically excitable cells, specifically human-induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs). To this purpose, we exposed hiPSC-CMs to 10 µM
MTP2 and applied light stimulation, mirroring the pro-
tocols used for HEK293T and neuronal cells.
We verified the biocompatibility of hiPSC-CMs after the

exposure of 10 µM MTP2 through the AlamarBlue assay.
We monitored the cells between 4 and 72 h after MTP2
incubation, without detecting any significant differences
in the AlamarBlue fluorescence, in agreement with the
results obtained in both HEK293T cells and hippocampal
neurons (Fig. S14).
Consistently with prior experimental findings, the

photostimulation of MTP2-loaded hiPSC-CMs, using
either short (20 ms, Fig. 5d–f) or long (200 ms, Fig. 5g–i)
visible light pulses, induced a rapid depolarization that
occurred immediately upon light onset. This depolariza-
tion gradually returned to physiological resting values,
followed by a mild rebound hyperpolarization phase after
the cessation of light. Notably, although the magnitude of
the light-induced membrane potential modulation was
less pronounced, the depolarization/hyperpolarization
amplitudes exhibited an increasing trend, albeit not
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statistically significant, in response to higher light power
densities, as observed in HEK293T cells.

On the mechanism of membrane potential modulation by
MT compounds
Molecular Dynamics simulations show that MTP2 has a

strong affinity for the plasma membrane, and it enters the

outer layer aligning with its main longitudinal axis with
the acyl chains (Fig. 2). We hypothesize the transition of
MTP2 between leaflets might occur in a sub-ms time
scale via the so-called flip-flop mechanism. Such
trans–bilayer motion of lipids, proteins and other mole-
cules—which results in a mirror-image change in orien-
tation with respect to the middle of the bilayer—is
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continuously happening in the plasma membrane, spon-
taneously or due to the action of specific membrane
proteins and is also part of the membrane crossing pro-
cess25. Although ions and charged molecules are generally
unable to traverse cell membranes by themselves, relevant
exceptions occur26, including cell penetrating peptides27.
A general mechanism for charge translocation remains to

be identified, but progress has been made for specific
systems. For example, it has been shown that cations and
positively charged compounds can permeate the mem-
brane by inducing defects in the phospholipid layers as a
result of strong electrostatic interactions with the head-
groups28. Peptides bearing multiple charges cross via an
intermediate step where they bridge defects in the
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opposite phospholipid layers, which are reduced when the
charges are spaced apart29. In addition, it is known that
the transmembrane voltage drives charge translocation30.
A confirmation of the uneven distribution of MTP2 in

the two membrane leaflets comes from additional MD
simulations. We performed CG-MD simulations in the
presence of electric fields of different magnitudes, corre-
sponding to −50, −200, and −500 mV transmembrane
potentials31. We exploited a system comprising randomly
distributed MTP2 molecules, 12 in the outer layer and 18
in the inner one. Results show that the higher the voltage,
the more MTP2s flip from the outer to the inner leaflet,

i.e. MTP2s dipole moments align with the direction of
the electric field (Fig. 6a–c). All transition events occur in
the µs range (Fig. 6c) and, in most of them, the molecule
adopts a short-lived intermediate conformation with the
two pyridine rings attached to the opposing layers
(Fig. S18), in agreement with what is predicted for per-
meating systems with two positive charges29.
To estimate how MTP2 molecules partition between

membrane layers, we followed the following reasoning,
assuming that the driving force that determines the
molecule orientation is the interaction of the intramem-
brane electric field with molecular dipole moment. By
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employing density-functional theory, we computed the
permanent electrical dipole of MTP2 in both the trans
and cis states (Fig. S17). In the trans state, MTP2 exhibits
a dipole moment of 12.4 D, which decreases to 8.6 D upon
photoisomerization to the cis form. Consequently, we
expect that the preferential orientation of MTP2 will
minimize the electrostatic energy, U ¼~μ �~E, as illustrated
in Fig. 6a, with an energy difference ΔU ¼ 2μE between
the parallel and the antiparallel configuration. According
to Boltzmann statistics, the ratio between the number of
molecules whose dipole moment is parallel to the electric
field and the ones which are antiparallel to the electric
field is given by:

Nparallel

Nantiparallel
¼ exp

2μE
kBT

� �
ð1Þ

Plugging in the numerical values for the electrical dipole
and the membrane electrical field (E ≈ 1 × 107 Vm−1)32,
we find Nparallel =Nantiparallel ¼ 1:25 at room temperature.
There is thus a 25% excess fraction of MTP2 molecules
that can induce a photostimulation effect due to a change
in total dipole moment. This assumption is validated by
the following experimental observation: there is a corre-
lation between resting membrane potential and amplitude
of the photoinduced depolarization (Fig. 6d). If we assume
that the relation between the electric field and the resting
membrane potential is linear, the higher the membrane
potential, the higher the voltage drop across the mem-
brane, thus, the higher the electric field. Accordingly, the
observed correlation corroborates our assumptions. This
finding has two main implications: (i) MTP2 molecules
preferentially localize in the inner leaflet of the lipid
bilayer as suggested by the Boltzmann relation in Eq. 1; (ii)
the photoinduced modulation of the membrane potential
observed in the cell is linked to the molecule dipole
moment and its variation upon light excitation.
Shining light on the cells treated with the push–pull dye

causes a reduction of the effective molecular dipole
moment. Thus, the net differential light effect manifests as
a dipole moment Δ~μ in the membrane, pointing outward.
For each MTP2 molecule undergoing isomerization,
Δμ ¼ μtrans � μcis = 3.8 D= 1.25 × 10−29 Cm. The emer-
gence of Δ~μ induces a rearrangement of the charges in the
neighbourhood, resulting in the accumulation of positive
charges at the inner leaflet of the membrane and negative
charges at the outer leaflet (Fig. 6e). This charge dis-
placement corresponds to the movement of ions across
the membrane, which is consistent with the inward cur-
rents measured in the voltage-clamp experiments in Fig. 4.
The ion readjustment leads to a change in the surface
voltage across the membrane. After the 20ms light pulse,
MTP2 relaxes back to the trans isomer. However, within
the duration of the light pulses, a dynamical equilibrium

condition is reached: a constant number of push–pull
azobenzenes are in the cis form as long as the cells remain
illuminated. Upon switching off the light, the molecules
gradually convert back to the trans conformation and the
system relaxes to the original state, causing an opposite
transient associated with hyperpolarization.
As a final step in unveiling the mechanism of cell

optostimulation, we devised a mathematical model that
connects the photoisomerization dynamics to the mod-
ulation of the membrane potential. As outlined in the
Supplementary Text, we adopt a well-known equivalent
RC circuit picture33–35. In this circuit, the battery Vs

represents the surface potential, that is related to the
asymmetric adsorption of ions on the two membrane
sides36. The dipole moment variation due to the interac-
tion of MTP2 with light prompts a displacement of
charges that, in turn, modulates Vs. Assuming the change
in Vs be directly proportional to the number of molecules
in the cis conformation, we utilized population dynamics
equations for trans and cis isomers of MTP2 to replicate
the observed membrane potential modulation (Fig. 7).
The model reproduces the experimental time course and
amplitude of the depolarization and hyperpolarization
signals at the various light intensities employed in the
patch-clamp measurements.

Discussion
In this work, we introduce a novel approach for non-

genetic cell optostimulation, based on intramembrane
light-responsive dipole moment modulators. Light
absorption by push–pull azobenzenes dwelling in the
membrane causes a change in the surface charge triggered
by the molecular dipole electric field. This variation is
associated with a displacement of charges due to a
movement of ions across the membrane, coherent with
experimentally measured inward currents. This
phenomenon enlarges the range of the existing cell opto-
stimulation mechanisms, traditionally based on opto-
capacitance, electrostatic coupling, ion channel gating or
membrane poration37. Here, the push–pull azobenzenes
MTs, characterized by an electron donor group and a
nitro electron withdrawing group, offer advantages over
previously tested aminoazobenzenes that operate as
optomechanical actuators. Notably, they exhibit high
water solubility, higher trans–cis interconversion rate and,
crucially, they remain inactive in the dark state. MTs have
been designed to exhibit an amphiphilic character able to
interact with the lipid bilayer, not unlike the reported
photoswitchable lipids38. The main difference resides in
the stimulation mechanism after the initial intermolecular
interaction due to the amphiphilicity. Namely, here we
present a new mechanism linked to other light-sensitive
properties of the photoswitchable core, the molecular
dipole moment.
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Through a screening of a homologous series of com-
pounds, mainly by cell association assay, MTP2 emerged as
the most promising system, demonstrating enhanced affi-
nity with the cell membrane. We thus focused on MTP2
and we assessed its push–pull nature and its interaction
with the membrane environment using steady-state optical
spectroscopy and MD simulations. Subsequent ultrafast
time-resolved techniques allowed for the study of the evo-
lution of the excited state, providing insights into the iso-
merization reaction. We then evaluated the light-evoked
membrane potential modulation driven by MTP2 in cell
lines, primary neurons and hiPSC-CMs, observing clear and
reproducible depolarization peaks.
Finally, leveraging MD simulations and DFT calcula-

tions of the molecular dipole moment, we developed a
mathematical model to unveil and reproduce the tem-
poral evolution of the membrane potential upon photo-
stimulation. The model is based on the molecular dipole
moment variation between trans and cis states. Our
model successfully replicates the membrane potential
modulation induced by MTP2 at varying light intensities.
Considering these features, MTP2 emerges as a non-
genetic optostimulation tool, capitalizing on the precise
modulation of relevant electric characteristics of the lipid
membrane.

Remarkably, the depolarization amplitude was insuffi-
cient to initiate an action potential. Our mathematical
model indicates that the photoresponse is mainly due to
the asymmetric distribution of MTP2 in the leaflets; the
inner leaflet contains 25% more molecules than the outer
leaflet and we hypothesize that increasing this asymmetry
could enhance the photoresponse amplitude. To boost
light-dependent depolarization and enable MTP2 to
trigger action potentials, azobenzene could be anchored
to external scaffolds, such as nanoparticles, organic sheets
or fibers, to force the molecules orientation in a specific
direction.
However, the rapid light-induced depolarization,

although insufficient to trigger an action potential, holds
potentiality for other advanced applications. Specifically,
we envision to explore MTP2-mediated sub-threshold
optical stimulation to destabilize and terminate re-entry-
based arrhythmias (e.g., spiral waves), an approach
recently proved successful both in silico and in experi-
mental model systems using optogenetics39–41. In con-
clusion, MTP2, capitalizing on the precise modulation of
relevant electric characteristics of the lipid membrane,
emerges as a non-genetic optostimulation tool with
potential therapeutic applications in biomedicine and
biophotonics.
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Materials and methods
Synthesis and chemical characterization
Unless otherwise stated, all chemicals and solvents were

commercially available and used without further pur-
ification. Thin-layer chromatography was performed
using silica gel on aluminium foil (Sigma Aldrich); 1H and
13C NMR spectra were collected with a Bruker ARX400.
Mass spectroscopy was carried out with a Bruker Esquire
3000 plus. For details about the synthesis see supple-
mentary information.

Steady-state UV–Vis and PL measurements
UV–Vis absorption measurements were performed

employing a Varian Cary5000 spectrophotometer and a
Perkin ElmerLambda 1050 spectrophotometer, with
deuterium (180–320 nm) and tungsten (320–3300 nm)
lamps, a monochromator and three detectors (photo-
multiplier 180–860 nm, InGaAs 860–1300 nm, and PbS
1300–3300 nm). Absorption spectra were normalized
according to a reference spectrum taken at 100% trans-
mission (without the sample), 0% transmission (with an
internal shutter), and in the presence of the reference
solvent. For the PL measurements, an iHR320Horiba
NanoLog Fluorometer was used, equipped with a xenon
lamp, two monochromators, and two detectors (photo-
multiplier and InGaAs).

µs TA measurements
The probe pulse originates from an amplified femtose-

cond laser (Light Conversion Pharos) producing pulses of
280 fs centred at 1030 nm. A broadband white light probe
is generated by focusing the light beam into a 1 mm
sapphire plate. The pump 1 ns–long pulses at 532 nm are
provided by the second harmonic of a Q-switched
Nd:YVO4 laser (Innolas Picolo), which was electro-
nically triggered and synchronized to the femtosecond
laser via an electronic delay generator. Experiments were
performed with a repetition rate of 2 Hz and an average
pump power of 3.5 mW. The detection system is like the
one described above. The fittings of the temporal
dynamics are performed by exploiting the particle swarm
optimization MATLAB algorithm, using a mono-
exponential model. I also implemented a custom
MATLAB function to consider the fact that, in some
cases, the dynamics are slow and there is a pile-up effect.

Ultrafast TA measurements
TA experiments exploited as a light source a regen-

eratively amplified Ti:sapphire system (Coherent Libra II),
emitting 100 fs pulses centred at 800 nm at 1 kHz repe-
tition rate with 4W average power. The pump pulses
were generated by exploiting a frequency-tuneable non-
collinear optical parametric amplifier (NOPA)42 that can
produce 100 fs narrow band pulses at all the wavelengths

from 480 nm to 1.6 μm. For the experiments described in
this work, the NOPA was pumped at 400 nm by the
second harmonic of the laser, which is generated in a
2-mm thick beta-barium borate (BBO) crystal and is
seeded by a white-light continuum (WLC), generated in a
1 mm-thick sapphire plate and then spectrally cut with an
interferential filter centred at 500 nm with 10 nm band-
width. The average pump power was set as 50 µW. The
seed is then amplified in a 2 mm type-1 BBO crystal. To
generate the broadband probe pulse, a small portion of
the fundamental beam was focused into a 2 mm-thick
sapphire crystal, producing a WLC. Filtering out the
fundamental with BG39 filers, it is possible to obtain
probe pulses in the visible range (420–730 nm). The
pump-probe delay was controlled by a motorized delay
stage and the transmitted probe signal was collected by an
optical multichannel amplifier.

Molecular dynamics simulations
The spontaneous insertion of trans-MTP2 in the

membrane was studied by running 5 independent, 500 ns
long all-atom MD simulations with one MTP2 molecule
starting in water near a membrane bilayer of pure 1-
palmitoyl-2-oleoylphosphatidylcholine (POPC, 180
molecules). To investigate the light-dependent effects of
MTP2 on the membrane structure, we set up two simu-
lation systems comprising eight MTP2 in trans or cis
conformation within a bilayer of 180 POPC lipids. Four
molecules per leaflet were distributed and the trajectories
lasted 1 µs each. All systems were prepared using the
CHARMM-GUI platform43, while the simulations were
run with the NAMD v2.12 code44. The CHARMM36
force field45 and the TIP3P water model were used.
CHARMM-compatible topology, parameters, and atomic
charges for MTP2 were obtained from the CHARMM
General force field46. A physiological concentration of
counter ions was used to neutralize the total system
charge. Simulations were run at constant pressure (1 atm)
and temperature (310 K), i.e., in the NPT ensemble, using
a Langevin piston47 with a constant decay of 100 ps−1 and
an oscillation period of 200 fs, and a Langevin thermostat
with a damping constant of 5 ps. Long-range electrostatic
interactions were computed using the particle-mesh
Ewald method48, with a fourth-order spline and 1 Å grid
spacing. A time step of 2 fs was employed. The trajectories
were analyzed using the MEMBPLUGIN tool49 and the
VMD program50.
CG simulations were performed using the MARTINI

v2.2 force field51. Based on the force field rule, the MTP2
atoms were mapped into 18 beads using the CG Builder
tool52. Non-bonded interactions were derived from pre-
viously established Martini v2.2 models, while bonded
parameters were determined by an iterative procedure
based on comparison with the all-atom molecular
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features. The interaction strength of a few MTP2 CG
beads with lipid molecules was tuned to reproduce the
average orientation of MTP2 observed in the all-atom
simulations, without affecting lipid-lipid interactions. A
system comprising 120 trans-MTP2 molecules in a
270 × 270 Å2 bilayer of 1942 POPC lipids, water, and
antifreeze molecules, was built using the Insane tool53. A
solvated POPC membrane of the same size was also
prepared as a control. CG-MD simulations were per-
formed with the GROMACS simulation package (version
2022.3)54 and lasted 10 μs, using a time step of 20 fs. The
temperature was maintained at 310 K via velocity rescal-
ing (with characteristic time 1 ps)55, while the pressure
was kept at 1 atm with the Berendsen semi-isotropic
pressure coupling56. The membrane thickness was com-
puted with the SuAVE software, which explicitly con-
siders local bilayer curvature effects57.
Three additional CG-MD simulations were performed

in presence of different values of transmembrane poten-
tial (–50mV, –200mV, –500 mV), generated by applying
a constant external electric field E ¼ V=Lz, where V is the
desired voltage value and Lz is the length of the simulation
box in the direction of the applied field31. Simulations
were performed at constant volume and temperature
(NVT ensemble) for a system of 30 trans-MTP2 mole-
cules initially randomly displaced between layers. All
other simulation settings and parameters were the same
as the previous CG-MD trajectory.

HEK293T cell cultures
In vitro electrophysiological experiments were performed

using the immortalized cell line HEK293T (Human
Embryonic Kidney), purchased from ATCC. HEK293T cells
were cultured in T-25 cell culture flasks containing Dul-
becco’s Modified Eagle Medium high glucose (DMEM-HG)
culture medium, supplemented with 10% heat-inactivated
Fetal Bovine Serum and 1% GlutaMAX (200mM). Culture
flasks were maintained in a humidified incubator at 37 °C
with 5% CO2. When at 80% of confluence, cells were
enzymatically detached from the flasks with a 1× trypsin-
EDTA solution, plated on sterilized substrates and left to
grow for 24 h before the transfection. Prior to cell plating, a
layer of fibronectin (2 μgmL−1 in PBS buffer solution) was
deposited on the sample surface and incubated for 1 h at
37 °C to promote cellular adhesion. To exogenously express
TRAAK channels, cells were transfected with a pIRES:
hTRAAK plasmid, purchased from Addgene. pIRES:
hTRAAK was a gift from Dan Minor (Addgene plasmid
#133080; http://n2t.net/addgene:133080; RRID:Addgene_
133080)58. Transfection was performed using Lipofectami-
neTM 3000 reagent (Life Technologies). Cells were then
incubated with a cocktail of LipofectamineTM 3000 reagent
and 1 ng of pIRES:hTRAAK purified plasmid for 5 h fol-
lowing the traditional procedures. Twenty four hours after

the transfection, cells were ready for the electrophysiological
experiments.
To preliminarily evaluate the molecule cytotoxicity,

AlamarBlue proliferation assay was performed. For this
experiment, 4000 cellscm-2 were plated one day before the
experiment. The samples were incubated with different
concentrations of MTP2 (5 and 10 μM) for 5 min. Next,
half of the samples were exposed to light (470 nm,
200 μWmm−2, 30 s). The AlamarBlue Reagent (Invitrogen
DAL 1100) was diluted 1:10 with DMEM without phenol
red. The solution without the cell was used as blank. The
samples were incubated for 4 h and subsequently trans-
ferred to a 96-well plate. The fluorescence was detected
using a spectrophotometer, exciting at 560 nm and mea-
suring the emission at 590 nm. The treatment with the
AlamarBue reagent was repeated 24, 48, and 96 h after the
incubation.

Primary hippocampal neuron cultures
Primary hippocampal neurons were obtained from WT

C57BL/6 J mice sourced from Charles River (Calco, Italy).
Animals were anesthetized by CO2 inhalation and sacri-
ficed by cervical dislocation. Embryos at embryonic day
17/18 were immediately extracted via caesarean section.
Hippocampi were dissected in iced cold media and then
incubated in 0.25% Trypsin-EDTA (Gibco ThermoFisher
Scientific, Segrate, Italy) at 37 °C for 15 min for enzymatic
digestion. Subsequently, the cells were mechanically
dissociated using a fire-polished Pasteur pipette, and cell
viability was assessed using the Trypan Blue exclusion
assay. Neurons were plated onto poly-D-lysine (0.1 mg/
ml, Sigma-Aldrich)-coated 18-mm glass coverslips
(4 × 104 cells/coverslip) in the culture media containing
Neurobasal media (Gibco) supplemented with 2% B27
(Gibco), 0.5 mM Glutamate (Gibco), and 1%
Penicillin–Streptomycin (Gibco) and kept at 37 °C in a
5% CO2 humidified atmosphere. All experiments were
performed at 14–18 days in vitro.
For assessing neuronal viability, primary hippocampal

neurons were either incubated with their vehicle or with
MT molecules (5 µM) for 5 min. Cells were then stained
with propidium iodide (PI; 1 µM) for cell death and with
Hoechst 33342 (1 µM) for nuclei visualization for further
5 min. Images were acquired at 10× (0.5 NA) magnifica-
tion using an Eclipse-80i upright epifluorescence micro-
scope (Nikon Instruments). Cell viability was obtained by
the ratio of Propidium Iodide (PI)-/Hoechst 33342-
positive cells. Image analysis was performed using the
ImageJ software and the Cell Counter plugin.

hiPSCs culture and differentiation to hiPSC-CMs
The human induced pluripotent stem cell (hiPSC) line

was obtained from the National Institute of General
Medical Sciences Human Genetic Cell Repository at the
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Coriell Institute for Medical Research: GM25256. hiPSCs
were cultured on recombinant human vitronectin
(rhVTN, ThermoFisher) in E8 Flex medium (Thermo-
Fisher) and differentiated towards hiPSC-derived cardio-
myocytes (hiPSC-CMs) on cell culture-grade Matrigel
(BD). Ventricular-like hiPSC-CMs were differentiated
from hiPSCs by using a previously published protocol
based on the modulation of the Wnt-signalling pathway59,
purified through glucose starvation to obtain a population
with more than 90% of CMs and cryopreserved in serum-
free 10% DMSO-based cryopreservation medium before
day 20. Cryopreserved hiPSC-CMs were thawed before
each experiment and maintained in culture for two weeks
in RPMI 1640 medium supplemented with 1× B27 Sup-
plement and 1% KnockOut Serum Replacement (Ther-
moFisher) as previously described60. The medium was
refreshed every other day. Beating monolayers of hiPSC-
CMs were dissociated with TrypLE 1× (ThermoFisher)
and seeded on 18mm Ø glass coverslips pre-coated with
cell culture-grade Matrigel (BD) at a density of 8.5 to
12.5 × 103 cellscm−2. To assess the molecule cytotoxicity,
AlamarBlue proliferation assay was performed as pre-
viously reported for HEK293T cell cultures. hiPSC-CMs
were seeded at 1.5 × 105 and 3 × 105 cellscm−2 on
Matrigel coated 96-well plates from Greiner.

Patch-clamp electrophysiology
HEK293T cells
Standard patch clamp recordings were performed with

an Axopatch 200B (Axon Instruments) coupled with a
Nikon Eclipse Ti inverted microscope. HEK293T cells
were measured in whole-cell configuration with freshly
pulled glass pipettes (4–7 MΩ), filled with the following
intracellular solution [mM]: 12 KCl, 125 K-Gluconate, 1
MgCl2, 0.1 CaCl2, 10 EGTA, 10 HEPES, and 10 ATP-Na2.
The extracellular solution contained [mM] 135 NaCl, 5.4
KCl, 5 HEPES, 10 Glucose, 1.8 CaCl2, and 1 MgCl2. The
acquisition was performed with pClamp-10 software
(Axon Instruments). Membrane currents were low pass
filtered at 2 kHz and digitized with a sampling rate of
10 kHz (Digidata 1440 A, Molecular Devices). Cell mem-
brane capacitance (Cm) was measured by applying a vol-
tage step of 5 mV. The capacitance current area (ΔQ) was
calculated using Origin software. Cm was calculated as
Cm=ΔQ/ΔT.

Primary neurons
Whole-cell patch clamp recordings of low-density and

autaptic primary hippocampal neurons were performed in
the dark at room temperature (22–24 °C) using an EPC10
(HEKA Elektronik, Reutlingen, Germany) amplifier and
the PatchMaster program (HEKA). Borosilicate glass
pipettes (Kimble, Kimax, Mexico) with a 3–4MΩ resis-
tance were used. Pipettes were filled with an intracellular

solution containing [mM]: 126 K gluconate, 4 NaCl, 1
MgSO4, 0.02 CaCl2, 0.1 BAPTA, 15 glucose, 5 HEPES, 3
ATP, and 0.1 GTP (pH 7.3 with KOH). Cells were
maintained in standard extracellular Tyrode solution
containing (mM]: 140 NaCl, 2 CaCl2, 1 MgCl2, 4 KCl, 10
glucose, and 10 HEPES (pH 7.3 with NaOH). All chemi-
cals were purchased from Sigma Aldrich (St. Louis, MO,
USA). Cells with leak currents >100 pA or series resis-
tance (R) > 15Ω were discarded. Hippocampal neurons
were incubated with the vehicle or MTs (5 µM) for 5 min
at room temperature and then washed twice with the
extracellular medium. Data analysis employed FitMaster
software version 2.71 (HEKA) and Origin 8.6 (OriginLab
Corporation; Northampton). To study light-dependent
membrane voltage modulation in low-density neurons
synaptically isolated from the neuronal network, D-AP5
(50 µM), CNQX (10 µM) and Bicuculline (30 µM) were
added to the extracellular medium to block excitatory and
inhibitory transmissions. Current-clamp recordings of
light-induced depolarization were performed by holding
the cell at its resting membrane potential (Ih= 0) and
stimulating it with 7 subsequent 20ms or 200ms light
pulses. The resulting depolarization was calculated in a
300ms time window after each light pulse and compared
to the basal membrane potential before stimulation.

hiPSC-CMs
The cells underwent perfusion with an extracellular

solution composed of [mM]: 154 NaCl, 4 KCl, 5 HEPES
NaOH, 2 CaCl2, 1 MgCl2, 5.5 glucose (pH 7.35 with
NaOH). Patch pipettes with a resistance of 1.5–2.5MΩ
were filled with an intracellular solution containing [mM]:
110 K-aspartate, 23 KCl, 3 MgCl2, 0.04 CaCl2, 0.1 EGTA
KOH (10−7 Ca2+-free), 5 HEPES KOH, 0.4 Na+-GTP, 5
Na+-ATP, 5 Na+-phosphocreatine (pH 7.3 with KOH).
The intracellular solution was cryopreserved at −20 °C
and thawed before each experiment. Membrane capaci-
tance and series resistance (<10MΩ) were measured in
every cell but left uncompensated. Signals were amplified
using Axopatch 200B (Axon Instruments), digitized at
10 kHz (Axon Digidata 1440 A, Molecular Devices), and
filtered at 2 kHz. Following a 5-min incubation at room
temperature with either the vehicle or MTP2 (10 µM),
hiPSC-CMs were washed twice with the extracellular
medium. All experiments were carried out at a physiolo-
gical temperature (35 °C).

Photostimulation
Illumination of cells during electrophysiological

experiments was provided by an LED system (Lumencor
Spectra X) coupled to the fluorescence port of the
microscope and characterized by a maximum emission
wavelength of 474 nm to match the molecule absorption
spectrum. For HEK293T cells and hiPSC-CMs the
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illuminated spot on the sample has an area of 0.23 mm2

and a photoexcitation density of 27, 54, 79, and
105mWmm−2, while for primary neurons the power
density was 20mWmm−2, as measured at the output of
the microscope objective.

Statistical analysis
Data are all expressed as box plots. The box plot ele-

ments are the following: centre line, median (Q2); cross
symbol, mean; box limits, 25th (Q1)–75th (Q3) percentiles;
whisker length is determined by the minimum and the
maximum value. Normal distribution was assessed using
D’Agostino and Pearson’s normality test. To compare two
samples, either the Student’s t test or the
Mann–Whitney’s U test was used, depending on the
normality. To compare more than two samples, either
one-way ANOVA or the Kruskal–Wallis test was used
followed by either Bonferroni’s, Holm-Sidak’s, Dunnett’s
or Dunn’s multiple comparison test. For multiple vari-
ables or repeated measures, a two-way ANOVA test was
used. The significance level was preset to p < 0.05 for all
tests. Statistical analysis was carried out using GraphPad
Prism 6 software.
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